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Recent development in high-speed nanotechnology applications, such as scanning
probe microscopy and nanofabrication, has increased interest on the advancement of
high-bandwidth flexure-guided nanopositioning systems. These systems are capable of
providing motions with sub-nanometer resolution over a positioning bandwidth of a few
kilohertz or more. High-speed nanopositioning devices are commonly driven by compact
and stiff piezoelectric stack actuators. However, these actuators are highly sensitive to
tensile and lateral forces. During high-speed operations, excessive inertia force due to
the effective mass of nanopositioning system could potentially damage the actuator.
To protect the piezoelectric actuator, preload is often applied to compensate for these
inertial forces. This article surveys key challenges in existing preload techniques in the
context of high-speed nanopositioning designs, and explores how these challenges can
be overcome.
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1. INTRODUCTION

The ever-increasing demand for high speed and high precision in nanotechnology applications has
increased the use of nanopositioning systems in the field. Nanopositioners with the ability to provide
sub-nanometer resolution and high-speed motion have became a vital component in applications,
such as scanning probe microscopy (Schitter et al., 2007; Ando, 2012; Yong and Moheimani, 2015;
Yong and Fleming, 2016), alignment of fiber optics (Wang et al., 2007), nano-indentation (Bhushan,
1999; Miyahara et al., 1999), nano-fabrication (Wiesauer and Springholz, 2000; Vicary and Miles,
2009), cavity ring-down spectroscopy in optical applications (Berden et al., 2000; Debecker et al.,
2005), micro-gripper (Noveanu et al., 2015; Xu, 2015; Liu and Xu, 2016), and beam steering systems
(Gorman et al., 2003).

Flexures have played an important role in high-speed nanopositioning systems. Flexure-guided
systems exploit the advantages of compliant mechanisms (Howell, 2001; Lobontiu et al., 2001;
Lobontiu and Garcia, 2003; Yong et al., 2008), where a flexible element acts like a linear spring and
deforms elastically to offer repeatable and accurate fine motions (Lobontiu, 2003, 2015; Yong et al.,
2012). Example of a flexure-guided nanopositioner is shown in Figure 1. Flexures replace traditional
joints, such as bearings and rollers, in rigid-link mechanisms. The absence of moving and sliding
joints provides a considerable advantage to eliminate problems due to wear, backlash, friction, and
the need for lubrication. Flexure-guided mechanisms can be machined from a monolithic (single
piece) material via wire electrical-discharge-machining (wire-EDM) and no assembly of links and
joints is required. As a result, the overall mass of flexure-guided nanopositioner is significantly
reduced compared to its rigid-link counterparts. All the above advantages enable the design of
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FIGURE 1 | (A) Example of a flexure-guided XY nanopositioner (Yong et al., 2009). (B) Finite-element simulated motion of the nanopositioner, showing the
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FIGURE 2 | A piezoelectric stack actuator mechanically bonded in
series, and electrically connected in parallel.

compact, light, and fast nanopositioners that capable of providing
smooth and repeatable motion to fulfill the requirement of
nanoscale applications.

Piezoelectric stack actuators have been widely used in high-
speed nanopositioning due to its ability to provide ultra-fast
responses, fine movement, and high pushing force (Physik Instru-
mente, 2016). These actuators are constructed by bonding mul-
tiple layers of piezoelectric material together. There are bonded
mechanically in series, and connected electrically in parallel as
shown in Figure 2. All piezoelectric layers are poled in the
direction of their thickness. The estimated total displacement of
actuator is Al = NVds3, where N is the number of piezoelec-
tric layers, V is the driving voltage, and ds3 is the piezoelectric
coefficient. An inevitable drawback of piezoelectric stack actu-
ators is that there are highly vulnerable to tensile and lateral
forces (Fleming and Leang, 2014). When driving the actuator
at high speeds, the high inertial (tensile) force due to the effec-
tive mass of nanopositioning system could damage the actu-
ator (Chaplya et al, 2006; Koruza et al., 2015). A common
practice to avoid such damage is to mechanically preload the
piezoelectric stack to compensate for excessive tensile load. Flex-
ures have been used to provide preload and guide the motion
of piezoelectric stack actuators. For high-speed nanoposition-
ing applications, stiff flexures are often used to achieve high
mechanical bandwidth. Displacing these high-stiffness flexures in
order to install and preload the piezoelectric stack actuator is a
difficult task.

A

W
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]
il

FIGURE 3 | (A) Domains of a piezoelectric stack actuation before preload.
(B) Increased amount of non-180° domains after the application of sufficient
compressive load.

This paper surveys and discusses the challenges encoun-
tered in the design of high-speed, flexure-guided nanoposition-
ing systems, with a special focus on preloading piezoelectric
stack actuators using flexures. Section 2 discusses in details
the advantages of preloading piezoelectric stack actuators. Some
existing preload techniques for high-speed nanopositioning are
discussed in Section 3. The yield strength limit of flexures during
preloading piezoelectric stack actuators is analyzed and presented
in Section 4. Section 5 presents a design example of a new
preload mechanism for high-speed nanopositioning that tack-
les challenges discussed in this paper. Section 6 concludes the

paper.

2. PRELOADING PIEZOELECTRIC STACK
ACTUATOR

Preloading piezoelectric stack actuators is important to protect
them from tensile loads during high-speed operations. The appli-
cation of preload has also found to improve the strain output
of piezoelectric stack actuators (Mitrovic et al., 2001; Chaplya
et al., 2006; Koruza et al., 2015). This enhanced performance is
attributed to the increased number of available non-180° domains.
As illustrated in Figure 3, the application of preload increases
the number of domains perpendicular to the direction of the
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compressive stress, leading to an increased amount of non-180°
domains available for switching when an electric field is applied
(Lynch, 1996; Schaufele and Hardtl, 1996). However, the strain
output reduces when the applied preload is above the peak stress
value (Mitrovic et al., 2001; Koruza et al., 2015). The increase of
preload also increases the hysteresis effect and potentially leads
to excessive heat generation under long-term cyclic actuation
that could degenerate the piezoelectric properties (Mitrovic et al.,
2001).

There are a few guidelines from the manufacturers in terms
of the requisite preload for their piezoelectric stack actuators.
Noliac (2015) recommends a minimum preload of 10 MPa for
their piezoelectric stack actuators. They also suggests that the
applied preload should not exceed 20% of the blocking force and
the preload spring constant should be at most 10% stiffness of
the piezoelectric stack actuator. Thorlabs Inc (2015) recommends
to preload their discrete range piezoelectric stacks with 40% of
their blocking forces in order to achieve the specified maximum
displacements. The same company suggests to preload their co-
fired piezoelectric stack actuators no more than 50% of their
blocking forces. Physik Instrumente (2016) recommends that a
preload of 15 MPa is sufficient to compensate for dynamic forces;
and a preload of 30 MPa should not be exceeded. For high-speed

nanopositioning designs, the preload value is often chosen to be
about 10% stiffness of the piezoelectric stack actuator in order to
achieve a high mechanical bandwidth design (Fleming and Leang,
2014).

3. PRELOAD TECHNIQUES

There are several common preload techniques that include using
(a) a pair of wedges (Handley et al., 2004; Lu et al., 2004; Cedrat
Technologies, 2015; Wang and Zhang, 2015); (b) a preload block,
screw, and nut (Chen and Dwang, 2000; Heverly et al., 2004;
Yong et al., 2009; Yong and Moheimani, 2010; DeAngelis et al.,
2015); (c) only flexures (Kenton and Leang, 2012; Wadikhaye
et al., 2012; Yong et al., 2012, 2013; Fleming and Leang, 2014);
and (d) permanent magnet (Baek et al., 2003). The first three
techniques are illustrated in Figure 4. In method (a), one of the
wedges is attached to the actuator. The other wedge is pushed
down during installation to generate forward forces, which in
turns preloads the actuator. The amount of preload can be easily
estimated from the spring constant of the flexures and the slope
of the wedges. However, the induced lateral forces during the
installation procedure could potentially damage the piezoelectric
stack actuator. In method (b), preload is applied by tightening

A Moving Force B
Flexure platform l

Piezoelectric stack

actuator

Lock
nut

—
-

Flexure Moving platform Steel ball

Piezoelectric stack

actuator

Piezoelectric stack
actuator

7
Preload block Serew

l Slide in

Wedge
C Gap between
0.3 mm to 0.5 mm
4—
Force
I
Flexure

When force is applied

Piezoelectric stack
actuator

screw and lock nut. (C) Using only flexures.

When force is released

FIGURE 4 | Common preload techniques used in piezoelectric stack actuated nanopositioning systems. (A) Using a pair of wedges. (B) Using precision
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the screw. This causes the steel ball to press against the preload
block, and aligns the actuator with the direction of the applied
force. This method is simple and it does not induce lateral forces
to the actuator. However, the screw and preload block act as a
mass-spring system with a lower resonance frequency than that
of the actuator. This tends to limit the dynamic performance of
nanopositioning systems.

Many high-speed nanopositioning devices use only flexures to
provide preload to the piezoelectric stack actuators as shown in
Figure 4C. Typically, the flexures are elastically deformed by the
applied forces to provide sufficient space for installing the actuator
(Kenton and Leang, 2012; Yong, 2016). The piezoelectric stack
actuator is then placed into the designated space. Forces are then
released to return the flexures to its original position to clamp
the actuator in place. This technique is simple without the need
of additional components, such as wedges or preload screw that
tends to introduce unwanted dynamics to the system. However,
the installation process could be difficult especially for flexures
with high stiffness. A practical gap of 0.3-0.5mm is required to
allow for sufficient space to slide the actuator in place without
introducing excessive lateral forces to the actuator. For high-
speed nanopositioning systems, flexures are designed to be about
10-20% of the actuator’s stiffness in order to achieve high mechan-
ical bandwidth (Yong et al., 2012; Fleming and Leang, 2014).
Some popular 10-mm long piezoelectric stack actuators used for
high-speed nanopositioning stages are shown in Table 1. For a
5mm X 5mm x 10 mm actuator with a stiffness of 131.6 N/um,
the preferred total stiffness of flexures is 13.1 N/um. To deform
these flexures by 0.5mm, a large applied force of about 6500 N
is required. It is impractical to hang a 650 kg dead weight on the
flexures to deform them. A carefully designed pulley system or
a high-force preloading tool may be needed for this challenging
task.

TABLE 1 | Comparison of piezoelectric stack actuators from NOLIAC.

4. YIELD STRENGTH LIMIT OF FLEXURE

The preload technique uses only flexures as illustrated in
Figure 4C has been the popular choice to secure piezoelectric
stack actuators for high-speed nanopositioning devices (Kenton
and Leang, 2012; Wadikhaye et al., 2014; Yong et al,, 2016). An
issue that has often been neglected is the consideration of flex-
ure’s yield strength limit especially during preloading piezoelectric
stack actuators. During the installation and preloading process,
the maximum yield stress experienced by the flexure should be
kept below its yield strength limit. This is to ensure that the
flexure deforms in its elastic region and continuously functions
as a linear spring to provide the requisite preload to the actuator.
The following provides a detailed analysis of yield strength limit
of flexures during the preload process of actuators.

4.1. Estimation of Flexure’s Deformation

and Stiffness

To find the maximum yield stress of flexure, the deformation
and stiffness of flexure are first calculated. Figure 5 illustrates the
displacements and loads acting on a flexure. Deformations at the
free end can be derived using the Castigliano’s second theorem
(Lobontiu, 2003) and arranged into matrix form as (Kenton and
Leang, 2012; Yong et al., 2013)

Uy Cx—F, 0 0 0 0 F,

Uy 0 Cy—Fy Cy—Mz 0 0 F),

0, » = 0 COZ—Fy Co,—m, 0 0 M; ;,

U 0 0 0 C.—F, CZ—M}, F,

0y 0 0 0 ng_pz C@y_My M,
(1)

where Co,_p, = Cy—m. and Coy_ g, = C;—py. The torsional defor-
mation 6y is usually insignificant for nanopositioners discussed
in this article. Therefore, 0 is neglected in equation (1). For a
basic beam flexure with constant thickness along its length L, the

Size (mm) Free stroke (um)  Stiffness, k,; (N/pm) Max. blocking in—plane compliance equations are
force (N)

c L. . 41° 6L*
3x3x10 12.5 47.4 378 x—F, = 7735 y—F = 7733 y—M, = 7733
5x5x10 13.2 131.6 1050 ]iZtL Eht Eht
7x7x10 13.2 257.9 2060 Comm. = 2)
10 x 10 x 10 13.2 526.3 4200 “ Ehp

Fixed
M, =- FyL/Z

FIGURE 5 | (Left) A flexure model with the applied loads and displacements at its free end. (Right) A flexure model with fixed-guided boundary condition.

Fixed-guided
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where E is the Young’s modulus. Definitions of parameters L, h,
and t can be found in Figure 5. The out-of-plane compliance
equations are

1213

473 6L*
0,—M, = B3t (3)

%; z—M, = %;
For a relatively long beam compared to its height, the shearing
effect can be ignored according to the Euler-Bernoulli beam
model. This model assumes that the planar cross-section remains
perpendicular to the neutral axis after the external bending has
been applied. Shearing stresses and deformations are ignored.
However, for a short beam, the shearing effect needs to be taken
into consideration. With the shearing effect included, the in-plane
compliance C,—ry and out-of-plane compliance C, g, are

40 | ol 4l | ol

y—F = i + ot “E= e T o (4)
where G = E/[2(1 4+ v)], and v is the Poisson’s ratio. « is the shear
correction factor, which is 6/5 for rectangular cross-section (Yong
et al., 2013). For a fixed-guided boundary condition of a flexure
with concentrated load (see Figure 5), the resultant moment at
its guided end is M, = — F,L/2. From equations (1) to (2), the
deformation of the flexure along y-axis is

Uy = Cy—FyFy + Cy—MZMz

_[ar’ P 6L> | —F,L
~ lEn | " |EhP| 2

Cz—FZ =

3
= [m} B )
Therefore, the stiffness k, is
_F _ AN
b= =en(g) ©®

A nanopositioning design commonly constructed from con-
necting several flexures in parallel mechanically. Therefore, the
effective stiffness is

ks = nky = nEh(£)3, )

where 7 is the number of flexures. Generally speaking, the effec-
tive stiffness k. can be increased by increasing the number
of flexures 7, increasing the flexure thickness t, and decreasing
the flexure length L. Large flexure height /4 is also one of the
key factors for increasing kg, However, it comes at an expense
of a higher profile nanopositioner that increases the effective
mass, thus reducing the mechanical resonance. This effect may
not be attractive for high-speed nanopositioning systems. h is
commonly chosen between 10 and 12.8 mm to reduce machining
cost from a standard aluminum plate (Handley et al., 2004; Yong
and Moheimani, 2010).

Many fabrication of high-speed nanopositioning stages use
aluminum alloy Al7075 due to its relatively high yield strength,
light weight, and high stiffness. A17075 that has a Young’s modulus
of 72 MPa and a yield strength of 505 MPa is considered here. As
shown in equation (7), kg is a cubic function with respect to ratio
t/L. A slight increase in #/L will result in a large increment in k.
This effect can be seen in Figure 6 where a contour map of k., is
plotted against #/L and n. Note that / is set to 10 mm in this plot.

.05 0.1

0.15 02 025 03 035
t/L

FIGURE 6 | A contour map of effective stiffness k., plotted against t/L
and number of flexures n. The contour line plotted in white is the 10%
stiffness of the 7mm x 7mm x 10 mm NOLIAC actuator as tabulated in
Table 1.

4.2. Estimation of Yield Stress
According to the distortional energy density criterion (von-Mises)
(Boresi and Schmidt, 2003),

M,c

S
< 2
- ®)

of = =~ SF’

where oy is the maximum yield stress of flexure, M, is moment,
I, = ht’/12 is the second moment of inertia, c =1/2, S, is the yield
strength of the material, and S is the safety factor. M, = — F,L/2

and F, = keffyTuy are substituted into equation (8), which is then
simplified to,
3Etu
g f= L2 24 . (9)

It is noted that oy is independent to the flexure height & and
number of flexure n. As mentioned in Section 3, a gap with
practical distance is needed for the installation of the piezoelectric
stack actuator, thus u, =0.5mm is chosen in equation (9) to
calculate oy. The length L € [1, 15] mm and thickness ¢ € [0.1,
0.5] mm are used to plot the maximum yield stress of the flexure
in Figure 7. Considering a safety factor of 2, the threshold stress
limit S,/Sp=252.5MPa is also plotted in the figure. For many
high-speed nanopositioning designs, the effective stiffness of the
stage is often chosen to be 10% of the piezoelectric stack actua-
tor. Considering a7 mm X 7 mm X 10 mm NOLIAC actuator that
has a stiffness k, =257.9 N/pm, its 10% stiffness is plotted in
Figure 6. To achieve 10% of k,, the flexure dimension has to satisfy
t/L >0.12 for n > 2. However, Figure 7 shows that the #/L ratio
has to be kept approximately within [0.01, 0.03] to satisfy equation
(8), that is oy < 252.5 MPa. The two #/L intervals do not coincide,
implying that the two design criteria are trading off each other. In
order to reduce stress, one needs to increase the length and reduce
the thickness of the flexure. However, this will reduce the stiffness
and, thus, the mechanical bandwidth of the nanopositioner. It is
an impossible task to achieve a high-speed nanopositioning design
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with flexures that deform within their yield strength limit using  the central platform, and to provide the requisite mechanical
existing preload techniques. bandwidth to the system. A preload mechanism which consists
of two curved-beams are connected mechanically in parallel to

5. DESIGN EXAMPLE: A NEW PRELOAD the central platform. The other end of the curved-beams is con-

MECHANISM FOR HIGH-SPEED nected to the base of the device. A piezoelectric stack actuator
NANOPOSITIONERS is located between the platform and fixed base. When a voltage

is applied to the actuator, it displaces vertically, which in turns,
A novel preload mechanism that deals with challenges in high- ~ ¢lastically deforms the flexures to move the central platform
speed nanopositioning systems is presented in this section. The vertically.

design and functionality of the mechanism are briefly discussed The curved—beal.ns of the preload mechanism are designed
here. Readers are referred to Yong (2016) for the detailed design, — t© be much compliance than that of the beam-flexures. There
analysis, and experimental work. are designed to satisfy the criteria in equation (8). There can

The device is a vertical, one-axis nanopositioner that has a first be deformed by 0.35-0.5mm with a force of 20N or less using
resonance frequency along the actuation direction at 24 kHz,anda 2 simple setup as shown in Figure 9. During the installation
travel range of 10.6 um. As shown in Figure 8, the nanopositioner of piezoelectric stack actuator, the central platform was fixed

consists of high-stiffness beam flexures to guide the motion of ~ t0 a front jig. A fine pitch screw, which was held on a sta-
tionary back jig, was screwed onto the lock nut located at the

base of the nanopositioner. When the screw was tightened, a
pulling force was applied to the base and the curved-beams were
5 deformed. The gap as shown in Figure 9 was kept to within
0.35-0.5 mm using a filler gage to ensure that the curved-beams
were deformed within their elastic regions. The piezoelectric
stack actuator was slided in between the curved-beams, followed
by loosening the screw to clamp the actuator into position.
After the piezoelectric stack actuator was installed, the nanopo-
sitioner was mounted to the support housing using four top
2 screws (S1) and four bottom horizontal screws (S2) as shown in
Figure 8.
1 After securing the nanopositioner to the support housing, the
piezoelectric stack actuator is preloaded by the stiff beams as
y well as the curved flexures. Due to the fact that the piezoelectric
0.1 0.2 0.3 0.4 0.5 stack actuator has a maximum displacement of only 10.6 um,
t (mm) it will not deform the flexures beyond their elastic regions.
The combined stiffness of the beam and curved flexures are
19.3 N/um, which is ~10% stiffness of the piezoelectric stack
actuator. This novel mechanism allows the ease of installation

g (MPa) X 104

FIGURE 7 | Maximum yield stress of flexure under deformation of
0.5 mm. The threshold stress limit is plotted in red.

Mounting
holes

Beam flexures

Central platform
} Nanopositioner

Support
Preload housing
mechanism

Piezoelectric V

stack actuator

Curved-beam
flexure

FIGURE 8 | (A) A high-speed nanopositioning device with a novel preload mechanism design (Yong, 2016). (B,C) Exploded and assembled views of the device.
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FIGURE 9 | Experimental setup to preload and install the piezoelectric stack actuator.
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~720 stage (Yong, 2016).
_900 S i " i B
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Frequency (Hz)

FIGURE 10 | Measured frequency response of the nanopositioning
stage (Yong, 2016).

and preloading piezoelectric stack actuator while simultaneously
achieves a high mechanical bandwidth design. Figures 10 and
11 show the experimental frequency response and displacement
measurements of the device, showcasing the high-speed charac-
teristic of the device with a first resonant peak at 24kHz, and a
large displacement range of 10.6 um.

6. CONCLUSION

This paper reviewed key challenges in mechanical design of
high-speed flexure-guided nanopositioners with a special focus
on issues related to preloading piezoelectric stack actuators.
Piezoelectric stack actuators are highly intolerant to tensile
forces. Preload is required to compensate for these forces
especially during high-speed operations. Flexures are commonly
used to preload piezoelectric stack actuators in high-speed

nanopositioner designs. However, issues on flexures yield
strength limit especially during preloading actuators are often
overlooked. Analysis presented in this paper shows that using
stiff flexures to preload piezoelectric stack actuator without
deforming them beyond their elastic region is an impossible
task. To tackle this issue, a novel preload mechanism design for
high-speed nanopositioning is presented, which deals with the
above challenges. This design allows the ease of installation and
preloading piezoelectric stack actuators while simultaneously
achieves a high mechanical bandwidth of 24kHz and a large
travel range of 10.6 pm.
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