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Abstract

Micro-stepping mechanism.is designed to expand the working stroke for
precise positioning. A piezoglectric material is chosen to construct the impact
drive mechanism, a stick-slip type.of mechanism utilizing contact frictional
force by rapid displacement ‘response. -"Applying asymmetric driving
waveforms to the piezoelectric element makes the mechanism move step by
step periodically. However, many complicated problems exist. Due to such an
extremely small displacement, the mechanism is very sensitive to changes in
the surroundings, especially the indeterminate distribution of friction between
the slider and the guide surface. A linearized mass-damper-spring model with
pre-sliding friction is constructed to investigate the dynamics of the
mechanism. By improving the previous structure of the mechanism, we will
combine the DSP controller and the interferometer measuring system to verify
the stepping of the mechanism experimentally. The influence of different
control waveforms is discussed. In addition, a new discovered driving method

in the research may be used well for long traveling in practice.
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Chapter 1 Introduction

1.1 Piezoelectricity

Piezoelectricity is the ability of certain crystals to produce a voltage
when subjected to mechanical stress. The word is derived from the Greek
“piezo”, which means to squeeze or press. Piezoelectricity is a linear effect
that is related to the microscopic structure of the solid. Some ceramic
materials become electrically polarized when they are strained. This linear
and reversible phenomenon is referred to as the direct piezoelectric effect.
Piezoelectric materials also show: 'the ‘epposite effect, called the converse
piezoelectricity. Figure 1.1 :demonstrates:the connection between electrical
and mechanical domains.=An electrical field creates mechanical stress
(distortion) in the crystal structure because the charges inside the crystal are
separated. The applied voltage affects different points within the crystal
differently, resulting in the distortion. The microscopic origin of the
piezoelectric effect is the displacement of ionic charges within a crystal
structure. In the absence of external strain, the charge distribution within the
crystal is symmetric and the net electric dipole moment is zero. However,
when an external stress is applied, the charges are displaced and the charge
distribution is no longer symmetric. A net polarization develops and results in
an internal electric field. A material can only be piezoelectric if the unit cell
has no center of inversion. The effect is of the order of nanometers, but
nevertheless finds useful applications such as the production and detection of

sound, generation of high voltages, electronic frequency generation, and


http://www.absoluteastronomy.com/encyclopedia/G/Gr/Greek_language.htm

ultrafine focusing of optical assemblies.

1.2 History

In 1880, the brothers Pierre Curie and Jacques Curie predicted and
demonstrated piezoelectricity using tinfoil, glue, wire, magnets, and a
jeweler's saw. They showed that crystals of tourmaline, quartz, topaz, cane
sugar, and Rochelle salt (sodium potassium tartrate tetrahydrate) generate
electrical polarization from mechanical stress. Quartz and Rochelle salt
exhibited the most piezoelectricity. Twenty natural crystal classes exhibit
direct piezoelectricity. In 1881, the term "piezoelectricity" was first suggested
by W. Hankel, and the converse piezoelectricity was mathematically deduced
by Lipmann from fundamental thermodynamic principles. The Curies
immediately confirmed the existence of the "'converse effect,” and went on to
obtain  quantitative  proof "“‘ofiiithe complete reversibility of
electro-elasto-mechanical deformations in piezoelectric crystals.

In the next three decades, collaborations within the European scientific
community established the field of piezoelectricity; and by 1910, Voigt’s
“Lerbuch der Kristallphysic” was published and became a standard reference
work detailing the complex electromechanical relationships in piezoelectric
crystals. However, the complexity of the science of piezoelectricity made it
difficult for it to mature to an application until a few years later. The first
practical application for piezoelectric devices was sonar, first developed
during World War I. In France in 1917, Langevin et al. developed an

ultrasonic submarine detector. The detector consisted of a transducer, made of



thin quartz crystals carefully glued between two steel plates, and a
hydrophone to detect the returned echo. By emitting a high-frequency chirp
from the transducer, and measuring the amount of time it takes to hear an
echo from the sound waves bouncing off an object, one can calculate the
distance to that object. Their success opened up opportunities for intense
development interest in piezoelectric devices. Over the next few decades, new
piezoelectric materials and new applications for those materials were explored
and developed. In 1935, Busch and Scherrer discovered piezoelectricity in
potassium dihydrogen phosphate (KDP). The KDP family was the first major
family of piezoelectrics and ferroelectrics to be discovered.

During World War I, research in piezoelectric materials expanded to the
U.S., the Soviet Union and Japan. Up until'then, limited performance by these
materials inhibited commercialization. but that changed when a major
breakthrough came with the discovery.of barium titanate and lead zirconate
titanate (PZT) in the 1940s‘.and 1950s respectively. These families of
materials exhibited very high dielectric and piezoelectric properties.
Furthermore, they offered the possibility of tailoring their behavior to specific
responses and applications by the use of dopants. Starting around 1965,
several Japanese companies focused on developing new processes and
applications, and opening new commercial markets for piezoelectric devices.
The success of the Japanese effort attracted other nations.

Today, PZT is one of the most widely used piezoelectric materials. It is
noted that most commercially available ceramics (such as barium titanate and
PZT) are based on the perovskite structure shown in Figure 1.2. The
perovskite structure (ABOj3) is the simplest arrangement where the

corner-sharing oxygen octahedra are linked together in a regular cubic array
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with smaller cations (Ti, Zr, Sn, Nb etc.) occupying the central octahedral
B-site, and larger cations (Pb, Ba, Sr, Ca, Na etc.) filling the interstices
between octahedra in the larger A-site. Compounds such as BaTiOs, PbTiOs,
PbZrO;, NaNbO; and KNbO; have been studied at length and their high
temperature ferroelectric and antiferroelectric phases have been extensively
exploited. This structure also allows for multiple substitutions on the A-site
and B-site resulting in a number of useful though more complex compounds

such as (Ba,Sr)TiOs, (Pb,Sr)(Zr,Ti)Os, Pb(Fe, Ta)O3, (KBIi)TiO; etc.

1.3 Motive

To date, the needs and uses of piezoelectric devices extend from medical
applications to the communications -field to- military applications and the
automotive field. Piezoelectric materials are well known for great rigidity,
low power consumption, rapid response, and ultra-high resolution. As very
high voltages correspond to only tiny changes in the width of the crystal, this
width can be changed with better-than-micrometer precision, making piezo
crystals the most important tool for positioning objects with extreme accuracy.
Due to the piezoelectric effect and these excellent features, piezoelectric
ceramics are commercially available devices for measuring displacements in
the range of 10pm to 100um. These applications include optical fiber
alignment, mask alignment, scanning electron microscope, focusing and
tracking of a hard disk drive, etc. Thus, we look forward to construct a new
design of the micro-stepping mechanism with piezoelectric actuators to

achieve the accuracy of positioning.



1.4 Research Orientation

First, the non-linearity of piezoelectric actuators is introduced. The
non-linear effects between the input voltage waveform and the output
deformation cause undesirable inaccuracy especially hysteresis. It brings
about a rate-independent lag phenomenon and residual displacement near zero
input. These phenomena reduce the accuracy of the actuators and result in
poor performance in the piezoelectric actuator which is operated in open-loop
mode.

The main purpose is to design a mechanism of the piezoelectric actuator
in precise positioning with long traveling displacement. We choose the
piezoelectric impact drive mechanism-(IDM) which belongs to stick-slip
actuators of the pulse type :for experiment. To expand the working range of
stroke with high resolution, a voltage-amplifier is necessarily needed. IDM is
one type of micro-stepping device-that can achieve nanometer resolution. The
operating principle of the impact drive mechanism is explained. Applying an
asymmetric voltage waveform to piezoelectric elements which is connected to
the slider and the counter-mass of IDM causes a series of motions on the
guide way. The piezoelectric elements used to excite each stepping motion of
IDM are considered to be a linear and rigid device that can provide a fast
displacement response. A mass-damper-spring model is constructed to
investigate the dynamics of the mechanism.

An experimental environment, based on the laser interferometer, is set up
for managing the displacement of the piezoelectric actuator. After data

converting reference and measurement signals from laser head and



measurement receiver, the information is processed by DSP which provides
fast digital input read operation. The DSP module can also produce driving
waveforms needed in the experiment at the same time. With experimental
results, we can observe the relation between the input voltage waveform and

the output deformation then make a conclusion.



Chapter 2 Micro-Stepping Mechanism Using

Piezoelectric Actuators

2.1 Non-linearity of Piezoelectric Actuators

In addition to the simple mechanical structure, other beneficial general
properties of piezoelectric actuators are: a short response time, an ability to
create high forces, a high efficiency and a high mechanical durability. On the
disadvantage side, piezoelectric actuators have small strains: only 0.1- 0.2%.
Other disadvantages are a high supply voltage needed — typically between 60
and 1000V, a large hysteresis.and creep (drift). Figure 2.1 presents a typical
hysteresis and Figure 2.2 appears a typical drift of a piezoelectric actuator.
Generally, non-linearity of- piezogelectric. actuators may cause undesirable
inaccuracy.

The absolute displacement generated by an open-loop PZT depends on
the applied voltage and the piezo gain, which is related to the remanent
polarization. Since the remanent polarization, and therefore the piezo gain, is
affected by the electric field applied to the piezo, the deflection depends on
whether the PZT was previously operated at higher or lower field strength
(and some other factors). In other words, the hysteresis behavior means that
there is no unique output deformation for a certain input voltage because the
output also depends on the input history. Hysteresis is typically on the order
of 10% to 15% of the commanded motion. For example, if the drive voltage
of a 50 um piezoelectric actuator is changed by 10%, (equivalent to about 5

um displacement) the position repeatability is still on the order of 1% full
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travel or better than 1 um. Classical motor-driven leadscrew positioners will
have difficulty beating this repeatability.

Creep only occurs in open-loop operation, and can be eliminated by
servo-control. Like hysteresis, creep is related to the effect of the applied
voltage on the remanent polarization of the piezo ceramics. Creep is the
expression of the slow realignment of the crystal domains in a constant
electric field over time. If the operating voltage of a PZT is changed, after the
voltage change is complete, the remanent polarization (piezo gain) continues
to change, manifesting itself in a slow creep. The rate of creep decreases

logarithmically with time. The following equation describes this effect:

AL(t)~ ALtzo{l +7-log (éﬂ (2-1)

Creep of PZT motion as a‘function.ef time.

where:

AL(t) = creep as a function of time [m]
AL,_,, = displacement 0.1 sec after the voltage change is complete [m].

y = creep factor, which is dependent on the properties of the actuator (on the

order of 0.01 to 0.02 which is 1 to 2% per decade).

Maximum creep (after a few hours) can add up to a few percent of the
commanded motion.

Aging refers to reduced piezo gain, among other things as a result of the
depoling process. Aging can be an issue for sensor or charge-generation

applications (direct piezo effect), but with actuator applications it is negligible
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because repoling occurs every time a higher electric field is applied to the

actuator material in the poling direction.

2.2 Micro-Stepping Mechanism Overview

Many types of piezoelectric precision positioning systems have been
proposed for industrial and scientific applications. Figure 2.3 lists the typical
classifications of these systems. Scanning devices produce motion by direct
driven or mechanical amplified. Pulse devices include stick-slip and other
types of clamping mechanism. The stick-slip device which is based on the
rapid response of continuous driving,voltage can generate stable stepping
motion from mechanical excitation of the piezoelectric device. The stick-slip
behavior results from the contact friction between the movable part and the
guide surface. The third type ~of piezoelectric positioning system is the
ultrasonic motor. The acoustic "wave produced by resonantly excite
piezoelectric materials induces the mechanical movement.

The pulse device seems to solve the problem of limited stroke of the
scanning device. However, some bottlenecks remain.

(1) The load capacity of the pulse device, especially the stick-slip device,
iIs low. The load variation dramatically changes the behavior of the
mechanism.

(2) The stick-slip is sensitive to changes in the surroundings, such as the
indeterminate distribution of friction on the guide surface, the tilting of the
guide surface and mechanical vibration.

(3) The closed loop operation of the stick-slip device has not been well



developed. Current applications of stick-slip devices are based on open loop
operation.

(4) The mechanism and controller must be carefully designed. A
stick-slip device operated at high frequency will be out of control in a poorly
damped system.

Although several disadvantages affect the application of stick-slip
devices, their simple structure and effective precise positioning are the main

object of the research.

2.3 Review of Impact Drive mechanism

The development of impact drive-mechanism began with the design of a
finely adjustable specimen holder for SEMs/STMs in the 1980s. T. Higuchi et
al. proposed a prototype IDM and applied it in the design of a micro robot that
serves as an inserted capillary in-a‘cell-operation [1]. Simplified kinematics
analysis was performed and the basic principle of operation of IDM was thus
elucidated. S. Ling et al. used MCK model to study numerically a push-pull
IDM [2]. They treated IDM simply as a velocity drive and considered only the
effect of the amplitude and the frequency of input waveform on the mean
velocity of IDM. All of the analysis and simulation was based on a specific
IDM construction. The design parameters of IDM and the induced stepping
behavior of IDM were thoroughly analyzed.

The stick-slip operation of IDM is dominated by the energy dissipation
of the system, some of which results from the contact friction between the

slider and the guide surface. K. Furutani et al. studied the effect of lubrication

10



on IDM [3]. They discussed the motion of IDM based on Newton mechanics.
An approximate estimate of the motion of IDM under a specific exciting
waveform pattern was provided. Four guide-surface conditions — dry,
lubricated by EDF-K, Oil 32 and Oil 68 — were experimentally studied.
Surface condition did not apparently affect the behavior of IDM. The critical
effect of the dissipation of energy in the system is not discussed.

The application of IDM to multi D.O.F. positioning has also been
extensively discussed. J. Mendes et al. constructed a planar positioning
machine to finely position a print board on a work plane [4]. They used a
group of six IDMs in a plane to push a wok piece in the X and Y directions.
The path planning of the work piece which uses six actuators was performed.
Image feedback was used toachieve closed-loop position control. The
mechanism was based on the robotic “Pushing Operation” of M. Mason et al.
[5]1[6][7]. Y. Yamagata et al. proposed.a.similar approach [8]. They used a
multi D.O.F. IDM on the end-effecter of a robot arm to perform automatic,
precise assembly. K. Furutani et al. used IDM to develop a precision electrical
discharge machine (EDM) [9][10]. They constructed an X-Y-Z-8 movable
electrode-feeding device. The electrode was carried with the planar IDM. The
path planning of the planer IDM-driven electrode was also accomplished.

Many clamping mechanisms were introduced to “increase” the friction
force between the slider and the guide surface during the “sticking phase” of
the operation of IDM to improve the poor controllability and repeatability of
the stick-slip motion. K. lkuta et al. proposed a kind of IDM using
electromagnetic clamping [11]. The slider is electromagnetically clamped
during the sticking phase and released during the slip phase. An extra D.O.F.

of control of the electromagnetic coil was introduced. T. Idogaki et al. used a
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preload spring to clamp the slider to the guide surface of IDM [12]. The
passive preload exerts a larger normal force between the contact surface of the
slider and the guide of IDM.

The piezoelectric material-based IDM was selected as the precise
positioning in this research. The following sections emphasize on the

operation and stepping behavior of IDM.

2.4 Operating Principle of Impact Drive Mechanism

Figure 2.4 describes the input waveform pattern corresponding to the
movement of one dimensional linear, positioning device. The slider is put on a
surface and held by the friction force.“A counter-mass is connected to the
main object via one piezoelectric - element. Controlling extension or
contraction of the piezoelectric actuator-by applying voltage waveforms to the
piezoelectric actuator, the mechanism will move. Figure 2.4(a) represents a
control method of deformations of the piezoelectric actuator for backward
movement.

(1) A movement cycle begins with the original length of the piezoelectric
actuator and the mechanism is stationary at start.

(2) A steep rising voltage is applied. The piezoelectric actuator makes a
rapid extension and the slider moves backward and the counter-mass forward.

(3) While returning, the counter-mass should be accelerated by a
constant acceleration which causes inertial force less than the static friction
force. Otherwise, the slider makes reverse movement.

(4) By the time the piezoelectric actuator is contracted to the length of

12



the beginning, a sudden stop is happened. This action is just like a collision of
the counter-mass and the slider. So the whole system starts moving backward
against friction force until it loses its kinetic energy.

(5) IDM stops and the piezoelectric actuator recovers itself.

The cycle is completed through (1) to (5). Therefore, IDM can move a
long distance by repeating this cycle. The same may be said, no doubt, of

forward movement as shown in Figure 2.4(b).

2.5 Models of Impact Drive Mechanism

The piezoelectric impact drive, mechanism (IDM) based on stick-slip
motion excited by the rapid deformation:of piezoelectric elements is one type
of micro-stepping mechanism.-Applying an asymmetric driving waveform to
piezoelectric elements connected to the:slider and the counter-mass of IDM
causes a series of stick-slip motions'between the slider and the guide surface.
To examine the dynamic of stick-slip motion of IDM, piezoelectric elements
are usually considered to be linear and rigid displacement devices that provide
a fast response. The non-linearity of hysteresis and creep is initially neglected
in the analysis. A rigid body model and a mass-damper-spring (MCK) model

are introduced to reconstruct the physical behavior of IDM.

2.5.1 Rigid Body Model

Figure 2.5 shows the rigid body of IDM. For simplicity, the contact

friction between the slider and the guide surface is initially considered to be
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Coulomb friction. In the rigid diagram, x, and x, indicate the displacement

of the slider and the counter-mass of IDM respectively; | represents the

displacement of the piezoelectric element; M and m are the mass of the

slider and the counter-mass; u is the coefficient of Coulomb friction; g is

the acceleration of gravity and F, is the force exerted by the piezoelectric

element. With the assumption and description, the rigid model of IDM is

expressed as follows.

M, = —u(M +m)g - sign(x)+ F,
m, = —F, (2-2)
X, =X +1

The behavior of IDM-approximates to the conservation of momentum
proposed by K. Furutani et-al [3]. Based-on the assumption of Coulomb
friction contact, the stick-slip condition of the slider during a single cycle can
be analyzed with distinct input waveform. AL is the maximum displacement
of the piezoelectric element. The maximum movement of the slider Ax

during the rapid deformation of a single pulse can be predicted to be

AX = AL (2-3)

M+m

2.5.2 Mass-Damper-Spring Model

The mass-damper-spring model of IDM shown in Figure 2.6 is expressed

as follows.
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F
. 2-4
0 (2-4)

MS, + (X, + 1 = %, )+ k(x, +1-x,)=
mx, +c(x, — I — % )+ k(x, =1 —x)

The piezoelectric element is considered to be linear and rigid. The
mechanical interface between the slider and the counter-mass is specified as a
linear spring constant k and a linear damping c. Assuming no contact
friction between the counter-mass and the guide surface, there is only one

friction between the slider and the guide surface. The contact friction is also

considered to be Coulomb friction with the coefficient . x, x,, |

represent the displacement of the slider, the counter-mass and the
piezoelectric element respectively; .M., and m are the mass of the slider and
the counter-mass.

In a more general case, external forces act on the slider and the
counter-mass (frictional force, . magnetic- clamping force, etc.), the

mass-damper-spring model for the'system turns into

F _
. (2-5)

2

M, +c(%, + 1= %, )+ k(x, +1-x,)
mx, +c(X, — I — % )+ k(x, =1 - x,)

where F, and F, represent the external force on the slider and the

counter-mass respectively. By taking the Laplace transform for both sides of

above equations, we have
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(Ms? +cs+k)X,(s)— (cs + k)X, (s)=—(cs + k)L(s) + F,(s)

+ M (sx,(0)+ x,(0))+ c(x,(0)— x,(0) +1(0))

—(cs + k)X, (s)+(ms? +cs+k)X,(s)=(cs + k)L(s)+ F,(s)

+m(sx,(0)+ x,(0))+ c(x,(0) - x,(0)-1(0))

The above algebraic equations can be solved as

K} s?(Mms” + c(M +1m)s + k(M +m))

ms® +cs +k cs 4k “(cs+Kk)L+F +1,
cs +k Ms?+cs+Kk [(cs+k)L+F, +1,

Where 1, =Mx,(0)s+1, and I, =mx,(0)s+1, represents the terms which

contain the initial conditions of the system. We can rewrite the vector

[X, X,] composed of 5 separated vectors.

Where subscript L, F1 and F2 represent the effect of piezoelectric
element, external forces act on the slider and the counter-mass. 11 and 12
represent the effect of the initial conditions of the system. The individual
quantity can be obtained as follows.
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—m(cs +k)- L(s)
Ko = Mms? + c M + rl?gs + k)(M +m) =Gu(s)L(s)
cs +k)-L s
Xou = Mms?® + C(M +m)s+k(M +m) G (3)L(s)
B (ms? +cs+k)-F,(s) B )E (s
Xops = s?(Mms? +c(M +m)s+k(M +m)) G5 ()
X - (CS-I—k)-Fl(S) :GFlz(S)Fl(S)

P 82 (Mms? +¢(M +m)s+k(M +m))

“ (cs +k)-F,(s)
2 s (Mms? +c(M +m)s + k(M +m
(Ms? +cs+k)- F,(s)

s?(Mms? + c(M +m)s + k(M.+ m

) Ge.u(s)F,(s)

X =

2F2

3~ G (s)F,(s)

= ((m32 + CS '(i‘ k) (MX1(0)5(+ IlO) ))
M g2 (Mms? + (M £ m)s + k(M F+m
. _ (cs+k)-(|\/|X120)S+ )

s (Mms? +c(M +m)s+k(M +m))

X

- (cs+k2-(mxz(()3)5+|(zo) )

H 0 s*(Mms® +¢(M +m)s+ k(M +m
_ (l\/|S2 +CS+k)'(mX2(O)S+ I20)

2,12 SZ(MmSZ +C(|V| +m)s+k(M +m))

By the inverse Laplace transform L™*{} the displacement of the slider under

actuation of IDM can be obtained as
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Xl(t): L_l{GLl(S)L(S)}+ L_l{GFll(S)Fl(S)}+ L_l{Gle(S)Fz (S)}

+ X, , (5)}+ LHX,,,(s))

In the following formulations, we assume the load capacity of
piezoelectric element is large enough and the output is corresponding to the
rapid deflection stage or the slow deflection stage of the piezoelectric element

only. The displacement of slider drive previously can be rewritten as

_mL,,sin@,t-e*™ mL, t

max

M = AIM+mz, M+mpgT

. ML, sinaw,t-e ML
i AT(M +m)a, M- +m BT

where £ represents the percentage of the slanting stage in a cycle (y or
1-y); L represents the maximum deflection of the piezoelectric element;

y and T depicted in Figure 2.7 are the complement duty cycle and the

period of triangular waveform respectively. Similarly, we can obtain the

relation between the displacement of the slider and external constant forces

F, and F, as follows.

X (t)= —cmsin@,t  m’cosa,t e m? N t? E
2kM(M +m)az, k(M +m) k(M +m)* 2(M +m) *
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X, . (t)= csina,t +Mmcoswdt gt _ Mm N t? .
i 2k(M +m)a, k(M +m)’ k(M +m) 2(M+m)| *

X, (t)= csina,t +|\/|mCOSwdt gt _ Mm N 2 .
L2k +m)a, k(M o+ mY kM +m) oM +m)| *

X, (t)= ~Mcsing,t  M’cosa,t e, M 2 . 2 .
o 2km(M +m)w, k(M +m)’ kM +m)  2(M+m)f °

Finally, the initial condition of slider displacement and counter-mass

displacement for each stage are

M +m

Xm(t):{zmll0 —c(M + m)xl(o)sinwdt 2 mx (0)

cosa. t e +
2M(M +m)a, M+m }

X, ,(t)= (M +m)x,(0) - 2ml,, sine t—MX—l(o)cosw t |g~5! +M
o 2m(M +m)a, T M4+m ‘ M + m

M +m

Xl,lz(t): |:C(M : m)XZ(O)_ MLy, sina t - mXZ(O)

cosaw,t e +
2M (M + m)ZD'd M+m

X,,(t)= 2MI, —c(M + m)XZ(O)sinwdt + MXZ(O)coswdt g-éot +w
| 2m(M+m)wd M +m M +m
From above formulation, we can conclude the characteristic of IDM as a

second order dynamic system with damped natural frequency and damping
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ratio as follows.

@, =, 1- & :ﬁJ(M +m)|4kMm —c2(M +m)] (2-6)
_¢(M +m) ]
T = oMm (7)
. cM+m) ¢ M+m (2-8)
~JakMm(M +m) 2V kMm
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Chapter 3 Experiment

3.1 Improvement of IDM

Figure 3.1 and Figure 3.2 illustrate the previous and advanced structure
of IDM. The disadvantage of previous one is that the counter-mass will
vibrate up and down which may change the normal force of the slider when
the piezoelectric element deforms rapidly. The behavior affects the contact
friction between the slider and the guide surface and enormously increases the
complexity of the system because frictional force is one of the important
points. The vibration also causes  inaccuracy in measuring. Now, a new
concept of IDM is constructed to solve:the problem. In the advanced structure
of IDM, piezoelectric elements are fixed fromend to end of the slider and the
counter-mass. Oiless bearings are.placed across the intermediate mechanism
to prevent the piezoelectric element from vibration and reduce the friction
between piezoelectric elements and the intermediate mechanism during
deformation. Besides, the guide is used to yield IDM to walk step by step
straightly.

As shown in Figure 3.3, P-840.10 preloaded LVPZT translators, used in
IDM for experiment, are high resolution linear actuators for static and
dynamic applications. They provide sub-millisecond response and
sub-nanometer resolution. These translators are equipped with highly reliable
multilayer PZT ceramic stacks protected by a non-magnetic stainless steel
case with internal spring preload that makes them ideal for dynamic

applications. The standard translator tip and base have tapped holes. Technical
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notes are listed in Table 3.1.

3.2 Experimental Setup

Figure 3.4 and Figure 3.5 depict the overall structure and configuration
with actual instrument for measuring the displacement of the piezoelectric
actuator respectively. The photographs of the system and IDM are also
presented in Figure 3.6 and Figure 3.7. In the experiment, the HP10705A
interferometer with 10nm (0.4pin) resolution and 3MHz maximum data
update rate measures the actual output displacement of IDM. The sampling
time of the data is controlled by DSP. module and then sent to HP10885A. The
HP10885A Axis board’s primary=function is to convert reference and
measurement signals from an HP 5517C laser head and measurement receiver
to a 32-bit digital position word.-The unit of measurement associated with the
position word is a fraction of the wavelength of the laser light being used. A
conversion is required if the position must be known in some other units (mm,
inch, etc.).

After conversion, the raw data is read by DSP module directly. The main
functions of the DSP module are:

(1) to send signals to HP10885A to control the sequence of data sample and
hold (8 bits digital output);

(2) to do data reading (32 bits digital input);

(3) to produce driving voltage waveforms needed in the experiment (8 bits
DA) and send to IDM.,

We achieve this goal by utilizing code composer studio (CCS) software
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to integrate these tasks into a program which can be loaded to the DSP
controller. Because of low driving voltage waveforms from DSP module (8
bits DA), a voltage amplifier is needed to amplify the analog signal from

0~2V to 0~100V to drive the piezoelectric actuator.

3.3 DSP Program Flowchart

The 2407A DSP controllers shown in figure 3.8 are designed to meet the
needs of control-based applications. By integrating the high performance of a
DSP core and the on-chip peripherals of a microcontroller into a single-chip
solution, the 240xA series yields a device that is an affordable alternative to
traditional microcontroller units (MCUs):and.expensive multichip designs. At
40 million instructions per second (MIPS), the 2407A DSP controllers offer
significant performance owver: traditional - 16-bit microcontrollers and
microprocessors. The 16-bit, low power, fixed-point DSP core of the 2407A
device provides analog designers a digital solution that does not sacrifice the
precision and performance of their systems. See details in Figure 3.9 and
Figure 3.10.

Code composer studio (CCS) is a fully software integrated development
environment (IDE) for building and debugging programs for the DSK (DSP
Starter Kit), i.e. the DSP board. CCS integrates all host and target tools in a
unified environment to simplify DSP system configuration and application
design. This easy to use development environment allows DSP designers of
all experience levels full access to all phases of the code development process.

The software is used for three phases in the overall DSP system design
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process:

(1)Coding and building: writing code using the editor, creating a
‘project’, and compiling and linking.

(2)Debugging: syntax checking, probe points, break points

(3)Analysis: statistics, benchmarking, real-time debugging

Figure 3.11 describes the complete flowchart of the DSP program. The
processes are as follows:

(1) Start: The program starts.

(2) CPU will be initialized first. Then we set and enable time interrupt to
define the sampling time.

(3) A while loop for DA control waveforms applying to the piezoelectric
actuator is executed. The program waits for the time interrupt every 50 us
(sampling rate = 20kHz).

(4) The program gets into time-interrupt; the DSP module starts to read
data by 32bits digital input.

(5) MSB Check: Because we do not know if an error occurs, the received
data has to be checked first if an error occurs. The method provided from
operating manual is to examine the most significant bit (MSB). If the MSB is
one (true), it implies the data is correct. Otherwise, there exists an error. We
should adjust all the experiments of the laser interferometer and see if the
light status is ready especially the indicator of the receiver. Then restart the
program again to step (1).

(6) Sign Check: The meaning of the second MSB indicates the sign of
the position value; therefore it is sometimes called the sign bit. The sign bit
zero (false) means positive and one (true) means negative position. Negative

position needs to be calculated by 2’s complement. The position register is
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saved to the buffer.

(7) End: The program ends.

(8) Measurement: After the program ends, the position register saved in
the buffer can be transferred to the real world displacement. The following
equation describes how position is calculated from the value in the position
register:

Position = Position register x % x Compensation number

where:

A=632.99135 nanometers (for HP5517C)

N = 64 when linear optics are being used

N = 128 when plane mirror optics are being used

N = 256 when high resolution optics-are-being used

Compensation number:= L =0.9997288

Air''siindexof /refraction

Then the experimental results'will ‘be plotted into a time-position graph

step by step continuously. These files can help us to compare the results of

different driving waveforms.

3.4 Experimental Results

Figure 3.12 to Figure 3.15 shows the displacement of the counter-mass
with 100V, 95% duty triangle input waveforms but different frequencies.
During the rapid phase of the input waveform, the position of the
counter-mass suddenly drops to a bottom because the piezoelectric actuator

contracts. The slider makes a big displacement at this point according to the
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principle of the stick-slip device and the counter-mass follows the step, too.
The vibration of the slider caused by preload spring will continue little time
when the slow phase of the input waveform is applying to the piezoelectric
actuator. Thus, the position of the counter-mass linked to the slider will
follow the reaction. At lower frequency, the position of the counter-mass
becomes steady with the slow phase of the input waveform. As the frequency
of input waveform increases, the effect takes place obviously. Steady rise of
the position no longer exists.

The positioning of the mechanism we emphasize is on the slider. Take a
look at Figure 3.16 to 3.19. These figures illustrate the displacement of the
slider with 100V, 95% duty triangle input waveforms but different
frequencies. The slider steps alittle displacement at first resulting from the
slow extension of the piezoelectric actuator.-With the turning point of the
input waveform, the piezoelectric_actuator tends to return to the original
length. Due to the rapid phase ‘process, the piezoelectric actuator contracts so
fast that the inertial force greatly exceeds the friction force and the slider
starts to move. The internal spring preload of the piezoelectric actuator will
make a mechanical vibration during the fast contraction, thus the slider
accompanies the effect to converge to a steady state finally. One step is
finished. By the operating cycle, IDM can walk step by step periodically.

Some problems about the frequency of the input waveform exist. If the
frequency becomes higher, the convergence of every one step becomes worse
because of the mechanical vibration of IDM. This brings about the difficulty
of precise positioning. Therefore we should avoid using unreasonable
frequency exceeding 500Hz.

100Hz, 95% duty triangle driving waveform is chosen as the standard of
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positioning in the experiment due to the better stepping. Figure 3.20 and
Figure 3.21 depicts the mean value of step of the slider and the counter-mass
respectively. Each step is about 1um.

The forward movement of IDM with different input voltages is shown in
Figure 3.22. It is easy to see that the step size increases as the input voltage
increases since higher input voltage causes stronger inertial force to make a
step. Conversely, IDM can also do the backward movement as introduced in
section 2.4 while we change the duty of the triangle waveform. The

measurement of the backward movement is shown in Figure 3.23.

3.5 Observation of Forward and Backward Movement

Figure 3.24 and Figure 3.25 plots: the displacement of the slider with
input frequency 100Hz but different-amplitudes and duties. The step size
increases obviously as the input veltage.increases. It also depends on the duty
of the input waveform. An extreme duty is selected to make a larger
displacement due to the sudden inertial force is larger to overcome the friction
force.

The forward movement of IDM is similar to the backward movement but
little difference in step size. With same condition but converse duty, the step
of the backward movement is larger than that of the forward movement. One
possibility is to assume the friction between the bottom of IDM and the
surface of the guide in forward and backward is quite different since the
inaccurate manufacture of IDM. Another possibility may be the sudden stop
of the principles of IDM illustrated in Figure 2.4. The difference between

forward and backward movement results from the sudden stop of the
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counter-mass which contributes to the displacement in the same direction or

not.

3.6 Discovery of IDM

From several experiments, we found that the standard sine waveform
during certain frequencies may let IDM move. It is surprised to break the
normal convention of applying the asymmetric waveforms to drive IDM. We
just need general sine waveform with certain frequency (about 1300Hz to
1600Hz) and lower voltage to drive IDM. The phenomenon may help us to do
longer traveling. Figure 3.26 is_a .good example of movement by 50V,
1400Hz sine waveform input. Figure:3:27 depicts the velocity of the slider
with various sine waveforms. IDM do nhot move anymore out of the range of
the frequency.

With sine waveform input®voltage higher than 60V in the range of
frequency, the displacement of IDM quickly moves beyond the sensing range
of the laser interferometer. We can not handle the displacement of IDM
anymore by interferometer measuring system. The scene of walking even can
be seen with a naked eye. Therefore, larger displacement positioning (mm, cm,

etc.) is not the question as long as the characteristic is known well.
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Chapter 4 Conclusion

In this research, the impact drive mechanism (IDM), a simple but
effective device, is realized experimentally to perform the precise positioning.
The forward and backward movement of IDM is the same as our expectation.
It will walk step by step periodically with appropriate amplitude, frequency
and duty of the triangle input waveform. These results lead to the conclusions
in brief.

(1)The step size of movement increases as the input voltage increases.

(2)The behavior of movement decays in high frequency operation.
Precise positioning should avoid driving voltage with high frequency.

(3)The input waveform with extreme duty makes the step larger.

(4)The effect of backward movement is-better than that of the forward
movement.

(5)A short distance is achieved by designing the asymmetric triangle
waveforms. The new discovered method can be applied to much longer
traveling.

For the moment, we shall confirm our attention to the source of error.
There is no disagreement on this point that the hysteresis causes uncertain
displacement in positioning. Second, the cable of the piezoelectric actuator
greatly affects the movement of IDM. Thus the radius of the cable should be
decreased as possible to reduce the external force exerting influence on IDM.
Third, the temperature compensation is not well-handled. It is important to
remember that such accuracy is obtainable only if the surrounding
environment is controlled, since temperature changes and vibration may cause

inaccurate measurement in positioning at the nanometer level. Besides, IDM
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structure should be carefully manufactured in the best way.

Piezoelectric actuators can be operated in open-loop and closed-loop
modes. In open-loop mode, displacement roughly corresponds to the driving
voltage. This mode is ideal when the absolute position accuracy is not critical,
or when the position is controlled by data provided by an external sensor
(interferometer, CCD chip etc.). Open-loop piezoelectric actuators exhibit
hysteresis and creep behavior, just like other open-loop positioning systems.

Closed-loop actuators are ideal for applications requiring high linearity,
long-term position stability, repeatability and accuracy. A servo-controller
(digital or analog) determines the voltage to send to the piezoelectric actuators
by comparing a reference signal (commanded position) to the actual position,
as reported by the feedback position senser:. This is our target to make efforts

in the future.
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Figure 1.1 Piezoelectric effect and its reversibility
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Figure 2.1 Hysteresis curves of an open loop piezoelectric actuator
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Figure 2.2 Creep of an open loop piezoelectric actuator
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Figure 2.3 Classification of piezoelectric positioning device
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Figure 2.4 Operating principle of IDM
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Figure 3.14 100V, 500Hz, 95% duty input, displacement of the counter-mass

() 11.00 -
10.00-
a00-
8.00-
7.00-
6.00-

5.00-

Awplitude

4.00-

3.00-

200-

1.00-

0.00-

-1.00-
0 1 2 3 4 5 8 7 8 9 10 11 127 12 14 15 16 17 1B 19 20 31 22 33 4 2 W 27 2B/ W W
Tirne (s}

Figure 3.15 100V, 900Hz, 95% duty input, displacement of the counter-mass
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Figure 3.16 100V, 100Hz, 95% duty input, displacement of the slider
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Figure 3.17 100V, 300Hz, 95% duty input, displacement of the slider
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Figure 3.18 100V, 500Hz, 95% duty input, displacement of the slider
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Figure 3.19 100V, 900Hz, 95% duty input, displacement of the slider
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Figure 3.20 100V, 100Hz, 95% duty input, standard step of the slider
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Figure 3.21 100V, 100Hz, 95% duty input, standard step of the counter-mass
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Open-loop travel @ 0 to 100 V 15um +£20%
Closed-loop / qpen-loop /0.15nm
resolution
Static large-signal stiffness 57N/um £20%
Push/pull force capacity 1000/50N
Torque limit (at tip) 0.35Nm
Electrical capacitance 1.8uF £20%
Dynamic operating current
’ coeﬁiciFe)nt (DgCC) 15uA/ (Hz x pm)
Unloaded resonant frequency (f o) 18kHz +20%
Standard operating temperature 120 t0 +80°C
range
Voltage connection VL
Weight without cables 20g £5%
Material case / end pieces N-S
Length L 32mm £0.3

Table 3.1 Technical data of P-840.10 preloaded LVVPZT translator
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