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Chapter 1
A Review of Stick—Slip Nanopositioning
Actuators

Peng Pan, Feiyu Yang, Zhenhua Wang, Bowen Zhong, Lining Sun and
Changhai Ru

Abstract There is a surge in the development of actuators based on the stick—
slip of piezoelectric actuators in the past decade for the advantages of nanoscale
resolution and long travel distances. These actuators, termed PSTA (piezoelectric
stick—slip actuators), are widely used in chip assembly and cell manipulation. This
chapter provides a comprehensive review of PSTA systems. Reported PSTAs are
generalized with two specific principles which can be considered as a framework to
further classify other PSTAs. In addition, the applications of PSTAs are categorized
into two groups according to the number of degrees of freedom (DOF). This chapter
also discusses driving signals to actuate different structures of PSTAs and control
methods to achieve high positioning resolutions.

1.1 Introduction of Stick—Slip Nanopositioning

Nanopositioning actuators have been used in many applications. A number of appli-
cations need both nanoscale resolutions and large travel. For example, in the process
of cell manipulation, it is critical to approach cells and make fine adjustments. This
process requires large travel ranges and high resolution. In addition, actuators with
large travel and high resolution are also effective to improve the efficiency of chip
assembly. Thus, actuators having multi-scale motion ranges and high resolutions
have tremendous potential. A growing demand for high precision and accuracy
has spurred the development of new actuator technologies. Structures of actuators
become simpler and smaller. This improvement enables several actuators to be
combined into one system to achieve new functions.

A commonly observed phenomenon in dynamic systems is that motion is caused
during the transition from static to sliding friction force. This phenomenon termed
stick—slip can be employed to develop actuators. Actuators based on the stick—slip
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principle have high accuracy, long travel range, and simpler mechanical structures
[1]. Stick-slip actuators (STAs) often cooperate with piezoelectric actuators (PA).
Piezoelectric actuators are composed of piezoelectric materials such as lead—
PbZirconate Titanate (PZT), lead—PbMagnesium Niobate (PMN), and lead—PbZinc
Niobate (PZN). Because of the inherent properties of piezoelectric materials,
their positioning resolution is high but cannot be infinitely high. In addition,
travel distances of piezoelectric actuators are rather small. Thus, these actuators
typically provide a short travel distance with a high resolution. The combination
of piezoelectric actuators and stick—slip actuators (i.e., piezoelectric stick—slip
actuators) makes it possess a high resolution and a long travel distance [1].

Owning to these advantages, there is a surge in innovations of this type of
actuators. Since the first piezoelectric stick—slip actuator was invented in 1976 [2],
much research was done to advance the development of piezoelectric stick—slip
actuators. Up to today, nearly 60 patents about piezoelectric stick—slip actuators
have been disclosed, and a high number of papers have been published in the
literature [3]. It is worth noting that conventional sawtooth signal is widely applied
to actuate piezoelectric stick—slip actuators. However, this driving signal is not
always effective to actuate piezoelectric stick—slip actuators of different structures.
For example, conventional sawtooth signal is unsuitable for moving perpendicularly.
In order to achieve better performance, many improvements have been made to
construct new driving signals. In the meanwhile, control methods have also been
applied to eliminate intrinsic errors. As progress is made, resolution and travel
distance of piezoelectric stick—slip actuators can reach nanometer resolutions and
centimeter travel distances, and speed can reach mm/s [4].

This review provides a comprehensive discussion of the principle, driving
signals, control methods, and applications of piezoelectric stick—slip actuators. In
Sect. 1.2, the principle of PSTA is discussed. The characteristics of PSTA structures
are discussed in Sect. 1.3. Section 1.4 discusses a series of driving signals. In
Sect. 1.5, control algorithms are compared and the performance of different PSATs
is discussed. Applications based on the stick—slip principle are summarized in
Sect. 1.6. In Sect. 1.7, conclusions and future directions are given.

1.2 PSTA Principle

A generalized view of stick—slip is provided in Fig. 1.1. Body A and Body B are
initially at rest. F. represents external force applied on Body B. F; represents friction
force exerted on Body B. When F, is less than or equal to Fy (maximum static
friction force), Body A sticks to Body B, and displacement and speed of Body A
are both zero relative to Body B. When F. is greater than Fg;, Body B slips relative
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Fig. 1.1 Principle of stick—slip actuation. (a) Stick—slip phenomenon. (b) Change of external force
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Fig. 1.2 Specific principles of PSTA. (a) Principle 1. (b) Principle II. (¢) Driving signal

to Body A. In dynamic systems, this phenomenon should be handled properly via
controller design [5]. This phenomenon can also be utilized for actuation to achieve
long travel distances and high resolutions. For example, Body A can move step by
step along the right direction, relative to Body B by changing the magnitude and
orientation of external force Fe. In particular, F, in the right direction less than Fy
can make Body A sticks to Body B. F. in the left direction greater than Fy can make
Body A slip to Body B. Therefore, by alternating the magnitude and orientation of
F., Body A can move step by step along the right direction.

Based on this general principle, a number of PSTAs can be originated and can be
classified into two groups according to the criterion of which type of force results in
the actuating movement of the end effector. Figure 1.2 illustrates two specific PSTA
principles that are discussed as follows.
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1.2.1 Principle ]

Figure 1.2a shows the first principle where the actuating movement of end effector
is resulted from friction force in a cycle.

The three objects A, B, C, and D shown from left to right in this figure are
known as ground (supporting frame), piezoelectric actuator (PA), driving object,
and slider, respectively. PA is placed between ground and the driving object, and
slider is regarded as end effector. The motion of PA is under control of applied
voltages shown in Fig. 1.2c. The slider placed on the driving object can slide on
the driving object with the aid of friction force. Actuation details of Principle I are
summarized as follows.

Step 1: PA is in the initial state with no applied voltage.

Step 2: PA extends slowly with a small acceleration under the control of the
first period of applied voltage. Driving object moves rightwards with the same
acceleration. The inertial force applied to the slider depends on the mass of slider
and the acceleration of PA and is less than the maximum static friction force. The
slider sticks to the driving object and moves rightwards which is called “stick”
period.

Step 3: PA retracts quickly with a large acceleration under the control of the
second period of applied voltage. Driving object moves leftwards with the same
acceleration. The inertial force applied to the slider depends on the mass of slider
and the acceleration of PA and is larger than the maximum static friction force.
The slider slips relative to the driving object and is at rest relative to the ground
which is called “slip” period.

Step 4: PA retracts to the initial state when the voltage decreases to zero.

According to the four steps above, the slider achieves a step movement.
Continuously repeating these four steps, the slider can move rightwards. If one
wants to make the slider move leftwards, the shape of voltages should be reversed.

In this principle, the actuating movement of the slider occurs in the “stick”
period. In this period friction force contributes to the actuating movement which
means that friction force is directly related to actuating movement of end effector.
In addition the stick period and slip period both occur between the slider and driving
object. PSTA examples of this principle can be found in [6—8]. PSTA of this specific
principle is further termed piezo friction driving actuator (PFDA).

1.2.2 Principle I1

As shown in Fig. 1.2b, in this principle the actuating movement of the end effector
results from inertial forces which depend on the mass of the counter object and the
acceleration of PA in a cycle.
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The three objects A, B, C, and D from left to right in this figure are known as
the ground (supporting frame), main object, piezoelectric actuator (PA), and counter
object, respectively. PA is placed between the main object and counter object, and
the main object functions as the end effector. The motion of PA is under control of
applied voltages shown in Fig. 1.2c. The main object placed on the ground can slide
on the ground due to inertial forces. The working load can be applied to the main
object. The counter object suspends in air and is not in contact with the ground. The
actuation details of Principle II are as follows.

Step 1: PA is in the initial state with no applied voltage.

Step 2: PA extends slowly with a small acceleration under the control of the
first period of applied voltage. Counter object moves rightwards with the same
acceleration. The inertial force applied to the main object depends on the mass
of counter object and the acceleration of PA and is less than the maximum static
friction force from the ground. The main object sticks to the ground and is at rest
relative to the ground which is called “stick” period.

Step 3: PA retracts quickly with a large acceleration under the control of the second
period of applied voltage. The inertial force applied to the main object depends
on the mass of counter object and the acceleration of PA and is larger than the
maximum static friction force from the ground. The main object slips relative to
the ground and moves rightwards relative to the ground which is called “slip”
period.

Step 4: PA retracts to the initial state when the voltage decreases to zero.

According to these four steps, the main object achieves a step movement with
respect to the ground. Continuously repeating these four steps, the main object can
move rightwards together with the PA and the counter object. To make the slider
move leftwards, the shape of applied voltages should be changed in a reversed order.

In this principle, the actuating movement of the main object occurs in the
“slip” period. In this period the external force (i.e., inertial force) contributes to
the actuating movement which means that friction force is not directly related to
actuating movement of the end effector. In addition, the stick period and slip period
both happen between the ground and main object. The PSTA examples of this
principle can be found in [9-11]. The PSTA of this specific principle is further
termed piezo inertial driving actuator (PIDA).

1.2.3 Discussion

In Principle I, the actuating movement of end effector is generated by the friction
force. In Principle II, the actuating movement of end effector is generated by the
inertial force. All PSTA can be classified into these two types. Some differences
exist between these two principles. (1) Due to the limitation of maximum static
friction force, the driving force of PSTA in the first principle is small. Differently,
the driving force of PSTA in the second type of principle is large. (2) The resolution
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of PFDA depends on PA and static friction force. The resolution of PIDA depends
on PA and sliding friction force. However, the sliding friction force is more complex
than static friction force. Without applying control algorithms, the accuracy of
Principle I is higher than that of Principle II. (3) The travel distance of PSTA in the
first principle is limited to the dimension of the driving object, whereas the travel
distance of PSTA in the second principle has no limitation in theory.

1.3 Characteristics of PSTA Structure

Based on the two principles discussed above, many actuators have been developed in
the past decades. These actuators can be grouped together according to the number
of degrees of freedoms (DOF). In particular these actuators can be divided into two
large groups, namely (1) those with one-DOF, and (2) those with multi-DOF.

1.3.1 Flexure Design

Flexure is typically used to transmit displacements without loss, resulting in a high
displacement resolution of the motion. Sometimes the flexure is used to amplify
motion to improve actuation stroke. An adjusting screw is often adopted to make
a small deformation of flexure hinges. This small deformation of flexure hinge
generates elastic potential energy which is released when the PA retracts. Thus, the
released elastic potential energy produces a large inertial force which contributes
to the decrease of backlash. Thus, the flexure is commonly used for transmitting
motions produced by the piezoelectric stack actuator.

The typical flexures of one-DOF are the circular flexure hinge, shown in Fig. 1.3a
and the right angle flexure hinge, shown in Fig. 1.3c. The rotation axis of the
circular hinge is almost invariable, and the motion accuracy of it is high. Elliptical
flexure hinge, derived from the circular hinge, is depicted in Fig. 1.3b. In order to
obtain planar motion, some circular flexure hinges are combined [12]. However,
the travel of planar motion is small which is not suitable for applications requiring
large travels [13]. Right angle flexure hinge is a good alternative to the circular
flexure hinge to achieve large travel. However, its motion accuracy is low for its
deflection of the rotation axis [14]. Figure 1.3d shows a modified flexure hinge
derived from the right angle flexure hinge termed corner-filleted flexure hinge [15].
The flexure hinges mentioned above only have one-DOF motion. To obtain multi-
DOFs motions, spherical flexure hinge, having three axes, was developed and is
shown in Fig. 1.4a. When the diameter of the thinner part of the spherical hinge
increases to a certain degree, it only produces two-DOF motions, shown in Fig. 1.4b.
It is worth noting that the stiffness of the thinner part is rather low, making it easier
to break.
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Fig. 1.3 Flexures of one-DOF. (a) Circular. (b) Elliptical. (¢) Right angle. (d) Corner-filleted

Fig. 1.4 Flexure of multiple DOFs. (a) Typical three-axis flexure: spherical flexure. (b) Prototype
of a two axis flexure

1.3.2 Actuators with One-DOF

One-DOF actuators can be divided into two groups, one-DOF actuators with
basic structure and one-DOF actuators with auxiliary structure. To improve the
performance of this kind of actuators, auxiliary structure should be adopted.

1.3.2.1 One-DOF Actuators with Basic Structure

Among the actuators performing one-DOF actuation, some actuators only have four
basic objects. The four basic objects referred to in the PFDA are PA, driving object,
supporting frame, and slider (end effector), respectively. The four basic objects
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Fig. 1.5 Basic structures: (a) PFDA with basic structure [16], (b) PIDA with basic structure where
counter object is suspended [9], (¢) PIDA with basic structure where the counter object is supported
[18]
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Fig. 1.6 (a) PFDA with auxiliary structures [21], (b) PIDA with auxiliary structures [37]

referred to in the PIDA are PA, main object (end effector), supporting frame, and
counter object, respectively. The cases of PFDA have been referred to in [16, 17],
shown in Fig. 1.5a. The cases of PIDA have been referred to in [9, 18], shown in
Fig. 1.5b, c. The counter object shown in [9] is suspended, whereas the counter
object shown in [18] is supported by the ground with a small friction force which
is known as the supporting frame. Support by the ground with a small friction force
makes PIDA more stable resulting in decrease of the lateral vibration of the counter
object.

1.3.2.2 One-DOF Actuators with Auxiliary Structure

Due to manufacturing imperfections, fitting process, and the nature of the PSTA,
it is difficult to achieve high performance by actuators with basic structures. It is
necessary to adopt auxiliary structures to improve performance. Some auxiliary
structure is applied to amplify the travel distance of PA to obtain large displacements
and acceleration. Examples of amplification in PFDA are discussed in [19-22],
and one of them is presented in Fig. 1.6a. For examples of amplification in PIDA,
one can refer to [23]. Some auxiliary structures are adopted to adjust the friction
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force or inertial force to reduce the backlash in the “slip” period and enable the
vertical actuation of PSTA. For example, flexure hinge is applied to increase the
inertial force [24-26]. Originally an adjusting screw is adopted to make a small
deformation of the flexure hinge. This small deformation of flexure hinge generates
elastic potential energy which is released when PA retracts. The released elastic
potential energy produces a large inertial force which contributes to the decrease
of backlash. Examples of adjusting mechanisms in PFDA can be found in [27-35].
Examples of adjusting mechanisms in PIDA can be found in [36—40].

1.3.3 Actuators with Multi-DOF

Multi-DOF actuators are divided into those with parallel mechanisms and those
with serial mechanisms. Parallel mechanism means there is at least an end effector
performing two or more DOFs. Serial mechanism means all the end effectors of
multi-DOF actuators only perform one-DOF.

1.3.3.1 Multi-DOF Actuators with Parallel Mechanism

Among the actuators performing multi-DOF actuation, some end effectors of
actuators can realize multi-DOF movement similar to the parallel robot. These
kinds of multi-DOF actuators are called actuators with parallel mechanism, where
a coupling phenomenon between actuation of some DOFs may exist as shown in
Fig. 1.7. Multi-DOF PSTA with parallel mechanism can be found in [41] where
PSTA can perform three DOF actuation including two linear actuations and a
rotation actuation. Two linear actuations are called x-direction actuation and y-
direction actuation, respectively. There is coupling between x-direction actuation
and y-direction actuation. PFDA with parallel mechanism can be found in [42-46].
There is only one main object in PIDA which is recognized as the end effector.
According to this characteristic, PIDA with multi-DOF are all actuators with parallel
mechanism [9, 47, 48].

1.3.3.2 Multi-DOF Actuators with Serial Mechanism

If each end effector of actuators performs one-DOF actuation, the actuators are
called multi-DOF actuators with serial mechanism which can be seen in Fig. 1.8.
It means that there must be no coupling in this kind of actuators. Multi-DOF PFDA
with serial mechanism was proposed in [49] where PSTA can perform three DOF
actuations including two linear actuations and a rotation actuation. There are three
end effectors, and each of them is actuated by its own set of PAs. Each end effector
conducts one-DOF movement. PFDA with serial mechanism were also reported in
[26, 50-52]. This concept is not suitable for PIDA. Therefore, there is no serial
mechanism in PIDA.
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Fig. 1.7 Multi-PSTAs with parallel mechanism: (a) 2-DOF PFDAs with one vertical movement
and a rotational movement [46], (b) 3-DOF PFDAs with two horizontal movements and a rotational
movement [41], (¢) 3-DOF PIDAs with two horizontal movements and a rotational movement [48],
(d) 2-DOF PIDAs with one horizontal movement and a rotational movement [47]

1.4 Friction Model

The output displacement of PSTA is obtained by the change of friction force
between the driving object and slider. Friction, affected by many factors, such
as the relative sliding speed, acceleration, and displacement, is defined as the
tangential forces between two contact surfaces. To obtain precise displacements,
an appropriate friction model describing the characteristics of friction is critical.
The friction model in the literature can be characterized into two categories: static
friction model and dynamic friction model. The friction described in static friction
model is the function of the relative speed. The friction is the function of the relative
speed and displacement. Many frictional effects, including Column friction, viscous
friction, static force, stribeck friction, pre-sliding displacement, varying static force,
and frictional lag have been demonstrated which contribute to the accurate friction
modeling.
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Fig. 1.8 Multi-PFDAs with serial mechanism: (a) 3-DOF PFDAs including 3 linear movements
[26], (b) 3-DOF PFDAs including 2 linear movements and 1 rotational movement [49]

1.4.1 Static Friction Model

In the sixteenth century, Leonardo da Vinci proposed that the value of friction only
depends on the normal load, and the direction of the friction is opposite to that
of the direction of motion. Coulomb then presented the Column model based on
da Vinci’s conclusion. Figure 1.9a shows the characteristics of the Column model
which indicates friction force is not associated with the contact area. In this figure,
/. represents the column friction. This model cannot describe friction when the
relative speed is zero. A new model, called Column-+viscous model, was developed
via combining the Column model and the viscous model, as shown in Fig. 1.9b.
This model indicates that friction is associated with the value of relative speed.
However, this model also cannot describe the characteristics of friction when the
relative speed is zero. In [53], static friction is considered to be associated with the
external force when the relative speed is zero. It is experimentally demonstrated that
the external force to actuate the object from zero to a speed is larger than zero and
to keep the object sustained at this speed. Thus, the column friction is smaller than
the maximum static friction. The model, representing the combination of Column,
viscous, and static friction, is shown in Fig. 1.9c where f; represents the maximum
friction. Another typical model is demonstrated in Fig. 1.9d. In this model, friction
force decreases with the increase of speed at relatively low speeds [15], which
is defined as the stribeck effect. This model, integrating Column, viscous, static
friction, and stribeck effect, gives an accurate description of the characteristics
of friction at low speed and has been proven experimentally [54]. More detailed
discussion about other friction models can be found in [55]. In the static friction
model, it is widely believed that there is no relative movement between two contact
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Fig. 1.9 Four typical static friction models [55]

surfaces when it is at the static friction stage. Although the static friction model
can satisfy the requirements of many applications, it is not suitable for analyzing
the principle of PSTA which requires the analysis of dynamic friction effects such
as pre-sliding displacement, varying static force [56], and frictional lag [57]. Thus,
more complicated dynamic friction models are introduced.

1.4.2 Dynamic Friction Model

From a mechanics standpoint, tangential contact and normal contact are both
flexible by the external force. To accurately characterize the dynamic friction effect,
a number of dynamic friction models have been established.
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1.4.2.1 Dahl Model

Dahl model is the simplest dynamic friction model which is the basis for other
dynamic friction models. This model was proposed by Dahl [58, 59] after he
conducted frictional experiments. Dahl discovered that contact peak between two
contact surfaces results in a small flexible deformation, similar to that of a mechan-
ical spring. Dahl formulated differential equations to characterize the relationships
between displacement and friction before friction reached up to the maximum
friction, shown in Fig. 1.10. In this model, the tangential compliance concept is
utilized to introduce pre-sliding displacement, avoiding the discontinuity about the
status switching in the static friction models. Although this model can characterize
the pre-sliding displacement and the friction lag, the varying static force and the
stribeck effect cannot be described by this model. Thus, this model is not suitable
for the analysis of PSTA.

1.4.2.2 LuGre Model

In 1995, Canudas de Wit proposed the LuGre model which is based on the Dahl
model [57]. This model is an extension of the Dahl model and is based on the bristle
model [60]. The bristle model has an assumption that the contact surface is made
up of a large amount of bristle which deforms randomly. Different from the bristle
model which describes the random deformation of the bristle, the LuGre model is
based on the average deformation of the bristle, shown in Fig. 1.11. The average
deformation of the bristle is represented by the state variable z. The state-variable
equation is

— =v—-——2z|v] (1.1)
v
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Fig. 1.11 Bristle model

where g(v) describes the stribeck effect, and g(v) is

_ [=(vl/v9)?]
gv) = fo + G fi)e (1.2)

Friction is generated by the deformation of the bristle, which can be described as
a function of the average deformation of the bristle z and the relative speed v.

f=002+01£+021] (1.3)
dt
where o is stiffness of the bristle, 0| is the micro damping coefficient, o, is
the viscous friction coefficient, f; is the maximum static friction, f; is the column
friction, vy is the stribeck speed, and § is the empirical constant.

This model gives a comprehensive description of all friction effects including
column friction, viscous friction, static force, stribeck friction, pre-sliding displace-
ment, varying static force, and frictional lag. In addition, this model is continuous
and can describe different friction states smoothly and continuously. There are
six parameters in this model including two dynamic parameters and four static
parameters. Compared with the static parameters, the dynamic parameters are
difficult to be identified. In [61], the dissipation of this model was further analyzed.

1.4.2.3 Leuven Model

In [62], Swevers qualitatively compared simulation results based on the LuGre
model and measured results of the shaft’s pre-sliding motion of KUKA 361 IR.
The results indicate that the LuGre model cannot accurately characterize friction
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hysteresis. Thus, a more accurate model, called Leuven model, was developed by
Swevers. This model also adopts the average deformation of the bristle.

d F, F
@ =v|1—sgn a(2) 4@ " (1.4)
dt s(v) —Fy ) |s(v) — Fy
and friction is given
d
f=F@+ Ulzj + oo (1.5)

where n represents the coefficient describing the transition curve of different friction
states, s(v) represents the friction behavior at a constant speed, and s(v) is

s(v) = senv) (£ + (= f) ") (1.6)

Fn(z) is the hysteresis friction force which is a static nonlinear force having non-
local memory [15]. It consists of two parts.

Fi(z) = Fy + Fa(2) (1.7)

where Fj, represents the original position of the transition curve when the speed
reverses, and F4(z) represents the transition curve generated in a certain time.

The Leuven model is not only capable of providing a more accurate description
about the pre-sliding motion but also able to characterize the friction behavior
that the LuGre model describes. There are six parameters and three mechanisms
required to construct the Leuven model. In [63], a more detailed analysis and many
modifications of the Leuven model are given.

1.4.3 Summary

The static model is not suitable to analyze PSTA because it cannot describe the
pre-sliding motion, varying static friction, and friction lag. When the PA operates,
generated displacements are small which is typically at micro- and nanoscales. This
small displacement requires the concept of the bristle model for analysis. With the
large variation of the PA’s speed, the change of average deformation of the bristle
starts to have influence on friction. LuGre model and Leuven model are appropriate
for describing the friction behavior of PSTA. Although the Leuven model can give a
more precise description of the friction behavior than the LuGre model, the difficulty
of identifying six parameters and three mechanisms restricts its widespread use. The
LuGre model is widely used for analyzing the friction behavior in the PSTA because
it can provide a precise description of the friction behavior, and it is easier to be
realized [4, 26, 64].
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1.5 Driving Signals

In this section, different driving signals to actuate PSTA are introduced. As
mentioned above, an inertial force larger than maximum static friction force should
be obtained in order to achieve the “slip” period. To achieve the “stick” period,
the inertial force should be smaller than maximum static friction force. In view of
the change of inertial force during a cycle, the driving signal of PSTA should vary
correspondingly. There are three types of driving signals utilized to actuate PSTA.

1.5.1 Sawtooth Waveform Driving Signal

Sawtooth waveform is widely used in PSTA. Many studies have been conducted
on the sawtooth waveform to improve the performance of PSTA including step
size, speed, positioning accuracy, and repeatability [27, 65-67]. These sawtooth
waveforms can be classified into two types, including conventional sawtooth
waveform (CSW) and modified sawtooth waveform (MSW).

1.5.1.1 Conventional Sawtooth Waveform

CSW has a slow ramp followed by a rapid retraction as shown in Fig. 1.12a.
Anantheshwara et al. [67] studied a series of CSWs ranging from straight to
gradually concave. Few studies have studied convex sawtooth waveforms [66]. The
reason can be that a slower retraction where the turning point is not sharp and may
make the performance of PSTA worse. In [65] different CSWs from concave CSW
to straight CSW and all the way to convex CSW were studied. An unexpected result
was shown that the convex CSW performs better compared to the concave CSW

b4 I 1121
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Fig. 1.12 Sawtooth waveform: (a) Conventional sawtooth waveform. (b) Modified sawtooth
waveform
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and straight CSW for the shear piezoceramics which performs as the source of
mechanical energy. According to the simulation done in [65] with respect of the
creeping nature of shear piezoceramics, a steeper retraction is gained in the convex
CSW which can improve the performance of PSTA. Straight CSW and concave
CSW are more suitable than convex CSW for the piezo tube slider because the
creeping nature is comparatively small in the piezo tube slider.

1.5.1.2 Modified Sawtooth Waveform

Modifications have been made to CSW to enhance the performance of PSTA which
leads to the development of MSW as shown in Fig. 1.12b. These modifications are
described in [65] including a flat part of waveform right before retraction and a
certain time delay right after retraction. One of the MSWs is shown in Fig. 1.12b
where the straight ramp is followed by a flat segment of which time length is T1
before retraction and a time delay is T2 followed by the beginning of next period’s
straight ramp. These modifications are effective for shear piezoceramics as well as
for piezo tube sliders. However, not all the values of T1 are effective for enhancing
the performance of PSTA. The performance of PSTA becomes worse when T1 is
too larger. With the optimum value of T1, the forward speed of sliding piece does
not decrease significantly while the sliding piece of PA goes further forward with
a distance d;. When it retracts, the speed of sliding piece can generate a sufficient
inertial force. Compared with the conventional straight SCW the step size of the
MSW is larger. The forward speed of sliding piece decreases drastically which
cannot generate enough inertial force to obtain the “slip” period when T1 is too
large.

1.5.2 Square Waveform

Square waveform (SW) is a symmetrical driving signal as shown in Fig. 1.13. This
driving signal is usually employed in PSTA of Principle II. There are four steps in a
cycle of the square waveform driving signal.

Step 1: the square waveform signal is in the neutral state which generates no inertial
force.

Step 2: the square waveform signal zooms to a definite value which generates a large
inertial force.

Step 3: the square waveform signal remains unchanged which generates no inertial
force.

Step 4: there is a deep descent to zero in the square waveform signal which generates
a large inertial force in a reverse direction compared to that in step 2.

There are two large inertial forces which are reversed in a cycle of this signal.
However, only one large inertial force is needed in Principle II. This signal is
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Fig. 1.13 Square waveform: A
(a) one cycle, (b) continuous
step T

» time

Fig. 1.14 Cycloid waveform: A
(a) one cycle, (b) continuous
step

» time

not suitable for PSTA of Principle II which contains one piezoelectric actuator. In
fact, this signal is suitable for PSTA of Principle II including several piezoelectric
actuators where some piezoelectric actuators are employed to adjust the friction
force and some are employed to generate actuating movement [48].

Owning to the symmetry of the square waveform driving signal, the circuit is
easy to design. In addition, this driving signal can result in a large driving force.
However, this signal also can cause problems such as loud noises.

1.5.3 Cycloid Waveform (CW)

Cycloid waveform [68—70] driving signal is also a symmetrical signal as illustrated
in Fig. 1.14. This signal is usually employed to actuate vertical PSTA. This is
because the gravity of the end effector in vertical PSTA makes an impact on the
movement. In particular when the end effector moves upwards, the acceleration of
PA (a, <0) should satisfy —usF,—g < a,. When the end effector moves downwards,
the acceleration of PA (aq>0) should satisfy usF, — g > aq. Thus, different
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accelerations are required to obtain the desired movement of vertical PSTA’s end
effector. To obtain a desired step, only one of the inequalities should be satisfied
during each cycle of signal. If both of them are satisfied during one cycle of signal,
an erratic motion would appear. Hence, a sawtooth voltage is likely not suitable
for the actuation of vertical PSTA against gravity because a sawtooth signal can
lead to high accelerations of opposite amplitude at the turning points during each
cycle. To realize the actuation of vertical PSTA, a cycloid signal is designed which
is a signal with a quadratic time dependence. This cycloid signal can generate
enough high acceleration in one direction while the acceleration remains small in
the opposite direction. This performance can successfully actuate vertical PSTA
upwards. To move the vertical PSTA downwards, the polarity of this cycloid signal
can be inverted [31].

The cycloid signal is designed to actuate vertical PSTA which maintains the
simplicity of the mechanical structure of PSTA. The performance of PSTAs gained
by cycloid signal is high that nanoscale resolution can be obtained. However, the
cycloid signal complicates circuit design. High-voltage broadband amplifiers are
required to generate the cycloid signal [32].

1.6 Control Methods of PSTA

There are two modes of motion in PSTA [71] including stepping mode and scanning
mode. The stepping mode means that PSTA moves step by step with a high velocity
and high travel distance when the driving signal is applied to it repeatedly. The
resolution of this mode is restricted to one step. When the difference between the
actual position and target position is less than a step, the PSTA moves slowly until it
reaches the target position. This is known as the scanning mode and the resolution
of this mode is high. Therefore, two modes of control methods were developed
for the PSTA. One kind of control method is implemented in the stepping method
to achieve a high stroke positioning. Another kind is implemented in the scanning
mode to achieve fine positioning [72].

1.6.1 Fine Positioning Control

Control is implemented in the scanning mode to achieve a fine position. These
control methods are standard controllers such as PID, optimal controller, and robust
controllers. These control methods are closed-loop.
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1.6.2 High Stroke Positioning Control

This control is implemented in the stepping method. The open-loop control which is
based on step counting is not suitable for this control mode. The values of every step
are not identical with respect to the nonlinear phenomenon. In addition the external
disturbances can lead to errors. Thus, closed-loop control methods were developed.

1.6.2.1 Basic Control Method

This control method is illustrated by the basic instruments in programming. When
the resolution of sensor is better than a step, the basic instruments in programming
are as follows:

While |x. — x| > step Do apply a step End While

where x. means the target position, x means the actual position.

When the resolution of the sensor is worse than a step, changes must be made to
the algorithm in order to avoid oscillation. If the resolution is limited to the value of
n X step, it is

While |x. — x| > n x step Do apply n x step End While

This control method is easy to implement which can achieve the goal of reaching
the target position.

1.6.2.2 Dehybridization Control Method (DCM)

This control method, based on the hybrid model of the stick—slip system with
three discrete states and four continuous states, was proposed in [73]. The model
of this control method is described in Fig. 1.15. The idea is described as follows:

l
s

Fig. 1.15 Block diagram for the controller design via dehybridization [73]
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(1) At first a continuous time model is adopted to approximate this hybrid system
which is called dehybridization. (2) Then a standard continuous control method
is applied to design the controller. A procedure named model reduction procedure
was proposed which is related to the singular perturbation theory [74]. With the
assistance of this procedure all states including discrete states and fast continuous
states are eliminated. Because hybrid nature is removed in this procedure it is termed
dehybridization. There are some prerequisites for this procedure. One of them is that
there must be a repetitive mode in the hybrid system. However, the hybrid model of a
stick—slip system does not possess a repetitive mode. An inner switching controller
is applied to provide a repetitive mode to the hybrid model of stick—slip system.
Then on the basis of feedback linearization a standard continuous control method is
applied.

DCM includes three steps: (1) Providing a repetitive mode to hybrid system;
(2) Dehybridization of the resulting repetitive hybrid system; and (3) A standard
continuous control method is applied. By means of this control method there is
no need to separate two control modes (stepping and scanning) to reach the target
position. However, it is difficult to realize dehybridization. It is necessary to render a
repetitive mode with the hybrid mode of stick—slip system which makes this control
method more complex to implement.

1.6.2.3 Numerical Frequency Proportional Control Method (NFPCM)

The NFPCM was introduced in [75], the principle of which is described in Fig. 1.16.
There are two modes of motion discussed above in PSTA. However, in this control
method two modes of motion, stepping mode and scanning mode, are combined
together in a simple way. The position error is converted into the clock signal of
which the frequency is proportional to the position error. In accordance with the
sign of position error, output signal of the counter increases or decreases. Then this
signal is converted into the driving signal whose frequency is proportional to the
position error and amplitude is constant. When PSTA reaches the target position,
the frequency of driving signal is down to zero.
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Fig. 1.16 Principle scheme of numerical frequency proportional control
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Fig. 1.17 Principle scheme of U/f proportional control

1.6.2.4 Voltage/Frequency Proportional Control Method (V/FPCM)

This control method was proposed in [72] encompassing three existing controllers
which are sign controller, the frequency proportional controller, and the classical
proportional controller, respectively. Figure 1.17 illustrates the principle of this
control method. According to the proportional gains Ky, Kr and the absolute value
of error (X, — X), there are five cases during displacement. When absolute value of
the error (X, — X) is originally large, the values of voltage U and frequency f are
both set to the state of saturation. In this phase the speed is constant. When the
absolute value of the error (X, — X) becomes smaller, either the value of voltage U
or the value of frequency f is not set to the state of saturation. The obtained speed
in this phase is not constant which includes four cases.

There is a minimum voltage Uy in this control method. When the amplitude U
of the driving signal is below this minimum voltage Uy, there will be not enough
torque and the “slip” period of PSTA will not be realized. Besides this parameter
there is voltage saturation and frequency saturation in this control method to avoid
overvoltages and restrict the PSTA to operate inside the linear zone of frequency.
Two control modes (stepping and scanning) to reach the target position are not
separated. With the increment of K|, the static error is down to zero. When K,
increases, oscillation is generated. It is necessary to utilize a faster controller setup
to make the implementation of a higher K|, possible. In this control method, the static
error can be down to zero and the resolution can be higher than the senor resolution.
The characteristics of different control methods are summarized in Table 1.1.

1.7 Applications in Industry

By virtue of its advantages including high resolution and large travel distance, PSTA
is widely used in industry. This section discusses some of these examples.
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Table 1.1 Characteristics of different control methods

Two motion

Control | Have been | modes are

method | realized? separate? Complexity Resolution Static error

BCM Y Y Simple Limited to a /n step | 130 nm/10 um

DCM N N Complex Unknown Unknown

NFPCM |Y N A little complex | Limited to the Zero/50 nm
resolution of sensor

V/FPCM | Y N A little complex | Better than the Zero/10 pm
resolution of sensor

Fig. 1.18 PIShift drive designed by PI and the schematic of the PIShift

1.7.1 PhysikInstrumente (PI)

PI is a company that offers a broad portfolio of precision motion technologies
including PSTA. One of the PSTAs designed by PI is shown in Fig. 1.18. This
product is called PIShift drive which is on the basis of Principle II. Modified
sawtooth driving signal is applied to one PA. The speed can reach more than 5 mm/s
with a driving signal of above 20 kHz. This PSTA works silently at this high
frequency and is self-locking when at rest. It is space-saving with relatively high
holding forces of up to 10 N and has large travel distances.

1.7.2 SmarAct

SmarAct is a company that offers miniaturized positioners. The positioners offered
by SmarAct are all based on the stick—slip principle, almost all of which are based on
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Fig. 1.19 (a) Linear PSTA designed by SmacAct, (b) a complete system designed by SmacAct

Principle I. The typical product of SmarAct is linear PSTA called SLC-1720 (http://
www.smaract.de/) as shown in Fig. 1.19a. Their 7-DOF manipulator is a complete
system consisting of 6 SLC-1720s and a rotary PSAT as shown in Fig. 1.19b. SLC-
1720 is based on linear crossed-roller slides, and it is known for high rigidity and
straightness. Therefore, it is ideally suitable for micro- or nanopositioning. The
dimensions of SLC-1720 are 22 x 17 x 8.5 mm? and the weight of it is about 13 g.
It has a travel distance of 12 mm with a high resolution as much as 50 nm. The
maximum speed of SLC-1720 can reach 13 mm/s with a high frequency of driving
signal as much as 18.5 kHz. The 7-DOF manipulator is suitable for use inside the
chamber of scanning electron microscope (SEM) and focused ion beam (FIB).

1.7.3 KlockeNanotechnik

KlockeNanotechnik offers a nanomotor (http://www.nanomotor.de/) shown in
Fig. 1.20a to provide a linear motion driven by PA. It consists of a piezo tube,
a cylindrical housing, and a slider in which a free axial hole exits. This free
axial hole can be utilized to transport a tip, an electrode, or a microgripper. This
nanomotor takes advantage of the stick—slip principle, having a positioning stroke up
to centimeters with a maximum speed of up to 2 mm/s and a resolution down to the
atomic scale. The driving force against gravity can reach more than 25 g. The length
of it is half the size of a match stick shown in Fig. 1.20a. This nanomotor is suitable
for ultra-vacuum, low temperature, and even underwater applications. The 3-DOF
manipulator, shown in Fig. 1.20b, is one of the applications of the nanomotor. The
manipulator comprises a titling table and several nanomotors, including a central
nanomotor for z movement. A further advantage of this manipulator is that there is
thermal compensation for the central nanomotor when it points downwards. The tip
placed inside the titling table can be positioned in a range of 5 x 5 x 19 mm?.
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Fig. 1.20 (a) Nanomotor designed by KlockeNanotechnik, (b) a 3 DOF manipulator

Fig. 1.21 (a) MM3A-EM designed by KleindiekNanotechnik, (b) a system consisted of several
MM3A-Ems

1.7.4 KleindiekNanotechnik

Products designed by KleindiekNanotechnik (http://www.nanotechnik.com/mm3a-
em.html) are based on the stick—slip principle. One of their manipulators is MM3A-
EM. The dimensions of this manipulator are 60 x 22 x 25 mm? which are easy to be
integrated into electron microscopes. The manipulator consists of 3 PAs combined
by serial mechanism. The first 2-dimensional motions are rotary motion with a speed
of up to 10 mm/s and the resolutions of them are 5 nm and 3.5 nm, respectively. The
last dimensional motion is linear motion with a speed of up to 2 mm/s, of which
the resolution is 0.25 nm. The holding force of it can reach up to 1 N. The system
shown in Fig. 1.21b consists of multiple of these manipulators.
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O ¥

Fig. 1.22 (a) ANPx101 designed by Attocube System. (b) AttoMICROSCOPY designed by
Attocube System

1.7.5 Attocube System

The motion of PSTAs designed by Attocube System is reliable under environments
such as high magnetic fields, ultra-high vacuum, and cryogenic temperatures. One of
their typical PSTAs is ANPx 101 (http://www.attocube.com/) as shown in Fig. 1.22a.
The dimensions of this PSTA are 24 x 24 x 11 mm?® with a weight of 20 g. When
operating in the scanning mode, the scan range is 5 jum and the resolution can reach
up to sub-nanometer. When operating in the stepping mode, the travel distance can
be up to 5 mm with a minimum step size of 50 nm and a maximum speed of up
to 3 mm/s. Maximum working load of this PSTA can be 1 N. AttoMICROSCOPY
shown in Fig. 1.22b is a system that comprises multi-dimensional manipulators in
the chamber of a microscope to perform physical manipulation tasks.

1.8 Conclusion

This chapter provided an overview of actuators based on stick—slip principle and
piezoelectric actuators. The characteristics of different actuators based on stick-
slip principle are summarized in Table 1.2. This kind of actuators is known for
advantages of long travel distance and high resolution. Piezoelectric effect is the
source of mechanical force, and the combination of inertial force and friction force
is taken as the actuation force in PSTA. Existing PSTAs were categorized into
two groups with two specific principles, namely PFDA and PIDA. The difference
between the two groups is which type of force leads to the actual movement of the
end effector. The applications of PSTAs are discussed on the basis of the number
of DOFs, namely one-DOF actuators and multi-DOF actuators. Since conventional
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driving signals cannot meet the demand of actuation of different structures of
PSTAs and achieving high performance, different driving signals were presented.
The hysteresis of piezoelectric actuators and back-slash problem in PSTA affect
their performance. Therefore, control methods were discussed. In order to achieve
satisfactory performance, a number of issues must be considered For instance, the
influence that driving signal poses on the performance of PSTA should be studied.
Closed-loop control methods which are easy to implement should be explored to
eliminate the intrinsic errors effectively. The mechanical structure of PSTA should
be optimized including the improvement of auxiliary mechanisms to improve the
dynamic oscillation of PSTA. Finally the thermal effect of PAs should be considered
to reduce the adverse effect for the performance of PSTA.
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Chapter 2
Piezoelectric Motor Technology: A Review

Amro Shafik and Ridha Ben Mrad

Abstract Piezoelectric actuators are increasingly used in various nanopositioning
applications and emerging applications where miniaturization is important. This
is due to their unique characteristics including their very high accuracy and short
response time as compared to electromagnetic based motors and actuators and
higher output force compared to electrostatic actuators. Piezoelectric motors use
actuators that take advantage of the converse piezoelectric effect. In this chapter,
these motors are classified into quasistatic and ultrasonic motors (USMs) based
on their working frequency. Several designs from the literature and commercial
suppliers are reviewed and their characteristics are presented. Two examples of
piezoelectric motors are discussed in detail. These include a piezoworm stage and
a USM with segmented electrodes. Future development of these technologies is
also briefly discussed addressing issues such as increasing the output power, the
efficiency, and further miniaturization of these devices.

2.1 Introduction

There is an ever increasing need for ultra-precision positioning technologies.
These ultra-precision positioning technologies require actuators and motors with
nanometer accuracy and with ranges in the order of tens of millimeters. The need
is increasing in many fields including nano-metrology, biomedical and surgical
devices, NEMS and MEMS, micro and nanolithography and semi-conductor man-
ufacture, and adaptive optics [1-6]. Piezo technology is a class of actuation that is
capable of fulfilling this need.

Depending on the specific application area, motors are needed to have a number
of characteristics including small size, light weight, low noise levels, no electromag-
netic interference [7], high accuracy and precision, short response time, high output
force, simple design, and simple operation [8]. Motors and actuators can generally
be divided, depending on their working principle, into six main technologies:
electromagnetic, electrostatic, thermal, osmotic, electro-conjugate fluid (ECF), and
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piezoelectric actuators [8]. Electromagnetic (EM) motors and actuators produce
forces that typically rely on the interaction between a magnetic field that is induced
by a current in the stator coil and the rotor’s permanent magnets. These motors have
a high energy density, but unfavorable scaling laws hinder them from being minia-
turized, even to the millimeter size. Electrostatic actuators, like electromagnetic
actuators, use non-contact forces, which are produced by the interaction between
materials with different charges. Electrostatic actuators have excellent scalability
which makes them popular and widely used in microelectromechanical systems
(MEMS) [9]. However, there are some disadvantages that limit their use, such
as snapping down at the end of the output range, nonlinear output, sensitivity to
the environment (e.g., humidity and ambient gas content), and the output torque
or force for micro scale devices is typically limited to the pico scale. In thermal
actuators and motors, the driving force relies on the mechanical strain of the
material used. Amongst thermal actuators, shape memory alloys (SMA) have the
highest strain rates. They have a relatively good scalability and high output force but
suffer from relatively low response time and limited lifespan because of the plastic
strain that arises with repeated cycling. Osmotic actuators do not require electrical
input power. The driving force, in this case, is developed based on the increase
of the pressure in a vessel, which in turn leads to an expansion of a diaphragm.
This pressure is achieved by the osmotic effect that leads to a flow of liquid in
one direction across a semi-permeable diaphragm. These actuators are suitable for
microfluidics applications and are known to have a slow response time and are
characterized by complex designs and different problems related to fouling and
solute deposition. ECF motors and actuators produce force that is based on the
jetting of a fluid in an electric field. The jet rotates the motor by using vanes on the
rotor. This type of motors has good scalability and good output force up to sizes
of the order of 1 mm?>. Piezoelectric ultrasonic motors (USMs) are one class of
piezoelectric motors. They produce forces that rely on the converse piezoelectric
effect, which converts the electric input into a mechanical strain. This type can
produce useful forces in small-size actuators designed to operate at the resonant
frequency of the stator. Overall, USMs offer larger torque at smaller scales and
have the best potential for meeting the high performance requirements for small and
micro scale devices. USMs can generate torques two orders of magnitude larger
than other technologies at the micro scale [10]. Piezoelectric USMs as well as
other piezoelectric motor technologies are presented in detail in this chapter. These
motors use piezoelectric actuators that are typically incorporated inside mechanical
structures and are repeatedly excited to generate linear or rotary motion.
Piezoelectric motors rely on integrating piezo actuators that generally offer many
advantages such as large bandwidth, low thermal coefficients, high reliability, large
force, unlimited resolution (sub nanometer range), no magnetic field produced,
fast response (microsecond time constant), operation at cryogenic temperatures,
and they come at moderate prices compared to other actuators. Other charac-
teristics include displacements ranging from 0.001 to 0.002 of the piezo length
(0.1-0.2 %), and a maximum operating temperature near 300 °C for widely
used ceramics. However, they have some disadvantages including high voltage
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Fig. 2.1 Mechanical characteristics of (a) DC motors, (b) Ultrasonic motors

requirements (typically 100 V) increasing with the thickness of the actuator. Creep
and hysteresis nonlinearities at levels ranging from 15 to 20 % are also present in
these devices [11]. In addition, as all ceramics, piezoceramic actuators are brittle
and require special protection and packaging. Nevertheless, piezomotors compete
with magnetic motors when the requirements include small size, fast response, and
high accuracy.

A comparison between USMs and DC motors characteristics was made in [7].
As shown in Fig. 2.1a, the maximum efficiency of a DC motor occurs when the
output torque is minimum and the motor is operating close to the no-load speed.
On the other hand, as shown in Fig. 2.1b, the maximum efficiency of a USM
occurs at a higher torque and lower speed. Therefore, a USM is more suitable
for operation when the operating conditions call for high torque and low speed.
Another comparison between the two motors focused on their transient response
characteristics is shown in Fig. 2.2a [12]. It is evident that a USM can respond
faster than an electromagnetic motor with better transient characteristics. A third
comparison is made with respect to the miniaturization versus the efficiency of
both types of motors [13]. As shown in Fig. 2.2b, the efficiency of electromagnetic
motors (EM) declines rapidly when the diameter of the motor is below 10 mm.
However, the efficiency of USM changes smoothly. In addition, manufacturing of
electromagnetic motors in smaller sizes is difficult because their rotors need to be
surrounded by coils and their structures are more complex than that of a USM.
Hence, miniaturization of USMs is more achievable than that of electromagnetic
motors.

There are many other advantages of using piezoelectric USMs as compared to
DC motors. The USMs have torque densities three to ten times higher than standard
DC motors [8]. Therefore, smaller USMs can potentially replace DC motors and
still exhibit high torque outputs. Reduction in size and weight, simple structure,
and absence of gearing mechanisms lead to accurate positioning resolution, quick
response, excellent controllability, and hard braking. USMs can produce high
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holding torque even if no power is applied [14]. In addition, no magnetic or
radioactive fields are generated in USMs, and their effects are negligible on them.
The use of ultrasonic vibration leads to silent operation. The applications for USMs
include autofocus systems in cameras [7], micro-robots [8, 10], and micro-actuators
for catheters or tele-surgery operations [15].

Piezoelectricity was discovered by the Currie brothers in 1880 in materials like
Quartz and Rochelle salt. In the 1940s, the discovery of barium titanate (BaTiO3)
led to the beginning of an industrial era for piezoelectric actuator technology. Early
piezoelectric actuators and motors were mainly used in the 1960s in the watch
industry. In 1965, Lavrinenko developed the first ultrasonic piezomotor [16]. In
the 1970s, Siemens developed a step piezomotor [7], and in 1973, IBM developed
an ultrasonic piezomotor based on longitudinal vibrations of horns [17]. In 1980,
a Langevin vibrator was first used to excite the longitudinal vibration mode in
USMs [18]. A significant advance in piezomotor technology occurred in 1982
and 1983 when Sashida developed the standing wave and traveling wave USMs,
respectively [19, 20]. In 1985, Kumada developed a USM based on a hybrid type of
longitudinal and torsional vibrations that was driven by a single-phase signal [21]. In
1987, Panasonic developed a ring-type traveling wave ultrasonic piezomotor using
Sashida’s design [22]. In 1987, Shinsei© [7] was the first company to commercialize
USMs.

In this chapter, a detailed review of piezoelectric motor technology is presented.
The chapter is organized as follows. The basic working principles of various
piezomotors are discussed in Sect. 2.2. A comprehensive classification of the
piezomotor family is presented in Sect. 2.3. Several linear and rotary designs of
piezomotors are reviewed for quasistatic and ultrasonic types in Sects. 2.4 and
2.5, respectively. Examples of piezomotors are presented in Sect. 2.6, and future
developments are listed in Sect. 2.7.
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2.2 The Piezoelectric Effects

Piezoelectric materials are known to have two effects. The direct piezoelectric effect
is the ability of the piezoelectric material to generate an electric charge when it is
subject to a mechanical stress. The converse piezoelectric effect is the ability of the
material to generate stress when it is subject to an electric field. The direct effect
is utilized mainly in sensors, while the converse effect is utilized in actuators. The
working principle of piezomotors is based on the converse piezoelectric effect which
is based on having one or more piezoelectric actuators integrated into a mechanical
structure. These piezoelectric actuators are powered leading to generating a strain
in the piezo material.

The output strain in piezoelectric actuators is very limited, about 0.1-0.2 % of the
length of these actuators. Therefore, in various applications and in order to achieve
a useful strain, the initial strain is amplified by using amplifying mechanisms or by
simply repeating the small steps of the piezoelectric actuator at a high frequency
leading to macroscopic motion. This latter approach is typically the case with
USMs where the piezoelectric motors are excited repeatedly at one of their resonant
frequencies. Compliant structures are often used as amplifying mechanisms and
ways to channel the strain to the load especially when the motors are operating
at high frequencies and this leads to high precision due to the absence of backlash
and ease in miniaturization since typically there are no moving parts incorporated
into the structure of the motor except for the rotor or moving load.

2.3 Classification of Piezomotors

Piezomotors are classified in the literature according to a number of criteria
including the wave propagation method, the output motion and its direction, the
geometric shape of the stator, and the vibration modes used and their combinations
[8, 14, 15, 23, 24]. The most common classification is based on the driving wave
generation method. Zhao [7] added additional features such as the contact status
between the stator and rotor, the nature of the excitation of the stator by the
piezoelectric actuators (resonant versus non-resonant), the direction of the operating
mode (in-plane versus out-plane), and the number of degrees of freedom of the rotor.

Piezomotors are classified in this report according to the motion type into linear
and rotary motors, and according to the input frequency into quasistatic, in which
the input frequency is relatively low and does not correspond to any of the resonant
frequencies of the motor, and ultrasonic, in which the frequency is above 20 kHz and
the excitation frequency often corresponds to a resonant frequency of the motor.
Quasistatic motors, in turn, are classified into inertial and stepping types based
on their principle of operation. The USM family is subdivided into a number of
subfamilies. Contact and non-contact types USMs. In the contact type, the stator
and rotor are in contact by means of a friction material that transfers the vibration
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of the stator to the rotor. The non-contact type uses a fluidic medium instead of
a friction material. USMs can be also categorized into micro motors, in which
the size is few millimeters and smaller, and macro motors, which are larger than
three millimeters. USMs can be labeled based on the stator shape and construction,
direction of rotation, number of driving piezo actuators, type of exciting vibration
signal, type of generated driving wave, form of piezo elements, and piezo material
used. This entire taxonomy is shown in Fig. 2.3.

2.4 Quasistatic Motors

Quasistatic motors are a type of piezomotors that work with an input voltage at
a frequency lower than any of the resonant frequencies of the motor. Quasistatic
motors are classified into stepping and inertial types based on their principle of
operation. Most of the quasistatic motors are of the stepping type. In this section,
both types are discussed for both linear and rotary type configurations.

In the stepping types, the motor consists of several piezo actuators that are
integrated within a mechanical structure in a way to generate motion by a sequence
of expand—contract and/or clamp—unclamp cycles. In the inertial types, the motor
works mainly based on the inertia of a moving mass which is connected to a metal
shaft which in turn is attached to a piezo actuator. Generally, quasistatic motors have
higher resolution and force but lower speed than USMs.
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2.4.1 Linear Quasistatic Motors

Inchworm Motors The most common and simplest type of quasistatic motors is
the inchworm motor [25-27]. These motors consist typically of three piezoelectric
actuators; two are used for clamping and one for extension to generate the desired
motion of the load. The inchworm uses a sequential clamping mechanism to inch to
the required position (see Fig. 2.4). Several designs based on the same principle with
a number of variations have been proposed [28-30]. One of them is the caterpillar
motor [31] in which five piezoelectric actuators are used instead of three to provide
extra clamping and extension in order to have a continuous motion (i.e., smoother
motion). The caterpillar motor is more complex than the three-actuator based
inchworm. Inchworm motors are typically pursued when nanometers accuracy is
required [32].

Walking Motors As the name implies, the walking motor uses two or more sets of
piezoelectric actuators for enabling the motion steps or walks. The arrangement of
actuators makes one actuator or set of actuators used for clamping while the other
set is used to move the rail [33]. In the PiezoWalk Drive®, the system is composed
of two sets of piezoelectric actuators and two legs for pushing the moving element.
Each set consists of two multilayer piezo stack actuators. One set is responsible
for pushing the legs to enable motion, and the other set is used for engaging and
disengaging the legs. One step of the drive piezos moves the runner up to 15 pm.
Subsequently, the other clamp engages with the other leg to enable a continuous
motion [34].

The PiezoWalk” (produced by Physik Instrumente [35]) and the Piezo LEGS(R)
(produced by Piezomotor AB [36]) work based on the same stepping principle but
they use different arrangements. In the PiezoWalk” motor [35], the clamping and
feeding actions are achieved by longitudinal and shear actuators contained in four
legs. The legs are working in pairs for the clamping and the feeding motion. In
the Piezo LEGS”, the motor also has four legs, but each of them is a piezoelectric
bimorph actuator [37]. The principle of operation is as follows: at the beginning of
the cycle, all legs are elongated and thus bend. Then, the first pair of legs moves
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towards the right while maintaining contact with the runner while the second pair
retracts and moves to left. The second pair then extends to contact the runner and
pushes it to the right while the first pair retracts and moves to the left. And the cycle
continues [36].

Inertial Motors Inertial motors are composed of a single piezo actuator, a moving
mass, and a drive shaft. This type is classified as a quasistatic motor [24], even
though its operating frequency can reach up to 20 kHz. The basic idea of the
inertial piezomotors is that when the piezo actuator expands and contracts at a
low acceleration, the moving mass and the shaft move together because of friction,
and when the piezo expands and contracts at a high acceleration, the inertia
of the moving mass makes it slide on the shaft. The low acceleration mode is
achieved by increasing the input voltage slowly while the high acceleration mode
is accomplished by decreasing the voltage rapidly. This can be done if the piezo
actuator is controlled with a modified sawtooth voltage waveform. Reversing the
motion is easily obtained if the waveform is mirrored. An example of an inertial-
type piezomotor is the one used in the anti-shaking mechanism in cameras made
by Konica Minolta”. The PIShift” inertia drive [35] is an example of a commercial
inertial piezomotor. The actuator expands slowly taking along the runner, but when
it contracts rapidly, the runner cannot follow due to its inertia, as shown in Fig. 2.5.
The main drawback of this motor is the high wear rate that is caused by the sliding
friction.

Typical quasistatic motors incorporate several piezoelectric actuators except the
inertial piezomotors. Quasistatic motors are better than USMs in terms of control,
because both the amplitude of the driving signal and the frequency can be controlled
to achieve a desired performance. These motors also offer higher resolution and

Moving
part

Drive shaft
Piezoelectric
actuator

Dynamic
| friction

Retracting

Input Voltage
waveform

| Static
Extending » slow friction

Fig. 2.5 Inertial piezomotors (PIShift” operating principle)
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Table 2.1 Commercial linear quasistatic piezomotors and some of their key specifications

Speed | Accuracy | Range

Product Manufacturer Concept | Force (N) | (mm/s) |(nm) (mm)
Inchworm” EXFO Burleigh Stepping 10 1.5 4 50
PiezoWalk® Physik Instrumente | Stepping | 10 20 20 30
Piezo LEGS(r)” | PiezoMotor AB Stepping | 450 0.3 <1 20
PIShift~ Physik Instrumente | Inertial 10 10 <1 26

force than USMs. Increasing the number of actuators integrated into the motor can
make the motion smoother but this comes at an increased complexity and cost. A list
of commercial quasistatic motors is shown in Table 2.1.

2.4.2 Rotary Quasistatic Motors

Inchworm Motors The development on this type of motors has not been pursued
as much as that of linear inchworm motors. In the case of rotary motors, most of
the attention has been directed towards rotary USMs. The rotary inchworm motors
are well suited as rotary positioners in applications requiring high accuracy and
resolution.

The operating principle for linear and rotary inchworms is the same. The rotary
type has typically two sets of clamps and a mechanism to rotate the motor by
stepping action. One clamp is fixed to the stator (the stationary part of the motor) and
the other clamp is attached to the rotor (the rotating mechanism). Rotary inchworm
piezomotors can be grouped into three types; disc motors—clamp on face of the disc
[38, 39], drum motors—clamp on inside diameter of drum [40], and shaft motors—
clamp on outside diameter of shaft [41, 42].

Various approaches have been used for the clamping and rotation mechanisms.
The rotation mechanism can be achieved by using a torsional piezo actuator [39]
or by using a linear actuator and a flexure to convert the output linear motion into
rotational motion [38, 40, 41]. The problem with using a torsional actuator is the
likelihood of failure of the piezo material since it is subject to a direct shear load.
The use of flexures protects the piezo and provides a constant preload that keeps it
in compression, but this comes at the expense of an increased size and complexity
of the motor [43-45]. Regarding the clamping mechanisms, the clamps used in the
disc and drum motors are flexures driven by linear actuators [38, 40, 41]. In shaft
motors, the clamps are in the form of tubular piezo elements that directly clamp the
shaft. A drawback of this latter type of clamps is the high wear and the likelihood
of failure due to shear forces [42]. Thus, the use of flexures with linear actuators is
preferred for clamping and rotation mechanisms [25].

The selection of the inchworm type to use depends on the application require-
ments. By comparing the three types of rotary inchworms listed above leads to the
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following: The shaft motors have a better response time than the disc and drum
motors because of the lower inertia and their relatively small size. The shaft motors
though provide a smaller torque than the other types. This is so because the torque is
directly proportional to the clamping radius. The clamping radius being the distance
from the axis of rotation to the clamp point. They also have a large step size since
the step size is inversely proportional to the clamping radius. This implies that shaft
motors can reach higher speeds but at the expense of resolution. Therefore, for
applications requiring high torque and resolution, the disc or drum motors are the
better choices. If speed is the main criterion, then the shaft motor is a better option.

Stepping Motors Rotary stepping motors work based on the same principle as the
linear ones. PiezoMotor AB offers a rotary Piezo LEGS motor. The smallest of these
motors has a 17 mm diameter, a stall torque of 30 mNm, an angular speed of up to
28 rev/min, and an angular resolution of 0.1 prad.

2.5 Ultrasonic Motors

USMs are piezomotors that operate based on an input voltage in the ultrasonic
frequency range (usually above 20 kHz) and with the input signal frequency
corresponding to one or more of the resonant frequencies of the motor. USMs come
in different sizes (i.e., micro versus macro) and can be classified into contact and
non-contact motors. In this section, all types are discussed for both linear and rotary
motion.

2.5.1 Working Principle

The theory of operation of piezoelectric USMs is based on the converse piezoelectric
effect. This concept is applied to convert the input voltage to the piezoelectric
ceramic stator into resonant vibrations at a high frequency in the range of 20 kHz—
10 MHz, leading to a linear or rotary motion transmitted to the rotor often through
friction between the rotor and stator [24]. Thus, the working principle of USMs
consists of a two-step process:

1. Electrical energy is converted into mechanical vibrations in the stator, which
includes the piezoelectric elements, leading to mechanical vibrations at ultra-
sonic frequencies.

2. At the stator-rotor interface, the high frequency vibrations of the stator are
transformed into macroscopic rotor motion (translation or rotation) by means
of frictional forces between stator and rotor.

A functional block diagram for rotary USM is shown in Fig. 2.6.
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Fig. 2.6 Functional block diagram for USMs

A key aspect in producing the motion of the motor from the vibrating stator is
how to generate a stator tip motion and subsequently how to transmit it to the rotor.
The friction coupling that often incorporates an initial preload force between stator
and rotor ensures that the stator and rotor are constantly in contact and that the
output is repeatable every stator cycle. The preload is a normal force applied to the
rotor towards the stator. Because of the simplicity of USMs, a widely used motor
control method based is pulse width modulation (PWM) [15].

2.5.2 Linear Ultrasonic Motors

A number of designs have been presented by various research groups and industry.
The most prominent of which are listed below.

Elliptical Push Motor The elliptical push motor is a single actuator USM that
uses geometric coupling of two eigenmodes; the longitudinal vibration mode and
the bending mode (1L2B), to produce elliptical motion at the drive tip of the
piezoelectric actuator. This arrangement has been used in the Paderborn rowing
motor [46] and commercialized by Nanomotion [47] in their HR series. This motor
consists of a rectangular piezoelectric plate and four electrodes. It works by exciting
the motor at the resonant frequencies of the piezo plate. The advantage of this
design is that it eliminates the need for frequency coupling of the two modes
and it uses only one amplifier. However, its main problem is that it is difficult to
increase the mechanical power developed by the actuator by increasing the size
of the piezoelectric plate because the power is directly proportional to the square
of the frequency, and the resonant frequencies decrease as the size of the piezo
increases [48].

Traveling Wave Motor Traveling wave motors, also known as propagating wave
motors, work by exciting piezoceramics that are attached to the stator to generate
two resonant standing waves with a phase shift of 90°. This results in an elliptical
motion at the surface of the stator, which causes the rotor to move with a speed
determined by the horizontal component of the speed [49]. Traveling wave motors
are usually configured for rotary motor applications (to be discussed in Sect. 2.5.3)
as a circular path is needed for the wave to travel. Examples for linear traveling wave
motors are also available such as the ring and vibrator motors that were developed
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by Sashida [49] in 1982. The main drawback of this motor is the low efficiency
(theoretically less than 50 % due to the requirement of two drive signals to generate
the traveling wave).

-Shaped Motor Uchino and Ohnishi [33] presented the -shaped motor. The
stator has fork-shaped metallic legs and is driven by either one or two multilayer
piezoelectric actuators. A slight difference in the bending mode resonant frequency
of the two legs creates a phase shift between them and allows the motor to move the
rail with a walking motion like a trotting horse. The motor design has two actuators
at two corners of the y-shaped frame and is driven by a propagating wave. This is
achieved by driving the two piezo actuators with a 90° phase difference.

E3; Linear Motor An elliptical motion at the drive tip is used to drive a load and
can be achieved by different concepts and arrangements. Elliptical push motors
(discussed previously) use the 1L2B vibration mode, which is accomplished by
exciting simultaneously two different eigenmodes (longitudinal and bending) on a
piezoelectric plate. Physik Instrumente utilizes the E(3,1), or simply Ej3;, vibration
mode to a single actuator to create an elliptical motion at the drive tip. The Ej;
vibration mode is a two-dimensional standing extensional wave mode in which
the x-component is at the third vibration mode and the y-component is at the
first vibration mode. To achieve this vibration mode, the dimensions of the piezo
plate should be such that the X:Z (length-to-height) ratio is around 2:1. The motor
consists only of a piezo plate with two electrodes at the front side and one common
electrode at the back. The motor works in one direction by using one of the front
electrodes to apply a potential across the piezo and changes its direction by using
only the other electrode to apply the potential. Some of its advantages include
simplicity, the highest efficiency amongst linear piezomotors, and scalability [48].
The current specifications of the PILine’ ultrasonic piezomotors [35] are: velocity
up to 500 mm/s, holding force up to 15 N, and resolution of 2 nm.

Nanomeotor The Nanomotor [50] is a concept developed by Klocke Nanotechnik
[51] which uses one piezo tube. For fine positioning, the extension is carefully
controlled by the piezo tube, but for coarse positioning the piezo is excited with
an ultrasonic pulse wave. The main specifications include a speed up to 5 mm/s,
driving force of 0.25 N, 10 mm positioning stroke, 20 nm/V fine positioning stroke,
and atomic resolution.

2.5.3 Rotary Ultrasonic Motors

Rotary USMs can be classified according to the type of the wave that is used to
excite the piezoelectric material into two types, standing wave type [52, 53] and
traveling (or propagating) wave type [54-56]. Traveling wave motors are the most
common type [57]. The traveling waves are generated by combining two standing
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waves at the same frequency and amplitude but with a phase difference of 90°. This
leads to the formation of an elliptical motion at the interface of the stator and the
rotor. A comparison of the two types of USMs is shown in Table 2.2.

Another classification of USMs can be done according to their assembly method,
or the operating mode of the piezoceramic material, commonly using PZT (lead
zirconate titanate) as in [58]. Motors can be classified into bonded type [59] and
bolt-clamped type [52, 56]. The latter type gives higher efficiency and output power
than the former one. This is due to the adoption of the ds3 mode of PZT in bolt-
clamped type motors, which have higher transfer efficiency than the d3; mode
typically used in bonded type motors [56, 60]. In the bonded type, the stator is
constructed by gluing PZT ceramic to elastic metal blocks with conductive adhesive.
This construction leads to low torque and low efficiency [61] due largely to the
lower electromechanical coupling factor of the d3; mode of PZT, the PZT and the
adhesive layer fatigue under the intense vibration, and the difference in the vibration
amplitudes of the axial bending mode in axial and circumferential directions. Bolt-
clamped [52] or sandwich-type transducers [57, 61] are thus preferred if the above
listed issues are of concern. However, bolt-clamped motors have issues related to the
high energy consumption. In a number of designs, Langevin-type transducers [54,
59] have been adopted because of their excellent energy efficiency, stability, large
output torque, high reliability, and good environment adaptability [58]. Langevin
transducers [62, 63] are piezo-based transducers that convert electrical energy to
ultrasonic mechanical vibrations with amplified amplitude. The use of Langevin
transducers in USMs resulted in better characteristics and opened new application
areas including aeronautics and astronautics [59]. A review of different macro-
USMs is shown in Table 2.3.

A number of rotary designs have been proposed. They include the following.

Wedge and Traveling Wave The wedge and the traveling wave types are two of the
most prominent designs of rotary USMs designed by Sashida [4]. In the wedge type
motor, a Langevin vibrator is used to produce an amplified ultrasonic wave, which
is used to create elliptical motion at the tip of one or more wedges. The wedge is
pushed against a disc to convert the tip elliptical motion to a continuous motion.
This motor could achieve speeds up to 3000 rpm but suffers from rapid wear. The
traveling wave motor does not have the same wear issue. The operation is the same
as for the linear traveling wave motor which was described in Sect. 2.5.2. This motor
is commercially being used in the auto focus system of the Canon cameras. It is more
compact than traditional motors, has a fast response time, and silent operation.

Twist Connector The twist connector motor uses two vibration modes, longitu-
dinal and torsional. It is called also the mode conversion type motor [23] because
the stator converts the longitudinal vibration that is produced by the piezoelectric
disks to a torsional vibration by an elastic torsion coupler. While this motor is more
complex, it has the advantage of higher power density.

Elliptical Push This type of motor uses the same principle as the linear elliptical
push motors except that the slider is circular instead of being linear [34]. Anorad
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Table 2.4 Commercial rotary ultrasonic piezomotors and their specifications

Torque | Speed

Product | Manufacturer Concept | (mNm) | (rpm) | Accuracy | Weight (g)
PILine” Physik Instrumente | Standing | 50 180 35 prad 300
USR30 | Shinsei Motors Traveling | 50 300 - 17

Fig. 2.7 Driving mechanism
of non-contact USMs

< —Motion direction of rotor

0 Rotor
= Motion direction of fluid

h ;:;;~0_'__#___-«* " Direction of traveling wave

commercialized a motor based on this concept and claims an accuracy of 3 arcsec,
a significant improvement over conventional technologies.

Specifications of two commercial rotary USM produced by two leading compa-
nies in the field, Physik Instrumente and Shinsei Motors, are shown in Table 2.4.

Miniaturizing USMs to milli/micro scale is an ongoing field of research [8, 10,
64, 65]. There are two development directions in the field of micro USMs: 1. Using
small bulk piezo elements [64], or 2. Using piezoelectric thin film technology [43].
In [64, 65], bulk Lead-Zirconate-Titinate (PZT) [64] was compared to a stator
transducer fabricated using PZT thin film [65]. The results showed that the bulk
PZT transducer gives more than thirty times larger output torque. The piezoelectric
factor e;; was used to compare both designs as they used a tube transducer. The
output torque is directly proportional to the e3; value. The e3; piezoelectric constant
had a higher value in PZT bulk transducers (—4.1 C/m?) as compared to that of PZT
thin film (—0.19 C/m?). The bulk PZT based ultrasonic micro motor provides a max
speed of 650 rpm and a maximum torque of 0.22 mNm at a 100 V,, input voltage
and a 85 kHz driving frequency. The maximum torque produced by the PZT thin
film based motor [65] is only 7 WNm.

Non-contact USMs form another research area in the USMs field. Contact USMs
use the friction between the stator and rotor to transfer the motion from one to the
other which leads to heat generation, lower efficiencies, and shorter life span. When
high rotational speeds are needed, the use of solid—fluid—solid driving mechanisms
instead of the solid—solid interface used in contact type motors was investigated [7].
When using the solid—fluid—solid mechanism, the torque is transferred to the rotor
through a fluid contained in the gap between the stator and rotor leading to the
rotor rotation in the direction of the traveling wave as shown in Fig. 2.7. The main
features of the non-contact USMs are: there are no friction losses as in contact type
motors, longer life spans, higher velocities can be achieved, and smaller torques are
produced. These features make this type of USMs suitable for applications that need
higher velocity and smaller torque as shown in Fig. 2.8.
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Fig. 2.8 Contact versus non-contact USMs characteristics

Increasing the stator vibration velocity and utilizing the axial resonance of the
gap between the rotor and the stator can lead to an increase in the revolution speed
[66]. Other features can also lead to an enhanced performance such as adding an
acoustic reflector over the rotor can increase the maximum speed 1.4 times because
of the existence of two air gaps, the gap between the stator and rotor and the gap
between the rotor and the reflector. By using a double-disk rotor with a small air gap
(0.8 mm) between the rotors, in addition to a reflector, can increase the speed by a
1.6 factor [67]. By using this latter arrangement, a speed of 2000 rpm was achieved
with a very low driving voltage of 3 V [68]. The non-contact type of USMs have
not been commercialized yet. A summary of the characteristics of a number of non-
contact USMs is shown in Table 2.5.

2.6 Case Studies

In this section, we present two case studies as a part of research conducted at the
Mechatronics and Microsystems Design Laboratory at the University of Toronto.
The first case presents an Inchworm (called “Piezoworm”) stage design [32], as an
example of a quasistatic piezomotor. The second case presents a Linear E3; motor
with segmented electrodes [69], as an example of an ultrasonic piezomotor.

2.6.1 Piezoworm Stage

A compact clamp piezoworm stage is integrated into a two-axis positioning system
to be used for tracking profiles with nanometer accuracy. To avoid the backlash
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Piezoworm
actuato

Fig. 2.9 Piezoworm design (a) Stage prototype along one axis, (b) Piezoworm motor
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Fig. 2.10 Clamp configurations (a) NC clamp, (b) NU clamp

problem and for high precision alignment, a direct connection is designed to connect
the stage to a commercial slide. Prototypes of the piezoworm stage and motor are
shown in Fig. 2.9.

The piezoworm stage consists of a piezoworm motor, a crossed-roller slide, and a
10 nm resolution encoder, all mounted on a small square base plate of 120 x 120 mm
dimensions [32]. The piezoworm actuator dimensions are 27 x 43 x 25 mm. It has
two clamps, the normally clamped (NC) clamp, which grips at zero voltage, and the
normally unclamped (NU) clamp, which grips when voltage is applied. The clamps
are connected to a middle section by extension flexures which work as return springs
to preload and protect the piezo stacks. The piezo stacks for both clamps are made
of PZT Navy type II which offers good free expansion and high stiffness. Friction
surfaces are covered by ceramic strips to reduce wear. The clamp configurations are
shown in Fig. 2.10. The flexures are almost the same for both clamps and the only
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difference is the bottom hole, which is a tapped hole for a set screw in the NC clamp,
and a through hole in the NU clamp. This has been made for adjusting the set screw
to preload the piezo stacks. When piezo stacks are energized, they expand and push
the clamping surface towards the slide in the NU clamp, and away from the slide in
the NC clamp.

The piezoworm stage with the closed loop control showed its efficacy with
average positioning accuracy of +20 nm and an average error in tracking appli-
cations when connected to a two-axis stage of 8§ nm, 1.72 wm, and 1.85 pm, in the
nanometer, micrometer, and millimeter regimes, respectively [32].

2.6.2 Linear E;; Motor with Segmented Electrodes

This motor was developed in order to solve the dead zone problem of ultrasonic
piezomotors and to design a linear USM to integrate into a meso-Milling machine
tool. The dead zone problem is that the output force and speed of USMs are coupled
and the only control parameter is the amplitude of the input voltage.

The motor has been designed based on the E3; vibration mode. E3; is a planar
standing wave mode and 3 and 1 represent the number of half-wave lengths
along the x-axis and the y-axis, respectively. Figure 2.11 shows that the maximum
displacement occurs at the drive tip location.

Stator dimensions were selected based on the aspect ratio of the E3;; mode
requirements to be 60 x 30 x 9 mm. The material used is PZT (Navy Type II), and
supports are added as shown in Fig. 2.12 [69].

Electrodes were arranged to apply a new segmented electrode concept [69]. The
back surface of the motor has one common drain electrode. The front surface has
multiple electrodes with different dimensions (as shown in Fig. 2.13). Based on
the fact that when the active electrode length changes, the output speed and force
change accordingly, the motor was tested with different active electrode lengths
to decouple the output force and speed. Figure 2.13 shows simulated performance
curves showing speed versus electrode size and force versus electrode size. The
figure clearly shows a region where low speed and high force are feasible.

Fig. 2.11 Simulation of
vertical displacement of the
Ej3; vibration mode by
ANSYS FE Software
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Fig. 2.12 Model of the piezo
plate with drive-tip and
simplified support structure
and slider
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Fig. 2.13 Simulated USM performance vs. active electrode length

The experimental performance characteristics of the motor with 200 Vp and
at a 70 N preload are a maximum speed of 0.223 m/s and a maximum thrust of
36 N. The smallest achievable step in open-loop was 9 nm with an 18 s impulse.
Moreover, the proposed design allowed the speed to vary while keeping the thrust
force relatively constant.
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2.7 Future Developments

Increasing the output power, the efficiency, and miniaturization of USMs continue
to be the main areas of current research in this field. Different ideas have been
investigated for increasing the output torque. Li et al. [70] improved the torque and
torque density by sandwiching the stator with two piezoceramic layers bonded to
its upper and lower surfaces and by adding two disc rotors. The stator has teeth on
both sides. This design is capable of producing two times the torque generated by
conventional USMs (i.e., with only one piezoceramic) using the same piezoelectric
material and dimensions. Lu et al. [71] proposed using shear-type piezoceramics and
utilizing the d;5 piezoelectric mode for vibration excitation of the stator instead of
the d3; and ds3 modes because of its higher values (as shown in Table 2.6). However,
the fabrication process of piezoceramics operating in the d;s mode is more complex
because the electrode surfaces that are used for polarization are different from those
used for excitation.

_ Protor

P stator

To improve the characteristics of the motor and its efficiency, a number of key
issues need to be considered: selection of vibration modes and the consistency of
the modal frequencies being used to generate the motion, the placement of the
piezoelectric ceramic and the supporting plane, setting of the preload, and any
influence from interfering modes [72]. One of the main issues associated with
efficiency degradation is heat generation due to friction between the stator and rotor.
Adding a preload, for instance, increases the efficiency of conversion from the stator
to the rotor but it also increases the heat produced. A solution to this problem
was proposed in [73] by selecting a proper lubricant. The efficiency becomes
then dependent on the static preload and the lubricant type used. The maximum
torque and efficiency show a linear relationship with the static preload [73]. Proper
selection of the friction material can also improve the efficiency and the output
power [15]. For instance, selection of PPS (Ryton) as a friction material can increase
the power output and efficiency of the Shinsei USM motor (USR 30) to 7 W and
23 %, instead of 1 W and less than 5 %, respectively, obtained when PAMXD6
material is used instead. These developments clearly encourage other researchers to
continue to investigate new friction materials for better output characteristics.

Table 2.6 lf’iez?"/leﬁ;?c Categories | PZT-4 | PZT-SA |PZT-SH | PZT-8
constant vajues for different Name 110 | 200-HD | 610-HD | 300-HD
materials [71]
ds3s (PC/N) | 360 | 400 750 235
ds (pC/N) | —150 | —190 | —380 | —100
dis PC/N) | 520 | 550 920 390

The efficiency of USMs is defined as the ratio of the
power transferred to the rotor to the stator power output
[76]
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Solutions to the temperature rise and heat transfer problems [14] are presented
in [15] and [23]. The stator was mounted on a radiator to solve issues caused by
temperature rise. In addition, decreasing the working temperature could be achieved
by utilization of higher quality friction materials [23]. Another solution suggested by
[15] is to use anti-resonant frequency instead of fundamental resonance frequency,
which gives a higher mechanical quality factor and the same mechanical vibration
level without generating heat. By applying this solution, conventional inexpensive
power supply can be used, because of the need for high voltage and low current
drivers, since the admittance is very low for anti-resonance state.

The future trend is still further miniaturization [23, 24, 71]. The main objective
of many development works is to produce a compact, inexpensive USM, with
higher power values and acceptable efficiency. Another challenge is to address the
stator/motor contact problem and associated wear issues [14] and to enhance the
understanding of the dynamics between the stator and rotor.
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Chapter 3
Mechanical Design of High-Speed
Nanopositioning Systems

Yuen Kuan Yong and Kam K. Leang

Abstract The performance of a nanopositioning system is tightly coupled to the
quality of the mechanical design. Good mechanical design will minimize most
position errors and improve overall accuracy and performance. Poor mechanical
design, on the other hand, can lead to more errors than the issues associated
with the electronics, control system, and other components. In this chapter, an
overview of mechanical design is presented, where the emphasis on flexure-guided
nanopositioning stages for high-speed nanopositioning. The discussions will focus
on systems driven by piezoelectric actuators such as plate-stacks, which are readily
available from a number of commercial suppliers. Design examples of parallel- and
serial-kinematic scanners are presented to illustrate the design process.

3.1 Introduction

Nanopositioners are positioning devices that capable of providing motions with
nanometer resolution. Nanopositioning systems have become the key enabling
tools for precision motion applications in the fields of micro and nanotechnology
[20, 104]. For example, the piezoelectric tube scanner (one type of nanopositioner)
has helped to create one of the most versatile tools in nanotechnology—the atomic
force microscope (AFM) [10, 11]. Since its invention, the AFM has brought about
significant advances in many scientific and industrial fields including life sciences
[6, 90], semiconductor manufacturing [91, 92], nano-machining, and nanofabrica-
tion [31, 55, 68, 85]. The AFM has revolutionized the way in which biologists
analyze samples at resolution beyond the reach of optical microscopy [82].
Nanopositioners exist in many forms and a majority of them are driven by
piezoelectric actuators. Examples include the aforementioned piezoelectric tube
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scanner [57], flexure-based nanopositioners [35, 37, 69, 100, 104], piezoelectric

benders [94], inchworm or stick-slip type nanopositioners [54, 62, 65], beam scanner
[73], and mirror tilting positioner [83].

3.2 Scanning Probe Microscopy

A common application of nanopositioners is in the lateral and vertical positioning
stages of scanning probe microscopes (SPMs) such as the AFM. Unlike a traditional
optical microscope that uses light for imaging, an AFM image is formed by scanning
a microcantilever probe over the surface, as illustrated in Fig. 3.1. The AFM is one
of the most versatile microscopes due to its ability to work with conducting and
nonconducting samples in a vacuum, air, or water [10]. The probe is a microma-
chined cantilever with a sharp tip protruding towards the sample surface. When the
probe is brought into contact with the surface, the tip-to-sample interaction causes
the cantilever to deflect vertically. This deflection is measured and used to construct
an image of the sample. The AFM essentially “feels” the surface with a tiny, finger-
like cantilever. In a vacuum, resolution of an AFM is on the order of 0.01 nm. With
such high resolution, an AFM can generate topographical images of atoms, as well
as to control, manipulate, and alter the properties of matter at the nanoscale.

Microcantilever

OO y T o .
CL R - 0y - g %
b 5 ) 3 & L
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Fig. 3.1 The operation of an atomic force microscope
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Fig. 3.2 Two positioning schemes for SPMs: (a) scan-by-sample and (b) scan-by-probe

The positioning of the probe tip relative to the sample can be achieved with
two basic configurations: (a) scan-by-sample or (b) scan-by-probe as shown in
Fig.3.2. In the scan-by-sample configuration, the nanopositioner, flexure-based
design shown equipped with three piezo stacks, moves the sample relative to a
fixed probe. The x and y axes piezos position the sample along the lateral direction
(parallel to the sample surface) and a z axis stack moves the sample vertically. The
deflection of the cantilever is measured optically, by reflecting a laser beam off
the end of the cantilever onto a nearby photodetector. Alternatively, in the scan-by-
probe arrangement shown in Fig. 3.2b, a nanopositioner moves the probe relative
to a fixed sample both laterally and vertically. In scan-by-probe systems, the laser
and photodetector are required to move with the cantilever; however, this can be
avoided by incorporating sensing elements into the cantilever itself, such as using
piezoresistive, piezoelectric, or capacitive elements.

There are three basic operating modes of an AFM: contact, noncontact, and
tapping mode. In contact mode, the probe interacts with the sample at very close
range where the dominant force on the tip is repulsive. In this mode, the deflection
of the AFM cantilever is sensed and a feedback controller is used to maintain a
desired deflection. The spring constant of a contact mode AFM cantilever varies
between 0.001 and 10 N/m.

Soft samples such as living cells have a contact stiffness comparable to, or
less than, the cantilever stiffness, therefore, they may be deformed or damaged
during contact mode operation. Noncontact mode avoids direct sample contact by
exploiting attractive Van der Waals forces. In this mode, the AFM tip is hovered
above the surface (at approximately 50-150 A). By oscillating the tip, the effective
stiffness of the microcantilever is effected by the force gradient of the attractive
forces. The effective stiffness can be related to the sample topography by measuring
or regulating the amplitude, phase, or resonance frequency of the probe. In general,
noncontact mode AFM provides lower resolution than contact mode but does not
pollute or damage the sample. Noncontact mode can also be used to measure long-
range forces such as magnetic or electric fields in samples such as hard disk media
or charged insulators.
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For high-resolution imaging of soft samples such as living cells, polymers, and
gels, tapping mode AFM is the preferred method. In this mode, the AFM cantilever
is oscillated near its resonance frequency (50 kHz-1MHz) using a piezoelectric
actuator. As the AFM tip is brought into contact with the surface, the tip lightly
touches or taps the surface. When the cantilever intermittently contacts the surface,
the oscillating behavior is altered by the energy loss during the tip-to-sample
interaction. The change in energy is monitored and used to construct an image of
the surface.

Precision positioning is needed in many AFM applications. In particular, precise
position control in both the lateral and vertical directions is needed to hold the probe
at a desired location or to track a desired motion trajectory. For instance, when the
AFM is used to create quantum dots (2-80 nm in size), accurate position control of
the indenter tip is needed as the probe position directly affects the size, spacing,
and distribution of the nanofeatures. Even 2—4 nm variation in size and spacing
of the nanofeatures can drastically alter their properties [40]. Additionally, high-
speed control of the probe’s movement is needed for high throughput fabrication,
imaging, and metrology. Without accurate motion control along a specific trajectory
at high speed, oscillations can cause the tip to collide with nearby features, leading
to excessive tip-to-sample forces and imaging artifacts. Large forces can damage the
probe tip or soft specimens such as cells. Thus, accurate position control is critical
in an AFM.

3.3 Flexure-Guided Nanopositioner

Flexure-guided nanopositioners have emerged as the design of choice for high-
speed, high-accuracy nanoscale positioning. These nanopositioners have recently
appeared in several commercial AFMs [72-74]. The key advantage of flexure-
guided nanopositioners is their capability of high-speed scanning and low cross-
coupling effects. With an increase in application for high-speed nanopositioning,
such as for monitoring fast pace biological cell events [6] and high-speed nano-
metrology [29], flexure-guided nanopositioners are becoming increasingly popular
and critical, particularly for high-speed SPM systems [6, 37, 69, 104].
Flexure-guided systems exploit the advantages of compliant mechanisms
(flexible mechanisms), where a flexible monolithic joint deforms elastically to
offer accurate and repeatable fine motions. These flexible structures replace the
traditional joints in rigid-link mechanisms, and offer motion guiding and mechanical
amplification as illustrated in Fig. 3.3. Flexure-guided mechanisms are commonly
machined from a single piece of material (monolithic) and no assembly of parts
(i.e., between links and joints) is required. Consequently, the number of parts
of a flexure-guided mechanism is substantially low, resulting in a low weight.
These advantages enable the design of compact, light, and fast nanopositioners.
Furthermore, the absence of moving and sliding joints provide a considerable benefit
where problems such as wear, backlash, friction, and the need for lubrication are
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Fig. 3.3 Example compliant mechanism: (a) schematic of flexure and mechanical amplifier, (b)
example flexure-based long-range serial-kinematic nanopositioner, and (c) example flexure-based
long-range parallel-kinematic nanopositioner

eliminated [28, 44, 96]. Thus, flexure-guided nanopositioners provide repeatable,
reliable, and smooth motions to fulfill the requirement of accurate nanoscale
positioning for many nanoscale applications.
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Flexure-guided mechanisms are categorized into two main configurations: serial
or parallel (see examples in Fig.3.4). Both serial- [3, 4, 35, 38] and parallel-
kinematic [37, 49, 67, 69, 95, 96, 100] configurations have been used to design
flexure-guided mechanisms. Depending on design requirements, each configuration
has its own advantages and disadvantages. A serial-kinematic system is created (1)
by stacking one piezo-stack actuator in series with another actuator to obtain the cor-
responding displacements [3], or (2) by nesting one flexure-guided nanopositioner
into another [6, 35, 38]. Typically, high mechanical bandwidth can only be achieved
in one motion axis [38]. This is mainly due to the relatively heavy weight that the
base actuator would have to carry. Another disadvantage is the inability to measure
and correct for parasitic motions caused by the cross-coupling effect from other
axes [35]. Nevertheless, the cross-coupling effect can be minimized with carefully
designed flexures and mechanisms [35, 38]. For raster scan purposes, the serial-
kinematic design with one high-bandwidth stage is sufficient. Additionally, the
serial-kinematic configuration is more cost effective as only one high-bandwidth,
high-power piezo-amplifier is required [35].

Parallel-kinematic configurations have been used in commercially available
nanopositioners [72, 74, 83]. Parallel structures offer high motion accuracy and
high mechanical stiffness along the actuation direction, leading to high resonance
frequencies. All actuators can be located relative to ground (base), thus reducing
the inertia of the moving sample platform. Parallel structures generally have
symmetrical configurations and they are less sensitive to temperature variations
which could change the kinematics of the structures due to material expansion or
contraction. All these characteristics of parallel structures make them attractive for
accurate, fast nanopositioning applications. However, the cross-coupling between
the x and y axes of parallel mechanisms is more difficult to deal with compared to
serial mechanisms. Nevertheless, with properly designed flexures, nanopositioners
with cross-coupling as low as —70 to —35 dB can be designed [41, 42, 83, 97, 100].
Although high-speed parallel-kinematic nanopositioners require high-power, high-
bandwidth piezo-amplifiers for both x and y axes, the fast axis of a parallel
nanopositioner can be chosen arbitrarily for rastering in AFMs [37, 69, 97, 100].
The parallel-kinematic configuration can also be used for emerging non-raster
scan methods such as spiral-scan [52], cycloid-scan [102], and Lissajous-scan
patterns [8, 88, 106].

3.4 Design Considerations

High-speed nanopositioners can be employed for video-rate SPM imaging, where
the imaging rate can be as high as 30 frames per second [6, 38]. The frame
rate establishes the required scan rate for the fast-axis motion. For example,
for a 100x100 pixels image, the fast-axis scan rate should be at least 3 kHz.
The parasitic motions along the x, y, and z axes should be within 1% or less
(< —40dB). The resolution of the nanopositioner should be in the sub-nanometer
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Fig. 3.4 Examples of serial- and parallel-kinematic nanopositioners. (a) A serial-kinematic
system which is constructed by nesting one flexure-guided mechanism. The y-axis is the fast axis
in this design. This is a reconstructed figure of Ando et al. [4]. (b) A parallel-kinematic system
where all actuators are relative to ground. The fast axis can be either the x- or y-axis. The original
figure can be found in [100]. (¢) Lumped parameter models of both configurations
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range. The scan range should be approximately 10 x10 wm or more. In order to
achieve the above characteristics and to avoid image artifacts, discussed above,
it is necessary to consider (1) the mechanical stiffness of the nanopositioner and
flexure design, (2) actuator properties and drive electronics, (3) material selection,
and (4) manufacturing techniques.

3.4.1 Flexure Hinges

Flexures are important mechanical elements that commonly used in ultra-precision
positioning devices to guide motions with nanometer accuracy. When forces are
applied, these hinges generate motions by elastically deform their structures. Flex-
ure hinges are increasingly popular for designs requiring monolithic manufacturing,
smooth repeatable motions, low inertial mass, frictionless, and zero backlash.

3.4.1.1 Commonly Used Flexure Hinges in Nanopositioning

There are many types of flexures which provide unique properties to suit different
positioning requirements. Examples of flexures which provide in-plane rotational
degree-of-freedom (DOF) are basic beam flexure [69, 100], circular [44, 99, 104],
corner-filleted [47], double-hinged [35, 89], and conical [47, 48, 80]. The out-of-
plane stiffness of these flexures are high, however, if two degrees-of-freedom is
desired, the depth of these flexures can be reduced to allow out-of-plane rotation
(see Fig.3.5b). There are also a multiple degrees-of-freedom flexure as illustrated
in Fig. 3.5¢ where this hinge is free to rotate about all three axes [46].

Among all the aforementioned in-plane flexures, circular flexures provide the
most accurate rotational motions because of the relatively small shift of the center
of deflection. Circular flexures have a small in-plane rotational motion (bending),
therefore, there are suitable for applications which require accurate positioning
over a relatively small range [104]. For high displacement-orientated applications,
corner-filleted flexures are more suitable due to their relatively low bending
stiffness. However, there exhibit significant shift of center of deflection, making
them less attractive for high precision-orientated applications [44, 104]. Flexures

Fig. 3.5 Flexure degrees of freedom: (a) one, (b) two, and (c¢) multiple degrees-of-freedom
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Fig. 3.6 A long, slender
beam subjected to forces and
moments

ﬂ\ w5

with a good combination of a large deflection angle and high rotational precision
are the cross-axis pivot, cartwheel, and butterfly-type flexures [78, 93]. These types
of flexures can be difficult to model due to the complexity of the structures.

Many methods can be used to derive a closed-form solution for the deformation
of a flexure. One of these methods is the Castigliano’s second theorem [44] (also
known as Castigliano’s displacement theorem). This method is a very effective
method that allows calculation of the deformations of elastic bodies under the action
of external and reactions loadings. The theorem is only valid for materials that
deform elastically and obey Hooke’s law for stress and strain.

According to the Castigliano’s theorem, the linear displacement u; and angular
deformations 6; of an elastic body at a point in a given direction (i = x,y, z) is the
partial derivative of the total strain energy U with respect to the force F; and M;
acting at that location, i.e.:

U

= 3.1

U= oF (3.1
U

b= —. 3.2
oM, (3.2)

For along, slender beam in Fig. 3.6 that is subjected to bending, shearing, axial load,
and torsion, the total strain energy is [44]

U= Ubending + Ushearing + Uaxial +U torsion - (33)
and
M? M?
Ubending = Ubending,y + Ubending.z = _yds + f L dS; (34)
| 2EI, . 2EI

U +U Vi, +[“V3d (3.5)
shearing = Usghearing, shearing,z — —.as ~ds, .
¢ & &< JL2GA 1 2GA
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N2
Uaxial = Uaxial,x = | ZEJ,CAds’ (36)
MZ
Utorsion = Utorsionx = | ZGXst’ 3.7

where M; is the moment, V; is the shear force, and N, is the axial force. G = 2(1_iv)
is the shear modulus, /; is the second moment of inertia, J is the torsional moment
of inertia, o is the shear coefficient, and @« = 6/5 for a rectangular cross-section
[16, 60, 107].

For a one-DOF, constant-width flexure hinge for which loadings are acting at
location 1, as illustrated in Fig. 3.7, deformations at location 1 can be expressed into
a matrix form by rearranging Egs. (3.1)—(3.7) and factoring out all the common load
parameters. This gives

a b
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Fig. 3.7 Dimensions of commonly used flexures. (a) Basic beam, (b) corner-filleted, (c) circular,
and (d) ellipse
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Note that the torsional deformation 6, is usually insignificant for nanoposition-
ers discussed in this chapter. Therefore 6, is neglected in Eq. (3.8). The in-plane
compliance Cjy—r, and out-of-plane compliance C} ,—r, also include the shearing
term %CLX_FX. 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 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.

Deformation at location & can also be found by introducing a fictitious force F}!
and moment M}’ such that

oUu
_ v 3.16
Uy, o (3.16)
d
g, = 2 (3.17)

oM
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However for the design analysis of most nanopositioners, deformations/stiffness at
location 1 are the main design focus. Readers are referred to [44] for closed-form
equations of deformations/stiffness at other locations of flexures.

Flexures that are commonly used in both serial- and parallel-kinematics nanopo-
sitioners are the planar types, i.e., basic beam, corner-filleted [44, 47], circular
[44, 61, 87, 99], and elliptic [44, 80] as shown in Fig.3.7. The closed-form
compliance equations for the above flexure types can be found in [44]. These
equations are presented here for convenience.

For a basic beam flexure with constant thickness, that is #(x) = t for 0 < x < L,
as shown in Fig. 3.7a, the in-plane compliance equations are

Crur, = =
1.X—FX - Eh[,
c AL Lol
YR T B T Ghe
6L%
Cl,y—Mz = W,
12L
Cio—m = (3.18)
VR EheS.

The out-of-plane compliance equations are

c 4 L oL
YR T Bt T G
6L?
Cl,z—Mv = Eﬁ;
1213
Ciro-m, = —5- (3.19)
M ey

For a corner-filleted flexure as shown in Fig. 3.7b where the thickness is

t+2[r— \/x(2r—x)], x €[0,r]
1) =4y, x€[r,L—r] (3.20)
t+2{r—\/(L—x)[2r—(L—x)]}, x€|[L—r,r1],
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For circular flexure hinge as shown in Fig.3.7c, the thickness #(x) = ¢ + 2[r —

+/x(2r — x)]. The in-plane compliances are
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The out-of-plane compliance equations are
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For an elliptical flexure as shown in Fig. 3.7d, with the thickness

- th:l (3.24)
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Double-hinged flexure as depicted in Fig. 3.8 has been widely used in nanoposi-
tioning systems to guide the displacement of the sample platform [32]. It is also used
to restrain parasitic (out-of-plane and off-axis) motions so that the displacement
stage only moves along the actuation axis. Recently a detailed design analysis of the
double-hinged flexure for high-speed AFM serial-kinematic nanopositioning stage
is reported in [35]. They pointed out that when a corner-filleted flexure is displaced
in the vertical direction, the majority of the vertical displacement is caused by shear
deformation of the center section of the flexure. Therefore, a simple way to increase
the out-of-plane stiffness and consequently the resonance frequency is to thicken
the center section of the beam flexure. This converts the beam flexure into a double-

hinged flexure with a “rigid” center connecting link as shown in Fig. 3.8.
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Fig. 3.8 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

In this case, the cross-sectional area and second moment of inertia values are
A(x) = ht(x) and I(x) = ht(x)/12, respectively. For example, the thickness of the
flexure in Fig. 3.8 is

t+2[r— Vx@r—9)] xef0.d
t ) , X € [a, b]
t+2[r— JT=00@r =T+ .x€lb.c
() =1 t+2r xeled . (3.28)
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t+2 r—\/g(Zr—g)] ,x e [f,L]

wherea =r,b=1—-r,c=1,d=L—-l,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 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. For instance, the total
strain energy for bending due to a point load is
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0 2EMY- o 2Ght(x)
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Taking the partial derivative with respect to the applied force F), gives the displace-
ment

dU  12F, /L x? ot aF, [t 1 p (3.30)
U, = — = = — dax —_— — ax. .
4 8Fy Eh 0 t(x)3 Gh 0 t(x)
Then, the in-plane (and out-of-plane) stiffness is then calculated numerically by
taking the ratio of the force to deflection.

3.4.1.2 Boundary Conditions of Flexures

The in- and out-of-plane compliance/stiffness is then calculated by taking the ratio
of deflection to force/moment or vice versa in Eq. (3.8). Displacement and loading
conditions of a flexure are dependent on its support conditions. The commonly used
support conditions for beams are depicted in Fig. 3.9.

For example of a fixed-guided beam flexure (in which the moving end of the
flexure remains parallel to the fixed-end) with concentrated end-load, which is a
common boundary condition in nanopositioning design, the resultant moment is
—F,L/2. By using Eqs. (3.8), (3.18) and (3.19), the flexure displacement u, due to
applied force F), and moment M, = —F,L/2 is

Uy = Cl,y—FyFy + Cl,y—MZMZ
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" |En®  Gm| Y |EmB| 2
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Therefore, the stiffness k, is
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Similarly the vertical displacement u; is
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Fig. 3.9 Support conditions of a beam with concentrated end-load

and the stiffness k; is

P R I - (3.34)
‘" u, | ERW¥®  Ght ’
The axial displacement u, and stiffness k, are
L
u, = —F,; (3.35)
Eht
Eht
ky = —. (3.36)
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Table 3.1 Stiffness

. " Cantilever Fixed-guided Fixed-fixed
equations of a basic beam . | T B
flexure with loading and x| L O -
.. 3 3 3
support conditions as shown ky [% + gTth] [ﬁ + g—}i] [méw + %Lht]
Flg. 3.9 f |:£ N %]—1 I:L73 n O‘—L:I_ [ 4L + %]—1
= || Bt T Gl EWt T Ght 16ER3T T 4Ght
Fig. 3.10 A common design Y
of a parallel-kinematic X Fixed-guided flexures

nanopositioner

Note that the ratio between the x- and y-axes stiffness (neglecting shearing) is
kx
ky
provides excellence reduction of orthogonal motion. The ratio between the z-

= (%)2 This ratio is usually large for a long, slender flexure beam, which

and y-axes stiffness is ]Ij—) = (%)2 Therefore, large flexure height % is one of
the key factors for increasing the out-of-plane stiffness. However, it comes at an
expense of a higher profile nanopositioner which increases the effective mass, thus
reducing the actuation resonance. This effect may not be attractive for high-speed
nanopositioning systems.

Using the similar method discussed above, stiffnesses of a basic beam for other
support conditions, such as cantilever and fixed-fixed, are derived and exhibited in
Table 3.1. The same procedures can be used to derive stiffnesses of flexures with
other profiles as discussed in Sect. 3.4.1.

A common nanopositioning design constructed from connecting several flexures
in parallel is shown in Fig. 3.10. The effective stiffness is Nk; (i = x,y, z), where N
is the number of flexures. Generally speaking, the effective lateral stiffness &, and
ky can be increased by (1) increasing the number of flexures and (2) decreasing the
flexure length. The effective vertical stiffness k, can be increased by (1) and (2), and
also by using double-hinged flexures as previously discussed and shown in Fig. 3.8.

3.4.1.3 Commonly Used Flexures in MEMS

In linear micromachined structures such as gyroscopes [2] and MEMS nanoposi-
tioners [53, 56], the suspension systems are designed to be compliant (flexible) along
the desired motion axes, and stiff along other directions. Most suspension systems
utilize several fixed-guided flexures arranged in parallel as shown in Fig.3.10 to
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achieve the desired stiffness and resonance frequency. One disadvantage for the
fixed-guided beam flexure is that, when experiencing large lateral deflection, the
axial tension stress in the flexure increases significantly. This axial stress induces a
nonlinear force-deformation relationship in the flexure [2]. To avoid this nonlinear
stiffness behavior, a variation of the fixed-guided flexure, such as the folded (also
known as U-shaped flexure), double-folded and crab-leg flexures are used to reduce
the axial stress components [21, 63].

A folded flexure as shown in Fig. 3.11a is constructed by connecting two fixed-
guided flexures in series. The two constrained points of the flexure are located at
the same side, and the two unconstrained ends are free to expand or contract in all
directions. Therefore, the lateral deflections does not result in axial loading. Since
a folded flexure consists of two fixed-guided flexures in series, the stiffness of the
folded beam is

1Lo_ 1,1
kyfolded  ky Ky
o
© Eh?’
Eht’
ky.folded = W, (3.37)

where k, = Eht? /L* (neglecting shearing) as provided in Table 3.1. Similarly,

Eht
Ky folded = L (3.38)
' _ ER’t 3.39)
z,folded — YE . .

For example shown in Fig. 3.11a, four folded flexures are arranged in parallel to
create the suspension system. The effective stiffness of the system is 4xk¢olged, 1-€.:

2Eht?

Ky,folded—sys = I3 X (3.40)
2Eht

K, folded—sys = T; (341
2ER’t

Kz,folded—sys = 3 (3.42)

A double-folded flexure consists of two folded flexures connected symmetrically
in parallel is shown in Fig.3.11b. The stiffness of a double-folded beam is
2szyf01ded, ie.:
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Fig. 3.11 MEMS suspension a v
systems utilize (a) folded

flexures, (b) double-folded X
flexures, and (c) crab-leg
flexures Folded flexure

Eht*

ky double—folded = ViR (3.43)
Eht

kx,double—folded = (344)

L
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ERW’t

o (3.45)

kz.double—folded =

Note that for small deflection, the folded flexure provides half the stiffness of a
fixed-guided flexure, while the double-folded flexure provides the same stiffness as
that of the fixed-guided flexure.

For the suspension system that is constructed from two double-folded flexures as
shown in Fig 3.11b, the effective stiffnesses are

2Eht?

Kv,df—sys = I3 N (3.46)
2Eht

Kx.df—sys = T; (3.47)
2ER%t

Kz,df—sys = 3 (3.48)

Another commonly used flexure in MEMS applications is a crab-leg flexure. The
schematic of a crab-leg suspension system is shown in Fig. 3.11c. Crab-leg flexures
are used in resonant-structure suspension systems such as MEMS gyroscopes [63].
The crab-leg flexure consists of a shin and a thigh segment. The thigh segment has
length L, and thickness #,. The shin segment has length L, and thickness #,. The
height of the flexure is 4. For a suspension system constructed by four fixed-guided
flexures (Fig. 3.10), both the k, and k, are scaled by the same term 4Eht/L, therefore
it is impossible to specify k. and k, independently. The crab-leg suspension system
allows the two lateral stiffnesses k, and k, to take on values independent to each
other [63]. The detailed stiffness derivation of the crab-leg suspension system can
be found in [21]. Their stiffness equations are presented here for convenience.

Ehtg (4L, + yL,)
Ky,crableg—sys =

; 3.49
L (Ly + yLy) (3.49)

Eht} (Ly + 4yL,)

K, crableg—sys = , 3.50
«crableg—sy: Lg (Ly + vLa) ( )

; 3
where y = 72 = (’ﬁ) .

tq

3.4.1.4 Finite-Element-Analysis

Even though analytical expressions of flexures serve as a useful guideline in design,
finite-element-analysis (FEA) is still a popular and powerful numerical tool for
solving complicated engineering problems, including static and modal analyses,
piezoelectricity, thermal analysis, coupled thermal-electric analysis, etc. Frequency
response functions, which are useful for studying cross-coupling and out-of-plane
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motions, can also be estimated using FEA package such as ANSYS. By careful
consideration of mesh quality and convergence of results, accuracy within 15 %
between FEA and experimental results can usually be achieved.

3.4.2 Piezoelectric Stack Actuators
3.4.2.1 Comparison of Piezo-Stack Actuated Nanopositioners

State-of-the-art flexure-guided piezo-driven stages [71], both direct drive serial-
kinematic [5, 35, 38] and parallel-kinematic [70, 104, 105] configurations, have
been developed with mechanical resonances in the tens of kHz range. These designs
employ stiff and compact stack piezoactuators. The actuation resonance frequency
for a stack piezoactuator held fixed on one end can be approximated by Kenton [33]

1 3E

f =
¢ 2Ly, \| Ppiezo

Hz, (3.51)

where L, is the length of the actuator, E is the elastic modulus, and ppie,, is the
actuator’s density. Substituting in values for £ = 33.9 GPa and pyic;o = 8000 kg/m?
and assuming an achievable stroke (R) of 1 wm per mm of piezo length, it is shown
that the maximum scanning frequency is f, = 567,460 R~! Hz um. When mass #eng
is added to the free end of the actuator, the actuation resonance frequency reduces to

AE
_ 1 i
2m %ALpppiezo =+ Mend

Ja Hz, (3.52)

where A is the cross-sectional area.

For comparison, the relationship between range and resonance frequency for
a variety of commercial and custom nanopositioners is shown in Fig.3.12 [33].
The range is plotted with respect to the resonance frequency for each stage when
provided. When full details are not available for multi-axis positioners, 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. Theoretically, the maximum attainable range R for a given actuation
(longitudinal) resonance is R = 567,460 f~' (as derived in [33]). This value is for
a fixed-free piezoactuator with a modulus of elasticity of 33.9 GPa and a density of
8000 kg/m* assuming 1 wm of travel per mm of piezo length. This relationship is
shown in Fig.3.12 as a dashed line. The commercial and custom nanopositioners
in Fig.3.12 are well below this theoretical limit. A trend line depicted as a solid
line shows that for commercial and custom nanopositioners, the relationship is
approximately R = 30,688 f~0-916,
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Fig. 3.12 High-performance commercial and custom nanopositioners plotted as range R with
respect to resonance frequency f. 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

Piezo-stack actuators are widely used to drive high bandwidth, flexure-guided
nanopositioners, where repeatable sub-nanometer resolution is a requirement.
Piezoelectric materials generally produce small strains, i.e., approximately 0.1 %
of their original length. However, piezoelectric ceramic actuators can generate
mechanical stresses in the order of tens of megapascals. That is, they can provide
tens of newtons of force over a millimeter squared area. The response time of a
piezoelectric actuator is determined by its molecular structure [39]. Due to the
fact that molecular changes occur over a very small length scale, piezoelectric
materials can respond very quickly to stimuli, e.g., an acceleration rate of 10* g can
be achieved by a typical piezo-stack actuator [67]. Piezoelectric materials are quite
suitable for applications that require fast actuation.

A piezo-stack actuator is constructed by “stacking” and gluing multiple thin
layers of piezoelectric ceramics (as thin as 100 wm) together such that the polar-
ization direction is aligned with the direction of stroke and the blocking force [83].
All layers are electrically connected in parallel. This enables the actuator to be
operated at 100V or less, and to achieve a stroke of approximately 0.1 % of
the stack’s length. The actuator also generates high actuation forces. The force
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generated by a piezo-stack actuator is proportional to its ds3 constant, as opposed
to ds; that is smaller and often used in piezoelectric actuators. By combining a
piezo-stack actuator with a flexure-guided amplification mechanism it is possible
to realize nanopositioning platforms that can achieve a relatively large stroke with
sub-nanometer positioning resolution [41, 43, 100].

34.2.2 Preloading

Because a piezo-stack actuator is made by gluing together multiple layers, the
actuator is highly sensitive to tensile forces (pulling forces). Tensile forces can
cause cracking of the ceramic material as well as separation of the layers. For a
non-preloaded actuator, manufacturers often suggest that the tensile load should
be within 5-10 % of the compressive load limit in order to avoid damaging the
stack [83]. During high-speed operations, the piezo-stack experiences significant
pushing and pulling forces due to the inertial forces cause by its own mass and
the additional mass that it carries. A preload must be applied to compensate for
the tensile force, thus protecting the piezo-stack actuator. Despite these challenges,
stack actuators are used extensively in high-speed nanopositioning designs because
of their high stiffness, fast response, and high force generation.

For flexure-guided mechanisms, a preload is commonly applied to the piezo-
stack actuator using flexures (see Fig.3.13). This is an elegant approach since
it eliminates the need for additional components such as mechanical springs.
The preload on the piezo-stack actuator is achieved when it is first installed
into the flexure-guided structure by pressing the piezo-stack against the flexures
using fasteners (see Fig.3.13a) or metal shims. Other preloading methods include
applying weights to deform the flexure elastically, allowing a piezo-stack actuator to
be placed in its designated position. Weights are then released to restore the original
position of the flexures (see Fig. 3.13b). The flexures will be slightly deformed and
the resultant reaction force will hold the actuator in place.

The required preload can be calculated from the sample mass and its acceleration
(computed from the known scan trajectory) using Newton’s second law. A procedure
for estimation of preload is discussed in [38].

3.4.2.3 Travel Range

The travel range of a piezo-stack actuator reduces when the stiffness of its flexures
increases. One can imagine the flexures as a spring load (see Fig. 3.14) and the total
available displacement of a piezo-stack actuator can be estimated as [83]

kr
AL = AL, s 3.53
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Fig. 3.13 Preloading a piezo-stack actuator. (a) Preloading using flexures. The deformation of the
flexures are exaggerated in the diagram. (b) Preloading using fastener
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where AL is the displacement with external spring load, AL, is the nominal
displacement without external force, kr is the piezo-stack’s stiffness, and k; is the
external spring load. In most nanopositioner designs, this effect is insignificant
since the stiffness of the flexures is designed to be 1/20th to 1/5th the stiffness of
the piezo-stack actuator [38, 100, 104]. However, for nanopositioner designs where
a large travel range is a priority, the consideration of total displacement in Eq. (3.53)
may become significant.



3 Mechanical Design of High-Speed Nanopositioning Systems 87

gy g —p——

Actuator \

! 4

Input

Fig. 3.15 Commonly used amplification mechanisms. (a) Schematic of a level-type mech-
anism. The amplification ratio can be estimated as r = (a 4+ b)/a. (b) Schematic
of a bridge-type mechanism. The amplification ratio can be estimated by r =
(\/ Psin® 6 + d; (21 cos 6 — d;) — Isin 0) /d;. (¢) FE simulated displacement of the level-type
mechanism. (d) FE simulated displacement of the bridge-type mechanism

Free stroke of most piezo-stack actuators is approximately 0.1 % of their length,
which is insufficient for applications where a large displacement is a necessity.
Multiple piezoactuators per degree-of-freedom have been used to increase travel
range and bandwidth, but at the cost of increased power to drive the piezoactuators
at high frequencies [5, 70]. Designs which involve mechanical amplification have
been implemented to increase the range without having to increase the actua-
tor’s length [25, 26, 32, 36, 49, 71, 95, 100]. A parallelogram flexure guiding
system as shown in Fig.3.15a, ¢ is a commonly used amplification mechanism.
The amplification ratio of this mechanism can be estimated as » = (a + b) /a. The
bridge-type amplification mechanism, illustrated in Fig. 3.15b, d, is also commonly
used to amplify displacement of a piezo-stack actuator [36, 45, 50]. For this
bridge-type amplification mechanism, the actuator is extended initially, and then
retracted to provide the input displacement. The amplified output displacement of
this mechanism is perpendicular to the direction of the actuator. The amplification
ratio of this mechanism can be estimated as [45],

r= (\/12 sin? @ + d; (2l cos 6 — d;) — Isin 9) /d;. (3.54)
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Figure 3.15c, d illustrate the finite-element (ANSYS software) simulated displace-
ments of the two flexure-guided amplification mechanisms, respectively.

Incorporation of a mechanical amplification mechanism into a nanopositioner is
an effective way of increasing its achievable stroke. However, the added mass of
the mechanical amplifier together with the flexible linkages lowers the mechanical
resonance of the structure, which leads to a lower bandwidth. To achieve a high
resonance frequency, the design of the nanopositioner has to be compact and
rigid [35, 37]. Consequently, the length of the flexures and the amplification levers
have to be small. However, short flexures and levers will reduce the overall motion
of the device. This forces the designer to reach a compromise between the travel
range and the bandwidth.

34.2.4 Self-Heating

During dynamic operation a piezoelectric actuator experiences self-heating, which
is known to increase with actuation frequency and amplitude. It is also well
known that electromechanical and electrical properties of a piezoelectric actuator
can vary with temperature. Therefore, good thermal management is necessary for
predictable performance, as well as to prevent premature failure and depoling of
the piezoelectric material used. Heat management can be challenging due to the
low thermal conductivity of the piezoelectric material. Creative heat sink designs
can be employed to minimize the heating, but should not hinder the motion of the
actuator. When an piezoelectric actuator is packaged in a metal case, the air gap can
act as an insulator. Several vendors offer specialized actuator configurations, that
are based on methods such as the “ThermoStable” technique, in order to improve
heat management [7].

3.4.2.5 Electrical Considerations

Due to the highly capacitive nature of piezo-stack actuators, amplifiers with large
current and power dissipation capabilities are needed to drive the actuators at high-
speed [22]. Fleming [22] and Leang and Fleming [38] cover some of the electrical
and drive issues related to high-speed operation of piezo-stack actuators. The current
I, and the associated power dissipation Py in a linear amplifier can be estimated by
Leang and Fleming [38]

I, = sCV, (3.55)
Py=1,(V,—V,), (3.56)

where s is the Laplace variable, C is the piezo-stack capacitance, V), is the load
voltage and, V; is the supply voltage. For a nanopositioner that is to be operated at
high speeds, selection of a piezo-stack actuator with a small capacitance is prudent.
This will ensure that the actuator can be driven by an amplifier with sufficient
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current and power dissipation capabilities. Typically, a smaller piezo-stack actuator
possesses a smaller capacitance, but it has a lower stiffness and can provide a
smaller stroke. These issues should be factored into the selection of a piezo-stack
actuator for high-speed nanopositioning. Yong et al. [104] and Kenton [33] reports a
comparison of piezo-stack actuators with various cross-sectional areas versus their
maximum travel ranges and stiffness.

3.4.3 Material Considerations

The dynamic performance of a high-speed flexure-guided nanopositioner is relied
on its material properties. Not only that, the choice of material for its supporting base
also plays a major role in high-speed nanopositioner design. Material properties of
great importance in dictating the dynamic performance of a nanopositioner are the
Young’s modulus of elasticity E, density p, the coefficient of thermal expansion
(CTE). To facilitate the fabrication method of choice for ultra-precision machining
in nanopositioning, that is the wire electrical-discharge-machining (WEDM), mate-
rials with sufficient electrical conductivity « should also be taken into consideration
during the design process. In summary, materials deemed suitable for realizing a
high speed and thermally stable flexure-guided nanopositioner should have high
E/p ratio, low CTE, and high «.

Some commonly used materials in nanopositioning design are aluminum alloy
Al 7075 and Al 6061, titanium alloy, invar alloy, and super invar alloy. Their
properties are detailed in Table 3.2. Aluminum alloys such as Al 7075 and Al 6061
are relatively inexpensive and easily machined. They have been used to fabricate
the vast majority of flexure-guided nanopositioners [17, 36, 49, 71, 100]. Aluminum
has a high CTE, as stated in Table 3.2. Thus, it is not suitable for applications
where time and temperature changes are the important factors. However, if the entire
measurement can be completed in a short timeframe (i.e., in seconds or minutes)
with adequate temperature control system, in a laboratory environment, aluminum
alloys are deemed the most practical design material.

Table 3.2 A comparison of different material properties [15]

CTE E/p
Material E (GPa) |p(g/cm®) | (ppm/K) | (GPa.cm?®/g)
Aluminum alloy (6061) 70 2.71 23.6 25.8
Aluminum alloy (7075) 72 2.81 23.6 26
Stainless steel 190 7.92 17.3 24
Titanium alloy (Grade 5) | 106-114 | 4.42 8.8 24-26
Invar alloy (Invar 36) 148 8.1 1.3 18.4

Super Invar 148 8.1 0.3 18.4
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Stainless steel is often used for fabricating the rigid base due to its high
Young’s modulus. Titanium alloys have a similar E/p value compared to aluminum
alloys. They have a much lower CTE value. Thus, titanium alloys are suitable for
applications where positioning accuracy needs to be maintained over a long period
of time under varying temperature conditions. However, titanium is not always
preferred over aluminum, because it is a more difficult material to machine [15].

Invar, a nickel-iron alloy, which exhibits even smaller values of CTE com-
pared to titanium, can be used for applications with extreme thermal constraints.
However, Invar alloys are considerably more expensive and somewhat difficult to
machine [76]. These alloys are highly magnetic due to their large iron and nickel
content [13]. Therefore, they are not suitable for applications where magnetic
characteristic is a consideration.

3.4.3.1 Thermal Drift

Thermal expansion of the material from which a mechanism is made of can cause
significant drift in its motion. Material expansion is inversely proportional to the
melting point of a material [14]. The change of length (from I, to ;) of a solid
material for a change in temperature (from 7y to Ty) is given by

L by, (357)
where B is the CTE and has units of (°C)~! or K~!. For nanoscale motions, thermal
effects cannot be ignored [58]. Careful material selection and good mechanical
design are effective methods of minimizing thermal effects. For example, the CTE
for aluminum is 23 x 107%/°C, while for Super Invar alloy is only 0.3 x 107%/°C,
over 70-times lower. Effective 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.

3.4.4 Manufacturing Techniques

The appropriate manufacturing technique for a given design depends on the scale
of the positioning stage and the material from which the mechanism is to be
machined. The positioning accuracy of a nanopositioner depends on the precision
with which its flexures are machined [66]. In particular, it is crucial to ensure all
cuts of flexures have parallel sides without tapering. For example, the flexures of
the nanopositioner in Fig. 3.16 have to be as identical as possible to avoid parasitic
motions (or out-of-plane motions), caused by uneven stiffness of flexures.
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Fig. 3.16 Single axis Moving stage
nanopositioner. Flexures Flexures. X
located at both sides of the
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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 (&~ =£25um).
Some of the high-precision machining methods that are often employed to construct
nanopositioning platforms are discussed here.

3.4.4.1 Wire Electrical-Discharge-Machining

Wire Electrical-Discharge-Machining (EDM) is one of the most frequently used
machining techniques for fabricating monolithic structures such as flexure-guided
nanopositioners, owing to its ability to machine complicated shapes with relatively
fast cutting speed and accuracy [27, 64]. 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 a continuously moving electrode tool (wire)
and the workpiece. Dielectric fluid (deionized water) is ejected into the sparking
area to flush away the eroded particles [64, 81]. Wire diameters of approximately
100 pm are often used. Traditional machining techniques are used to remove the
bulk of the stock before performing EDM. Dimensional accuracy on the order of
412 um can be achieved using the EDM process without severely tapering sides
and a good surface finish (1.95Ra or less) [1]. Note that Ra is the arithmetic mean
of the absolute roughness profile ordinates [79].

3.44.2 Diamond Tool Machining

This is an ultra high-precision machining method which provides high geometrical
accuracy, good surface quality, capability to machine complicated profiles and can
be used to cut very hard materials [75]. However, this machining process can be
labor-intensive, leading to high fabrication cost.
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3.4.4.3 Laser Machining

Laser machining operations have large production rates. Therefore, they are used
extensively in mass-production of industrial apparatus. The laser machining tech-
nique operates on the simple principle of heating and melting of workpieces.
However, there are possible defects which could affect the performance of a
nanopositioner. For example, cuts may not have parallel sides, a workpiece may
have recast layers, i.e., materials on both sides of the cut may re-solidify after
cooling, leading to different properties for these layers, and cracks may appear on
surface of a workpiece due to poor surface finishing [19].

3.5 Design Example of High-Speed Lateral Nanopositioners

3.5.1 Parallel-Kinematic Nanopositioner

This section presents a design example of a high-speed parallel-kinematic nanopo-
sitioner as depicted in Fig.3.17. Due to its mechanical symmetry in xy-plane,
the nanopositioner can be operated in both raster and non-raster scan modes
[51, 102, 106]. A piezoelectric stack actuator is used to drive each motion axis of
the nanopositioner. Left-spring or beam-like flexures are used to guide the sample
stage along the direction of motion of the actuator, while restraining other parasitic
motions.

To preload the x and y piezoelectric stacks, weights are first applied to deform
the flexure elastically, allowing a piezoelectric stack actuator to be placed in its
designated position. Weights are then released to restore the original position of the
flexures. The procedure results in the application of the necessary preload to the
piezoelectric stack.

Fig. 3.17 A
parallel-kinematic
Xy-nanopositioning stage

Piezo. stack

actuators Flexures

XY -nano.
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3.5.1.1 Effective Stiffness and Displacement Estimations

A key design specification for a high-speed AFM nanopositioner is a very high
first mechanical resonance frequency along the actuation direction [35, 100]. This
requirement, however, often leads to a reduction in the travel range of the stage.
This is due to the inevitable increase in the structural stiffness when the resonance
frequency is increased. This trade-off is best described by w,, = /k/m, where k and
m represent the effective stiffness and mass of the stage, respectively, and w,, is the
resonance frequency of the mechanical system. The following study of the effect of
flexure dimensions on the nanopositioner’s resonance frequency and displacement
was instrumental in reaching a compromise between the speed and travel range of
the stage.

The stiffness of individual flexure was derived using strain energy method [9] and
Castigliano’s second theorem [44, 47]. These methods have been commonly used
in flexure design literature [35, 46, 95, 96]. The in-plane displacement of a beam
flexure can be defined as,

Uy Cir, O 0 F,
Uy = 0 Cy’p’\, Cy,M: Fy B (358)
0. 0 Cor Com | LM

where the displacements and loads are as shown in Fig. 3.6. The compliance values
are derived in [35], as Cyr, = L/AE, Cyp, = L/3EI + aL/GA, Cyy, = Co 5, =
L?/2EI, Cy ., = L/EI. The corresponding notation is described in Table 3.3.

For a fixed-guided beam, the resultant moment M, at the guided end of the beam
due to the applied F) at that point is M, = —F,L/2. Note that the proposed flexures
used in this work are short flexures. Therefore, the shear-induced deformation term
aL/GA in Cy f, should not be ignored. Inclusion of the shear term is known to result
in different deformations in flexures [99]. From Eq. (3.58), the displacement of the
flexure along the y-direction is obtained as:

Table 3.3 Notation

Symbol | Definition

Beam thickness

Beam length

Beam height

Cross-sectional area, A = ht

Young’s modulus

Poisson’s ratio

Shear modulus, G = E/ [2 (1 + v)]

Second moment of inertia about the z-axis, I = h#? /12
Polar moment of inertia, J = ht (h* + £2) /12
Shear correction factor

e |~|~qlemx==]~
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Uy = Cva,"Fy + Cy.MZMZ
_p (L k) _b(L (3.59)
0 \3Er T 6ea) T 2 \2m ) '

Substituting I = h#3/12 and A = ht into Eq. (3.59), and rearranging the equation,
the stiffness of the flexure along the y-direction is determined as:

k_ﬂ_ i I: 3+i é B (3.60)
T Eh(t) Gh(t) ’ '

Since we know E, G, and h, the parameter that determines the flexure stiffness is L/?.
Flexures of the xy-nanopositioner in Fig. 3.17 are arranged in parallel. Therefore, the
general stiffness equation of the xy-nanopositioner along their direction of actuation
is ks = Nky, where N is the number of flexures. The maximum displacement of
the nanopositioner D; is dependent on the piezoelectric stack actuator and it is

estimated as:
D, = Al ky (3.61)
o ky+ky)’ '

where Alis the maximum stroke of the unloaded piezoelectric stack actuator and k,
is the stiffness of the piezoelectric actuator.

3.5.1.2 Resonance Frequency Estimation
The lateral resonance frequencies along the direction of actuation are estimated
using the algebraic eigenvalue method [30]. Assuming the system is a two-degree-

of-freedom undamped system as shown in Fig. 3.18, we may write

M + Kx = 0, (3.62)

X X,

Fig. 3.18 Each actuation axis of the xy-nanopositioner is modeled as a two-degree-of-freedom
undamped system. m,, and k, are the mass and stiffness of the piezoelectric stack actuator. m, and
ks are the mass and stiffness of the nanopositioning nanopositioner
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_ks k‘v
stiffness of the piezoelectric stack actuator. Also, m; and k; are the mass and stiffness

where M = [mp 0 :| and K = |:kp + ks _ks]. m,, and k, are the mass and
0 myg

of the nanopositioner. Substituting x = M~!/2q into Eq. (3.62) and multiplying the
resulting equation by M~'/2 yields
I§(r) + M™2KM~2q(r) = 0. (3.63)

Let K = M~/2KM~'/2, by substituting q(f) = ve’’, where v is a constant vector,
into Eq. (3.63) we obtain

Kv = w?v. (3.64)

If we replace w? with A in Eq. (3.64), the solutions for A are the eigenvalues of
the matrix K. The resonance frequencies are f; = +/A;/27 and f» = /A,/27.
Note that the smaller of the two frequencies f; and f, will be the first translational
mode of the system and is denoted as fies.

3.5.1.3 Parametric Study

In this section, a parametric study of the xy-nanopositioner design is presented. In
order to have a quantitative analysis of the xy-nanopositioner design, the relationship
among N, L/t, ks, Dy, and fi is plotted in Fig. 3.19. The number of flexures, N is
stepped from 1 to 20 and L/t is varied from 3 to 15.

As the ratio of L/t increases, the stiffness and resonance frequency decrease
while the displacement increases. This is an unavoidable trade-off between stiff-
ness/resonance frequency and displacement. Intuitively, the resonance frequency
increases when the number of flexures N increases. However, the additional mass of
each flexure lowers the resonance frequency. For example, as shown in Fig. 3.19, at
L/t = 6 and N = 10, fi is increased to 12 kHz, which is a threefold increment in
resonance frequency compared to that of a single flexure (N = 1). However, when
N is increased to 20, f;s is improved only by a factor of four at the expense of the
displacement range being reduced by 20 %. Therefore, the resonance frequency of
the nanopositioner may not be increased significantly by introducing more flexures
into the design.

For the xy-nanopositioner design, K; was set to approximately 10 N/pm to
ensure that adequate preload was applied to the piezoelectric stack actuator.
To achieve approximately 10 kHz resonance frequency without sacrificing too much
displacement, L/t = 9 and N = 12 were selected in the design.
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Fig. 3.19 Displacement Dy,

stiffness K, and resonance 12
frequency fies plots of the
xy-nanopositioner in relation 10
to the ratio L/t and the £
number of flexure N 3 8]
OUJ
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5 ' 20
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3.5.1.4 Finite-Element-Analysis

The analytical equations derived in Sects. 3.5.1.1 and 3.5.1.2 were based on a single
axis mass-spring model. They serve as a useful tool for initial parametric design
study of the nanopositioner. In this section, a finite-element (FE) model of the
xy-nanopositioner is presented. The FE simulations were used to obtain a better
estimation of the stiffness and resonance frequencies of the nanopositioner.
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X-axis: 12.7 kHz Y-axis: 12.7 kHz

Fig. 3.20 FE simulated first mechanical resonance modes along the actuation direction of the
Xy-nanopositioner

Meshing was first generated using ANSYS “auto-mesh” tool. Meshing near the
flexure was then refined manually to obtain more precise results. The material of
the nanopositioner is aluminum alloy A17075 with Young’s modulus of 72 GPa. For
modal analysis, motions of the base, in which the xy-nanopositioner was attached,
were fixed during simulation. The simulated first resonant frequencies of the stage
along the x and y axes both are at 12.7 kHz as illustrated in Fig. 3.20.

For stiffness analysis, a point force was applied to each actuation direction of
the nanopositioner and the corresponding displacement was recorded. The stiffness
is calculated as force over displacement. The simulated stiffness are 13.1 N/um for
both lateral axes.

3.5.1.5 Piezoelectric Stack Actuators

Driving piezoelectric stack actuators at high frequencies amounts to a significant
challenge. It is well known that the larger the capacitance of a piezoelectric stack
actuator, the larger the current required to drive the actuator at high speed [38].
The required current may exceed the current limit of the driving amplifier. Thus,
the piezoelectric stack actuators must be chosen carefully to ensure their suitability
for the specific system. The piezoelectric stack actuators selected to drive the
stage along the x and y directions are Noliac SCMAPO7. These actuators have a
capacitance of 380 nF. Table 3.4 contains detailed specifications of these actuators.
Three PiezoDrive PDL200 amplifiers were used to drive the piezos. The maximum
operating frequency of driving a triangular signal can be estimated as > =
0.1/190 C [59]. With the setup described above, it is estimated that the fast lateral
axis of the nanopositioner can be driven with a triangular signal up to 1.4 kHz, at
the full voltage range of 200 V, without exceeding the current limit of the amplifier.
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Table 3.4 Specifications of the piezoelectric stack actuators

Dimension | Capa. | Stroke @ 200V | Stiff. Res. freq.

Piezo | (mm) (nF) (pm) (N/pm) | (kHz)
X, Y |5%x5x%10 380 11.8 283 220
Drive X DriveY
-~ 5 = 02
IS
LN AVAVAVAVAS. AN VAVE VA VANV
X -5 X -0.2
0 001 002 003 004 005 0 001 002 003 004 005
= 02 -~ 5
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2 NN\ 5 0/\/\/\/\/\)
> -0.2 > -5
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Fig. 3.21 Displacements and cross-coupling motions of the xy-nanopositioner

3.5.1.6 Experimental Outcomes

To evaluate the displacement range and coupling between various axes of
the nanopositioner, a 100-Hz sine-wave of 200V was applied to each of the
piezoelectric stack actuators. Displacements and cross-coupling motions of the
nanopositioner were measured using the ADE Technologies 8810 capacitive sensors
and results are plotted in Fig.3.21. The measured full displacement range of the x
and y axes are 6.5 um and 6.6 pum, respectively. When the x-axis is driven by the
200-V sine-wave, the induced cross-coupling motions at the y and z axes are 2.5 %
(—31.8dB) and 1.58 % (—36dB) of the x displacement, respectively. When the y
axis is driven, it induces 3.1 % (—29.9dB) and 0.53 % (—45.5dB) in the x and z
displacement, respectively. Although these couplings are quite small, they can be
made even smaller by using a feedback control technique, such as that reported
in [101].

Frequency responses of the x- and y-axes of the nanopositioner were mea-
sured using a dual channel spectrum analyzer (HP 35670A). Figure 3.22 plots
the frequency response functions of the two axes. The first dominant mode for the
two lateral axes are 13.7kHz and 11.6 kHz, respectively. The measured resonance
frequencies are within the 10 % range of those predicted by finite-element analysis.
This is most likely due to the machining errors when the nanopositioner was
being manufactured, and the variations in stiffness of piezoelectric stack actuators.
Nevertheless, the measured resonances are in reasonable agreement with the FE
simulations.
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Fig. 3.22 Measured frequency responses of the x- and y-axis. The first dominant peak are at
13.7kHz and 11.6 kHz, respectively

-Sample platform

Fig. 3.23 Simplified models for two-axis scanning: (a) serial- and (b) parallel-kinematic config-
uration. The spring and damping constants include the effects of the piezoactuators and added
flexures in each direction

3.5.2 Serial-Kinematic Nanopositioner

The design of a high-speed serial-kinematic nanopositioner is described in this
section as an illustrative example. It is pointed out that for scanning in two
directions, there are two basic configurations: serial- and parallel-kinematics as
illustrated in Fig. 3.23. In a serial-kinematic system, for example, the design used by
several commercial vendors of scanning stages and in [4, 35], there is exactly one
actuator (and sensor) for each degree of freedom (see Fig. 3.23a). One disadvantage
of this design is the inability to measure (and correct for) parasitic motion such
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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. But,
this also implying that the high-speed axis requires high power and wide bandwidth
performance, reducing overall cost compared to a parallel-kinematic design.

In the simplified model shown in Fig. 3.23, 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 as 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.

In the design of a serial-kinematic nanopositioner, 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 AFM image.
Therefore, the fast-scan axis can be designed independently without any significant
consideration for performance implications on the slow-scan axis. As previously
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 [6, 38].

For the design presented below, the objective is to create a nanopositioner for
high-bandwidth applications that include video-rate scanning probe microscopy.
The proposed design offers approximately 9 x 9 x 1 pm range of motion with 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 example in Fig. 3.8).

3.5.2.1 Flexure Design for Lateral Positioning

The basic layout for a serial-kinematic design is shown in Fig. 3.24, where the high-
speed (x-axis) stage is nested inside of the low-speed (y-axis) stage. The stage body
is typically manufactured from 7075 aluminum or Invar 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 embedded into the x-
stage body [6]. 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 DOF mechanical resonance

is given by f,.0 = L k—"_, where m; and k; are the effective translational mass
i 2 mj

and stiffness, respectively. Likewise for rotational motion, 6; (i = x, y, 2), the

. ko, .
first resonance is fp, 0 = % v/ %, where J; and kg, are the effective mass moment
1
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Fig. 3.24 A serial-kinematic
nanopositioner (top view),

showing the lateral stages and
details of the sample platform
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Fig. 3.25 Generic flexure-guided stage simplified to single degree-of-freedom systems modeling
the dominant modes

of inertia and rotational stiffness, respectively. 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
(k;/my, koy/Jy, ko./J;) are higher than the actuation stiffness-to-mass ratio k,/m,.
Figure 3.25 shows the simplification of a high-speed x-stage into single DOF
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 uy, (e) and (f) rotation 6, and 6, and (g) vertical u, modes. Damping is
omitted for convenience.
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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. 3.8).

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, y, z.
Figure 3.6 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 [16, 44, 84]. The compliance equations are then
used to derive equations for the actuation and vertical stiffness k; of a fixed/roller
guided beam shown in Fig.3.26(al)—(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.

(a1) (b1) AY

l Yy T iRigid link
xT

Flexure hinges;

)IGIOIE

- QO 0OC

0|

(b2)

w R’;
LR
)0O0OC
|
|
1
-

Fig. 3.26 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
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For a fixed/free beam of rectangular cross section the total strain energy is

U= Uaxial + Utorsion + Ubending + Ushear

Lr 2 7 M?>  aV?
S I A ) 3.65
/0 [ZAE Tt T 2GA} * (365)

where L is the beam length, A is the cross-sectional area of the beam, % is the height,

t is the thickness, E is the Young’s modulus, G = ﬁ is the shear modulus, v

. . . 4 . . .
is the Poisson’s ratio, J = hr’ [% -0.217 (1 - 15?)] is the approximate torsional

moment of inertia [107], I = % is the second moment of inertia about the vertical
z axis, V is the shear force, and « is the shape factor for the cross section used in the
shear equation (for a rectangular cross section « = 6/5) [16, 60, 107].

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.:

U U

=R (3.66)

u; =

From here the compliance is simply found by dividing the displacement by the
applied load, i.e.:

Cur, = F Comty = —. (3.67)

For example, the compliance of the rectangular cross section fixed-free beam in
Fig. 3.6 due to a point load in the y direction starts with the total strain energy

L 2 L 2
MW" o / V) (3.68)
0

o 2EI(x) 26A0)

where A(x) and I(x) are constant. The coordinate system is placed on the free end
of the flexure as shown in [44] where the shear is V(x) = F, and moment is M (x) =
F,x. The total strain energy for the applied load is

Fort aF; [t FIL’  aF]L
= [Teay / S e N Y )
2EI J, 2GA Jy 6El 2GA
Therefore, the resultant displacement is
ou  FL? LF,
=t =2 2 (3.70)

T OF, 3EI  GA'
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and the compliance is
Cp=—2=——+ (3.71)

The compliances are then used to form the compliance matrix C which is
defined as the ratio of the displacement U = [x v 0. z6, OX]T for a given load
L = [F. Fy M. F. M, MX]T, hence the displacement vector is

U, [ci; 0 0 0 0 0 F,
Uy 0 C22 C23 0 0 0 Fy
0, _ 0 C3C33 0 0 O M, (3.72)
u, 0 0 0 C44 C45 0 FZ
oy 0 0 0 Cy45Cs5 O M,
0, | 0 0 0 0 0 Ce | | M,
For a constant cross section fixed/free beam the compliances are C|; = AAE,
3 2 3 2
Cxn = %+Z—ﬁ,sz = ZLT,C33 = §,C44= %ﬂLg—ﬁ,Qs = %,Css = %,

and Cg = % For a long slender beam, shear strain has little effect and therefore
can be ignored in Cy,. For a short beam with a significant height-to-length aspect
ratio, such as the vertical displacement of the flexure shown in Fig. 3.26(a2), much
of the deflection is in shear, and therefore it can not be ignored.

The displacement vector equation presented above is used to solve for the
actuation stiffness k, 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. Figure 3.26(a3) 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

Uy = C22Fy + CsM, = C22Fy — C23FyL/2
B [ L* oL LI? ]
) .

= == 3.73
3EL T Ghi 2 2E1 (3.73)

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

(3.74)

k== = — ==
Y 12E1 + Ght L3

F, [ L oeL:|_l _12EI
. =~
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Using the same method, the displacement of the flexure in the vertical direction u, is

u, = Cy4F, + C4sMy = Cy4F, — C4sF.L/2

4L’ N al L 6L7 (3.75)
“LERt  Ght 2ER:t]’ '
Similarly, the vertical stiffness is
3 -1
k. = L_ + % (3.76)
* T LEWt  Ght] '

Because of the high aspect ratio in the vertical direction, shear can not be ignored.
It is pointed out that Eqgs. (3.74) and (3.76) are used to design the flexures to meet
certain specifications, such as lateral and vertical stiffness.

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

3.5.2.2 Results: Comparison Between FEA and Experimental Results

The first three modes for the x and y stages were predicted using the frequency tool in
COSMOSWorks (FEA). 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.3.27a to be broken down into the low-speed y-stage [Fig. 3.27(b1)—
(b3)] and high-speed x-stage [Fig. 3.27(c1)—(c3)]. 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: aluminum: E = 72 GPa, v = 0.33, p = 2700 kg/m?; steel:
E = 200GPa, v = 0.28, p = 7800kg/m?; piezo-stack: E = 33.9GPa, v = 0.30,
p = 8000kg/m?; and 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- and x-stage are 5.96 kHz
and 25.9 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
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Fig. 3.27 Finite-element analysis results showing first four modes: (a) high-speed scanning stage;
(b1)—(b3) low-speed y-stage; (c1)—(c3) high-speed x-stage. Each stage section is designed to have
the first mechanical resonance to occur in the actuation direction

interfaces. 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 20dB. Figure 3.28(al), (b1) show the
predicted frequency response plots for the x- and y-axes with the resonant peaks
occurring at 25.9 kHz and 5.96 kHz, respectively. Overall, the FEA results and the
experimental measurements show good agreement.

3.6 Design Example of a Vertical Nanopositioner

There are increasing demands for vertical nanopositioning systems in applications
such as high-speed vertical stage for scanning probe microscopy [23, 34, 98],
objective focusing stages [24, 77], nanofabrication [85, 86], mask, and wafer surface
inspection [12]. Typically, flexures are used to provide preloads to piezoelectric
stack-driven nanopositioners [100, 105], and to minimize off-axis motions from the
actuation direction [34, 98].
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Fig. 3.28 (al)—(a2) Comparison of predicted and measured frequency response functions for the
high-speed stage (x-axis), (b1)—(b2) 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. 3.29 Assembled and exploded views of the z-nanopositioner design

A design example of a high-speed vertical nanopositioner [98] is presented here.
The z-stage is mounted on the xy-stage presented in Sect.3.5.1 (see Fig.3.29)
to achieve the three translational DOFs (degree-of-freedoms) for high-speed
atomic force microscopy. The vertical nanopositioner utilizes a diaphragm flexure
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Fig. 3.30 Diaphragm flexure of the z-nanopositioner. (a) Diaphragm flexure. (b) Curved-beam
model. (c¢) Cross-sectional bending and torsional moments of the beam. (d) Beam element

in Fig.3.30a to guide and preload the z-axis piezoelectric stack actuator. The
diaphragm flexure is constructed from eight curved beams. The curved beams are
fixed at one end and guided at the other. To estimate the effective stiffness of
the diaphragm flexure, a point load F, is applied to the guided end. The total strain
energy of the curved beam flexure (neglecting shearing) is

Il V)

L L
U—/Md+/—M§d (377
= 2" ) 267 7
0 0

where M, and My as shown in Fig.3.30c are the cross-sectional bending and
torsional moments, which vary with 6, E is the Young’s modulus, G = E/2 (1 + v)
is the shear modulus, v is the Poisson’s ratio, I = h3t/ 12 is the second moment
of inertia, J = (ht3 + h3t) /12 is the polar moment of inertia, ds is the length of
a beam element, and L is the length of the beam. According to the Castigliano’s
second theorem, the deflection &, of the curved beam flexure can be calculated by
taking the partial derivative of U with respect to F, that is

0

oUu 1 My
= = ds. 3.78
oF. s (3.78)

L

§ MaMrd+1/M

Tk T Em) R TG )T
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The equilibrium equations for moment along the x and y directions are [18]

M, cos —Mysinf + F,y =0, (3.79)
M,sinf + Mgcosf + F,(R—x) = 0. (3.80)
Solving for M, and My,
M, = —F,ycosf — F, (R — x) sin#, (3.81)
My = F,ysinf — F, (R — x) cos 6. (3.82)

The following procedure is employed in order to perform the integration of
Eq. (3.78) over the variable x in the Cartesian coordinates [18]. The curve of the
beam is a circular profile, therefore:

¥+ =R, (3.83)
y = ~/R%? — x2, (3.84)

where R is the radius of curvature of the beam. By differentiating Eq. (3.84), we
have

dy X
— = . 3.85
- — (3.85)

As shown in Fig. 3.30c, the length of a beam element ds is

d 2
ds = /& +dy? = dx |1+ (d—)yc) : (3.86)

And sin (6) and cos (0) are expressed as

d 1
sinf = & _— (3.87)
ds a\2
()
cosf = ﬂ — L/dx (3.88)

ds 1+(%)2

By substituting Egs. (3.81), (3.82), (3.86)—(3.88) and dM,/dF,, dMy/dF, into
Eq. (3.78), and performing integration from x = Rcos (7/4) (where /4 is the
angle of the beam) to x = R, we have
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n T
. =FR|—=+—=]). 3.89
= (g o) (389
where Ty and T, are
¢ 1
T, = —/ = dx, (3.90)
% RZR;x2
R
R—x
T, = —/ - dx. (3.91)
x (R+x) Rszz
V2

From Eq. (3.89), the stiffness of the curved beam is K, = F,/§,. The diaphragm
flexure consists of eight curved beams arranged in parallel. Therefore, the total
stiffness of the flexure is

8F,
5,

K = (3.92)

For the chosen flexure dimensions and material as documented in Table 3.5, K; is
calculated to be 5.17 N/pm.

3.6.1 Resonance Frequency

Resonance frequency of the single-mounted z-nanopositioner can be estimated by
modeling it as a two DOF spring-mass-damper system [69] as shown in Fig. 3.31.
In this model, the upper half of the piezoelectric stack actuator is lumped to the
effective mass of the flexure and sample, the lower half of the actuator is lumped
to the effective mass of the support structure, that is the xy-nanopositioner. Also, c;
and ¢, represent the effective damping coefficients, and k; and k, are the effective
stiffnesses. We have m; = m,/2+mg, my = my,/24+my, 1 = ¢5,¢0 = cp+cf, k1 =
ks, and ky = k, + k;. The subscripts p, f, and s stand for piezoelectric stack actuator,
diaphragm flexure, and support structure, respectively. By using the lumped spring-
mass-damper system, two resonances (f; and f3) and one anti-resonance (f>) can be

obtained [69], as
1 k
fim 5oy
w\ my+my
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Table 3.5 Dimensions and
material properties of flexure
and piezoelectric stack

Diaphragm flexure Values
Radius of curvature, R (mm) | 2.99

actuator Thickness, ¢ (mm) 0.38
Height, 4 (mm) 1.1
Effective mass, my (g) 0.32
Stiffness, k¢ (N/pum) 5.17*
Young’s modulus, E (GPa) 72
Poisson’s ratio, v 0.33
Density, p (kg/m?) 2770
Piezo Values
Dimension (mm) 3X3X%X6
Mass, my, (g) 0.41
Stiffness, k, (N/jum) 65
Young’s modulus, E, (GPa) |45
Poisson’s ratio, v, 0.3
Capacitance, C,, (nF) 70

Travel range @ 200V (um) | 5.5
Support structure (xy-stage) | Values

Mass, m; (g) 5.72
Vertical stiffness, k, (N/um) | 81°
Density, p (kg/m®) 7500

#Obtained using Eq. (3.92)
Obtained using FE simulations

(my + my) ky
miniy '

(3.93)

Here, f; is the vertical resonant mode of the xy-nanopositioner, and f3 is the resonant
mode of the preloaded piezoelectric stack actuator with flexures. The calculated
resonance frequencies f; and f5 of the single-mounted z-nanopositioner design are
17.8kHz and 61 kHz, respectively.

3.6.2 Finite-Element-Analysis

ANSYS was used to perform finite-element (FE) analysis of the z-nanopositioner.
The flexure is deformed using a piezoelectric stack actuator that generates the
requisite vertical displacement. A magnet is glued onto the flexure as illustrated in
Fig. 3.32. The magnet’s function is to hold a metal sample holder. It has a diameter
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Fig. 3.31 A 2-DOF
spring-mass model of the my = m,/2+m;
z-nanopositioner where m, c,
and k are mass, damping J_

coefﬁci_ent, and stiffness., ko= k o+ \_‘_[ = e
respectively. The subscripts p, [

f, and s are referred to the

piezoelectric stack actuator,
diaphragm flexure, and m; = my,/2+mg
support structure (the

Xy-nanopositioner) l
respectively k=k \—‘—1 €= ¢

Fig. 3.32 (Finite-element simulations. (a) First vertical resonant mode of the xy-nanopositioner:
19.7 kHz. (b) First vertical resonant mode of the z-nanopositioner: 65 kHz

of 5mm and a thickness of 1 mm. The flexure is made of aluminum alloy (A17075).
The piezoelectric actuator is a Noliac SCMAPOQ6 stack actuator. Dimensions and
material properties of the actuator, which were used to construct the ANSYS model,
can be found in Table 3.5.

ANSYS simulations predicted that the first vertical resonance frequency of the
xy-nanopositioner is at 19.7 kHz. The vertical resonant mode of the z-nanopositioner
appears at 65kHz (see Fig.3.32). The simulated stiffness along the z-axis is
5.15N/pm. The analytical resonance frequencies and stiffness are in reasonable
agreement with the FE simulations.

3.6.3 Travel Range

To estimate travel range of the nanopositioner, we may use the formulation
AL = AL, - ky/ (k; + k,) [83, 100], where AL is the displacement with external
spring load, AL, is the maximum nominal displacement of the piezoelectric
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stack actuator without an external spring load, k; is the flexure stiffness, and k,
is the piezoelectric stack actuator stiffness. The estimated displacement of the
z-nanopositioner is 5.1 pm.

3.6.4 Inertial Cancellation

The z-nanopositioner is mounted to a parallel-kinematics xy-nanopositioner pre-
sented in Sect. 3.5.1 and illustrated in Fig. 3.29. When the z-nanopositioner is only
comprised of a single-nanopositioner, as is the case in [97, 103] (and illustrated
in Fig.3.33a), the fast movements of the piezoelectric stack actuator tend to
induce impulsive forces which propagate through, and excite the resonant modes
of the xy-nanopositioner [5, 104]. This resonant mode, which often lives at a
lower frequency than that of the vertical axis, in turn, causes vibrations in the z-
nanopositioner. The frequency response of the single-nanopositioner configuration
shows that the vertical resonant mode of the xy-nanopositioner is the dominant mode
with a phase drop of more than 45°. This mode may need to be suppressed by
means of feedback control to avoid vibrations. In this configuration, bandwidth of
the vertical feedback loop is limited by the low resonance frequency of the xy-stage.

Equation (3.93) shows that the vertical resonant mode of the xy-stage, fi, can be
increased by increasing the vertical effective stiffness k; of the xy-nanopositioner.
This can be achieved by adding more beam flexures to the xy-nanopositioner.
Howeyver, these flexures will increase the effective mass of the device which in turn
will reduce the resonance frequency. Furthermore, the additional flexures result in a
reduction in the xy travel range. To avoid this, a dual-mounted z-nanopositioner
configuration, illustrated in Fig.3.33b, is used to counterbalance the impulsive
forces of the z-actuator [34, 35, 98]. This inertial counterbalance method avoids
the need to change k; through mechanical design. The bottom z-actuator cancels
the impulsive force exerted by the top actuator which, when the mass is balanced
properly, eliminates the first vertical resonant mode. Other inertial counterbalance
techniques can also be found in [5].

The effectiveness of the dual-mounted nanopositioner is sensitive to the weight
difference between the opposing piezoelectric stack actuators. This is illustrated in
Figs. 3.33(b2), (b3). If the sample and the dummy weights are perfectly balanced,
the vertical mode of the xy-nanopositioner will not be triggered. In this case, the
dominant mode is the vertical mode of the z-nanopositioner where, by design, is at
least 4 times higher than that of the xy-nanopositioner. Thus, in this case, bandwidth
of the vertical feedback loop is limited by the resonant mode of the z-nanopositioner.
However, in practice, it is rather difficult to perfectly balance the weights. It is more
likely that the dummy sample is slightly lighter or heavier than that of the sample
sitting on top of the z-nanopositioner (see Fig. 3.33b). Nevertheless, if the weights
are well-balanced, the effect of the xy-stage’s dynamics on the vertical positioning
stage will be negligible, possibly consisting of a very small peak in magnitude and
a phase variation of less than 45°. In such a case, the dynamic mode of the xy-stage
will not be the dominant mode.
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Fig. 3.33 Frequency responses of different z-nanopositioner configurations. (a) Single-nano-
positioner configuration without inertial cancellation. (b) Dual-mounted z-nanopositioner configu-
ration: (b1) Weights are perfectly balanced. (b2) Weight of the sample is slightly heavier than that
of the dummy. (b3) Weight of the dummy sample is slightly heavier than that of the sample
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Fig. 3.34 Experimental setup of the nanopositioner. The z-nanopositioner is mounted to the xy-
nanopositioner

il

3.6.5 Experimental Results

The experimental setup is shown in Fig.3.34. A Polytec PSV-300 laser scanning
vibrometer was used to measure the z-axis frequency response and travel range of
the nanopositioner. A 100-Hz, 200-V peak-to-peak sinusoidal signal, which was
amplified by a PiezoDrive PDL200 amplifier, was applied to drive the piezoelectric
stack actuator, and the measured full-range displacement of the z-nanopositioner is
5 pwm. The displacement is plotted in Fig. 3.35.

A pseudo-random input signal with a frequency in the range of 1-100kHz was
applied to the piezoelectric stack actuator. The measured frequency response of
the z-nanopositioner are plotted in Fig.3.35a. The weight of the dummy sample
is 0.03 g, which is approximately the weight of the sample. The frequency response
of the z-nanopositioner in Fig. 3.35a shows a pole-zero pattern, indicating that the
dummy mass is slightly lighter than the sample. The measured first vertical resonant
mode of the single-mounted z-nanopositioner is 17.1kHz. Due to the additional
weights of the dual-mounted z-nanopositioner, the vertical resonant mode of the
xy-nanopositioner drops from 17.1 to 15kHz. However, its resonant peak has a
magnitude of only 1.6dB and a phase drop of less than 15°. Due to its negligible
profile, this mode will not be the dominant mode that dictates the vertical feedback
bandwidth. As shown in the measured frequency response, the dominant mode in
the z-axis is the 60-kHz resonant peak. As a result, a controller may be designed to
suppress the 60-kHz resonant peak in order to obtain an even higher bandwidth.
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Fig. 3.35 (a) Measured frequency response. (b) Travel range of the nanopositioner

3.7 Conclusions

This chapter described the design process for high-speed flexure-guided nanoposi-
tioning stages with a focus on atomic force microscopy applications. It discussed
important design considerations which include balancing trade-off between range
and speed (resonance frequency), taking careful consideration of flexure designs,
actuator properties and drive electronics, material selections, manufacturing tech-
niques, and using FEA tools to optimize mechanical resonances. Design examples
of serial- and parallel-kinematic nanopositioning stages were presented. A design
example of a vertical nanopositioning stage with inertial counterbalance technique,
which passively suppresses the low vertical resonant mode of the system was also
presented.
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