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Abstract

An improved model is proposed to reduce the cost due to trial and error in selection of
Scratch Drive Actuator (SDA) geometry, driving voltage and output force level. Besides, a
novel SDA design to reduce driving voltage from at least 80 volts to 40 volts to get better
reliability with comparable output is also proposed. It is assumed that the deformation and
property of SDA is same along the width direction, as the main plate may be treated by a beam
model. Governing equation based on Euler-Bernoulli beam is first constructed. Solving this
equation with proper boundary conditions, key SDA characteristics can be determined
analytically, such as non-contact |length, priming-valtage, deflection curve, output force,
bending moment and stress. The output force just stated isthe input of SDA dynamic model of
single degree-of-freedom including friction. To verify proposed model, electroplated nickel
SDA arrays of 80 nm in length and 65 nm in'width with suspended spring are fabricated and
tested. The average travel distance after, 1500 input pulses from 80 to 120 volts are measured to
be from 5.9 to 13.9 mm, while average measured output forces are from 12.4 to 30.2 nN per
SDA. Deviations between simulated and measured results are less than 10%, showing the
superior ability of the proposed integrated SDA model for better performance prediction.

A low-voltage scratch drive actuator (LVSDA) is aso proposed here by incorporating
flexible joint into the conventional rectangular SDA to improve performance in low-voltage
region. Experimental results show that, at the same total plate length of 80 mm and width of 65
mm, the proposed LVSDA can be actuated as low as 40 volts, much lower than 80 volts, the
minimum required input voltage of conventional SDA. From nonlinear finite element analysis
conducted by CosmosWorks, yielding effect is found to be a critical factor. Before yielding,
LVSDA can provide better performance than SDA at the same input voltage. However, the
yielding stress in flexible joint would limit the achievable maximum output force in
high-voltage region. By varying joint length, width, or location, LVSDA has been operated in
low-voltage region where the conventional SDA can not be operated, and can still provide
comparable performance as SDA in high-voltage region. The proposed LVSDA design can
provide more flexibility in design selection to meet different performance requirements.
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Pull-in voltage

Priming voltage

Post-priming voltage

Bushing height and thickness of dielectric layer, respectively
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Distributed load
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Chapter 1 Introduction

Regular micro actuators can perform nano/micro-meter scale resolution displacement and
micro-Newton scale output force. Electrostatic microactuators produce relative high output

force per unit input voltage due to their surface-force nature.
1.1 Motivation

Among them, the scratch drive actuator (SDA) is operated mainly in nonlinear manner and
in post-priming region. As shown in Figure 1-1 [1], SDA can step forward with 10~100 nm
resolution, 1 mm long travel distance and 63 N output force per SDA at 200V. These good
characteristics make the SDA competitive in the field of microactuators. In general, present
models of SDA are basically restricted in 'static region” because the complexity from the
nonlinear coupling between the €electrostatic, mechanical and friction forces. Yet, it is less
understood in the MEMS field in spite oOf itS importance. Besides, conventional rectangular

SDA is often driven by voltage over<80volts which issomewhat too high in electronic system.
1.2 Literaturereview

The scratch drive actuator (SDA) was first proposed by Akiyama and Shono to show the
controllable step-wise motion of nano-meter resolution [2, 3]. By transforming the electrostatic
energy into mechanical displacement elegantly with friction, SDA isattractivein micro or even
nano manipulation. Applications of SDA have been reported in many microel ectromechanical
systems (MEMS), such as design of platform self-assembly [1,4], optical xyz-stage assembly
[5], variable optical attenuator (VOA) assembly by triangular SDA array [6], platform
self-assembly by buckled beam [7], microrobot actuation by large SDA array [8], operation of

cam-micromotor [9], actuation of micro-fan [10,11], wireless microrobot [12-15],



micro-gripper [16], microtrandation table [17], and inverted SDA array for large area
actuation[18]. Sometypical devicesin these literatures are shown in Figure 1-2. Generally, the

required driving voltages in the literatures on are still very high, usually above 80 valts.

In geometrical design of SDA, different shapes on SDA main plate have been reported,
and the most common one is the rectangular shape. It was found that the output force was
proportiona to the width of main plate and square of input voltage [1]. Also, a longer main
plate could reduce the minimum required driving voltage, so-called threshold voltage, to
activate the SDA [1, 8]. However, the output force of alonger SDA would be smaller than that
of a shorter SDA at the same driving voltage in genera [1, 8]. Besides the rectangular shape,
triangular and trapezoidal shapes[19] aso have been reported. In triangular design, the apex is
placed at the free edge of main plate. Whilein trapezoidal design, the wider side is placed at
free edge. The yield rates at different dimension-ratio designs were investigated, but output
forces at different designs were not mentioned [19]. For the effect on bushing height, it was
reported that a bigger step size could be achieved for-alarger bushing height with the price of

higher input voltage.

Some researches attempted to explore the relation between step size and input voltage of
SDA. The step size under constant load is the most fundamental case and has been studied by
various methods. One approach was to measure the contact length of charged SDA with
insulated layer using interference image, and then calculated the step size from geometry of

selected images asin Figure 1-3 [2]. The step size may be calculated from the equation (1-1)
Step size Dx = h?/ 2(I-I') (1-1)

where | isthe SDA plate length, h is bushing height and | is the contact length of plate by
measuring interference image. In [19], an empirical equation (1-2) is used to calculate the step

sizein Figure 1-4 asfollowing



Step size Dx = x(L")-%(L" (0)) (1-2)
where L’ (0) and L’ are the measured contact length at beginning x,(L’ (0) and x,(L’), the latter is
the bushing position when L’. These two approaches did not relate the step size with input
voltage analytically. In [20], the energy method is used to derive and predict the step size and
non-contact length of SDA for given input by treating the reaction force at bushing as
concentrated load as shown in Figure 1-5. Since electrostatic force did exist along the main
beam in SDA operation, the predicted step size was overestimated comparing to measured

results. Theresultsin [20] is summarized as following

2
The Governing equation: ilxgl =- % (1-3)
integrating twice with boundary conditins, then
Deflection curve: =?h3(x3 - 32x+21%), (1-4)
| 2
Elasticenergy : U, :E—2I d%]zdx (1- 5)
0
Capacitance: C =w, (1-6)
2
Electrostatic energy : U= C\Z/ . (1-7)
Total energy : U;=U,+U,, andwhen d;JIT =0,
3p2 1
Non - contact length: I:(3I:‘1rj\t/£1 )4, (1-8)
dy oo -
andq @d—(at x=0), then
X
: 27e® 3
Stepsize: Dx @hla| = (4Edt3)4N (1-9)

Another approach used a second-order differential equation [8] to predict the snap through and

priming voltages by using square load model in Figure 1-6. The results are as following

Snap through (pull -in) voltageV ; =

Bl {(6Wek,/dEl )[ 2d(Z,, + XKdIL)/Z(Z,, - d)- (3/d/Z,,)tanh*\[d/Z,, - In(Z,, - dIZ,,)] 12 (1-10
Wek,L?  ((Ud)+(3K/Z,L))(VZ, - d)- (3/2d,Z,d)tanh*[d/Z,, - (1/2d?)In(Z,,- dIZ,,)
Priming voltageV,, =
247°El . 3
ek,L'W "z, Z,

Z, )
\/anb Zb

(N2, *2) 2 a7y (1-11)

an™(



Other works on the determination of deflection and step size[21, 22] followed basically the
piecewise combination of previous methods [2, 8, and 19] with minor modifications and the
results were like that of previous literatures. For the step size with variable load, such as SDA
connected to a suspended spring under continuous | oading/unloading process, was not reported
yet. Theincreasing spring force will decrease the step size dynamically. Asthe driving voltage
continuously input, the total travel distance is accumulated also and represented the positioning

ability of SDA device.

For the determination of SDA output force, experimental approaches have been reported
mainly. These methods include buckling-load method [1] and spring-deflection method [8, 23]
as shown in Figure 1-7. The output force of SDA array in Figure 1-7(a) is expressed as the
buckling load of the slender buckle beam, which is related to the geometry, material and
constraint type of the beam. The test results [1] showed- that the buckle beam sometimes
bifurcated into two different mode shapes; as a result, the output force was not easily
determined as one unique value. ‘In Figure 1-7(b), the SDA" output force is determined as the
multiplication of the spring constant and its total-deflection. Arranging and classifying results
in previous literatures, some key characteristics and performances are listed in Table 1. It is
clear that till now, no analytical formulations are reported to be able to model completely both

the static and the dynamic behavior of SDA including friction effect.

1.3 Goals

From the discussion above, the goals of this work may be ascribed into two major topics.
The first one is to propose a better analytical model on SDA to improve the prediction
capability such as priming voltage, step size, total travel distance, output force and dynamic
response simulation. The second oneisto propose anovel lower voltage SDA (LVSDA) design

in comparison with higher driving voltage of conventional rectangular SDA to extend the



compatibility of SDA with integrated circuit process.
1.4 Approach in this study

To achieve research goals of this work, the current approach is stated as following. In
chapter 1, the motivation isfirst declared and followed by a comprehensive literature review of
SDA and related topics. Then the goals are introduced and followed with detail description on
research methods and procedures. In chapter 2, a unified analytical method for improved SDA
modeling is proposed and derived in sequence. Governing differential equation of fourth-order
is presented based on Euler-Bernoulli beam and distributed electrostatic load. From this
equation, much valuable information may be extracted in systematic manner; such as deflection
curve, step size, bending moment, maximum stress and output force. The output force data just
derived is applied into a single degree of freedom model of SDA. By simulating its vibrational
motion, total travel distance and-dynamic output force can be determined numerically for the

first time under given parameters of mass, friction, spring constant and input voltage.

In chapter 3, anovel flexible joint design is proposed to incorporate into the conventional
SDA design to improve performance in low-voltage region due to the smaller flexura rigidity.
This novel design of lower voltage scratch drive actuator (LV SDA) isconfirmed by qualitative
analysis and finite element analyses on stress distribution and deformation of test structures. In
chapter 4, micro-electroplated nickel SDA and LVSDA arrays connected with suspended
spring are fabricated by atwo-mask process developed in NCTU. Then the released devices are
tested to verify capability of the proposed SDA model and novel LV SDA design with analytical
and smulated results. The test results show good agreement between the prediction of
improved SDA model with experiment data, including total travel distance and output force.
Because the step size is in nanometer range, as its measurement is not as easier as the

measurement of total travel distance on the basis of thousands of input pulses, the step size



measurement isin stead of total travel distance. The test results also show that the LV SDA can
operate well even at aslow as40 volts, a50% reduction than 80 volts of SDA, which can not be
done by conventional rectangular SDA with the same size. In chapter 5, the major contributions

of thiswork are summarized and the future works are also discussed in brief.
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(c) Variable Optical Attenuator assembly [6]. (d)Platform assembly [7]
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Figure 1-2. Typical applications of SDA in microelectromechanical system (MEMS).
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Figure 1-7. Output force estimation methods. (a) Buckling beam method in Akiyama's
work [1], (b) Tether spring method proposed in Linderman’swork [8] and Li’swork [23]
respectively.

Table 1-1. Summary of previous researches on SDA modeling

Property Priming Non-contact Step size Traveling Output force Dynamical
Reference voltage length distance simulation
Akiyama, 1993 [2] No after testing* | after testing | after testing No No
Langlet, 1997 [19] No after testing | after testing | after testing No No
Akiyama, 1997 [1] No after testing | after testing | after testing | after testing No
Kazuaki, 1998 [20] No Yes Yes No No No
Linderman, 2001 Yes No after testing | after testing | after testing No

(8]
This work Yes Yes Yes Yes Yes Yes

Note: “after testing” means the property is estimated after testing has been done.

10



Chapter 2 Modeling of Scratch Drive Actuator

The typical structures of SDA are shown in Figure 2-1(a). One usual constraint type at the
contact part of support beamswith rail isaslider joint without rotation asin Figure 2-1(b) [23].

A systematic approach will be proposed to analyze the static and dynamic behavior of SDA.

2.1 Operation principle of SDA

The operation of SDA from rest to scratch forward is classified into five states shown in
Figure 2-2. As the input voltage V increases from zero, the still SDA in Figure 2-2(a) starts
rotating about the bushing paw and thefree edge of main beam just touches the dielectrics at the
pull-in voltage V,,; as in Figure 2-2(b). For input higher than pull-in voltage Vi, the main beam
will be bent and gradually becomes.a surface contact with the dielectrics as Figure 2-2(c),
so-called priming voltage V.. After that, the.contact length of main beam to the dielectrics
increases as input voltage increases, it is so-called post-priming at voltage Vyp, as shown in
Figure 2-2(d). Finally, when the input voltage isfully discharged, the SDA will spring back and

keep the one forward step, as shown in Figure 2-2(€).
2.2 Static analysis of SDA

Some assumptions are madefirst before the derivation. The defor mation and electr ostatic
force are assumed to be same along the width direction of SDA, asthe main plate may be
treated by beam model [24]. The Euler-Bernoulli beam theory is applied on main plate and
support beams; the bushing, dielectrics and rails are assumed to be rigid. The angle between the
bushing and main plate remains right angle all over the deformation process, and the
electrostatic force acted on bushing is ignored. At pull-in, priming or post-priming state, the
contact between main beam and dielectrics remains. In other words, free end of main beam is

assumed to be fixed, and only the bushing can deflected and scratch ahead at priming and

11



post-priming states. In static analysis, it is natural to draw the condition as no slippage occurs
during charging and discharging. The vertical displacement of bushing top is negligible during
main beam deflection in priming and post-priming states. The fringing effect of electrostatic

field isignored.

For a genera parallel plate capacitor, the distributed load q, i.e. the electrostatic force per

unit length applied to the plate, is given as

e W ?
2d?

q= (2-1)
where g is the permittivity of air; V is the input voltage; W is the plate width; d is the gap
between two plates. Let the SDA be modeled as plate capacitor, d is defined as the distance
from the main beam to the electrode on substrate, including air and the dielectric layers. The
distance d varies with the deflection'y and electrostatic load g. Due to the nonlinear coupling
between the electrostatic load g and main beam deflection y,-there is not yet an exact solution
for the deflection curvey. A square law of deflection has been proposed to define the deflection
curve of a cantilever beam under electrostatic foree [8]. By combining Euler-Bernoulli beam
theory and the square law model, the governing equation of the main beam with the distributed

electrostatic load q(x) at post-priming state can be expressed as a fourth-order differential

equation:

d'y _qg(x) _  ewW?
dx* El  El(a+bx?)?’

(2-2)

where a iseqgual to the thicknesst of the dielectric layer divided by the relative permittivity k; b
isequal to h/ 1,2 |, is the non-contact length of main beam at the given input voltage; h is the
bushing height; E is the Young's modulus of SDA material; | is the second area moment of

main beam; x is the horizontal coordinate of the element in consideration. The downward

12



deflection is defined as positive. The coordinate system is shown in Figure 2-3 where the origin
isdefined at the juncture point between contact and non-contact regimes with distance h above.

Integrating equation (2-2) successively four times leads to following equations:

tan (2% )
Py_eW  x L @* )+e, 2-3)
d  El 2a(@+bx’)  paah)’? ’
xtan™ bx
d?y _eMW? Ina (ab)2
= , 2-4
dx? El (4ab ¥ 2a(ab)% Jroxte, (2-4)
2 (a+bx?) tan"( bxy)
- 2
X El 4ab 4(ab)’? 2
bx
bx? (3ax + bx®) tan™*( )
El 24p? 24ab 12(ab)
+%x3+c_22x2+c3x+c4, (2-6)

The four integration constants, ¢;, ¢, C3, &4-@nd non-contact length |, can be solved with the

following five boundary conditions:

y(0)=h, (2-7)
y(0) =0, (2-8)
y'(0) =0, (2-9)
y(l,) =0, (2-10)
key' (I,) = Ely*(I,). (2-11)

Eq. (2-7) means the y position of origin remains to be the bushing height, h. Also, the contact
regionisflat and fixed to the dielectrics at post-priming state, so the slope and moment at origin
O are zero, asimplied by Eqg. (2-8) and Eq. (2-9), respectively. Eq. (2-10) statesthat the vertical
displacement of bushing is negligible. Eq. (2-11) expresses the balance between the moment
Ely” (I) of main beam and the torque k; y’ (1) from the support beam at x = I,. The parameter k;
is the torsional spring constant of support beam and defined as 2bGWpt3/ Ly, where b is an

13



aspect ratio constant based on the ratio of the width to thickness of the support beam [25]; W, is
the width of support beam; L, is the length of support beam; G is shear modulus of SDA

material.

Applying the boundary condition of Eq. (2-7) to Eq. (2-9) into characteristic equations Eq.

(2-4) to Eg. (2-6), the integration constants c;, ¢; and ¢4 can be solved as:

2
,=- SWZ Ina (2-12)
El 4ab
¢, =0, (2-13)
. eW? I'lna
c,=h- : 2-14
4 = ( an? ) (2-14)

Applying Eqg. (2-10) into characteristic Eq. (2-3), the integration constant ¢; can be solved as.

bl 2

(3a+bl*) tan i (——=2 ) bl,

CeyW?, 1 @)z ) en

= ( - 3 + 213 )' —3 . (2‘15)
El abl 2(ab)/2I,f 2b71 I

Rewriting the expression of Eq:(2-11) interms of Eq. (2-4) and EQ. (2-5) can lead to the

bl 2
- i (e Tl bl
e W 2 caten ((ab)% In(+=2) 1 3h
kid = ( £ + 5 + )- —3
4(ab)”? 4b<l, 4ab [,
bl 2
3atan"'(—") bl ,
be In(1+—")
= {e W - @) 1, =2l 8 2
2(ab)éln ab 2b°l; [

characteristic equation of non-contact length |, for given input V;

Since no explicit solution exists, the non-contact length |, is solved by numerical method. At the
priming state, the not-contact length is considered to be the same as the main beam length L,
and then the priming voltage V,; can be determined from reorganizing Eq. (2-16) by replacing I,

with main beam length L as

14



3kh 6Elh

o =1 LAL-AI;Z 12, where (2-17)
bL 2
- 2atan’l(—— bL
e, T yn ) sy
A= 3 + + ) (2-18)
El A(ab)”? 4bL 4ab
bL 2
3atan™( ) bL
b In(1+—)
A= eW( - @)y (L1, a’y (2-19)

2(ab)% L ab 2b?L?

By definition, the bending moment M at any position x in non-contact part of main beam is

2 bl 2x(- tan"}( bx}/)+tan'1( bl”y))+3axtan'1( b'“y)
v 89 e (ab)” (ab)”? (ab)”
dx 2ep) 1}
bl 2
xIn(1l+—2)
- 7 TR (2-20)
abl, | 2p2? 12

given by definition as following where flexural rigidity El is constant

There are two methods to determine.the position Xqax Where the maximum moment My
happens along main beam for a specific input voltage. The first one isto decide the coordinate
that the shear force, - EI( dy/dx), becomes zero. Then substituting this coordinate into Eq. (2-20)
will find the maximum moment. The one is straight forward in applying the optimization

toolbox in Matlab to find out the extreme value along main beam. The maximum bending stress

s = 6V'\<',tn;ax (2-21)

S max dong main beam for corresponding input can be expressed as:

The horizontal output force F, of charged SDA array along the main beam varies with the
input voltage. Thefriction force along contact regime isassumed to be large enough to keep the

contact area stationary. The horizontal output force F, is basically the horizontal component of
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the electrostatic force along main beam. It can be solved by integrating the horizontal

component of electrostatic force along the non-contact part as:

_ s eWV 2sing ]
RENQ iy (2-22)

where N is the SDA number in the SDA array, q is the angle between the horizontal and the

tangent line along main beam, and can be cal culated from the slope of deflection curve.

In order to recognize SDA step size in fully discharge mode, Figure 2-4 shows the SDA
deflection and displacement of bushing from still, charge and discharge. At pull-in voltage, the
SDA rotates about bushing paw. Due to the slope change on bushing, the bushing top moves

back horizontally with magnitude  peh*sin(tani’(h/L)), as shown in Figure 2-4(a). When the

input voltage is equal to or larger than the priming voltage; the main beam starts bending and
causes the bushing top to move: backward more due to so-called curvature shortening effect,
which has not been considered in-previousliteratureson SDA. Thelateral displacement due to

curvature shortening effect can be formulated-as XZ:%(‘; (%)de in Figure 2-4(b) [25].
X

This effect will make the bushing rotate more in counterclockwise, and then the bushing paw

moves forward for certain horizontal distance given by  xz=h*  dyix as shownin Figure
2-4(c). When SDA is fully discharged, the main beam will spring back and rotate about the
bushing paw as Figure 2-4(d). By combining the net effect of three above effects, the step size
in thistype of SDA motion control becomes

Dx =Dx,-Dx, -Dx,

:h*(ﬂ

- singtan My - L e _
sin(tan L)) ZQ(dx) dx (2-23)

bushing

The weakness of driving method in Figure 2-4 is that the main beam may rotate too much.

As a result, SDA is possible to turn over or not easy to pull back by electrostatic force
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immediately. An effective aternate driving method isto keep the main beam constantly contact

with dielectrics under input levels Vp and Vpp between priming and some post-priming input.

Dx = Dxpp - DXp (2-24)
Figure 2-5 shows the components of step size in thisdriving mode, i.e., constantly contact mode.

Asthe slope effect Dx; is avoided, the net step size Dx may be simplified as

the step size at input voltage Vpp, DXpp minus the step size at input voltage Ve, DX,.
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2.3 Dynamic analysis of SDA

To explore the dynamic behavior of SDA including friction effect, a mass-spring-damper
model of single degree of freedom (SDOF) is proposed as an approximation. The equation of

motion and its normalized form are given as Eq. (2-25) and Eqg. (2-26)

mX + cx + nF sign(x) + kx = F, * abs(sin(wt)) (2-25)

g+ s+ P Ganx) + & x = Fox aps(sinut)) (2-26)
m m m m
The coordinate x and itsfirst and second derivatives of with respect to time are the displacement,
velocity and acceleration of SDA, respectively. The lump-mass m defines the total mass of
SDA array including the ring around SDA. The coefficient k defines the spring constant of the
suspended tether spring. The damper<may contain one or two types of friction; the first is
viscous damping of coefficient c-of contact surface between main beam and insulated layer.
The second one is the Coulomb friction of coefficient ‘'m accounting for the stick-slip
phenomenon in contact surfaces. The force Fy is the normal force between the contact area of
main beam and insulated layer. In MEM'S; the-body force such as gravity force is often much
less than surface traction force as the electrostatic force. So the normal force is simplified to
contain only the electrostatic force in the contact area. The force Fo is the amplitude of driving
force which is the resultant horizontal component of the electrostatic force applied aong the
main beam of SDA, theforce along bushing isignored here. The driving voltageisin sinusoidal
wave sin(wt) of angular velocity w. However, it should be noted that the electrostatic forceis an
attractive force between contact surfaces, no matter the charge on main beam is positive or
negative. Therefore, the driving force is expressed as the absolute value of driving voltage
waveform, i.e., abs(sin(wt)) multiplying Fo, which is the motive force that makes SDA scratch

forward. The friction termsin Eqg. (2-25) may be and rearranged as following
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nk,

£>'<+ - sign(x) = sign(x) * (gain* abs(x) + offset) (2-27)

In Eq. (2-27), sign(~) isthe sign function result of the operand in parenthesis; the gain (¢/m) is
defined as a regulation factor that modifies viscous friction coefficient. The offset (nFn/m) is
the dry friction force that should be overcome in motion. To simplify the derivation, the static

and dynamic dry friction coefficients are assumed to be same as m

When the Coulomb friction is activated, the analysis of displacement (total travel distance)
response is too complex to derive an exact and compact analytical solution. To solve this type
of nonlinear vibration problems, some methods have been developed such as perturbation
method, averaging method, multiple scales method and direct separation of motions [26-30].
Instead of these methods, direct numerical simulation method as SimulinkO in MatlabO has
been adopted to investigate the dynamic response in a straight forward way to ssimulate the

dynamical behavior of SDA.

To evaluate the fatigue behavior of SDA, the information of stress bounds are needed. Eq.
(2-21) may calculate the maximum and minimum stresses as following
6M

Smax = V\/trgax ) Smin :\A/t—nz”lin (2_28)

The equivalent stress sy, the fully reverse stress of same fatigue life [31], is expressed as

sR:sav+S—“”sr (2-29)
Se
where
Sav:Smax+Smin’Sr:Smax-Smin. (2_30)
2 2

The minimum moment Mp, a specific input, though not easily be derived, lies between zero

for fully discharge mode and the maximum moment at V, in constantly contact mode.
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Figure 2-1. Structures and elements of SDA. (a) Support beams are free at contact part.
(b) contact part is constrained to slide without rotation [24].
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{a) V=0
(b) V=Vpi |
(c) V=Vpr |

(d) V=Vpp |

() V=0

Figure 2-2. Five states in SDA operation at different input voltages: (a) initial, zero
input; (b) pull-in, voltage V; (€) priming, voltage V; (d) post-priming, voltage V p;

(e) one-step forward after discharge.
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Figure 2-3. Coordinate system and electrostatic force density in post-priming
configuration. The electrostatic force density in contact region is constant. In
non-contact region, the electrostatic force density follows Petersen model [8].

(a) Still
Slope effect —1 [«

(b)  Just pull-in Shortening etfect —

ﬁX:

| Step size
|‘(— AXS

|

(¢) Post-priming AW

Slope effect
Ax; |

(d) Discharged

Figure 2-4. Step size of SDA operated in fully-discharge mode. (a) Initial state. (b)
The main plate rotates around bushing paw and causes lateral backward movement
Dxi. (¢) The curvature shortening effect causes the bushing top lateral movement
Dx, backward more. Also, the bushing paw displaces Dxz forward. (d) SDA is
discharged fully with one net step size Dx =Dx3z- Dx1- Dxo.
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(a) Vrp

(b) Ve

(c) Vep

Figure 2-5. Step size of SDA operated.in constantly-contact mode. (a) Initial state
at voltage Vep. (b) Partly discharge to-voltage Ve , main plate springs back. (c)
SDA is again charged to Vpp; the step size Dx =Dx(Vpp)- DX(Vp).
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Chapter 3

Perfor mance Enhancement of Scratch Drive
Actuator with Modified Flexible Joint

3.1 Concept design of low voltage Scratch Drive Actuator (LVSDA)

The concept design of the proposed LV SDA is shown in Figure 3-1, where two narrow
beams as flexible joint are placed between the main plate and scratch plate. The operation
procedures of LV SDA and conventional SDA areillustrated in Figure 3-2. They are both at rest
initially with zero input in Figure 3-2(a). When the input increases to snap-through voltage, the
free edge of main plate of LVSDA or SDA will touch the dielectrics (Figure 3-2(b)). At the
same input voltage, LVSDA will snap through-more due to the smaller flexura rigidity to
generate a larger bushing lateral displacement, as shown in Figure 3-2(b). At an even higher
input voltage, the main plate will contact with the dielectrics more area and further push the
bushing forward, as Figure 3-2(c). After discharging, LV SDA or SDA will bounce back to
complete one cycle with one forward'step size Dx,.as Figure 3-2(d).

In order to fabricate and test the proposed LV SDA, the geometric parametersin LV SDA
are defined in Figure 3-3(a). The design of testing deviceisillustrated in Figure 3-3(b), where a
tether spring consisted of four box springs links four LV SDAS to the contact electrode. The
comparison between the proposed LV SDA and conventional SDA is based on the same device
size. It meansall LVSDAsand SDAs here have the same total plate length L and plate width W,

which are fixed as 80 nm and 65 nm, respectively.

L will remain to be 80 mm, as well as the plate length of SDA. The thicknesst of plate,

spring, and support beams, aswell as the bushing height, of LV SDA and SDA isall set at 2 nm.

Each support beam has length L,= 25 nm and width W,= 3 mm. Different flexible joint
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dimensions and locations are designed to investigate their effects on performance. A shorter or
wider flexible joint will provide a more rigid joint. Two different flexible joint widths W, are
designed as 6 nm and 12 nm. The designed flexible joint length L; includes 15 mm and 20 nm.
The designed scratch plate length Ls includes 10 mm, 15 nm, and 20 nm. A shorter Ls meansthe
flexiblejoint is closer to the bushing. Due to different combinations on scratch plate length and
flexiblejoint length, the corresponding main plate length L, of LV SDA includes 50 mm, 45 nm
and 40 mm to keep the total plate length as 80 mm. The designed LVSDA dimensions are
denoted as LV-LsLj-Ln-W,. For example, the test device expressed as LV-10-20-50-12 has
following dimensions: L«=10 nm, L;=20 nm, L,=50 mm, and W,=12 nm. Eight types of LVSDA

used in thiswork arelisted in Table 3-1.

The spring constant of one box spring can be expressed as [24]:
ke=EtW, /(L) (3-1)
where E is the Young's modulus of spring material; t and W, are the thickness and width of
spring beam, respectively, and L, is the half length of box spring. For the tether spring
composed of 4 box springs, the equivalent spring constant becomes
k = EtW,%/(4L3), (3-2)
The output force of LVSDA or SDA can be determined from the result of spring constant

multiplied by the deflection of spring.

3.2 Qualitative Analysis of LVSDA

In order to analyze the deflection of LVSDA under given input, a detailed free body
diagram for input between snap-through and priming is plotted in Figure 3-4. The equivalent

electrostatic force is labeled as Fe. To satisfy this demand, the flexura rigidity ElI should
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decrease or the moment should increase. As the increasing of moment needs increasing the
input which violates the purpose of low-voltage, the reasonable way is to reduce the flexura
rigidity El of the device. By decreasing El, the LVSDA can be deflected to provide certain
force at lower voltage than SDA. In other words, the electrostatic force to resist the mechanical

force can be reduced.

3.3 Finite element analysis of LVSDA

The finite element analysis is realized by SolidWorks® and CosmosWorks®. The behavior
of LVSDA has been analyzed in detail and will be compared with the experimental results. For
stress simulations, since plastic deformation-may - happen in flexible joint at high driving
voltage, thefinite element analysis (FEA)in this work are performed by elasto-plastic model in
nonlinear static analysis package of CosmosWorksO. According to the material properties of
micro electroplated nickel [26-29], the Young's modulus E is selected as 171 GPa, yielding
stress is 323 MPa and tangent modulus in:plastic-region is assigned as 17.1 MPa. The fatigue
stress is 195 MPa, and the ultimate stress is 560 MPa. Parameters used in FEA are listed in
Table 3-2. The solid modeling processisfirst to sketch the main body of LV SDA and substrate
separately, combining them as assembly with suitable conditions. Then apply material
properties to each part; assign constraints according to requirements; apply electrostatic
pressure and external load, the pressure is specific for every input voltage. Assign contact
conditions on faces that may contact each other during loading, the no-penetration condition is
the most important setting to make sure the LV SDA will not penetrate into the ground layer.
The meshing size of element often uses default value or even finer value; the results always
converge at about 1.0e-3 level. The friction coefficient between contact surfacesisset as0.2in

all cases.
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The electrostatic force on scratch plate, flexible joint, support beams and bushing are
neglected. The left edge of main plate is set to be pinned with the dielectric layer and no
penetration is allowed. The electrostatic pressure for a given input voltage is approximated by
the parallel capacitor model for each strip of 2.5 nm along the main plate. Then stressin the test
structure and the contact length between main plate surface and dielectric layer at different
input voltages can be simulated. In simulations, the input voltage starts from 40 volts to 120
volts with increment of 10 volts, since all measured threshold voltages are at least 40 volts. A
typical simulated result from the CosmoswWorksO is shown in Figure 3-5 for device
LV-20-20-40-6 at 70 volts. It is found that the maximum stress happens around flexible joint
corner next to the main plate and exceeds the yielding stress (Figure 3-5(a)). The contact length
between the main plate and dielectric layer isabout 20-mm (Figure 3-5(b)). The fully-discharge
shape is shown in Figure 3-5(c),in which permanent vertical displacement due to plastic

deformation will cause degradation of output force level for Same input when yielding begins.
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Figure 3-1. Concept design of low-voltage Scratch Drive Actuator (LVSDA) with
flexiblejoint.

Figure 3-2. Operation procedures of conventional SDA and LVSDA: (a) at rest
initialy; (b) snap-through ;(c) contact more at higher input voltage; (d) discharge and
complete one step size ahead.
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Figure 3-3. Design layout of micro-electroplated nickel SDA. (a) Definition of LV SDA
geometric parameters. In another word, the sum of main plate length Ly, flexible joint
length L; and scratch plate length. (b) Four LV SDAs with tether spring connected to the
contact electrode.
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(a) LVSDA

Flexible joint
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Figure 3-4. Qualitative analysis on flexible joint effect. (a) Equivalent electrostatic
forceis Fg . (b) Moment M aong device similar to SDA. (c) ( M/l ) ratio changes
hugely along flexiblejoint in LVSDA. So, the flexible joint reduces flexural rigidity,
increases bending stress, induces more deflection and makes LV SDA easier output at
lower voltage.
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Figure 3-5. Finite Element Analysis (FEA) results of LVSDA with Ls=20, Lj=20,
Lm=40 and Wj=6 nm ( LV-20-20-40-6) at 70 V. (a) Stress distribution, where the
maximum von-Mises stress happens at the flexible joint corners close to the main
plate. (b) Side view at maximum loading, contact length is about 20 mm. (c) Side
view after loading isfully-relax, contact length is about 2 mnm. The permanent vertical
deflection UY shows plastic deformation at left side on flexible joint that will affect
the LV SDA output performance hereafter.

31



Table 3-1. Notation of LV SDA testing types

Notation L (rm) Ly (mm) L (mm) W, (mm)
LV-Lol-Lo-W, Scratch Plate Flexible Joint Main Plate Flexible Joint
Length Length Length Width
LV-10-20-50-6 10 20 50 6
LV-10-20-50-12 10 20 50 12
LV-15-15-50-6 15 15 50 6
LV-15-15-50-12 15 15 50 12
LV-15-20-45-6 15 20 45 6
LV-15-20-45-12 15 20 45 12
LV-20-20-40-6 20 20 40 6
LV-20-20-40-12 20 20 40 12
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Table 3-2. Simulation parameters for FEA

Parameters magnitude | Parameters magnitude
Total main platelength, L, mm 80 Support beam width, W,, nm 3
Scratch plate length, Ls, nm 10, 15, 20 Plate thickness for all, t, nm 2
Flexible joint [ength, L;, nm 15, 20 Bushing height, h, nm 2
Main plate length, L, nm 40, 45, 50 Bushing width, W, mm 3
Main plate width, W, mm 65 Box spring length, L,, nm 110
Flexiblejoint width, W, mm 6,12 Spring beam width, W, nm 3
Support beam length, Ly, mm 25 Young's modulus of nickel , E, 171
Spring thickness, same as t, 2 Shear modulus, G, GPa 69
Tether spring constant, 1.98 Yielding stress, sy, MPa 323
Tangent modulus, s, MPa 171 Element size, m 2.5
Total nodes 26220 Total elements 15525

Note: The structure material, microelectroplated nickel, isdefined as isotropic hardening of
von-Mises plasticity once yielding. The solver-use ‘sparse matrix of Newton-Raphson

method based on force control algorithm.
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Chapter 4 Fabrication and Results

In order to verify the validity of the proposed models of SDA and LVSDA, a two-mask
micro-electroplated nickel surface-micromachining processis chosen to construct Ni SDA and
LV SDA array structures. Thetest structureis composed of four SDAsor LV SDASs connected to

a suspended spring which is anchored to the contact electrode.
4.1 Fabrication process

The fabrication process is summarized as following: (a) Starting from a 4-in. RCA-clean
(100) wafer, a 6000A thick LPCVD silicon nitride is grown in furnace as the dielectric layer
(Figure 4-1(@)). (b) First patterning process. coating 2um photoresist FH6400 as sacrificial
layer, 90  soft bake 10 minutes; hydration reaction 20 minutes, then creating the pattern of
bushing and contact electrode by the first mask (Figure 4-1(b)). (c) Sputtering process: 200A
thick Ti and 1500A thick Cu are sputtered sequentially as the adhesive layer and seed layer,
respectively (Figure 4-1(c)). (d) Second patterning process. coating 5um thick photoresist
AZ9260, then creating the pattern of electroplating mold by the second mask (Figure 4-1(d)).
(e) Electroplating nickel process. electroplating the Ni test structure with Watt bath with
current density 10 mA/cm?over 10 minutes to form 2um thick Ni (Figure 4-1(€)). (f) Release
process. using Acetone to remove e ectroplating mold AZ9260, then removing Cu seed layer
by CR-7T solution about 20 seconds. Ti adhesive layer is then removed by BOE solution
about 10 seconds, then the removal of FH6400 sacrificial layer by Acetone for 30 minutes. By

immersing in IPA solution and vibrating about 20 secondsfor releasing, thendryingat 60 , a

fully suspended test Ni structure can be obtained asin Figure 4-1(f). Typical fabricated results

are shown in Figure 4-2, including (a) the SDA array, (b) the LVSDA array, (c) close-view of



bushing, and (d) close-view of LVSDA. The lithography parameters are listed | Table 4-1,

while the electroplating parameters are listed in Table 4-2 for reference.

The experimental equipmentsfor |oading test include an optical microscope mounted with a
CCD camera, PC with image process software, chip position table, function generator,
high-voltage power amplifier and probe station. The test chip is fixed on the position table by
vacuum chuck. Two probes are adjusted to touch the contact electrode of SDA array and
substrate. The test signal is generated from the function generator, amplified and calibrated by
the high-voltage power amplifier in sinusoidal waveform of 500 Hz. Thisinput is composed of
aDC offset at 30 volts often and AC voltage depending on the control command. For example,
when the driving signal needsto vary in the range of 30 to 120 volts, the chosen DC offset is 30
volts and AC amplitude is 90 volts in peak-to peak-definition. The motion of SDA or LVSDA
array isrecorded by the CCD in computer-and-then analyzed by using image process software.

Typical measurement set-up and-driving test are shown in Figure 4-3.
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Figure 4-1. Fabrication process of micro-electroplated nickel SDA. (a) LPCVD SizNy,
(b) bushing and fixture patterning, (c) Cu/Ti seed layer, (d) device structure patterning,
(e) nickel electroplating, (f) release.
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Table 4-1. Lithography parameters

Photoresist FH6400 AZ9260
Thickness 2.1pum 5pum
Spinning 500 rpm (10 sec) 1000 rpm (10 sec)
1200 rpm (25 sec) 5000 rpm (30 sec)
Waiting 5min 10min
Soft Bake 2min 10 min
Hydration 5min >20min
Exposure | 3 sec (+20%) (46mwW/cm?) 6 sec (+20%) (46mW/cm?)
Develop 30 sec (AZ-400k) 2 min 30 sec (AZ-400Kk)
Fix 1 min (DI Water) 1 min (DI Water)
Hard Bake 10 min X

Table4-2. Electroplating parameters

Mask Mask #2
Metal Nickel
Area 3.526 cm’
Current Density 10 mA/cm?
Electroplating Rate 0.2 pm/min
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Figure4-2. SEM pictures of fabricated results. (a) Top view of SDA array; (b) Top view
of LVSDA array; (c) Side view of bushing and main plate; (d) Close up of LVSDA.

Figure 4-3. Driving test of released devices. (a) Measurement set-up, and (b) driving
test of SDA array.
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4.2 Analytical and testing results of SDA

In this subsection, the simulated and numerical results of SDA model developed in chapter
2 will be presented and compared with testing results of Ni SDA of 80 mm long and 65nm wide.

Some discussions will be made on the key factors of SDA performance.
4.2.1 Static analytical results of SDA

Numerical codes on MatlabO software are devel oped to perform the deflection analysis on
the first proposed model based on parameters listed in Table 1. The non-contact length |, is
calculated first from Eq. (2-16) at each specified input voltage from 40 to 120 volts with
increment in 10 volts. The results are plotted in Figure 4-4 where the non-contact length in this
work is shorter than that of Kazuaki’ swork: Asthesimulation of el ectrostatic forcein thiswork
IS better than Kazuaki’ s work, the chosen size of SDA may be smaller and save the chip size.
The priming voltage V), of the device is calculated from Eq. (2-17) as shown in Figure 4-5. All
models, including this work, Linderman’s and Kazuaki’ s works, how that shorter plate needs
higher priming voltage to maintain the contact -between main plate and dielectrics. This work
still shows smaller priming voltage than that of the other two models for same plate length. The
step sizefor different control method out of Eq. (2-23) and Eq. (2-24) are plotted in Figure 4-6.
The step sizes in fully-discharged mode of this work and Kazuaki’ s work have been shown in
Figure 4-6(a). Asthe main plate tendsto turn over at the end of discharge, the SDA operationis
not stable enough. Consequently, constantly-contact mode is a stable way for SDA operation as
shown in Figure 2-5. The SDA is driven between two input levels which are all equal to or
larger than priming voltage, and the main plate always keeps contact with dielectrics during
charge and discharge cycles. The step sizein thismode is the step size at maximum input minus
the step size at minimum input. Figure 4-6(b) shows the results when priming voltage is the

minimum.
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In Figure 4-7(a), the first reported bending moment diagrams of SDA are shown based on
Eq. (2-20). The bending moment is zero over the entire contact part and at the starting point of
non-contact part. Then it increases rapidly to maximum,; after that, it goes down to the local
minimum at the right end. The value of maximum moment and where it happens depends on the
input level. From the trajectory of maximum moment M, itisobvious that M, becomes higher
and shiftsrightward asinput increases. The maximum static bending stress s ,, along main plate
for different input is plotted in Figure 4-7(b). This maximum stress, calculated by Eq. (2-21) as
from 182 to 495 MPafor input voltages from 40 voltsto 120 volts, also locates at same place of

maximum moment for same input voltage.

Some mechanical properties of micro-fabricated Nickel useful in this work are adopted
from literature; the Young's modulus of Nickel is.chosen as 171 MPa; the yield strength is
chosen as 323 MPa|[ 32, 33]; the ultimate strength is chosen as 560 M Pa[ 34, 38]. Asthefatigue
strength, [29] reported a value of 195 MPa for one million life cycles and constructed the S-N
curve of Nickel under cyclic reverse loading- test. For. the driving test in continuously
charge/discharge, the suitable failure mode is-fatigue instead of yielding stress for static load.

Thistopic will be discussed in subsection 4.2.2.

4.2.2 Dynamic analytical results of SDA

Assomedevicesfail at higher voltage, it isproper to adopt the fatigue design theory [30] for
cyclic loading to explore the cause. For a fully reversal loading with zero average stress, the

stress amplitude s and the device life cycles N is related by the Basquin’s equation,

logA=logs ;+B*logN, (4-1)

where the coefficients A and B can be determined from the fatigue test data. For a non-fully
reversal loading with stress amplitude s, and average stress s, not being zero, it is readily to
decide the equivalent stress amplitude srg by the Goodman’'s equation, Sg =S; +SaSée/Suit,
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where sris viewed as the stress amplitude in a fully reversal loading with same life cycles as
the original loading set (Sav, Sr ). In Goodman’'s equation, s represents the fatigue strength
(endurance limit) for a10° device life cycles, while sy is the ultimate strength for only onelife
cycle. Asthiswork does not focus on fatigue life but on performance of SDA, the coefficients A
and B are determined by using the experimental data presented in [31], where s =560MPa, S¢
=195 MPafor micro-fabricated Nickel. By using the Basguin's equation mentioned above, itis
easy to find out that A=560 and B=0.0750547. The stress amplitude s, and the average stress
Sav are both equal to s max /2 because the minimum bending stress is zero for fully discharged
manner. Figure 4-8(a) shows the S-N (stress-life cycles) curve based on Basquin's equation.
During the loading test, some devices really failed as revealed in S-N curve qualitatively,
although the exact cycles were not recorded. Figure 4-8(b) shows the theoretical upper bound
and lower bound of the SDA life cycles. The regime between the upper and lower bounds
presume the life cycles of SDA operated between the constantly-contact mode and fully

discharge mode.

In order to verify the dynamic behaviar, ‘cyclic loading simulations conducted by
Simulink® are performed at different input voltages of 500 Hz for the simplified SDA model
of SDOF mass-spring-damper system. The SimulinkO model and function blocks of the Eq.
(2-25) are constructed as Figure 4-9. The function block named Coulomb and viscous friction
models the discontinuity at zero and linear gain otherwise. The offset corresponds to the
Coulomb friction and the gain corresponds to the viscous friction. As a result, this block is

implemented as

y =sign(u) * (gain* abs(u) + offset) (4-2)
wherey isthe output of function block, uistheinput of function block, gain and offset are block

parameters. The normal force is calculated from electrostatic force between contact areas for
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each input voltage. The gravity force is ignored. Since the viscous friction coefficient and
Coulomb friction offset are not yet known exactly for the current device and previous
literatures, various parameter sets are simulated to find out the most matched parameter set with

experimental results.

From the standard test specimen in this batch process, the device total mass mis 5.66e-10
kg and the spring constant is 2.19 N/m. The undamped natural frequency w, of the equivalent
SDOF system is (kkm)~2 which is about 67000 Hz. Figure 4-10 shows displacement response
curves of three viscous friction coefficients, respectively. The steady-state average
displacement becomes bigger as the input voltage increases. This average is nearly same no
matter the viscous friction varies for same input voltage. It is evident that the oscillation
amplitude at steady-state is biggest as mis close to zero, the oscillation amplitude decays as m
increases, which means friction dissipates a lot-of energy. The nonlinearity in SDA motion
mostly comes from the Coulomb friction. To quantify this effect, the Coulomb offset at zero
should be determined first. Figure 4-11 shows displacement response curves for three offset
values and other parameters are fixed. As the offset increases, the average at steady-state is
lower down to show energy dissipation of Coulomb friction. For zero offset at zero vel ocity, the
response is same as viscous damping of same friction coefficient. For low offset value, the
response shows SDA displacing with less oscillating amplitude than that of zero offset case. For
higher offset value, the response shows SDA is displacing in step-wise manner with less
steady-state average and oscillating amplitude. Although the step-wise motion is agood feature
for microactuator, it responds somewhat slowly and takes too much time to complete the
motion. It isrealized that the responseis quite sensitive to the variation of Coulomb offset value.

To operate SDA successfully, the properties of contact surfaces should be studied well.

As mentioned earlier, the Coulomb offset and viscous friction coefficient are both not
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known exactly in the experiment. It is therefore to apply a matching process to identify the
closest parameters with experiment results. As the nonlinear nature of SDA motion, it is
preferred to find the matching set by matrix method. There are three major parameters:. viscous
friction, Coulomb friction and spring constant. By changing the value of each parameter in each
set, the simulated results from Simulink® are compared to experimental results. Finally, awell
matched set isfound of which the viscous friction coefficient is c/m=4e6, the Coulomb friction
offset is mMm=15000 and the spring constant is 2.19 nN/nm. These parameters are substituted

into the Simulink® mode! of SDA and the simulation results are plotted in Figure 4-12.

4.2.3 Experimental results

To verify the dynamic behavior, cyclicloading tests are performed at different input signal
of 500 Hz. Thisinput iscomposed of aDC offsetat 30 volts often and AC voltage depending on
the control command. For example, when the driving signal needs to vary in the range of 30 to
120 volts, the chosen DC offset’is 30.volts‘and AC amplitude is 90 volts in peak to peak
definition. The experimental results are.collected and ‘compared with SimulinkQ simulation
results of our mass-spring-damper model of SDOF system or finite difference equation. In
measurement practice, since the step sizeisin nanometer scale, it is hard to measure each step
size directly. It is easier to measure a longer travel distance after a certain input pulses.
However, the step size will decrease with the increasing spring force, and equation (2-23) only
provides the step size prediction without external loading. Here two difference equations are
proposed to calcul ate the step size in each input pulse and the total travel distance of SDA array

with arestoring spring force after certain input pulses:
Dx(n) =Dx,* (F, - k*x(n- 1) /F,, (4-3)

x(n) =x(n- 1) + Dx(n). (4-4)
where the Dx(n) is the step size at the n-th input pulse, and Dxg is the step size without
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considering external load, calculated from equation (2-23). The x(n) is the total travel distance
of SDA array after ninput pulses, k is the spring constant, and Fo is the initial output force of
SDA array, calculated from equation (2-22). The x(0) is set to zero. Qualitative speaking, the
restoring force of spring is small at the beginning of the test and the step size is close to the
calculated value without external load. As the spring deflection increases, the step size
decreases with the increasing spring load. When the SDA array can no longer pull the spring,

the step size becomes zero.

Figure 4-13 shows cal culation and measurement results of the travel distancein 1500 input
pulses at five different input voltages, from 80 volts to 120 volts. As expected, the SDA array
moves rapidly at the beginning of motion. Then, the movement tends to slow down with the
increasing spring force until SDA array canno longer pull the spring, i.e. in equilibrium state.
The stable state will comes faster at low input voltages; because a lower driving voltage
provides a smaller output force.~For example, a 80 volts, the SDA array stops moving after
around 750 input pulses, and at 120 valts; the stable state is reached around after 1400 input
pulses. The maximum deviation between the measured and calculated results is around 10%.
However, as the surface condition is not so even after release, the SDA motion is not as smooth
as expect. Besides the travel distance data during the whole motion had not been saved, the
intermediate data point to check the curvature shortening effect on step size is not enough.
These data will be one of the major topics in follow-up research. Figure 4-14 shows the output
force plot of measured and simulated, and from Eq. (2-22). Asthe simulated results of Eq. (2-22)
and Eq. (2-26) are based on one SDA, the measured output force is given by one fourth of the
output force of 4-SDA array. It is observed that the force from Eq. (2-22) is static in nature as
the only load is electrostatic |oad. The measured force is different with respect to Eq. (2-22) in
about +0.5 or - 2.3 nN in average. In general, thiswork provides the first and reliable model to

predict the output force of SDA for given input.
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Figure. 4-10. Effects of viscous damping on displacement response. The average
displacement at steady-state depends on driving input voltage, but oscillation amplitude at
steady-state decreases at higher viscous friction. Parameters. 40, 60, 80, 100 and 120 volts
driving at 3140rad/s, ¢/m=[0.5 1.0 1.5 | *e7, kkm=3.8e9.and no Coulomb offset.
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Figure 4-13. Measured and simulated total travel distances in 1500 input pulses for
five different input voltages, from 80 volts to 120 valts. The SDA array movesrapidly
at the beginning, then the mevement tends to slow down with the increasing spring
force until SDA array can no longer pull the spring, i.e. in equilibrium state. The
simulated results are based on Eq. (4-3) and (4-4) by using step size with or without
curvature shortening effect, respectively. As-thetotal travel distance at steady-state
depends on the ratio of input force to the spring-constant in this finite difference
formulation, the different step sizes will-show their effects major in the traveling
speed. This moving speed measurement during the motion, especially the first half
time, will be executed in next batch of SDA fabrication and testing to verify the
suitability of the proposed hypothesis of curvature shortening effect.
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4.3 FEA and testing results of LVSDA

Typical fabricated results earlier shown in Figure 4-2(a) and (b) show the top views of
fabricated SDA array and LV SDA array, respectively. The measured main plate length of SDA
isabout 80.78 nm (Figure 4-2(a)), less than 1 mm deviation to the designed value of 80 mm. The
bushing height and plate thicknessfor the device in Figure 4-2(c) are measured from SEM to be
around 2.24 mm and 2.31 mm, respectively, alittle larger than the designed value of 2.0 nm.
From the close view of LVSDA shown in Figure 4-2(d), the measured scratch plate, flexible
joint and main plate length of LVSDA are about 19.02 nm , 19.00 mm and 39.60 mm
respectively. In comparison to the designed values of 20 mm, 20 mm and 40 mm, the deviationis

within 1 nm.

The testing of LVSDA devices are performed at room temperature. The driving voltage is
applied to contact electrode and substrate electrode through probes. The input signal isacyclic
wave of 500 Hz from the function.generator with ahigh-voltage amplifier. The motion images
are taken by a CCD camera mounted on the optical micrascope and recorded in computer. This
input is composed of a DC offset at 30 volts often and AC voltage depending on the control
command. For example, when the driving signal needs to vary in the range of 30 to 120 volts,
the chosen DC offset is 30 volts and AC amplitude is 90 volts in peak to peak definition.
However, the LV SDA may not move until input voltage reaches certain threshold value. Output
displacements are measured from the recorded images. The output force can be determined
from the product of spring constant and total spring deflection at the corresponding input
voltage.

In this section, the effects of geometric parameters on the performance of LVSDA will be
presented and compared with conventional SDA. Simulation results from FEA will also be

shown to discuss the effect of yielding stress to the maximum output force on the proposed
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LVSDA. Thedeviceisat rest before threshold voltage in Figure 4-15(a). The threshold voltage
isfound to be around 46 volts. When driving voltage is 70 volts, as shown in Figure 4-15(b), the
total tether spring deflection measured from image is 19.2 nm. The tether spring constant can
be calculated as 1.98 nN/mm. The output force from four LVSDAsisthen 1.98*19.2=38.1 m\.
Therefore, output force of one such LV SDA can be determined to be about 9.53 mN at 70 volts.
It is noted that there are at |east three batch processes to fabricate the SDA and LV SDA array;
the resultant dimensions show some deviations. The spring constant for LV SDA is about 1.98,
and for SDA, the spring constant is about 2.19 niN/mm.

Figure 4-16(a) shows the measured output force trajectories of the conventional SDA and
three types of LVSDASs with different scratch plate lengths Ls, 10mm, 15nm, and 20mm,
respectively. All devices have the same total plate length of 80 nm and the same total plate
width of 65 nm. All LVSDAs in Figure30 havethe same joint length Lj=20 nm and the same
joint width Wi= 12 nm. Each data point is the average of at least five test results. It shows that
the minimum required voltages, so-called threshold voltage, of al LVSDA are in the range
from 40 volts to 50 volts, much lower than 80 voltswhich the conventional SDA needs at |east
to generate displacement. It verifiesthat the proposed LV SDA can reduce the threshold voltage
effectively. LVSDA with alonger scratch plate a needs lower threshold voltage. As shown in
Figure 4-16(a), threshold voltagesfor L= 20nm, 15nmm, and 10nm are 40 volts, 46 volts, and 50
volts, respectively. A longer scratch plate represents the flexible joint is farther away from the
bushing, so the flexural rigidity with respect to the main plate is smaller. Therefore, the
mechanical forceto overcome by electrostatic forceissmaller for LVSDA with alonger scratch
plate, i.e. alower driving voltage is enough to activate the device.

However, output force of LV SDA reachesthe maximum at certain driving voltage, and then
starts to decline with the increasing input voltage as shown in Figure 4-16(a); unlike the output

force of conventional SDA which keeps going up with theincreasing input voltage. This can be
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explained by the yielding effect. The maximum stress trajectories for devices with different
scratch plate lengths analyzed by CosmosWorksO are plotted in Figure 4-16(b). In general,
increasing input voltage will increase the output force in LVSDA or SDA before the yielding.
Once the device yields, the output force would decline due to the reduced stiffness in plastic
deformation. Therefore, the maximum output forces of different LV SDAs may not be the same
and may occur at different input voltages. From Figure 4-16(b), LV SDA with longer scratch
plate is easier to reach the yielding point, where the maximum output forces for L= 20 nm, 15
mm and 10 nm are 13.3 mN, 17.6 nN, 19.5 nN at 80, 100, and 110 volts, respectively (Figure
4-16(a)). It is also noted that, for example, LVSDA with flexible joint closer to the bushing
(Ls=10 mm) can provide better performance than the output level of the conventional SDA up to
100 volts. Even at 110 volts, performance of LV SDA with L=10 mm is till close to the SDA.

Therigidity of flexible joint will be affected by joint [ength L;, joint width W or thicknesst.
As the thickness is fixed in this work (2 mm), the effects of joint length and width are
investigated here from the measured data and FEA results shown in Figure 4-17. A longer or
narrower joint also means smaller flexural rigidity, which is helpful in reducing the threshold
voltage. As shown in Figure 4-17(a), where scratch plate length Lg is fixed at 15 mm, the
LVSDA with L;=20 mm, W,=6 nm has the lowest threshold voltage about 41 volts, comparing
to other LV SDAswith shorter or wider flexible joints. For the samejoint length, LV SDA with
wider joint can output larger forces. For example, as shown in Figure 4-17(a), the maximum
output force of device LV-15-20-45-12 (L;=20 nm, W=12 nm) is 17.9 nN at 100 volts, larger
than the maximum output force of device LV-15-20-45-6 (L;=20 nm, W;=6 nm) with 10.8 mN at
70 volts, sinceyielding stressfor awider joint happens at higher input voltage (Figure 4-17(b)).

Similar trend can be found in devices LV-15-15-50-12 (L;=15 nm, W=12 nm, 19.6 nN at
110 volts) and LV-15-15-50-6 (L;=15 nm , Wj=6 nm, 15.2 mN at 90 volts) in Figure 4-17(a).

When the joint width increases, maximum stress in LV SDA would happen at higher voltage.
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Figure 4-18 shows the simulated maximum stresses of device LV-15-15-50-W, with different
joint widths at various input voltages. It can be found that the maximum stressin LV SDA could
be lower than yielding stress at 120 volts with Wi=25 or 45 nm. When thejoint width increases,
LV SDA in high-voltage region behaves more close to the conventional SDA. In another words,
the conventional rectangular SDA can be considered as a special case of the proposed LV SDA
where the joint width is equal to main plate width.

Longer flexiblejoint beam can also reduce the flexural rigidity. Asshownin Figure4-17(a),
for devices LV-15-15-50-12 (Lj=15 mm) and LV-15-20-45-12 (Lj=20 mm), they both have the
same scratch plate length and joint width, and the maximum force of device with the shorter
flexible joint can provide alittle larger maximum output force at higher input voltage (19.6 niN
at 110 volts) than the device with longer joint (17.91mN. at 100 volts). It is atrade-off situation.
Before yielding, using flexible joint can reduce the flexural rigidity, which is helpful in
reducing the threshold voltage and provide a larger output force than SDA at the same input
voltage. However, the achievable maximum output-force will be limited due to the yielding
effect in flexible joint. Consequently, by-choosing the geometric parameters, such as joint
width and location, LVSDA may operate in low-voltage region where the conventional SDA

can not work, and still provide comparable performance as SDA in high-voltage region.
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Chapter 5 Conclusions

5.1 Summary

Two analytical models, static and dynamic, of SDA have been proposed, smulated by
MatlabO, SimulinkO and tested quite well with experiments. The first model performs static
analysis of SDA and presents many key characteristics that were not presented all in previous
literatures. The second model handles the SDA device as a mass-spring-damper system of
SDOF to evaluate the dynamic properties. The vibration induced displacement of SDA
subjected to various factors have been simulated and discussed in detail. A parameter set
matched well with experimental results’is suggested for the present micro-electroplated nickel
SDA device to show the performance of output force and total travel distance for given cyclic
input. In general, the analytical model proposed here may. be modified to the design and
analysis of SDA in other shape or made of any material. It is suggested that the proposed
dynamic SDA model is suitable to analyze the stepwise behavior. However, it is not suitable to
analyze the transient behavior due to lacking of the elastic-dynamic formulation at the

beginning of contact which is beyond the scope of this work.

Another contribution here is to propose a low-voltage scratch drive actuator (LVSDA) to
improve the SDA performance in low-voltage region by incorporating flexible joint into the
conventional rectangular SDA. Experimental results show that at the same device size with
total plate length of 80nmm and width of 65mm, the threshold voltage can be reduced to locatein
the range from 40 volts to 50 volts, evidently lower than 80 volts, the minimum required input
voltage of the conventional rectangular SDA. A flexiblejoint longer, narrower, or further away

from the bushing is helpful in reducing threshold voltage. It verifies that the proposed LV SDA
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can be operated in low-voltage region where the conventiona SDA can not. From the
simulation results of FEA, it is found that yielding stress is a critical factor on output force.
Before yielding, LVSDA can provide better performance than SDA at the same input voltage.
However, itisatrade-off situation. Yielding iseasier to happen in theflexible joint with smaller
flexural rigidity in high-voltage region. Once yielding, output force will decline with the
increasing voltage. The study shows that by varying the geometric parameters properly, such
as joint width and location, LV SDA can still be operated in the low-voltage region where the
conventional SDA can not and also provide comparable performance as conventional SDA in
high-voltage region. The conventional rectangular SDA can be considered as a special case of
the LV SDA wherethe joint width isequal to the main plate width. The proposed LV SDA may
provide more flexibility in SDA design to meet different performance requirements, especialy

in the low-voltage region.

5.2 Futureworks

Though the SDA and LV SDA have been studied-in analytical or experimental manners,
and the ssimulated results can match the measured results in reasonabl e accuracy, there still have
some works needed to improve the reliability and applicability of this research. The future

works can be classified into five topics as following.

1. Further experimental verification:

Further experimental verification on dynamical response is quite necessary in general.
For example, the non-contact length for given input is alower bound of SDA main plate length,
while a SDA with longer plate will still be priming with same non-contact length asimplicated
by EqQ.(2-16). This argument somewhat violates with intuition but it istrue. Evidence has been
shown in [1], the contact length of three different main plates at same input level are recorded

and plotted as shown in Figure 5-1. The contact length values for devices with plate length 60,
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70 and 80 mm are 43, 53, and 63 nm respectively. In other words, the values of non-contact
length are around 17 mm for these devices. This discovery supports the validity of thiswork’s
result. Why SDA of different plate length produces different force when the non-contact length
is same? This problem can be probably simulated by introducing friction into the contact
surface. An aternate method is applying the adhesion energy on contact part asdonein[36], in
which only the release problem is concerned. When taken adhesion effect into energy balance
consideration, the adhesion will consume energy and reduce the mechanical displacement.
These above discussions may be verified by fabrication and testing of next-generation design of

SDA/LVSDA test structures.

2. Application on other SDA shapes:

Applied the analytical SDA model to plate shape beside rectangle is important in
proving the model’ s applicability. Thisis basically routine but time-consuming work. The key
point is the governing equation Eg. (2-2) isderived in general- meaning, as it can be applied for
other type of plate shape in case of the distributed load'as Eq. (2-1) is expressed in suitable
manner according to its shape as triangular, trapezoidal, or circular. Some previous works [37,
38] were donein pull-in research for these shapes under electrostatic force. Once the governing
equation has been constructed, the stepsfollowed are similar as presented in chapter 2 while the
solution will be different. As the expressions are often complicated, this process may be
somewhat tedious but the expected results will prove its great worth in predicting the device

performance.

3. Reliability of SDA/LVSDA:

Theload in SDA/LVSDA isbasicaly dynamic. Asaresult, their life cyclesrely on the
material, loading/unloading level and geometric factors. To ensure the system be reliable in

certain degree for guaranteed life cycles, the reliability design criteria should be introduced.
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The S-N curve may be constructed after enough tested datahave been collected and analyzed as
derived in sections 2.3 and 4.2. Once the maximum and minimum stresses have been cal cul ated
from the input level, the expected life cycles can be decided from S-N curve. When the fatigue
test data are enough, the endurance limit, yielding stress and ultimate stress of the fabricated
devices can be determined from fatigue theory. These results may be utilized to improve the

device design and process flow.

4. Analytical modeling of LV SDA:

Since the LVSDA is effective in reducing the threshold voltage than SDA of same
width and length. It isworth of an analytical model, whileit ismore complicated in nature than
SDA. The beam model proposed in Eq. (2-2) may be applied for LVSDA and the governing
equations increase to three and are rather time-consuming to solve in analytical manner, though
it is believed to be solvable. An alternative method is the application of pseudo-rigid-body
model as Figure 5-2 for the main plate and scratch plate, while the flexible joint is still a beam.
The main plate and scratch plate are viewed as rigid, while flexibe joint is still a beam. The
minimum potential energy principle of the sum of el astic deformation energy and electrostatic
energy in capacitor will decide the equilibrium generalized coordinates (g1, g) a given input.
This approach seems easier to derivate an analytical solution. Once the generalized coordinates

(01, g2) are determined, the other characteristics can be calculated by routine manner.

5. Optimization design of SDA/LV SDA:

The optimization of SDA/LV SDA on geometrical factors may be handled in two ways.
The first one is the present method, i.e., by fabricating different devices and then testing for
optimal geometrical set. For example, for aflexible joint with fixed length and width, the joint
location will affect the output forcelevel. Thetest resultswill reveal the optimal geometrical set

of LVSDA. Thisapproach is effective but expensive. Another oneisto form the object function
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with suitable constrain conditions by using the results in last topic: Analytical modeling of
LVSDA and SDA modeling. These object function and constraint may be used in commercial

software as Optimization Toolbox in MATLABO.

6. Latch mechanism for stable step size:

Though the friction effect is the major operation principle of SDA/LVSDA, it aso introduce
instable step size. To minimize this defect, a rachet mechanism is proposed to fabricated along
the trgjectory of motion to fix the step size in mechanical manner. However, this design will

confine the step size in the pitch of rachet teeth.
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Figure 5-2. Pseudo-rigid-body model of LVSDA to find the equilibrium state of
generalized coordinates (g1, 02) at given input level. The main plate and scratch plate are
viewed as rigid, while flexibe joint is still a beam. The minimum potential energy
principle of the sum of elastic deformation energy and electrostatic energy in capacitor
will decide the equilibrium generalized coordinates (q;, g2) at given input.
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