Chapter 4
Mechanical Design: Flexure-Based
Nanopositioners

The dynamic performance of a nanopositioning system depends on its mechanical
resonance frequency, damping, the type of controller used, sensor bandwidth, and
associated data acquisition hardware. Recently, speed has become a critical issue in
many nanopositioning applications, such as video-rate AFM and high-throughput
nanomanufacturing. One of the key limitations in speed is the system’s mechanical
resonance. As a result, recent efforts have focused on designing the mechanical sys-
tem to have the highest possible mechanical resonance while maintaining acceptable
range of motion. In this chapter, an overview of mechanical design is presented, where
the emphasis is on flexure-guided nanopositioning stages for high-speed nanoposi-
tioning. The discussions will focus on systems driven by piezoelectric actuators such
as plate-stacks, which are readily available from a number of commercial suppliers.

4.1 Introduction

The performance of a nanopositioning system is often dictated by the quality of the
mechanical design (Yong et al. 2012). In fact, good mechanical design will minimize
most position errors and improve overall accuracy. Poor mechanical design, on the
other hand, can lead to more errors than the issues associated with the electronics
and other components. Additionally, with good mechanical control systems can be
designed to take advantages of the physical characteristics of the positioning stage.
The important factors to consider for good mechanical design include: stability of
shape and dimension of the positioning stage as a function of temperature; mechanical
stiffness; and strength, although strength may not matter in most cases and thus
will not be discussed. Cost and manufacturability are also two important factors,
especially when it comes to commercialization.

In terms of speed, high mechanical resonance, that is a stiff mechanical design, is
desired. Traditional nanopositioning designs employ relatively flexible piezoactuators
and flexure-based mechanisms. In these designs, the lowest mechanical
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resonance is typically less than 1 kHz for a lateral travel range of 10—100 wm. The first
mechanical resonance is one of the major limiting factors in speed (Ando et al. 2002;
Schitter et al. 2007). Command signals such as triangle waves at 1/10 to 1/100th the
first mechanical resonance can excite dynamics that cause significant output oscilla-
tion and distortion. A positioning stage’s resonance is related to its effective mass,
mefr, and stiffness, kegr. Although the effective mass can be reduced to achieve the
same effect, due to robustness issues this is not a recommended approach. In par-
ticular, the design must be able to accommodate variations in the mass of a sample
tray, for example, without significant affect on the mechanical resonance. In designs
involving a mechanical amplification factor A 7, the stiffness kefr is given by

kett = k_,, 4.1
A%

where k), is the stiffness of the piezoactuator. Reasonable kefr is achieve when A ¢ is
less than five (Hicks et al. 1997).

High-speed nanopositioning is needed in many applications, including video-
rate SPM. For instance, the dynamic behavior of micro- and nano-scale processes,
such as the movement of biological cells, DNA, and molecules, occur at time scales
much faster than the scanning capabilities of conventional SPMs, for example an
AFM. Therefore, AFMs capable of high-speed operation are required to observe
these processes in real-time (Guthold et al. 1999). High-throughput, probe-based
nanomanufacturing is also another area where high-speed positioning of the probe
tip is needed. Primarily a serial technique, the total process time of probe-based
fabrication is proportional to the number of desired features for a given linear scan
rate (Snow et al. 1997). In this respect, a high-throughput positioning stage can
drastically reduce manufacturing time.

The mechanical design process first begins by considering the environment in
which the stage will be operated. To illustrate the design process, the steps taken
to design an example serial-kinematic high-speed multiaxis nanopositioner is pre-
sented.

4.2 Operating Environment

Atthe macroscopic level, small changes in the surrounding environment, such as tem-
perature, humidity, and floor motion, usually go undetected. However, at the micron
to nanoscale, the effects may be significant. Micro- and nanopositioning stages can
be found in many environments, including research laboratories, ultra-high vacuum
chambers, precision machine shops, and environmental scanning electron micro-
scopes (Muller et al. 2007; Samara-Ratna et al. 2007). Certain locations may be well-
controlled in terms of temperature, humidity, and external mechanical vibrations. In
such areas, there is minimal concern that variations in the environmental conditions
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will cause a deterioration in the operating performance of the stage. Instead, perfor-
mance degradation will likely to occur due to mechanical fatigue and thermal issues,
the former being a slow process. For example, one major concern is the self-heating
of the piezoelectric actuator at high operating frequencies. The high temperature can
affect the repeatability, precision, and life of the stage. Thermally induced stress can
cause mechanical failure in flexure mechanisms, joints, and glue layers. The heat
generation in a piezoelectric material is attributed to hysteretic losses in the mater-
ial (Devos et al. 2008). An estimate of the thermal active power, P,, generated in the
actuator due to a sinusoidal input signal is given by Physik Instrumente (2009)

~ % tan(s 2 42
Pa ~ Ztan( ).fCVpp? ( . )

where f is the frequency of the input signal (in Hz), C is actuator’s nominal capaci-
tance, V), is the peak-to-peak voltage of the input signal, and tan(6) is the dielectric
(loss) factor. Under large signal conditions, as much as 12 % of the electrical power
used to drive the actuator is converted to heat. The generated heat can limit the actua-
tor’s performance, and if not properly isolated, nearby samples and components can
be affected. Therefore, best cooling practices should be employed for the actuator
and drive electronics. Furthermore, it has been shown that the optimal operating fre-
quency for minimal heat dissipation is close to the resonance frequency for standard
piezoelectric materials (Devos et al. 2008).

But for environments where significant fluctuations in operating conditions exist,
special considerations should be taken during the design process. For instance, a
well-sealed and water-resistant enclosure is recommended for devices, which oper-
ate in areas prone to contact with liquids such as coolants, water, oils, and corrosive
elements. An enclosure also prevents conductive particles such as fine metal shav-
ings from degrading the piezoceramic and causing short circuits. Stainless steel is
commonly used as an enclosure material (Physik Instrumente 2009). In some cases,
a protective coating can be sprayed over the actuator and stage assembly to provide
additional protection from the environment.

Systems which operate in areas prone to large temperature fluctuations and high
temperatures should be closely monitored and protected against. Thermocouple sen-
sors can be used to measure the temperature of critical or nearby components to
ensure that excessive heating does not occur. An environment chamber in which the
temperature can be closely controlled may be required.

Positioning stages used in areas where a significant level of external mechanical
vibration exists should be properly isolated. The lack of isolation will allow the
transmission of mechanical disturbances, which can excite the resonances of the
positioning system, therefore affecting accuracy. The frequency of vibration of a
tall building due to wind is on the order of 1 to 50 Hz. Nearby machinery and
equipment can vibrate up to several hundred Hertz. A survey of the vibration level of
the environment should be done to determine whether specialized foundations and
vibration isolation platforms are required. Additionally, acoustic vibrations in the
air should also be considered and protected against. A simple acoustic chamber can
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Fig. 4.1 Vibration isolation table consisting of a rigid table supported by soft springs and dampers

be constructed using readily available acoustic foam with a sufficiently high noise
reduction coefficient (NRC).

The goal of using a vibration isolation platform is to minimize the effect of relative
motion between any two or more components. Building vibration and vibration from
other sources such as a fan motor in a nearby desktop computer can transmit through
workbench mounting points to the positioning stage. The isolation table basically
consists of a rigid table supported by relatively soft spring legs with damping as
shown in Fig.4.1. The quality of a vibration isolation platform (optic table) that
is schematically depicted in Fig.4.1 is quantified in terms of its compliance C, the
ratio of the excited vibrational amplitude x to the magnitude of the forcing vibration
F. The lower the compliance, the better the table upon which the nanopositioning
stage rests. In other words, the table should have zero or minimal response due to an
applied force or vibration. An ideal table is a rigid body, which does not resonate,
and it exhibits a compliance given by

caAl — 4.3)

X
F [
where f is the frequency. Therefore, the quality of any table should be compared to
the compliance of the ideal case (4.3). To understand the effects of table mass, leg

stiffness, and damping, consider the following one degree-of-freedom compliance
relationship for the vibration table shown in Fig. 4.1,

1/k
C= ,
VA= 2D + Qe f/fn)?

4.4)

where k is the stiffness, ¢ is the damping coefficient, and f;, is the natural resonance
frequency. At low frequencies the compliance is determined by the stiffness of the
table, therefore, the higher the stiffness the lower the compliance. At resonance,
however, the compliance is dominated by the amount of damping, thus damping is
critical in reducing the transmission of vibration from the environment to the table
near the table’s resonance. Finally, the mass of the table only makes a significant
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contribution at high frequencies. Ideally, the resonance frequency of the table itself
should be made as low as possible to avoid excitation caused by building vibration.

4.3 Methods for Actuation

Aside from using piezoelectric actuators for creating displacement, other possible
candidates for include electrostrictive and magnetostrictive actuators. Like piezo-
electric materials, electrostrictives (Damjanovic and Newnham 1992) can convert
electrical to mechanical energy and vice versa. The strain to voltage relationship for
an electrostrictive actuator is governed by

e=cV?, (4.5)

where ¢ is a constant. The achievable strain can be as much as 0.15 %, and one
major advantage is they exhibit much lower hysteresis compared to standard PZT.
However, optimum performance can only be achieved over a narrow electric field
and temperature range.

Magnetostrictive materials (Stillesjo et al. 1998; Tan and Baras 2004), which
convert magnetic to mechanical energy, offer relatively linear behavior within the
range of 0.1 % strain. The governing equations for these materials are similar to
those for piezoelectrics. These materials have been applied to the development of
micropositioning systems (Tsodikov and Rakhovsky 1998).

Shape memory alloy (SMA), for example nickel-titanium, is a active material
whereby a change in temperature causes a change in the atomic crystal structure of
the alloy. As a result, the material undergoes shape change with achievable strain as
high as 8 % when the material transforms between the martensite phase (monoclinic at
low temperature) and the austenite phase (cubic at high temperature) (Waram 1993).
This unique behavior can be exploited to create SMA-based actuators (or positioners),
and compared to piezoelectric actuators, SMAs offer relatively large strain and high
strength-to-weight ratio (e.g., recovery stress > 500 MPa). Unfortunately, their slow
response times and significant hysteresis behavior limit their application in high
speed nanopositioning.

Compliant microelectromechanical systems (MEMS) for microscale positioning
can be achieved using electrostatic, thermal, piezoelectric, pneumatic, as well as
magnetostrictive and electromagnetic actuation (Liu 2006). Such devices are cre-
ated using standard or specialized MEMS fabrication techniques. A graphical per-
formance chart has been developed to provide a quantitative comparison of MEMS-
based actuators in terms of maximum force, displacement capability, resolution, and
natural frequency (Bell et al. 2005). Additionally, a detailed review of actuators for
micro- and nano-positioners can be found in Hubbard et al. (2006), Sahu et al. (2010).
Performance of the actuators is delineated based on range, resolution, footprint, out-
put force, speed of response (bandwidth), and electrical drive considerations. It is
worth noting that electrothermal and electrostatic actuators are the most widely used



62 4 Mechanical Design: Flexure-Based Nanopositioners

actuators for nanoscale applications. This is because of their straightforward inte-
gration with standard MEMS-based fabrication processes, relatively small footprint
(<1 mm?) and design simplicity. More specifically, electrothermal actuators operate
on the principle of Joule heating and differential thermal expansion (Liu 2006; Bech-
told et al. 2005). In particular, an electrical closed-loop is formed by designing the
actuating mechanism to consist of a ‘hot’ and ‘cold’ arm. The difference in the heating
of each arm induces strain, and thus mechanical deformation. Typically, electrother-
mal actuators are suitable for large deflection (up to 20 pwm), with output force in the
micro- to milli-Newton range (10 N to 10 mN), and operating voltage well below
15 V. These actuators exhibit the smallest footprints (<1 mm?) making them suitable
for a wide variety of nanoscale applications. However, the high temperature (200—
600 °C) may be undesirable for certain temperature sensitive applications. An exten-
sive review of electrothermal actuators can be found in (Geisberger and Sarkar 2006).
MEMS-based electrostatic actuators operate on the principle of Coulomb attraction
due to application of a bias voltage between two plates (moving and fixed) (Hubbard
et al. 2006; Geisberger and Sarkar 2006). For the simplest parallel-plate configura-
tion, the capacitance C gives a measure of the stored energy, which is a function of
the plate area A, permittivity of the medium ¢,, and distance between the plates d.
In general, the output force is a nonlinear function of the gap between the plates.
The operating voltage ranges from 20-100 V. Electrostatic microactuators provide
higher positioning resolution (< 1.5 nm) and faster response (micro-second range) as
compared to electrothermal actuators. Because of their straightforward fabrication,
small footprint (=1 mm?), and low power consumption they find potential use at the
nanoscale. However, they are not preferable for applications such as in-situ manip-
ulation in electron microscopes as electric fields due to high voltage may interfere
with the imaging electron beam.

4.4 Flexure Hinges

4.4.1 Introduction

Although piezoactuators are capable of sub-nanometer positioning resolution, they
provide limited travel range. A modest 10-mm long piezo-stack actuator (Noliac
SCMA-P7) at full drive voltage of 200 V extends a maximum of 11 pwm (uncon-
strained). Larger displacements can be achieved with longer actuators or mechanical
amplifiers. However, it is pointed out that these options come at a cost of lower
mechanical bandwidth (that is, resonance frequency) due to the reduction of effec-
tive stiffness. In fact, the first resonance frequency is inversely proportional to an
actuator’s maximum stroke. To illustrate, consider a fixed-free plate-stack piezoac-
tuator with constant rectangular cross-section. The extension of the actuator along
its length (longitudinal displacement) is given by
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Fig. 4.2 A gripper with four flexure hinges and four rigid links

§ =~ d3 LU, 4.6)

where d3; is the strain coefficient perpendicular to the polarization direction, L is
the length of the actuator, and U is the electric field. From vibrations, the frequency
of the first longitudinal mode of the stack actuator can be expressed as Inman (2001)

n |[E

=75 @7

where E is the elastic modulus and p is the density. By eliminating the dependence
on the actuator length L in Eq. (4.7) using (4.6), the frequency of the first longitudinal

mode is
dysU | E 1
A= by (4.8)
8 o 8

Therefore, the first resonance frequency is inversely proportional to the actuator’s
maximum displacement §. Higher bandwidth is achieved by using more compact
piezoactuators, but the achievable travel range is reduced.

Flexure hinges are commonly employed in the design of effective mechanical
amplifiers for macro as well as MEMS-based devices. Figure 4.2 shows an applica-
tion of flexure hinges. The gripper mechanism consists of four flexures connecting
four rigid links. The use of flexure hinges over traditional rotational joints enables
the gripper to be easily manufactured as one part. For nanopositioning, as illustrated
in Fig.4.3al,a2, for a given actuator stroke §, a flexure-based mechanical amplifier
provides a scaled output of a8, where a is primarily a function of the geometry of
the mechanical amplifier. Flexure hinges are also commonly employed to guide the
motion of sample stages to minimize parasitic motion, as well as to increase the stiff-
ness of an actuator along off-axis or out-of-plane directions to improve mechanical
resonances. Figure4.3b1,b2 show an example of a single-axis positioning stage for
displacing a mass m. The flexure hinges, one on each side of the mass, serve to guide
the motion of the mass along a straight path.
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Fig. 4.3 Application of flexure hinges: al and a2 mechanical amplifier; b1 and b2 motion guiding
to minimize runout

As indicated by the examples in Fig.4.3, a flexure hinge is simply a thin elastic
member that connects two rigid bodies and provides limited relative rotational motion
through bending or flexing. The major distinction between a classical mechanical
joint, such as a rotational bearing, and a flexure hinge is that the center of rotation
for the two connected members in the former are collocated, whereas for the flexure
hinge the rotation is noncollocated. Interested readers will find detailed discussions on
flexure design and compliant mechanisms in Smith (2000), Howell (2001), Lobontiu
(2003). For nanopositioning systems, flexure hinges are far more compact compared
to traditional mechanical hinges. They are invaluable because there is no friction
loss, need for lubrication, or hysteresis effects.

4.4.2 Types of Flexures

Flexure hinges can be designed for one to multiple degrees-of-freedom motion as
illustrated in Fig.4.4. For example a single axis flexure hinge (Fig. 4.4a) is used
for planar motion, where as two- and multi-axis flexure hinges (Fig.4.4b, c) are
ideally suited for three-dimensional motion. Standard milling and electrical discharge
machining are used to create the one and two degrees-of-freedom flexures, where as
a turning operation is used to create the multiaxis flexure hinge shown in Fig.4.4c.

Commonly used flexure hinge designs are shown in Fig.4.5. The corner-filleted
design offers more evenly distributed stresses compared to the basic design of
Fig.4.5a.
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Fig. 4.4 Flexure degrees of freedom: a one, b two, and ¢ multiple degrees-of-freedom
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Fig. 4.5 Different types of flexure hinges: a basic, b filleted, ¢ circular, and d elliptical
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The flexure geometries shown in Fig.4.4 are often of a monolithic design; that
is, milled, turned, or specially machined from a solid block of material. However,
flexure hinges can be made by assembling thin members with rigid members using
fasteners or through bonding. Examples of multiaxis nanopositioning stages made
from these two types of flexures are shown in Fig. 4.6. The main advantage of making
aflexure from individual parts is it can be fabricated with standard milling and turning
processes. The disadvantage of assembled flexures is performance. Because fasten-
ers and adhesives are used, inconsistencies in the assembly process and boundary
conditions can have a drastic effect on the flexures static and dynamic performance.
On the other hand, monolithic designs offer more predictable and repeatable per-
formance. However, monolithic designs, especially for flexure with extremely thin
dimensions, may require specialized machining processes such as wire electrical
discharge machining or MEMS fabrication techniques.

4.4.3 Flexure Hinge Compliance Equations

Flexure hinges are frequently designed to operate over small displacements and
angles of rotation. For homogenous linear elastic and isotropic materials, the closed-
form solution for the deformation of a flexure hinge can be derived using, for example,
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Flexures

Fig. 4.6 Examples of flexures made by a assembling thin members with rigid blocks (Leang and
Fleming 2009) and b monolithic design fabricated by wire electrical discharge machining

Fig. 4.7 Generic flexure member

Castigliano’s displacement (second) theorem (Lobontiu 2003). Consider as an exam-
ple, the generic flexure member, which is shown as a long slender beam, in Fig.4.7.

Castigliano’s displacement theorem enables the calculation of deformations (or
rotations) of elastic bodies at a specific point i under external loading, moments,
or support reactions acting at that location. The linear and angular deformations at
location i due to force F; and moment M; are

IE.
= — 4.9
Uj IF; (4.9)
IE,
0 = —, 4.10
YT oM, (4.10)

where E¢ is the strain energy. In the event that a deformation at location i is sought
where there are no loads or reactions applied at that location, fictitious loads, F; and
M;, are used and the deformations are determined using Eqgs. (4.9) and (4.10).
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The example long slender beam in Fig. 4.7 is subjected to bending, shearing, axial
load, and torsion. Therefore, the strain energy can be expressed as Lobontiu (2003)

Ee = Ee, bending + Ee, shearing + Ee, axial + Ee, torsion - (4-1 1)

Specifically,

Ee, bending =— Ee, bending,y + Ee, bending,z»
2

—/Myd+/M22d- (4.12)
=) 2En, VT ) 2EL T ‘
L L

Ee, shearing = Es, shearing, y + Ee, shearing,z»
0ny2 aV?
= [ ——ds +/ < ds; (4.13)
2GA 2GA
L L

Ee, axial — Ee, axial,x »

P;
= ds; (4.14)
2EA
L

Ee, torsion — Ee, torsion,x »

/M’% d (4.15)
= S; .
2GJ

L

where « is a constant based on the cross-section. Equations (4.9—4.15) can be com-
bined into the following matrix form

8 =CiP;, (4.16)

where 8; = [u; 6;17, C; is the compliance (flexibility) matrix, and P; represents all
the loads and moments acting at point .

Closed-form capacity and precision for rotation solutions for many flexure hinge
geometries can be found in Lobontiu (2003). In the following, a brief summary of
the results for the capacity for rotation of single-axis flexure hinges with constant
width and vertical profiles as shown in Fig. 4.8 are presented for convenience. These
flexures are ideally suited for planar motion, and they are used extensively in the
design of parallel (Schitter et al. 2007) and serial-kinematics (Leang and Fleming
2009) nanopositioning stages.

First, it is the assumed that the flexure is relatively long compared to the dimen-
sions of its cross-section. For shorter flexure design where shearing effects must
be taken into account, see results in Lobontiu (2003). Let L denote the length of
the flexure and 7(x) be its thickness as a function of the location x. The minimum
thickness of the flexure over L is given by ¢.
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Fig. 4.8 Commonly used flexure hinges and their dimensions: a basic, b corner-filleted, ¢ circular,
and d ellipse

In these types of flexures, the loading at the free end (location 1) has the following
six components:

e two bending moments, M;y and M;
e two shearing forces, F1, and Fi ;

e one axial load, Fi,; and

e one torsional moment, M.

The in-plane components, M, F1y, and Fi, are the most significant. The out-of-
plane components M1y, Fi;, and M, are generally lower in magnitude and appear
due to manufacturing and assembly issues. The torsional component can be neglected.
Taking these into account, the deformation equation (4.9) can be written as

ip ip ip
u [ _ |G 0 [P
= [ ][] i

where the displacement and load vectors u and P, respectively, have been divided
into in-plane (superscript i p) and out-of-plane (superscript op) subvectors. The sub-
vectors are
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The in- and out-of-plane submatrices are

. Cl,x—Fx 0 0 Cl i Cl .,
o= 0 Ciy-ry, Cry-m. |3 O = |:C] ’(;7; Ci :7 W } , (4.19)
0 ClﬂngFy C‘l,ngMZ Yy Iz Oy —My

where C1y—y, = Ci4,-F, and Cl,z_My = Cl,gy_pz. The in-plane compliance
equations are

C _ ] Li; C _ 12 12;
La—be = oot Cly—Fy = 2 s

C = L; C _ 12 I (4.20)

Ly=My = o138 Lo=M, = o da .
The out-of-plane compliance equations are
12 12
Ciz-rF = mls, Ciz-m, = ml&
12 12
Cro,—m, = mll =z Cix_F,- (4.21)
And finally, the integrals above are
L L L
I /ﬁ—l—d I b/ LA L/ =4
= X = 5 = X,
o P Aw T P B
0 0 0
L L L
1 x? X
Iy = s dx; = —dx; Ig= [ —dx. (4.22)
°(x) 1(x) 1(x)
0 0 0

For a constant rectangular cross-section flexure hinge as shown in Fig. 4.8a, where
the thickness is #(x) = ¢ for 0 < x < L, the in-plane compliances are founded by

solving the integrals in Eq.(4.22) and substituting the results into Eq.(4.20). The
final results are

c L 4L
bobe = W T B
612 12L
Ciym. =——=: Clo_m = ——;
Ly—M; Ewt3 1L,0;—M; Ewt3
413 612
CI,Z*FZ =

— Ciz—m, = —
Ew3t YT Ewds
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1213
Ew3t’

Cro,—m, = (4.23)

For a corner-filleted flexure hinge as shown in Fig. 4.8b, where the thickness is

t+2[r—Vx@r=x)], xe€l0,r]
txy=1t, xelr,L—r] (4.24)
t+2{r—J(L—x)2r—(L—x)]}, x€[L—rr],

the in-plane compliances are
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V5 (4r +1)3
/ 4r
x arctan,/ 1 + 7],

6L
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— 4r2(16r7 + 13rt + 3t + 1277 Q2r + 0>Vt (4r +1)
/ 4r
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+ 6r2r + 1)2/t(4r + t)arctan,/ 1 + #]] (4.25)

Ciy-F, =

Cly-m. = [(4r +DILQ@r)@r + 1)

[r (4r + 1)(6r2 + 4rt + %)
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The out-of-plane compliances are

(L —2r)(L?> = Lr +r?) t 2(L —2r)

Clor = Lr|1 -
haFs Ew3| 3 * r|:0g2r+t JiGr 1 1)
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Ciz—m, = Ewir [L(L 2r)+2r|:t10g —2(L 2r)
/ 4r
x arctan,/1 + T“’
6 ! 4.2
Cl,@y_My :m 2L —4r =t +4Q2r + 1) arctan il (4.26)

For a circular flexure hinge as shown in Fig.4.8c, where the thickness is 7 (x) =
t+2[r —/x(2r —x)] for 0 < x < L, the final results for the in-plane compliances

are
c 1 2Q2r + 1) . 1+4r b4
_p = — | ————=—arctan N I
YR TR | Vi@ 10 Vit 2

8r3(44r% + 28rt 4 512)
12(4r +1)

Ciy— P, = [2(2+n)r+7rt+

4EwQ2r +1)

+ Qr+0t@r+1)

—80r* + 2473t 4+ 8(3 + 2m)r2t> + 4(1 4+ 2m)rt + et
X

VP @r +1)3
8Q2r 4+ 1)*(—6r? + 4rt +1?) [ 4r ]
— arctan,/1 + — t;
VP @4r +1)3 ?

B 24r?
M T Ew@r + 0)@r +1)3

/ 4
+ 6r(2r + 1%/t (4r + t)arctan,/1 + Tr]

Cl,y—m,
Cio.-m = + (4.27)

Cly— |:t(4r +1)(6r% +4rt +12)

The out-of-plane compliances are
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Finally, for an ellipse flexure hinge as shown in Fig. 4.8d, with the thickness given
by
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(%)
t)=t+2|1—J1—(1=2) |, (4.29)
C

where c is a constant, the in-plane compliances are
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Fig. 4.9 Flexure design for increased out-of-plane stiffness. Left conventional corner-filleted beam
flexure; and right serial-compliant double-hinged flexure with thickened center section

4.4.4 Stiff Out-of-Plane Flexure Designs

The majority of multiaxis nanopositioning stages for applications such as SPMs
employ flexures hinges to guide the motion of the sample platform. The main objec-
tive is to limit parasitic ( i.e., out-of-plane and off-axis) motion so that the stage only
moves in the direction of actuation. For scanning at low speed, parasitic motion of the
sample platform can be minimized using a simple beam flexure to guide the motion
of the platform. As actuation frequencies increase, in- and out-of-plane resonance
modes can be excited, thus limiting the positioning speed. However, dominant res-
onances occurring in the actuation direction are tolerable compared to out-of-plane
modes; preferably, if the actuation modes precede the out-of-plane or off-axis modes.
To ensure this, flexures should be designed to maximize the out-of-plane stiffness,
yet be sufficiently soft to avoid affecting the achievable stroke of the actuator. Take
the lateral scanning motion for example, where along the x and y-axis the sample
platform is connected to simple beam flexures as shown in Fig.4.9, top and bot-
tom left photograph and sketch. The vertical stiffness of the sample platform can be
maximized by (1) increasing the number of flexures in x and y, (2) utilizing shorter
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(effective length) flexures, and (3) converting the flexures from constant rectangular
cross section beam flexures to a serial-compliant double-hinged flexure with a “rigid"
center connecting link as shown in Fig.4.9 (Kenton and Leang 2012).

It is pointed out that the limiting factor of decreasing the flexure thickness is
stress. Shorter thinner beam flexure will have higher stress concentration than a
longer thicker beam flexure of equal stiffness. When a corner-filleted beam flexure
(Fig.4.9) is displaced in the vertical direction, the majority of the vertical displace-
ment is caused by shear deformation of the center section. Thus, an effective way
to increase the out-of-plane stiffness of a beam flexure is by thickening the center
section, effectively converting the beam flexure into a double-hinged serial flexure
as shown in Fig. 4.9, top and bottom right photograph and sketch. A serial-compliant
flexure is one such that there are more than one flexure or flexure hinge in series
with each other separated by a rigid link. By increasing the number of flexures,
decreasing the flexure length, and thickening the center section of a beam flexure to
create a serial-compliant double-hinged flexure, the effective vertical stiffness can
be increased significantly (Kenton and Leang 2012).

4.4.5 Failure Considerations

In the design of flexure hinges for nanopositioning systems, failure due to yield and
fatigue must be considered. Failure due to yield occurs when the deformation of the
flexure exceeds that of the proportionality limit. Ductile materials are often chosen
for flexure design. For ductile and isotropic materials, two most frequently used
failure criteria includes the maximum shear stress theory (Tresca) and the maximum
energy of deformation theory (von Mises) (Beer and Johnston 1992).

The maximum shear stress criterion is based on the idea that failure in ductile
materials is caused by shearing stresses. A given structural component is deemed safe
as long as the maximum shear stress Ty in the component is less than the shearing
stress of the component at yield under a tensile test. Specifically, if the principal
stresses o, and o}, have the same sign, the maximum shear stress criterion gives

loal < oy |op| < oy, 4.32)

where oy, is the yield stress of the material. If the principal stresses o, and o5 have
opposite signs, the maximum shear stress criterion gives

loa — op| < oy. (4.33)

The maximum energy of deformation criterion states that a given structural com-
ponent is deemed safe as long as the maximum value of the distortion energy per unit
volume of that material is less than the distortion energy per unit volume required to
cause yield in a tensile-test specimen of the same material. Under plane stress, the
distortion energy per unit volume in an isotropic material is
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1
ug = E(aa2 — 0400 + 07), (4.34)
where G is the modulus of rigidity. A tensile-test specimen when it starts to yield has
04 = oy and 0, = 0, therefore (uq), = oy2/6G. Asaresult,aslongasuy < (ug)y or

%2 — 0,0p + cr,,2 < ayz, (4.35)
then the structural component is safe.

Commonly used failure criteria for brittle materials include the maximum nor-
mal stress criterion and Mohr’s criterion and can be found in Beer and Johnston
(1992). One of the most practical approaches uring the design process to ensure
that a given flexure is design within the failure tolerances is to employ finite ele-
ment programs such as ANSYS (Canonsburg, PA, USA) and Solidworks with COS-
MOSWorks (Concord, MA, USA).

4.4.6 Finite Element Approach for Flexure Design

The finite element analysis (FEA) method is a power numerical technique for solv-
ing engineering and mathematical physics problems that include structural analy-
sis, heat transfer, electro-mechanical coupling, fluid flows, and mass transport. It
is particularly useful for problems with complicated geometries, materials proper-
ties, loadings, and boundary conditions. Popular commercially available programs
includes ANSYS (Canonsburg, PA, USA) and Solidworks with COSMOSWorks
(Concord, MA, USA). Figure4.10 shows FEA results that compare the stress dis-
tribution between the basic geometry to that of a corner-filleted flexure (Fig.4.5b).
The ability for generating quick and relatively accurate results using FEA software
has made it a popular choice for mechanical design. The FEA programs can also be
used to estimate frequency response functions for nanopositioning designs, where
results can show the effects of cross-couplings and out-of-plane behaviors. Users can
expect accuracy of less than 10 % compared to experimentally measured results (see
example in Fig.4.11).

4.5 Material Considerations

4.5.1 Materials for Flexure and Platform Design

A basic nanopositioning stage consists of a rigid frame upon which an actuator rests
and pushes off against to displace a mass or flexure member. The material for the
frame as well as any required flexure hinges must be carefully selected for optimum
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Table 4.1 Properties of various materials

Material Density (kg/m3) Young’s Mod. (GPa) Thermal Cond. (W/m-C) CTE (10_6/°C)
6061 Aluminum 2710 70 167 23.6

7075 Aluminum 2800 72 130 23.6

Stainless steel 7920 190 16.3 17.3

Titanium 4730 115 15.6 9.5

Invar (Invar 36) 8130 144 13.8 1.6

Super Invar 8137 144 10.5 0.3

static and dynamic performance. Some popular materials are listed in Table 4.1. Alu-
minum alloys, such as the 7075 grade is the most commonly used due to its machin-
ability and favorable density-to-stiffness ratio. Materials which exhibit extremely
low thermal coefficient of expansion include Invar and Super Invar (Schilfgaarde et
al. 1999). Stainless steel is often used to create the rigid base due to its high elas-
tic modulus and resistance to corrosion. Likewise, AISA A2 steel, which is easily
machinable, has an equivalent elastic modulus to stainless steel following a heat-
treating process. The heat-treating process involves heating the material to 850°C,
followed by cooling in the furnace at 10 °C per hour to 650 °C. Finally, the material is
cooled freely in air. The other components that require a high stiffness to density ratio,
such as the flexure hinges and sample platforms, are constructed from aluminum.

4.5.2 Thermal Stability of Materials

Thermal expansion is the dimensional change of a material due to a change in tem-
perature, and it is generally inversely proportional to the melting point of a material.
The effect can severely limit the precision, repeatability, and overall performance
of a nanopositioning system, such as causing temperature-dependent drift in motion
and thermal stresses which ultimately lead to cracking, warping, or loosening of
components.

The change in length (from /o to /) for a solid material for a given change in
temperature (from Ty to T'f) is given by

Iy — 1o
lo

= «(Ty — To), (4.36)

where « is the linear thermal coefficient of thermal expansion and has units of
(°C)~! or K~!. For nanometer motion, thermal effects can not be ignored. Careful
material selection and design are effective methods for minimizing thermal effects.
Table 4.1 lists the mechanical and thermal properties of commonly-used materials
for the design of nanopositioning stages. For example, the coefficient of thermal
expansion (CTE) for aluminum is 23 x 10~ /°C, while for Super Invar alloy it
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is only 0.3 x 107% /°C, over 70 times lower. Best practices also include carefully
matching the stage material with the materials of surround support structures. Also,
materials with high thermal conductivity quickly reach thermal equilibrium, thus
minimizing transient distortion during thermal expansion.

4.6 Manufacturing Techniques

The use of flexure mechanisms with stock piezoactuators require the ability to manu-
facture them. In general, the appropriate manufacturing technique for a given design
and application depends on the scale of the positioning stage and the selected mate-
rials.

Standard milling, turning, and drilling techniques are best suited for metals, such
as aluminum, titanium, and steel. These techniques are best for feature sizes above
1 mm, and they can achieve tolerances on the order of £ 0.001 in (*25.4 pm).

Monolithic flexures, especially those with complex shapes and intricate dimen-
sions, are best created using wire electrical discharge machining (EDM). This method
of machining was developed in the 1940s and is based on the erosion of a metallic
material in the path of electrical discharges that form an arc between an electrode tool
(wire) and the workpiece. As shown in Fig.4.12, a basic EDM system consists of a
wire electrode, a wire-feeding mechanism, and a conductive part that is moved rela-
tive to the wire in the lateral (x and y) directions using a numeric computer controlled
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(CNC) stage. To create a cutout, a wire feed hole is first created where the wire is
passed through the hole. During machining, debris is often flushed away from the
cutting surface using an appropriate liquid. Wire diameters of approximately 100 pm
are often used. Traditional machining techniques are often used to remove the bulk
of the stock before performing EDM. Dimensional accuracy on the order of £12 pm
(£ 0.0005 inch) can be achieved using the EDM process.

4.7 Design Example: A High-Speed Serial-Kinematic
Nanopositioner

The design of a high-speed serial kinematic nanopositioner is described as an illus-
trative example. The nanopositioner is created for high-bandwidth applications that
include video-rate scanning probe microscopy and high-throughput probe-based
nanofabrication. The design offers approximately 9 x 9 x 1 um range of motion
and kHz bandwidth. Vertically stiff, double-hinged serial flexures are employed to
guide the motion of the sample platform to minimize parasitic motion (runout) and
off-axis effects (refer to Sect.4.4.4). Additionally, the stage’s out-of-plane stiffness
is further improved by increasing the quantity of flexures n, decreasing the length
L of each flexure, and thickening each flexure’s center cross section. The effects of
varying these parameters are examined in some detail. Along the vertical axis (z),
a novel plate flexure guides the motion of the sample stage to minimize the effects
of bending modes. Bending modes can significantly limit the positioning speed by
causing the sample platform to rock side-to-side. It is pointed out for scanning-type
applications, one lateral axis operates much faster than the other, and thus the serial-
kinematic configuration is well-suited for these types of applications (Ando et al.
2008; Picco et al. 2007; Leang and Fleming 2009). Finally, the stage is integrated
with a commercial scan-by-probe atomic force microscope and imaging and tracking
results up to a line rate of 7 kHz are presented. At this line rate, 70 frames per second
AFM video (100 x 100 pixels resolution) can be achieved.

4.7.1 State-of-the-Art Designs

A summary of existing multiaxis nanopositioning designs is listed in Table 4.2.
One of the simplest and most effective way to achieve three-axis motion is to employ
sectored tube-shaped piezoelectric actuators (Schitter and Stemmer 2004). However,
the mechanical resonance of piezoelectric tube scanners is typically less than 1 kHz in
the lateral scan directions, thus limiting the scan speed (Schitter and Stemmer 2004;
Schitter et al. 2008; Fleming 2009; Rifai and Youcef-Toumi 2001). Additionally,
the mechanical cross coupling causes undesirable SPM image distortion (Rifai and
Youcef-Toumi 2001). In general, the maximum open-loop (without compensation)
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Table 4.2 Summary of nanopositioner designs

Configuration Range (wm)  Dominant Res. Imaging/line rate
(kHz) (range)
Tube scanner (Schitter and Stemmer 125 (x/y) 0.71 (x) 122 lines/s
2004)
0.70 (y) (13.5 x 13.5 pm)
Tube scanner n/a 6.35 (x/y) 3 lines/s
Dual stage (z) (Schitter et al. 2008) 80 (2) (25pm)
Tube scanner 100 (x/y) 0.68 (x/y) 6.25 lines/s
Dual stage (z) (Fleming 2009) 10 (2) 23 (2) (25 x 25 pm)
Shear piezo (Rost et al. 2005) 0.3 (x/y) ~64 80 frames/s
0.20 () >100 (128 x 128 px)
Flexure guided (Ando et al. 2008) 1(x) 45 33 frames/s
3(y) (100 x 100px)
2(2) 360 (“self™)
Tuning fork (x) <1 (x) 100 1000 frames/s
Flexure guided (y) (Picco et al. 2007) 2(y) 40 (100 x 100px)
Flexure guided (Schitter and Rost 2008) 13 (x/y) >20 7810 lines/s
43 (2) 33 (n/a)
Flexure guided (Yong and Aphale 2009) 25 (x/y) 2.73 n/a

positioning bandwidth is 1/100 to 1/10th of the dominant resonance (Clayton et al.
2009).

One of the earliest works on stiff mechanical nanopositioners was by Ando and
co-workers (Ando et al. 2002), where stiff piezo-stack actuators were used to cre-
ate a high-speed scanner. The researchers demonstrated imaging at 12.5 frames/s
(100 x 100 pixels per image), and they used the system to capture real-time video of
biological specimens (Ando et al. 2005). Shortly after, Schitter and co-workers also
developed a scanner based on piezo-stack actuators, but in their design the actuators
were arranged in a push-pull configuration and mechanical flexures were used to
decouple the lateral and transverse motions (Schitter et al. 2007). They employed
FEA to optimize the performance of the mechanical structure (Kindt et al. 2004).
The reported AFM imaging rate is 8 frames/s (256 x 256 pixels). By exploiting
the stiffness of shear piezos and a compact design, a scanner was created for imag-
ing up to 80 frames/s (128 x 128 pixels) with a line rate of 10.2 kHz (Rost et al.
2005). The achievable range of motion is 300 x 300 nm. Another unique approach
for high-speed scanning involves a piezo-stack actuator combined with a tuning
fork as reported in Humpbhris et al. (2003). The tuning fork operated at resonance
and AFM images were acquired at 100 frames/s (128 x 128 pixels). Likewise, a
combined flexure-based scanner and tuning fork achieved imaging rate in excess of
1000 frames/s in Picco et al. (2007). Although the tip motion was fast, the range was
limited and the trajectory was sinusoidal.

Flexure-guided piezoactuated scanning stages (Scire and Teague 1978), both
direct drive serial-kinematic (Ando et al. 2008; Leang and Fleming 2009) and
parallel-kinematic (Schitter et al. 2008) configurations, have been developed for
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high-speed purposes. The advantages of flexure-guided scanners are high mechanical
resonances and low cross-coupling. Multiple piezoactuators per degree-of-freedom
have been used to increase range and bandwidth, but at the cost of increased power to
drive the piezoactuators at high frequencies (Ando et al. 2008; Schitter et al. 2008).
Designs which involve mechanical amplification have been implemented to increase
range without having to increase the actuator’s length (Scire and Teague 1978; Yong
and Aphale 2009). However, the added mass of the mechanical amplifier along with
the flexible linkages lowers the mechanical resonance. In general, a tradeoff must be
made between range and bandwidth.

4.7.2 Tradeoffs and Limitations in Speed

The major tasks to design a high-speed nanopositioner include: (1) identifying rele-
vant design parameters and tradeoffs, such as range of motion and maximum scanning
bandwidth, (2) using FEA tools to optimize the mechanical structure, and (3) devel-
oping the necessary electronic hardware for the scanner. The design process is often
iterative.

First, it is worth noting that range of motion conflicts directly with the achievable
mechanical resonance. For example, large range requires large mechanical ampli-
fication A y, which lowers the effective stiffness of the scanner (see Eq.(4.1)), and
therefore the mechanical resonance (Kindt et al. 2004). One can expect that a piezo-
driven nanopositioner with range of 1 pm or less will have a dominant mechanical
in the hundreds of kHz range. For a positioner with a range between 1 and 5 pum, the
mechanical resonance is often in the tens of kHz range. When the range is between 5
to 10 wm, the resonance falls to the kHz to tens of kHz range. Finally, ranges above
10 wm drop the mechanical resonance to the kHz and hundreds of Hz range. Most
high-speed nanopostioners have operating range of less than 10 pwm. This range of
motion is still practical as it enables a scanner used in AFM to observe a wide spec-
trum of specimens and samples, from micron-size cells to submicron-size subjects
such as DNA.

Video-rate SPM imaging requires a modest 30 frames per second, where each
frame is at least 100 x 100 pixels. At this frame rate, the required linear scan rate is
3 kHz for the fast scan axis (along the x-direction, for example), and 30 Hz for the
slow (y) axis. Faster scanning will increase frame rate, and/or frame resolution. The
desired linear scan rate establishes a target for the dominant mechanical resonance in
both axes. Assuming that the frequency of the command signals to drive the actuators
must be at least 1/10th of the lowest resonance along each axis to avoid dynamic
effects, the lowest mechanical resonance should be 300 and 30 kHz, for the y and x
axis, respectively.

For comparison, the relationship between range and resonance frequency for
a variety of commercial and custom nanopositioners is shown in Fig.4.13
(Kenton 2010). The range is plotted with respect to the resonance frequency for each
stage when provided. When full details are not provided for multiaxis positioners,
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Fig. 4.13 High-performance commercial and custom nanopositioners plotted as range with respect
to resonance frequency (adapted from Ref. Kenton (2010)). The solid line represents a linear least-
square-error line fit to the data points. The dashed line represents the theoretical first mechanical
resonance in the actuation mode for a fixed-free piezoactuator (assuming 1 pm of travel per 1 mm
length). SK = serial-kinematic, PK = parallel-kinematic, SA = single-axis, x, y, z refers to axis
being referenced

it is assumed that the resonance frequency is provided for the stage with the largest
displacement, and therefore; the largest range is plotted with respect to the lowest
resonance frequency. The dashed line in Fig.4.13 marks the theoretical limit for
a fixed-free piezoactuator with a modulus of elasticity of 33.9 GPa and a density
of 8,000 kg/m> assuming 1 pum of travel per mm of piezo length (Kenton 2010).
The commercial and custom nanopositioners in Fig.4.13 are well below this theo-
retical limit. The solid line represents a fit to the data for commercial and custom
nanopositioners.

The required power to drive the subject scanner must also be considered. The
available power restricts the amount of voltage and current that can be delivered to
the actuator. In turn, this restricts the type and dimensions of the piezoactuator that
can be used for positioning. Larger piezoelectric actuators can provide greater stroke,
but have higher capacitance and require more power at high frequencies.

Finally, cost and manufacturability must also be factored into the design. The
scanner fabrication should not utilize any exotic materials or processes and should
be tolerant of typical machining tolerances.
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Fig.4.14 Simplified models for two-axis scanning: a serial- and b parallel-kinematic configuration.
The spring and damping constants include the effects of the piezoactuators and added flexures in
each direction

4.7.3 Serial- Versus Parallel-Kinematic Configurations

For scanning in two directions, there are two basic configurations: serial and parallel
kinematics as illustrated in Fig.4.14. In a serial-kinematic system, for example the
design used by several commercial vendors of scanning stages and in Ando et al.
(2005), Kenton and Leang (2012), there is exactly one actuator (and sensor) for each
degree of freedom (see Fig. 4.14a). One disadvantage of this design is the inability to
measure (and correct for) parasitic motion such as runout or guiding error. Although
the serial configuration is simple to design, a penalty is that high resonance frequency
can only be achieved in one axis.

In a parallel-kinematic scanning stage, e.g., Schitter et al.’s work (Schitter 2007),
all actuators are connected in parallel to the sample platform (see Fig.4.14b). This
arrangement enables rotation of the image, i.e., the fast scanning axis can be chosen
arbitrarily. An advantage of this configuration is that parasitic motion due to runout
and guiding error can easily be measured and corrected. However, since the mechan-
ical dynamics of both the lateral and transverse axes are similar, high-bandwidth
control hardware is required for both directions. In contrast, for the serial-kinematic
configuration only the high-speed axis requires high power and wide bandwidth
performance, reducing overall cost.

In the simplified model shown in Fig.4.14, the effective stiffnesses and damping
effect for both the serial and parallel kinematic configurations include the flexures
and the actuators along each direction. To achieve high resonance frequencies, the
effective stiffnesses should be a high as possible while achieving the desired range
of motion. The effects of inertial force generated by the sample platform during
scanning must also be taken into account. The flexures must provide enough preload
to avoid exposing the stack actuator to damaging tensional forces.

While the resonance frequency of the fast axis is of primary concern, the slow-axis
resonance frequency can essentially be ignored. For example, the scan rate of the
slow axis is one-hundredth the scan rate of the fast-axis when acquiring a 100 x 100
pixel image. Therefore, the fast scan axis can be designed independently without any



84 4 Mechanical Design: Flexure-Based Nanopositioners

Table 4.3 Comparison of plate-stack piezoactuators

Size (mm) Free stroke (jum) Cap. (nF) kq (N/pum) k.* (N/iwum) k. lk,
3x3x10 11.15 114 30.5 2.0 0.066
5x5x%x10 11.78 387 84.8 10.7 0.126
7x7x10 12.09 835 166.1 28.0 0.169
10 x 10 x 10 12.13 1673 339.0 69.2 0.204

* Stiffness for fixed-guided beam accounting for shear (see Sect.4.7.6)

significant consideration for performance implications on the slow-scan axis. As pre-
viously stated, for scanning-type applications, one lateral axis operates much faster
than the other, and thus the serial-kinematic configuration is well-suited for these
types of applications (Ando et al. 2008; Picco et al. 2007; Leang and Fleming 2009).

4.7.4 Piezoactuator Considerations

The actuating mechanism of choice for scanning at high speed is the piezoactuator
(Kenton and Leang 2012), particular piezo-stack actuators. Although thin shear-
piezos offer higher mechanical resonances, their range is rather limited (sub-micron
level) (Rost et al. 2005). Piezo-stack actuators are stiff and compact. A comparison
of four plate-stack piezoactuators (Noliac) of varying cross-sectional areas is shown
in Table 4.3. Each actuator in this comparison is 10-mm long and meets the desired
free stroke of 11 wm. (A small percentage of the free stroke will be lost due to
flexure stiffness and boundary conditions associated with gluing the piezo-stack to
the stage during assembly.) The capacitance increase is nearly proportional to the
cross-sectional area with an average of 15.5 nF/mm? (for a 10-mm long piezo-stack
actuator). The Young’s modulus is calculated from the blocking force and free stroke.
For instance, the Young’s modulus of a 5 x 5 x 10 mm piezoactuator is determined to
be 33.9 GPa (Leang and Fleming 2009). As shown in Table 4.3, higher actuation and
out-of-plane stiffness can be obtained by using larger (cross-section) piezo-stacks.
The cost, however, is higher capacitance which increases the net power to drive the
actuators, especially at high frequencies.

To achieve the desired scan range of 10 x 10 wm, a piezoelectric stack actuator
with dimensions of 5 x 5 x 10 mm and capacitance of 387 nF is chosen (e.g., Noliac
SCMA-P7). Figure4.15 shows a photograph of the piezo-stack actuator to drive
the high- and low-speed stages. The actuator stroke is 11.8 wm, with an unloaded
resonance frequency of 220 kHz, stiffness of 283 N/pm, blocking force of 1000 N,
and maximum drive voltage of 200 V. The elastic modulus calculated from the
blocking pressure Pp and strain € is E = % = 33 GPa.
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Fig. 4.15 A photograph of the piezo-stack actuator used to drive the x and y stage

4.7.5 Preloading Piezo-Stack Actuators

As discussed in Sect.2.5.3, piezo-stacks are intolerant to tensile (as well as shear)
stresses. Because stacks are constructed of glued (or fused) piezoelectric layers,
tensional loads can cause the actuators to fail at the interface (glue) layers. Manufac-
turers often specify a tensile load limit less than 10 % of the compressive load limit.
During high-speed operation, inertial forces due to the sample mass must be taken
into account to avoid excessive tensile stresses. A preload force must be incorporated
to eliminate the possibility of the actuator being exposed to excessive tensile forces.
The preload must be applied in such a way that full surface contact is achieved to
assure good load distribution (see Fig.2.9). Recommended preload force is 20 % of
the compressive load limit of the actuator, and the preload spring stiffness should be
at most 10 % of the actuator stiffness.

Flexures can be used to apply the appropriate preload on the piezo-stack actuator
to compensate for the inertial force during dynamic operation. The flexures serve
two purposes: to eliminate tensile stress and to guide the extension/contraction of the
actuator so that parasitic motion is minimized. The required preload is estimated from
Newton’s Second Law by computing the maximum sample platform acceleration
during maximum excursion and scan frequency. In particular, the magnitude of the
expected dynamic (inertial) force on a piezoactuator assuming sinusoidal motion at
frequency f (in Hz) is given by

A
Fi = 4n2megs (7)“) 72 (4.37)

where megr is the effective mass and Ax is the total stroke length. For example, a5 g
sample positioned over a 10 wm range at 3,000 Hz, the minimum preload requirement
is 8.9 N. Considering a safety factor of 2, the required preload is at least 18 N.


http://dx.doi.org/10.1007/978-3-319-06617-2_2
http://dx.doi.org/10.1007/978-3-319-06617-2_2
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4.7.6 Flexure Design for Lateral Positioning

The basic layout for a serial-kinematic design is shown in Fig.4.16, where the
high-speed (x-axis) stage is nested inside of the low-speed (y-axis) stage
(Fig.4.16a, b). The stage body is manufactured from 7075 aluminum using the wire
EDM process to create a monolithic platform. The sample platform is located on the
x-stage body, and vertical motion is achieved with a piezo-stack actuator embed-
ded into the x-stage body (Ando et al. 2008) (see details in Fig.4.16c). Compliant
flexures with improved vertical-stiffness to minimize out-of-plane motion are used
to guide the motion of the sample platform. The flexures are strategically placed to
minimize the sample platform’s tendency to rotate (6, 6y, 6;) at high frequencies.
Also, the stage is designed to ensure that the first resonance in all three axes are axial
(piston) modes, rather than off-axis modes, which can severely limit performance.
For translational motion, u; (i = x, y, z), the single degree-of-freedom mechan-

ical resonance is given by f,, 0 = ﬁ ’I:l—"_,
L

translational mass and stiffness, respectively. Likewise for rotational motion, 6;

. . 1 ko
(i =x, y, z),thefirstresonanceis fp, o = 7\ T

L where J; and kg, are the effective
mass moment of inertia and rotational stiffness, relspectively. To insure that actuation
modes occur before the out-of-plane modes, the strategy taken is to optimize the stage
geometry and flexure configuration so that the out-of-plane stiffness-to-mass ratios
(ky/m, kgy/Jy, kg;/J;) are higher than the actuation stiffness-to-mass ratio k, /m.
Figure4.17 shows the simplification of a high-speed x-stage into single degree-of-
freedom systems to model four of the dominating resonance modes. The top and
side views are broken down to show the effective springs and masses affecting the
body for (d) actuation u,, (e) and (f) rotation 6, and 6y, and (g) vertical u, modes.
Damping is omitted for convenience.

The vertical stiffness of the x- and y-stages is increased by (1) increasing the num-
ber of flexures, (2) utilizing shorter (effective length) flexures, and (3) converting the
flexures from constant rectangular cross section beam flexures to a serial-compliant
double-hinged flexure with a “rigid” center connecting link (see Fig.4.9). The first
step taken to increase the flexure stiffness in the vertical direction is studying how
the total number of flexures » used in parallel, flexure thickness ¢, and length L affect
the vertical stiffness k, for a given actuation stiffness k,. This comparison is done
analytically and using finite element analysis (COSMOSWorks FEA).

The stiffness of a flexure is defined as the ratio of a load F and the resulting
displacement u. The displacements and loads are: translational displacement u;,
rotational displacement 6;, translational force F; acting on a point in the i direction,
and moment M; (torque T') acting about the i axis (6;), respectively, where i =
X, Yy, z. Figure4.7 illustrates the corresponding directions of the displacements and
loads acting on the free end of a fixed/free cantilever beam which models a beam
flexure. The in- and out-of-plane compliances for a fixed/free beam is derived using
Castigliano’s second theorem (Timoshenko 1953; Lobontiu 2003; Craig 2000). The
compliance equations are then used to derive equations for the actuation and vertical

where m; and k; are the effective
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Fig. 4.16 A serial-kinematic nanopositioner: a fop view, b fabricated stage, and ¢ details of the
sample platform and z-stage

stiffness k; of a fixed/roller guided beam shown in Fig. 4.18al through a3. It is pointed
out that the fillet radius is considerably smaller compared to the flexure length and
therefore has minimal effect on the flexure stiffness. For this reason, to simplify
the flexure stiffness equations in this initial analysis, the compliance equations are
derived for a beam with a constant cross sectional thickness.
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Fig. 4.17 Generic flexure-guided stage simplified to single degree-of-freedom systems modeling
the dominant modes

For a fixed/free beam of rectangular cross section, the total strain energy is

U = Uxxial + Utorsion + Ubending + Ushear

L
—/ R S L (438)
o 2AE  2GJ 2EI 2GA ’ ’

where L is the beam length, A is the cross sectional area of the beam, % is the
height, ¢ is the thickness, E is Young’s modulus, G = ﬁ is the shear modulus,

. . . 4 . . .
v is Poisson’s ratio, J = ht? [% - 0.21% (l - 127)] is the approximate torsional

moment of inertia (Young and Budynas 2002), I = ’ﬁ—’; is the second moment of
inertia about the vertical z axis, V is the shear force, and « is a shape factor for the cross
section used in the shear equation (for a rectangular cross section @ = 6/5) (Craig
2000; Young and Budynas 2002; Park 2005).

Applying Castigliano’s second theorem, the displacement of a point in a given
direction u;, 0; is the partial derivative of the total strain energy with respect to the

applied force, i.e.,

iU aU
uy = ——, 91' = —. (4.39)
0F; oM;

From here the compliance is simply found by dividing the displacement by the
applied load, i.e.,
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Fig. 4.18 Corner-filleted and center-thickened flexures showing loads and deformations: al top
and a3 side views showing displacement caused by force F;, for i = x, y, in a fixed/guided end
configuration, and a3 loads acting on the free end of a fixed/free beam for a corner-filleted. b1 top
view, b2 top view with applied load, and b3 expanded view of corner-filleted flexure hinge

Corr =20 Copg =2 (4.40)

u,-,Fj - F]v 0,',Mj - M] .

For example, the compliance of the rectangular cross section fixed-free beam in
Fig.4.7a due to a point load in the y direction starts with the total strain energy

L 2 L 2
M (x) dx+/aV(x)

U= | 22 AV
2E1(x) 2GAGx)
0

(4.41)
0

where A(x) and / (x) are constant. The coordinate system is placed on the free end of
the flexure as shown in (Lobontiu 2003) where the shear is V (x) = F, and moment
is M(x) = Fyx. The total strain energy for the applied load is
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L L
F aF§ F3L3 aFy2L
_ / oy / dr = n . (4.42)
2ET
0 0

2GA 6E1 2GA

Therefore, the resultant displacement is

U _ FyL®  aLFy
Uy - L)
YT 9F, T 3EI ' GA

(4.43)

and the compliance is
Cpoly o L oL (4.44)
27 F, T 3El ' GA '
The compliances are then used to form the compliance matrix C which is
defined as the ratio of the displacement U = [x y0;z0y QX]T for a given load

L =[F, F, M, F, M, M,]", hence the displacement vector is

Uy Cit 0O 0 0 0 O F,
Uy 0 CxpnCy 0 0 O Fy
0, | _ 0 CxC;3 0 0 O M,
u, [ 0 0 0 Cq4Cy5 O F, (4.45)
Oy 0 0 0 Cs45Cs5 O M,
Oy 0 0 0 0 0 Ce M,

For a constant cross section fixed/free beam the compliances are C 11 = ALE ,Co =

351 + &k, C23 2%2,, C33 = 2, Cay = Ehz + &L Cys = h3 , Css = 12L&,

1’ ER3t
and Cg¢g = G . For a long slender beam, shear strain has little effect and therefore
can be ignored in Cp;. For a short beam with a significant height-to-length aspect
ratio, such as the vertical displacement of the flexure shown in Fig.4.18a2, much of
the deflection is in shear, and therefore can not be ignored.

The displacement vector equation presented above is used to solve for the actuation
stiffness ky and vertical stiffness k, of a fixed/guided flexure beam, i.e., F;/u; =
k;. Torsional stiffness is not investigated because the 6, rotational mode is largely
dependant upon the vertical flexure stiffness when the flexures are placed at the
corners of the stage body. Figure4.18a3 shows the applied load and the expected
deflection curve of the flexure in both the (al) actuation direction and (a2) vertical
direction. The active load being applied to the flexure is the in-plane force F;. The
resultant moment M; = —F;L/2 is caused by the roller-guided end constraint.
Therefore, the flexure displacement in the actuation direction u, due to the applied
force Fy and moment M, = —F,L/2 is
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uy = CFy+ C3M; = CnFy — C3F,L/2
[ L3 oL L L? }
= y .

i 4.46
361 T Ghi 2 2E1 (4.46)

Taking the ratio of the applied load to the displacement, the actuation stiffness
(neglecting shear) is

ky =

F, L3 oL7' _ 12EI
o . (4.47)

y 2EL T Ghr

Using the same method, the displacement of the flexure in the vertical direction u,
is

u; = CaqFy, + CysMy = CaqF; — C45F,L/2

B 4L3 N al L 6L? (4.48)
~ “LER®  Ght 2 ERM]|’ '
Similarly, the vertical stiffness is
S DT (4.49)
T LER¥®  Ght] '

Because of the high aspect ratio in the vertical direction, shear cannot be ignored.

Equations (4.47) and (4.49) are used to study the effect of the quantity of flexures n
and flexure thickness ¢ on the effective vertical out-of-plane stiffness k; cfr. To do
this, the desired actuation stiffness ky ¢ff = 10 N/pm is divided amongst the number
of flexures n to give the actuation stiffness for an individual flexure k ;. From there,
Eq.(4.47) is used to determine the length L for + € [0.3, 1] mm. The individual
vertical stiffness & ; is then calculated using Eq. (4.49). The effective vertical stiffness
is k; off = D" k; ;. By increasing the number of flexures from 2 to 12 (1-mm thick)
the vertical stiffness is increased from 76 to 226 N/pwm (197 % increase). Forn = 2,
decreasing the flexure thickness from 1 to 0.3-mm thick (which effectively decreases
the flexure length) increased the vertical stiffness from 76 to 79.5 N/um (4.6 %
increase). Increasing the number of flexures from 2 to 12 and decreasing the flexure
thickness from 1 to 0.3-mm thick produces a vertical stiffness of 260 N/im (242 %
increase). In Fig.4.19, the circles denote the k ¢ values obtained using FEA. The
FEA results follow the trend of the analytical results with the only variance being an
increase in effective stiffness (average increase = 3.15 %). Increasing flexure height
h also contributes to increasing vertical stiffness but at the cost of a taller stage body,
which increases the mass m thus reducing the actuation resonance.

The most dramatic increase in vertical stiffness for a beam flexure is observed by
increasing the number of flexures . Decreasing the flexure thickness (and as a result,
the flexure length) increases the vertical stiffness as well. But the limiting factor of
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Fig. 4.19 FEA and analytical results showing effective vertical flexure stiffness k ¢ with respect
to flexure thickness ¢ and quantity of flexures n. Effective actuation stiffness ky eff is held constant
at 10 N/pm

decreasing the flexure thickness is stress. A shorter thinner beam flexure will have
higher stress concentration than a longer thicker beam flexure of equal stiffness.

When a corner-filleted beam flexure, as studied above, is displaced in the actuation
direction, the majority of the strain is located at the flexure ends near the fillets.
Additionally, when the same flexure is displaced in the vertical direction, the majority
of the vertical displacement is in shear strain located at the center cross-section. An
effective way to further increase the out-of-plane stiffness of a beam flexure is to
increase the thickness of the center section of the flexure, thus converting the beam
flexure into a double-hinged serial flexure as shown in Fig.4.9. Both analytical and
FEA methods are used to study the vertical stiffness of the ‘thickened’ flexures. The
cross-sectional area and second moment of inertia values in Eq. (4.41) are replaced
with A(x) = ht(x) and I (x) = ht(x)3/12, respectively. For example, the thickness
of the flexure in Fig.4.9 is

[t +2[r —VxQ2r = x)], x €[0,al]
t, x € [a, b]
t+2[r=VUT=x)Q2r=T+x)], xe€lb,c]

t(x) =1t+2r x € [c,d] (4.50)
t+2[r—JT=9Qr=T+g)], xeld.el
t, x € [e, f]
|t +2[r—VgQ2r=9)]. x e[f L]
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Table 4.4 y-axis flexure

: . Type ky eff (N/pm) k; eft (N/pm)
stiffness comparison Analytical FEA Analytical FEA
Filleted beam 5.82 6.00 196.6 213.9
Thickened center 5.84 5.32 237.6 238.2

wherea =r,b=1—-r,c=1l,d=L—-1l,e=d+r,f=L—-r,g=L—x,t
and / are thickness and length of the thin section of the flexure, r is the fillet radius,
t + 2r = T is the thickness of the thickened section, and L is the length of the
entire flexure. For this case, the compliance is determined by first determining the
total strain energy (Eq.4.41) while using the thickness function 7 (x) in the area A (x)
and second moment of inertia /(x) expressions. Again, the coordinate system is
placed on the free end for simplification and to allow for direct integration as shown
in (Lobontiu 2003). For instance, the total strain energy for bending due to a point
load is

L L
U— M (x)? / aV(x)?
) o) 2Ght(x)
0 12 0
L L
12F} %2 aF; 1
= / dx + — | —— dx 4.51)
2Eh t(x)3 2Gh t(x)
0 0

Taking the partial derivative with respect to the applied force Fy gives the displace-
ment

L L

U _12F, [ &2 aF, [ 1

Uy = sde+ —2 [ —dx. (4.52)
oF,  Eh | t(x) Ton )

0

The in-plane (and out-of-plane) stiffness is then calculated numerically by taking
the ratio of the force to deflection. Table 4.4 compares the actuation and vertical
stiffness of a standard filleted flexure beam to a thickened flexure beam obtained
analytically and using FEA. This comparison shows how the vertical stiffness of
beam flexures similar to the ones used on the y-stage can be increased an additional
19.3 % by simply increasing the thickness of the center section. To keep the actuation
stiffness ky cfr constant, the length L of the thickened flexure is increased from
9.75 mm to 10.70 mm.

In summary, the effective vertical stiffness can be improved to increase the out-
of-plane stiffness by (1) increasing the number of flexures 7, (2) decreasing the
flexure length L, and (3) thickening the center section of a beam flexure to create a
serial-compliant double-hinged flexure.

Flexure placement is important to help increase rotational stiffness. Increasing
the length (and width) of a stage and placing flexures at the corners of the moving
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platform increase rotational stiffness of the platform. However, the cost of increasing
the size of the platform is increasing overall mass, thus lowering the mechanical
resonance.

The first five modes for the x- y- and z-stages are predicted using the frequency tool
in COSMOSWorks (FEA). (Detailed discussion of the z-stage design is presented
below.) It is assumed that the resonances of the y-stage would not be excited by
the dynamic motion of the inner nested x-stage. This allows the design shown in
Fig.4.20a to be broken down into the low-speed y-stage (Fig.4.20b1-b5), high-
speed x-stage (Fig.4.20c1-c5), and vertical z-stage (Fig.4.20d1-d5). The boundary
faces of each stage (shown hatched) have a fixed boundary condition. All contacting
components are bonded together with compatible mesh. The meshing is done at
“high quality” with refined meshing at the flexure fillets and pivot points (0.25 mm
minimum element size on surfaces). The materials used and their corresponding
mechanical properties are as follows:

e Aluminum: E = 72 GPa, v = 0.33, p = 2700 Kg/m?;

e Steel: E =200 GPa, v = 0.28, p = 7800 Kg/m?;

e Piezo-stack: E = 33.9 GPa, v = 0.30, p = 8000 Kg/m3;

e Alumina: E = 300 GPa, v = 0.21, p = 3960 Kg/m?>,

where the modulus for the piezo-stack was calculated from the stiffness and blocking
force. The predicted first mechanical resonance for the y-, x-, and z-stage are 5.96,
25.9, and 113 kHz, respectively, all of which are in the corresponding stage actuation
direction as preferred. Simulated FEA frequency response is done using the Linear
Dynamic (Harmonic) tool in COSMOSWorks. A constant amplitude sinusoidal force
is applied in the actuation direction at the corners of the piezoactuator/stage inter-
faces. The force generated is assumed proportional to the applied voltage. A global
modal damping ratio of 0.025 is applied to simulate the damping of aluminum alloy
and to produce a gain of 20 dB. Figure4.21al, bl show the predicted frequency
response plots for the x- and y-axis with the resonant peaks occurring at 25.9 and
5.96 kHz, respectively.

4.7.7 Design of Vertical Stage

The quick movements of the z-stage when tracking sample features such as steps,
may excite the resonance modes of the nesting x-stage. To minimize impulsive forces
along the vertical direction, a dual counterbalance configuration is utilized. Ando et
al. (2008) describe four configurations which include face mounting, mounting both
faces of the actuator to flexures, and inserting the piezoactuator in a hole and allowing
the end faces to be free. Dual face-mounted z-piezoactuators are a simple and effective
method for counterbalancing. However, the disadvantage is the first resonance mode
for a slender piezoactuator is bending as shown in Fig.4.22al, instead of the desired
actuation mode as illustrated in Fig. 4.22a2. Inserting the piezoactuator into a hole in
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Fig. 4.20 Finite element analysis results showing first five modes: a high-speed scanning stage;
b1-b5 low-speed y-stage; c1—c5 high-speed x-stage; and d1-d5 vertical z-stage. Each stage section
is designed to have the first mechanical resonance to occur in the actuation direction
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Fig. 4.21 al-a3 Comparison of predicted and measured frequency response functions for the
high-speed stage (x-axis), b1-b3 the low-speed stage (y-axis). The vertical dashed line is used to
compare the experimentally measured results to the FEA predicted first resonance peak
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Fig. 4.22 FEA results for z-piezo with 1-mm thick sample, a without and b with flexure
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the x-stage is tested, but unfortunately the design requires a long piezoactuator and
did not constrain the end faces well.

A new configuration as shown in Fig.4.23 is proposed in which a dual face-
mounted piezo arrangement is combined with a compliant end plate flexure. The
piezoactuators are first recessed within the nesting stage so that the free face is flush
with the top surface of the stage body. The plate flexure is glued to the free end of
the piezoactuator and the surrounding surface of the stage. Figure4.22b1, b2) show
how by using a plate flexure, the bending (and torsional) modes can be shifted above
the frequency of the actuation mode.
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Fig. 4.23 Three configurations for the z-piezoactuator and corresponding first two modes. The
dynamic characteristics of the face-mounted configuration in a are improved by b recessing the
z-piezoactuator into the x-stage body and ¢ adding a plate flexure to the free face of the z-actuator
c

4.7.8 Fabrication and Assembly

The main stage body of the scanner is constructed from a single block of 7075 alu-
minum alloy, where the features are machined using traditional milling and wire EDM
processes. The x- and y-stages are displaced with 5 x 5 x 10 mm Noliac SCMAPO07
piezo-stack actuators, where the motion is guided by compliant, center-thickened
flexures described above. The x-flexures are designed to have a pivot point thickness
of 0.5 & 0.03 mm to produce an effective axial stiffness of 14 & 2 N/um. When
assembling the x- and y-stages, it is important to preload the piezoactuators. Failure
to preload will result in lower mechanical resonances that resemble the predicted
free stage resonance (stage without piezoactuator). Preloading is accomplished by
initially displacing the stages in the actuation direction and sliding the piezoactuators
in place, then applying shims and glue. The tension on the stage is then released onto
the piezoactuator resulting in preload. Other preload mechanisms include set-screws
and spring-based mechanisms.
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Fig. 4.24 Assembled positioner: a stage with sample glued to sample platform. Holes were
machined into the stage body to accommodate inductive or capacitive sensors. The sensors are
held in place with set screws as shown. b An AFM head [Nanosurf, easyScan 2 (www.nanoscience.
com)] coupled with the positioning stage for high-speed AFM imaging experiments

The z-stage is designed using two 3 x 3 mm Noliac SCMAPO06 piezo-stack actua-
tors. The actuators are recessed within the nested x-stage. The base of each actuator
is glued to an alumina plate while the free end is constrained using plate flexures. To
increase the stiffness of the piezoactuators, the plate-stacks are used without the stock
1-mm thick ceramic insulating end-plates. Instead, the mounting face is insulated by
the alumina base plate, while the top surface is insulated from the plate flexure with a
thin sheet of mica. The experimental prototype is shown in Fig. 4.24 with the scanner
body bolted to an aluminum base.

4.7.9 Drive Electronics

Due to the capacitive nature of piezoelectric transducers, high-speed operation
requires large current and power dissipation. For example, the fast scanning axes,
x and z, require drive electronics capable of supplying sufficient power to drive the
capacitive piezoelectric loads at high frequency. If the maximum driving voltage,
trajectory, and frequency are known, the current and power dissipation are easily
computed by conservatively approximating the transducer as a purely capacitive
load. For example, the current

1, =CsV,, (4.53)

where s is the Laplace variable, and C and V), are the transducer capacitance (380
nF) and load voltage, respectively. The power dissipation in a linear amplifier is

Py =1,(Vy = V)), (4.54)

where V; is the supply voltage (200 V).
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For the example design, the nominal capacitances for the x- and z-axis actuators
are 380 and 100 nF, respectively. The piezo-amplifiers are built around the Power
Amp Design (www.powerampdesign.net) PAD129 power op-amp, with a gain band-
width product of 1 MHz. A 200 V DC power supply is constructed from two linear
regulated 100V, 3 A DC power supplies (Acopian A100HT300) connected in series.
A 35 kHz low pass filter is used to smooth the input signal to the power op-amp.
Commercially available high-bandwidth amplifiers are available from suppliers such
as PiezoDrive, Australia; Trek Inc., Japan; and PiezoMechanik, Germany. A more
detailed discussion of electrical considerations is presented in Chap. 14.

4.7.10 Experimental Results

The fabricated scanner shown in Fig.4.24 is tested to determine the stiffness, maxi-
mum range, and dynamic characteristics. Prior to assembly, the effective stiffnesses
of the x- and y-stage are determined by taking the ratio of the measured displacement
due to an applied load. Static loads are applied to the stages by mounting the scanner
vertically to a fixture (z-axis perpendicular to ground), running a cable through the
hole in the x-stage and hanging masses from the cable. A total of 15 Lbf (66.7 N)
is applied in the positive and negative direction in 2.5 Lbf (11.1 N) increments.
Displacement is measured using a Kaman inductive sensor (SMU9000-15N). The
analytical, FEA predicted, and measured stiffnesses are 7.82, 7.42, and 3.81 N/um,
respectively, for the x-stage and 4.28, 4.04, and 5.10 N/iwm, respectively, for the
y-stage. The discrepancy between the predicted and measured values are attributed
to machining tolerances.

Application of 180 V peak-to-peak sine input at 10 Hz to the x and y piezoactuators
resulted in 8.19 and 8.34 wm travel, respectively. Since the x and y axes can tolerate
a maximum of 200 V, the maximum lateral range of the stage is approximately
9 x 9 pwm. Application of 200 V peak-to-peak sine input at 10 Hz to the vertical
z piezoactuators will give approximately 1 pm of travel. Over these ranges, the
measured x/y cross coupling is 75nm peak-to-peak (1.83% or —34.75dB) in y
caused by actuating the x piezo and 24 nm peak-to-peak (0.6 % or —44.44dB) in x
caused by actuating the y piezo. The measured vertical runouts are 27.6 nm peak-to-
peak (0.35 % or —49.2 dB) caused by actuating the x piezo and 81.4 nm peak-to-peak
(0.97 % or —40.3 dB) caused by actuating the y piezo. Itis noted that the lateral x-to-y
and y-to-x cross coupling may be caused by the y-stage’s compliance. For example,
x-actuation may cause slight deformation in the y-stage body leading to measured
cross coupling. Similarly, lateral-to-vertical cross coupling (x-to-z and y-to-z) may
be caused by a tilted sample or misalignment of the displacement sensor, e.g., when
the tilted sample translates laterally, the tilted surface may appear to move vertically
relative to a fixed sensor.

Frequency response functions are measured using a dynamic signal analyzer
(Stanford Research Systems SRT785). Small inputs (<70 mV) are applied to the
piezo amplifiers during the test to minimize the effect of nonlinearity such as
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hysteresis. Measurements for the x- and y-stages are taken with both the stage
mounted sensors (inductive sensor for x, and ADE Capacitive sensor for y) and
again with a single point laser vibrometer (Polytec CLV-1000 with CLV-800-vf40
laser unit) mounted to the vibration isolation table (for both x and y). The measured
responses are shown in Fig.4.21 along with the FEA predictions. When measured
relative to the y-stage body, the x-stage has a dominant first resonance peak at
24.2 kHz (a2) which matches well with the predicted value of 25.9 kHz (al). Several
small pole/zero pairs appear before the dominant peak. However, when measured
using a laser vibrometer relative to an outside body such as the vibration isolation
table (a3), the response shows additional unexpected resonances. These peaks are
thought to be due to modes in the y-stage being excited by the x-stage. Unfortunately,
these modes are not detectable when the sensor is attached to the y-stage body. The
measured dominant resonance for the y-stage at 6.0 kHz, both measured using the
capacitive displacement sensor attached to the stage body (a2) and the laser vibrom-
eter on table (a3) matches the predicted FEA value (al) at 5.96 kHz very well. Not
only do the dominant resonances agree with the FEA results, they are also piston
modes relative to their mounting point as predicted by FEA. The frequency response
for the z-axis is measured using the deflection of a 360 kHz tapping-mode AFM can-
tilever (Vista Probes T300 www.vistaprobes.com) in contact-mode over the sample
surface. The dominant resonance is approximately 70 kHz in the actuation (piston)
mode.

4.8 Chapter Summary

This chapter described the design considerations for high-speed nanopositioning.
An example three-axis, serial-kinematic high-speed scanner based on piezo-stack
actuators is used to illustrate the design process. Important considerations include:

e balancing the tradeoff between scanning range and achievable mechanical reso-
nance,

e taking advantage of FEA tools to optimize mechanical resonances, and

e designing drive electronics which considers the capacitive nature of piezoactuators.

The example scanner achieved a range of approximately 9 x 9 x 1 pm, where
the fast scanning axis is optimized for speed. Experimental results showed a good
correlation with simulation, where finite element analysis predicted the dominant
resonances along the fast (x-axis) and slow (y-axis) scanning axes at 25.9 and 6.0 kHz,
respectively. The measured dominant resonances of the prototype stage in the fast
and slow scanning directions were measured at 24.2 and 6.0 kHz, respectively, which
were in good agreement with the FEA predictions. In the z-direction, the measured
dominant resonance was measured at approximately 70 kHz. This is sufficient to
achieve SPM line rates in excess of 3 kHz.
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