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Yangmin Li, Senior Member, IEEE, and Peng Huang

Abstract—A novel piezo-actuated compliant mechanism
is developed to obtain tri-axial translational motions with
decoupled features for nano-cutting. Analytical modeling of
the working performance followed by Pareto-based multi-
objective optimization is conducted for determining dimen-
sions of the mechanism. Finite element analysis on the
designed mechanism verifies the accuracy of the devel-
oped model, accordingly demonstrating the effectiveness
of the optimal design process. Open-loop test on the pro-
totype shows that proper strokes with low coupling and
high natural frequencies are obtained as estimated. Low
tracking error in closed-loop test suggests that the devel-
oped mechanism can precisely follow the desired trajectory
to form complicated nanostructures. Finally, closed-loop
based nano-sculpturing is conducted, demonstrating the
effectiveness of the developed tri-axial motion system for
nano-cutting well.

Index Terms—Compliant mechanism, Piezoelectric actu-
ator, Tri-axial translational motion, Multi-objective optimiza-
tion, Nano-cutting.

[. INTRODUCTION

Fast tool servo (FTS) assisted diamond cutting is widely
regarded as an effective technique for the generation of
freeform and micro/nanostructured surfaces with sub-micron
form accuracy and nanometric surface roughness. Regarding
the limited number of servo motions in the state-of-the-
art FTS, the bi-axial and tri-axial oscillation based diamond
cutting was recently introduced for enhancing the capability
of generating more complicated micro/nanostructures. Accord-
ing to surface generation mechanism, the multi-axial oscilla-
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tion based nano-cutting techniques which utilize a diamond
tool to remove workpiece materials in the nanoscale can
be categorized into surface nano-texturing [1]-[3] and nano-
sculpturing [4]-[6]. With respect to nano-texturing, the dia-
mond tool is vibrated under certain specified modes to form
special micro/nanostructured textures. Meanwhile, as for nano-
sculpturing, the diamond tool is actuated to follow an elliptical
trajectory for material removal, and an especially designed
motion component is simultaneously superimposed on the
elliptical trajectory to form desired complicated shapes in
nanoscale. In general, the resonant ultrasonic and non-resonant
vibrations are adopted to construct the cutting motions used
for both the two surface generation mechanisms. Although the
resonant ultrasonic vibration based cutting has much higher
efficiency [1], [6], [7], the non-resonant vibration provides
much higher flexibility for the generation of more complicated
micro/nanostructures [2], [8].

With the multi-axial non-resonant vibration based cutting,
piezo-actuated multi-axial compliant mechanisms with paral-
lel configuration are predominantly adopted to achieve high
working frequency as well as high stiffness [4], [8], [9].
With nano-sculpturing, motions generated by the state-of-the-
art compliant mechanisms were strongly coupled due to the
coupled nature of the designed mechanism. The coupling
induced motion inaccuracy may lead to deteriorated form
accuracy of the generated structure. Although coupling effect
as well as the inherent nonlinearity was fully investigated in
nanopositioning stages [10], [11], very limited attention is paid
to comprehensively compensate for these undesired effects in
nano-sculpturing [8], [12]. Meanwhile, even the surface nano-
texturing is dominated by using bi-axial ultrasonic elliptical vi-
bration assisted cutting, the tri-axial non-resonant vibration is
currently demonstrated to be more promising for the efficient
generation of extremely complicated micro/nanostructures [2].

To realize non-resonant tri-axial translational motions for
diamond cutting, Wada et.al proposed a three-axis controlled
FTS for the sculpturing of both freeform and microstructured
surfaces [13]. For the design of this device, three PEAs
were orthogonally arranged and directly connected to the end-
effector, forming the cubic configuration. Both the input and
output ends of the mechanism were coupled without con-
straining undesired parasitic motions. Another tri-axial system
for nano-sculpturing was developed by Gozen et. al [12], for
which, the diamond tip was directly attached to a tri-axial
PEA without using flexural structures for motion guidance.
It is relatively simple, but suffers from limited motion range,
low stiffness for stable cutting, and mutually coupled motions.
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By introducing a special set of ”L”-shaped flexure hinges,
Zhu et. al introduced a rotary tri-axial mechanism for nano-
texturing [2], which is of compact dimensions, high working
frequency, and decoupled outputs. However, the input ends of
the mechanism were still coupled without proper isolation of
PEAs, and the undesired rotational degree-of-freedom was not
completely constrained in this design [9].

Recently, several kinds of tri-axial compliant mechanisms
are developed for nano-manipulating, which are competitive
candidates for implementing nano-cutting. With these mecha-
nisms, cubic configuration is the most predominant to achieve
tri-axial motions [14], [15], and motion decoupling was widely
regarded as the most essential factor to guarantee motion
accuracy and feedback control stability [15]-[17]. With current
state-of-the-art decoupled mechanisms, a large number of
compliant linkages 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 [15],
[18], [19]. In addition, the complex mechanical structure may
impose critical challenge for monolithic fabrication, and the
commonly adopted assembly strategy can induce undesired
misalignment error and over-large motion loss in the flexural
connections [14], [15]. Moreover, over-usage of complicated
linkages for motion isolation may lower the output stiffness of
the mechanism to great extend, thereby limiting the applica-
tions to low-payloads and smooth working processes [19]. As
discussed above, although the current designs have various
good features, there are a wide spectrum of aspects to be
improved, especially for the implementation of high efficient
nano-cutting.

Regarding requirements for high compactness, high natural
frequency, and high output stiffness, a novel monolithic com-
pliant mechanism is proposed to deliver tri-axial translational
motions for nano-cutting. With the mechanical design, effort
needs to be devoted to analytically relating system stiffness
as well as dynamics to structure dimensions, so as to provide
basis for structure optimization. With performance modeling,
the finite element theory based method is promising, but
limited to the description of planar mechanisms [20], [21]. The
inverse kinematic model (IKM) is capable of processing spatial
mechanisms with complete compliance modeling, however,
the assembled system matrix is relatively large especially
for mechanisms with complicated mechanical structures and
various moving bodies [22]-[24]. Although the matrix based
compliance model (MCM) is concise for describing elastic
deformation at a specified point, it loses detailed information
about the induced deformations at other points in the mecha-
nism [9], [16], [25].

To simplify the modeling process while maintain enough
valuable information, a hybrid model combining the IKM
and MCM is introduced for the description of the designed
mechanism, and the Lagrangian method is then adopted to
obtain the dynamics feature. After that, multiple design ob-
jectives are identified and optimized through the Pareto-based
multi-objective optimization algorithm. Compared with the
commonly adopted optimal design of compliant mechanisms,
which converts the multiple objectives to be a single one [3],
[15], [16], [23], [26], the adopted Pareto-based optimum is

more objective, and provides more potential solutions for the
design [27]. Based on the optimization, finite element analysis
(FEA) is firstly adopted for its verification, and a prototype is
accordingly fabricated and tested to investigate both open-loop
and closed-loop performances of the mechanism. Finally, it
is comprehensively demonstrated through conducting prelim-
inary closed-loop based nano-sculpturing.

Il. MECHANICAL DESIGN OF THE TRI-AXIAL
MECHANISM

The cubic structure is basically adopted to generate the tri-
axial translational motions by arranging three identical uni-
directional actuation mechanisms in a mutually orthogonal
configuration. The three dimensional (3-D) mechanical struc-
ture of the developed compliant mechanism is illustrated in
Fig. 1 (a). With motion along each direction, the popular
double parallelogram mechanism (DPM) with eight right cir-
cular flexure hinges (RCFH) is adopted to isolate and to guide
motion of the PEA. The generated motion is then transferred to
the end-effector through a spatial transition mechanism (STM)
consisting of four sets of parallelogram limbs as illustrated in
Fig. 1 (b). With the limb, connection to the input and output
ends is constructed through two bi-axial RCFHs with axially
collocated notches [28], and an enlarged view of that is shown
in Fig. 1 (¢).

Without loss of generality, taking the uni-directional actu-
ation along the z-axial direction for example, the limbs with
bi-axial RCFH allows the end-effector to move along the y-
and z-axial directions, while to maintain the primary motion
along the x-axial direction. Taking advantage of the cuboid
structure of the STM in Fig. 1 (b), the rotational motion
of the end-effector around the y- and z-axes are constrained
well. Based on the screw theory, motion of the end-effector is
the intersection of allowable motions of the tri-axial identical
actuation mechanisms [15], [29]. Thereby, the output motion
of the mechanism can be determined by

{z,y,2,0:}, N {z,y,2,0,}, N {z,y,2,0.}5 = {z,y, 2}
(D

It is noteworthy that the actuation axes of the three ac-
tuation mechanisms are deliberately designed to intersect at
one point to avoid undesired internal moments, thereby to
eliminate potential parasitic motions induced by the moments.
Furthermore, as discussed in [15], decoupled motion along
each primary actuation direction can be achieved without in-
ducing cross-talks along the other two translational directions,
attributing to the orthogonal nature of the two rotational axes
of the bi-axial RCFH, namely the 175t and 27™¢ axis in
Fig. 1 (c). Therefore, a tri-axial translational mechanism with
decoupled motions is obtained.

I11. MECHANICAL MODELING OF THE TRI-AXIAL
MECHANISM

To simplify the modeling process, we decompose the tri-
axial mechanism into several compliant modules, mainly in-
cluding the DPM and STM. Each of the module is modeled
by the MCM method to obtain the basic elastic deformation
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Fig. 1. Mechanical structure of the piezo-actuated mechanism, (a) 3-
D model of the compliant mechanism, (b) the limbs for bi-axial motion
guidance, and (c) the bi-axial RCFH with collocated notches.

=1 Wy

Fig. 2. Schematic of the actuation mechanism with labeled dimensions.

features, and the overall mechanism is accordingly modeled
through the IKM method to obtain displacements at points
needing attention, when subjected to external loads at any
specified points.

A. Stiffness modeling of the actuation mechanism

Since the three actuation mechanisms are identical, only
one is modeled in detail to avoid repetition. The actuation
mechanism mainly consists of one DPM and one STM, and
the dimensions are labeled as shown in Fig. 2.

1) Stiffness modeling of the DPM: As for the DPM, it
mainly consists of four parallel linkages with symmetric struc-
ture, and each of the linkage is serially constructed through
two RCFHs and one rectangular leaf-spring flexure hinge
(LSFH). The complete compliance developed in Ref. [30]
and the improved one adopted in Ref. [31] are employed for
RCFHs and LSFHs, respectively.

Assume that the complete compliances of RCFHs and
LSFHs are denoted by Cgr(R,t,b) and Cr(L,w,b), where
L, w, and b are the length, width, and thickness of the beam,
the compliance of one linkage can be expressed in the local
coordinate system o, — ZpYp2p by

2
Cp1 = Z (T;CrT;) + TsCy (I3,w3,b) Ty (2)
i=1

where I3 = [, — 2R, ws = 2R + ¢, and 'T; is the compliance
transformation matrix (CTM) to transfer the local coordinate
system of the hinges to the specified coordinate system. One
can find detailed definition of the CTM in Ref. [16], [31].

Similar to that obtained in Eq. (2), the compliance of the
second linkage can be obtained in the o, — xpyp2p System as
Cp2. Since the two linkages are connected to the platform in
parallel, and the DPM is symmetric with respect to the o,y
axis, stiffness of the DPM with respect to the point o}, can be
obtained as

-1 -1
K, = (C) +[TymeciT, @' ©
with .
Cl = [(Cor) ™" +(Cp) | @

where T, (7) denotes the CTM conducting rotation operation
around the opy;, axis with an angular of 7.

2) Stiffness modeling of the STM: With the STM, it mainly
consists of four parallel limbs, with each serially connected
by two bi-axial RCFH and one square beam. As for the bi-
axial RCFH, the varying profiles along the two axes needs
laborious integration operation for modeling its compliance
by adopting the commonly used minimum energy method
[28]. To avoid tedious integration, a finite beam based matrix
modeling is introduced by evenly dividing the bi-axial RCFH
along the o, 2}, axis into IV elements [31]. Therefore, the width
(thickness) of the cross-section of the k-th element in its local
system o, — TpYp2p can be expressed by

9 2
ot =) = -2 [ (Y

Since the bi-axial RCFH can be regarded as a serial con-
nection of the IV elements, its compliance in the o, — zpyp2p
system can be obtained as

av=3 100 (2 wwim) (10)'] ©

k=1

where chb) represents the CTM from the local system of the
k-th square beam to the o, — x,yp2p System.

With the limb, the length and width (thickness) for the beam
connecting the two bi-axial RCFHs are Iy = Iq — 2R, ws =
bs = 2R + t. Considering the serial nature, the compliance of
the limb can be obtained in the local system oy — xty; 2y of
the STM as

2

Ca =Y [TiCy ()] + THCL () (T5) " (D)

i=1

where T¢, ¢ = 1,2,3 is the CTM from the local system of
the i-th hinge to the oy — xty2¢ system.

Similarly, the compliance of the second limb can be ob-
tained as Cyy Since the four limbs are rotationally symmetric
around the oy axis, the stiffness of the STM at the oy point
can be expressed in the oy — xyy2z¢ system as

-1

K, = C;' 4+ | Ty (1) Ceu Ty (1) " (8)
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Fig. 3. The equivalent spring-mass system of the tri-axial compliant
mechanism, where K,2 and K,3 are the stiffness matrices of the
other two actuation mechanisms expressed in the o — zyz system,
respectively; K1 and K are stiffness matrices of the DPM and STM
in the o — zyz system in the z-axial actuation mechanism, respectively;
mp and me. are the equivalent mass of the intermediate platform in the
DPM and the end-effector, respectively.

with
—1 -1
+(Cu2)'] ©

where T () denotes the CTM adopting operation around the
oy axis with an angular of .

3) Stiffness modeling of the actuation mechanism: As il-
lustrated in Fig. 2, the DPM and STM are serially connected
with respect to the end-effector. Therefore, the stiffness of the
actuation mechanism at point o can be expressed in the o—zyz
system by

Ciuw = |(Ci) "

K, = [Tpo (Kp) L, + Ty (Ko) ' TE| (10)

where T, and T, are the CTMs from the o, — 2,2, and
0y — TYp 2y Systems to the o — xyz system, respectively.

B. Inverse kinematics model of the compliant mechanism

Without considering mechanical properties of PEAs, the tri-
axial compliant mechanism can be equivalent as the spring-
mass system as illustrated in Fig. 3. Based on the Hooke’s
law, the governing equation for the elastic deformation of the
mechanism can be expressed by

Kee Kep :| |: Ue :| |: F. :|
= (11)
[er Kpp up F,
where u, = [uexauey;uezyaexaeeyaeez]T and u, =

[tpscs Upy s Upzy Opsc, Oy, Opz) - are the displacement vectors of
the end-effector and the intermediate platform in the DPM
respectively; and Fo = [fox, foy, fens Mex, Mey, Mo ] and

p = [fpx7fpy,fpz,MpX,Mpy,M ]T are the corresponding
external loads.

ch :Ka2 + KaS + Ksl

2
(=1) 12
j=1
Kpp =Kp1 + Ka
(1) (13)

_ [Tp (K,) Y Tg} + Ka

_ (=1
Kep = er - *Ksl = - TS (Ki)( 1) TST (14)

where T';, T}, and T are the CTMs from the local coordinate
systems of the two actuation mechanisms, the DPM, and the
CTM to the global system o — xyz, respectively.

The output stiffness of the tri-axial mechanism is defined as
the required directional force at the output point o to generate
unit displacement at the same point. By setting F, = O, and
u. = [1,0,0,0,0,0], the required force F. can be obtained
by solving Eq. (11) as

Fo= (Ke — KaK; Kq) ue (15)

Therefore, the output stiffness along the ox axis can be
obtained as koy, = Fe (1).

Similarly, the input stiffness can be defined as the required
force along the actuation direction at the input point o, to
generate unit displacement at the same point. By setting F, =
0, and u, = [1,0,0,0,0,0], the required force F', can be
obtained by solving Eq. (11) as

Fp = (Kpp — Ka K Kai) u, (16)
The input stiffness along the actuation axis can be obtained
as ki, = F,, (1).
When subjected to the actuation force F

[FrEA,0,0,0,0,0] generated by the PEA and the external
load F., the corresponding output displacement of the
end-effector u, can be expressed by

Ue = (Kee - Kleglesl)71 (Fe + Kle;ple> (17)

Meanwhile, the displacement of the intermediate platform
u,, in the DPM can be accordingly expressed by

up :K;1 (Kee - FE)
= (Kpp — Klee_elel)il (Fe + Klee_elFe)

In general, the output displacement of the end-effector
u.(1) along the actuation direction will decrease due to the
elastic deformation of the connected flexure hinges. Let x
represent the displacement loss, which is defined by x =
1 — ue(1)/up(1), the maximum output displacement of the
mechanism along one direction can be expressed by

(18)

k
di = —P% (1
! kpea+kin(

where dpc, and ke, denote the nominal displacement and
stiffness of the employed PEA, respectively.

- X) dpea (]9)

C. Dynamic model of the tri-axial mechanism

Since the mechanism is identical with respect to each
direction, only the natural frequency with deformation along
one direction is modeled. Assume that a displacement of u
is generated at the input end along the actuation direction,
the induced output of the end-effector is u, = (1 — x)u.
Therefore, the equivalent lumped motion of the limb for the
corresponding STM can be estimated to be us = 0.5(u + ue).
Therefore, the kinematic energy of the mechanism can be

expressed by
.9 SN\ 2 N
o meus Jp [ Ue
U — [ — 4Js | — 20
Uiy +—5 +2(lp>+ (ld> (20)

v="
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where J,, and J; are the rotary inertia of the connection
linkages and limbs in the DPM and STM, respectively. The
last term in Eq. (20) is rotational kinetic energy of the other
two STMs induced by the primary motion wu.

Based on the Lagrangian principle, the natural frequency
can be obtained as

—1
f = i s = i kin 187[]
oV M 2 1w Ou

where M is the equivalent moving mass of the mechanism.

ey

IV. MULTI-OBJECTIVE OPTIMAL DESIGN OF THE
TRI-AXIAL MECHANISM

A. Problem Statement

Overall, the working performance of the tri-axial mecha-
nism is highly sensitive to structure dimensions, especially
the ones governing the shapes of the flexure hinges and
the relative positions between the hinges [9], [32]. With the
actuation mechanism, the symmetry of the STM suggests that
the thickness and width of both the end-effector and the
intermediate platform in the DPM will equal to each other,
as marked by d in Fig. 2. Since the relative distance between
limbs in the STM has very limited influence on its performance
[26], it will be directly set as d = 4R+2t+1.2 mm. Similarly,
the relative distance between the two linkages in the DPM is
set as [, = 2R 4142 mm, and accordingly, the length of the
intermediate platform is I, = [, + 2R + t. Therefore, there
are only four independent parameters that govern the working
performance of the mechanism, namely, R, ¢, I, and l4.

As for nano-cutting, the following requirements are of the
utmost importance:

1) High natural frequency f to achieve high working band-
width, and accordingly high machining efficiency;

2) Large stroke d; with low displacement loss  to guarantee
enough output displacement as well as high actuation
efficiency;

3) High output stiffness ko to guarantee machining accu-
racy and stability;

4) Low equivalent von Mises stress in the mechanism when
subjecting to maximum input. In this study, this criterion
will be checked through FEA model after selecting proper
dimensional parameters;

5) Large fatigue safety factor to guarantee fatigue reliability.
Considering structure complexity and multi-axial loading
condition, it will also be checked through FEA model
after selecting dimensional parameters.

In general, the two conflicting requirements, namely the
natural frequency f and the stroke d;, need to be deliberately
balanced. With the output stiffness ko, it may vary but has
no conflict with the input stiffness. Regarding this essential
relationship, the optimal design can be stated as follows:

1) Objective function: maximize the natural frequency and
the stroke as well. To have a high output stiffness kqyt,

-4
8 x10
.
6l ¢
.
Ny ‘ Optimum
o \
2 "0
L)
L XY LT Wose 40 . e
O L L n
0.2 0.4 0.6 0.8

9,

Fig. 4. The obtained Pareto optimum front.

it is optimized to be close to the input stiffness k;y.
Mathematically, it takes the form as

_ 1 kin
9= 1_X kin+kpea
g2 =f!

2) Optimization variables: P = [R, t,1, lq].

3) Subject to: Parameter ranges are set by considering both
the machinability and structure compactness, and they
are set as: Py, € [1.5,0.5,1,5] mm and P €
[5,1,10,15] mm.

As discussed above, it is a multi-objective optimization
problem with multiple variables and strong nonlinearity. To
solve this problem, a Pareto-based multi-objective differential
evolution algorithm is adopted, and one can refer to Ref. [33]
for more details about the algorithm.

kout
kin

+ -

min

(22)

B. Optimization Results and FEA Investigation

The selected material for the mechanism is spring steel with
elasticity modulus of 206 GPa, passion ratio of 0.28, and mass
density of 7850 kg/m3. The nominal stroke and stiffness of the
PEA are dy = 15 um and kpe, = 100 N - pum ™", respectively.
By conducting the multi-objective optimization, the obtained
Pareto optimum front is illustrated in Fig. 4. To make a
balance between the two objectives g; and gs, an solution
at the labeled point in Fig. 4 where performance variation
turns to be relatively flat is chosen as the optimum. The

~

corresponding optimal dimensions are P = [1.8,1,6.8,13.5]
mm, which lead to the mechanism with k;, = 20.19 N - um_l,
kout = 18.41 N - ym™', and f = 3875 Hz. Considering the
stiffness of the PEA, the maximum input displacement will be
din = 12.48 pm.

To verify the analytical model, FEA through the Work-
bench module in ANSYS software is conducted, and the 3D
tetrahedron element with proximity and curvature based size
function is adopted to mesh the model. Applying a surface
force of Fy = 100 N along the z-axis leads to a directional
deformation at the input end of about 5.336 pum, suggesting an
input stiffness of about kj, = 18.74 N - um~!. Similarly, the
output stiffness is also assessed by applying the z-axial force
at the output end, which is about koy = 16.93 N - um™!.
The comparison between the analytical and FEA results are
summarized in Table I. Taking FEA results as the benchmark,
both the relative errors of the input and output stiffness are
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TABLE |
SUMMARY OF THE ANALYTICAL AND FEA RESULTS.
kin / N pm~1T kout / N pm~1T f/ Hz
Anal. FEA  Ermr. Anal. FEA  Ermr. Anal. FEA  Err
20.19 1874 7.74% 18.41 1693 8.74% 3875 3473 11.6%

less than 10%, demonstrating the accuracy and reliability of
the developed analytical model for structure optimization.

When subjected to the maximum input displacement d;,
along the three directions, the equivalent stress distribution
obtained by FEA shows that the maximum stress occurs at
the outer surface of the mid-point of the RCFH in each
DPM, which is of about 104.4 MPa. It is far below the
yield stress of the selected steel (520-690 MPa), showing
that repeatable elastic deformation can be obtained during
working. To investigate the fatigue behavior, Gerber based
mean stress theory using the maximum principle stress is
adopted to derive the safety factor through ANSYS/Workbench
based FEA simulation [34]. With full consideration of stress
concentration and surface roughness effects, a conservation
fatigue strength factor is set as 0.85, and the default material
fatigue parameters for steel in the software are employed for
the analysis. To mimic the working process, three harmonic
motions ranging from zero to the maximum displacement dj,,
are simultaneously applied at the three input ends, leading
to a minimum safety factor of about Sy = 1.34 > 1 at
the aforementioned point with maximum static equivalent
stress. It suggests that reliability against fatigue failure can
be guaranteed well for the designed mechanism.

Modal analysis through FEA is further conducted to in-
vestigate dynamic features of the mechanism. The first three
resonant modes occur with desired translational deformations
along the three directions, and the natural frequencies are
about 3472.7 Hz, 3481.6 Hz and 3484.1 Hz. Although the
mechanism is symmetric, the discrepancy between the res-
onant frequencies for the three modes may attribute to the
mesh difference and calculation errors. Regarding the FEA
results, the relative error of the natural frequency obtained by
analytical model is about 11.6% as summarized in Table I,
which is induced by the overestimation of input stiffness in
the analytical model.

Moreover, it is noteworthy that when the maximum dis-
placement d;,, = 12.48 pm is applied along the z-axis, both
the resulted displacements at the input ends of the y- and z-
axial actuation mechanisms are about 35.6 nm. Meanwhile,
the induced lateral outputs of the end-effector along the y-
and z-axial directions are about 6 nm and 8 nm, respectively.
Regarding the neglectable parasitic motions at both the input
and output ends, the tri-axial mechanism is decoupled well to
implement independent motion along each direction.

V. PROTOTYPE PERFORMANCE TESTING

To have a comprehensive investigation on practical per-
formances of the optimized tri-axial mechanism, an off-line
experimental testing system is constructed. During the testing,
the power PMAC control board (Delta Tau Data Systems,

USA) with eight input-output channels is employed to generate
and gather signals of the three axial motions in both open-loop
and closed-loop tests. The command signals generated by the
control board are then amplified by three power amplifiers
(PI E617.001, Germany) to drive the three orthogonal PEAs
(PI P-887.51, Germany). The resulted displacement of the tri-
axial mechanism is then measured by a precision capacitive
displacement sensing system (Elite, Lion Precision, USA) with
five channels. The captured displacements are then gathered
by the control board for further analysis or feedback control.
The experimental setup is graphically illustrated in Fig. 5.

Displacement T
IS i

PC

Power PMAC

Capacitive sensor

Prototype

Power amplifier for PEA

arwppE

Fig. 5. Experimental setup for performance testing.

A. Open-loop Testing

To assess the practical stroke along each direction, harmonic
command signal with low frequency of 1 Hz and full-span
voltage of 10 V is applied to each actuator separately, resulting
in the responses shown in Fig. 6. The obtained strokes are
about 12.37 pum, 13.14 um and 11.72 pym along the z-, y-
and z-axial directions, respectively. In general, all of them are
very close to the theoretical value of about 12.48 yum. From the
parasitic motions shown in Fig. 6, the primary motion along
the z-axial direction induces the maximum parasitic motion
along the z-axial direction (about 3.8%). When actuated along
the y- and z-axial directions, the induced parasitic motions
along the other two directions are consistent, which are about
1.37% and 2.51% of the corresponding actuation motions.

In principle, the designed mechanism is free from parasitic
motions as investigated through FEA in section IV-B, and the
average coupling ratio of about 2.56% in tests might be caused
by manufacturing errors or misalignment of the actuation
axes. Compared with the average ratios of the state-of-the-art
mechanisms as reported in [15], [35], and [13] which are about
3.59%, 7.8%, and 10%, respectively, the designed mechanism
demonstrates to have a superior decoupling property. The
low-level parasitic motions may allow the implementation
of single-input-single-output (SISO) controller for feedback
control of the three axes.

To characterize frequency response of the mechatronic
system, a swept excitation using voltage with amplitude of
1 V and frequency linearly ranging from 1 Hz to 5 kHz
is employed to independently drive each PEA. The resulted
frequency response functions along the three directions are
illustrated in Fig. 7, which show almost consistent features
with each other. The natural frequency for each direction
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Fig. 6. Full span harmonic response and the corresponding coupling
motions with independent actuation along, (a) the z-, (b) the y-, and (c)
the z-axial direction.
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Fig. 7. Characteristics of the frequency responses of the mechanism
along the three actuation directions.

is around 3.7 kHz. It is slightly higher than that obtained
through FEA (around 3.5 kHz), attributing to the stiffness
enhancement by adding PEAs in experimental testing. In addi-
tion, the amplitude-frequency response along each direction is
relatively flat with frequency less than 1 kHz, suggesting that
the mechanism can perform well within this frequency range.

It is noteworthy that the non-ideal constraint of the base of
the mechanism may lead to undesired resonant vibrations of
the base. This phenomenon is observed as small fluctuations
in the amplitude-frequency response function with respect to
frequency ranging from 200 Hz to 300 Hz and 1 kHz to 3.7
KHz. To avoid this and accordingly to have a much wider
working frequency, special holder for proper constraint of the
base of the mechanism needs to be specially considered in the
near future.

B. Closed-loop Testing

As discussed above, the decoupling feature allows the usage
of SISO controller for the mechanism to compensate for
the inherent nonlinearity of PEAs as well as external load
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Fig. 8. Characteristics of the harmonic tracking performance.

disturbances. A typical Proportion-Integration-Differentiation
(PID) controller is employed for the feedback control. Mean-
while, a low pass filter with cut-off frequency of 200 Hz
is adopted to eliminate influences of system noises, and a
velocity feedforwad compensator is also employed to enhance
the response speed of the system. Parameters for the controller
are determined through the trail-and-error method.

With nano-cutting, continuous harmonic-like motion will be
the predominant trajectory for the mechanism to follow. To
assess the trajectory tracking performance, harmonic signal
with amplitude of 2 um and frequency of 90 Hz is adopted
as the desired motion. To avoid repetition, only the tracking
performance along the x-axis direction is illustrated in Fig. §,
showing a tracking error of around +70 nm, which is about
+1.75% of the motion span. When tracking a signal with
higher frequency, the tracking error will increase, suggesting
that more advanced control algorithm needs to be further
developed in the future to improve the tracking performance,
especially for high-frequency applications.

VI. PRELIMINARY NANO-SCULPTURING EXPERIMENTS

To demonstrate the effectiveness of the developed tri-axial
motion system, preliminary nano-sculpturing experiment is
conducted. For this process, the target is to generate surface
with complicated shapes in the nano-scale, and the dimension
accuracy is crucial for this process. Therefore, cutting is
conducted in the closed-loop to precisely control the cutting
motions.

A. Experimental setup

In this study, the nano-sculpturing experiment is imple-
mented on an ultra-precision machine tool (Moore Nanotech
350FG, USA) for convenient rough cutting as well as align-
ment of the relative position between the tool and workpiece.
Natural single crystal diamond tool (Contour Fine Tooling,
U.K.) with sharp edge as illustrated in Fig. 10 is employed for
material removal. The workpiece material is brass C2600. The
diamond tool is fixed on the spindle as graphically presented
in Fig. 9, and an enlarged view of the cutting space is
further illustrated at the corner of this photo. During cutting,
the spindle together with the sharp diamond tool is fixed
as static, and the rake face of the tool is parallel with the
Oom — TmZm plane. After cutting, the generated nanostructures
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Fig. 9. Experimental setup for the nano-cutting, where ony — Zmym2zm IS
the coordinate system of the machine tool; 1. pre-loading screw for the
PEA; 2. PEA; 3. workpiece; 4.spindle; 5. fixture for the tool; 6. diamond
tool; 7, 8 and 9: three capacitive sensors.

Sharp edge

H D47 x5.0k

20 um

Fig. 10. SEM images of the used diamond tool with sharp edge.

are characterized through a atomic force microscopy (AFM,
XE-70, Park Systems, Korean).

Primarily, harmonic motions with a amplitude of 0.5 ym
as well as a consistent frequency of 90 Hz are adopted
for the PEAs along both the y,,- and z,-axial directions
to construct the basic nano-fly-cutting motion for material
removal. Meanwhile, a linear motion with constant velocity of
7.5 pm/s is concurrently implemented by the y,-axial PEA
to construct the forward feeding motion. Moreover, actuation
of the x,-axial PEA with a speed of 50 nm per step is also
adopted as the lateral step feeding motion. Overall, the tri-
axial motions forms the basic nano-cutting motion for material
removal.

B. Results and discussion

A sinusoidal grid surface with 2y = Asin (27T 'z) +
Acos (2nT, ys) is fabricated, and the amplitude and spatial
frequency of the surface are A = 100 nm and T, ! =
i L' = 8 um. To form this curved nanostructure, a specified
trajectory determined by the geometry of the desired surface
is superimposed on the basic harmonic vibration along the
zm-axial direction. Since the z,,-axial position is fixed during
cutting, only the performance of tacking fast motions along
both the y,,- and 2, -axial directions is illustrated in Fig. 11
(a), and the tracking error is further shown in Fig. 11 (b),
demonstrating relatively high tracking accuracy. It is notewor-
thy that the noise observed during cutting is slightly larger
than that obtained in off-line tracking in Fig. 8, which might
be caused by external disturbance induced from interactions
between the tool and workpiece.

N

=
2
T

/A\M / AM

7ym-axial practical

7Zm-axial practical

o
o

/- - ym-axial command

Displacement / um
-

-- zm-axial command

0.05 0.06

7ym-axial error

—2z_-axial error
m

Error / pm

0.02

0.03
Time /s

0.04 0.05 0.06

Fig. 11. Tracking performance of motions along the ym- and zm-axial
directions, (a) the trajectory tracking, and (b) the tracking errors
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Fig. 12. Characteristics of the nano-sculptured sinusoidal grid surface,
(a) the 3-D structure, (b) and (c) the cross-sectional profiles along the
p1 and p2 directions, respectively.

The resulted 3-D AFM image is shown in Fig. 12 (a), and
the two cross-sectional profiles along the p; and po directions
as marked in Fig. 12 (a) are further illustrated respectively in
Figs. 12 (b) and 12 (c). From the 3-D structure in Fig. 12
(a), the chip mainly flow along the side rather than the rake
face direction of the tool, forming a big piece of chip without
breaking to be at one side of the cutting region. In addition,
small debris are observed on the machined surface. Profiles
shown in Fig. 12 (b) and (c) shows much bigger fluctuation
along the p; direction, which induced by the lateral step
feeding motion. As for both the two profiles, good agreement
between the practical and desired shapes are achieved.

It is noteworthy that with the sub-micron depth of-cut, the
cutting force may range from about dozens of micronewtons
to several millinewtons [36], [37]. Therefore, influences of
cutting forces on the tool motion can be ignored with full
consideration of the relatively high output stiffness of the
mechanism. Another issue related to the structure generation
might be the temperature increase induced by fast vibrations
of the piezo-actuators, and thermal deformations of the mech-
anism may deteriorate the fabrication accuracy. In general, the
thermal deformation is difficult to measure or compensate for
during the nano-cutting process, and further efforts on it will
be conducted in the future.

VIl. CONCLUSION

In this paper, a novel piezoelectrically actuated compliant
mechanism is developed to deliver tri-axial translational mo-
tions for nano-cutting. With the mechanism, three identical
actuation mechanisms are orthogonally arranged to achieve
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the tri-axial motion, and the cuboid structure using bi-axial
flexure hinges is introduced for motion guidance, as well as
for rotation constraint of the end-effector.

With the design, a hybrid analytical model is introduced to
describe the elastic deformation behavior of the mechanism,
and the Lagrangian method is employed for modeling system
dynamics. Based on the formulated model, Pareto-based multi-
objective optimization is accordingly conducted to optimally
determine dimensions of the designed mechanism.

Performance of the optimized mechanism is theoretically
verified through finite element analysis (FEA), and good agree-
ment between the analytical and FEA results demonstrates
the effectiveness of the design process well. A prototype
is then fabricated and experimentally assessed in terms of
practical stroke, de-coupling behavior, natural frequency, and
trajectory tracking performance. Finally, preliminary closed-
loop based nano-sculpturing further verifies the effectiveness
of the developed system for nano-cutting.
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