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Abstract

The shuffle motor is a linear electrostatic stepper motor employing a mechanical transformation to obtain large forces and small steps. A
model has been made to calculate the step size and the driving voltage as a function of the load force and the motor geometry. The motor
consists of three polysilicon layers and has been fabricated using surface micromachining. Tests show an effective step size of about 85 nm

and a produced force of 43 uN at 40 V driving voltage.
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1. Introduction

Linear motors that apply a walking motion are able to add
small steps in order to obtain large translations [1-6]. The
possibility to combine a high resolution with a large total
stroke makes them attractive for applications like high-den-
sity data storage or scanning microscopy. In this paper we
discuss the design and realization of a polysilicon surface
micromachined linear motor, which is activated by electro-
static forces. Electrostatic micro actuators have the advantage
of simple fabrication compared to, for example, piezoelectric
and electromagnetic micro actuators. An important disadvan-
tage is the relatively low energy density in electrostatic actu-
ators. This limits the product of force and stroke that can be
developed. In the shuffle motor we have maximized the gen-
erated force firstly by using a parallel plate configuration and
secondly by employing a lever. This way a force of more than
1 mN can be produced in an actuator volume of 100X 200X 2
wm?®, using a driving voltage of only 30 V. The produced
steps are small, typically between 10 and 100 nm, and there-
fore submicrometer positioning accuracy is easily achieved.
In the shuffle motor a cyclic motion is used to produce a large
stroke of the actuator, by adding the small single steps. The
concept of the shuffle motor was already presented in Ref.
[7], however the successful realization was difficult due to
the lack of an accurate transducer model and due to stiction
problems in the clamp feet of the motor. These problems have
been overcome now.
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2. Principle of operation

Fig. 1 shows the principle of the shuffle cycle. First the
front clamp is activated and the actuator plate is deflected

back clamp frant tlamp

%/ actuator plate \5 i é é“;

Fig. 1. Principle of operation. First the front clamp is activated and the
actuator plate is deflected downward. This causes contraction of the actuator
and the back clamp is pulled forward. Next the back clamp is activated, the
front clamp and the actuator plate are released. The plate stretches and the
front clamp is pushed forward.
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Fig. 2. Ideal physical model of the transducer, where x is the position along the plate, v(x) is the deflection of the plate, y is the center deflection, F, is the
electrostatic force concentrated in the center, g is the initial gap size, S is the tensile load force and Ad is the contraction which produces the step, The transducer

converts electrical work U+ AQ into mechanical work S« Ad.

downward. This causes contraction of the actuator and the
back clamp is pulled forward. Next the back clamp is acti-
vated, the front clamp and the actuator plate are released. The
plate stretches and the front clamp is pushed forward. The
electrostatic normal force acting on the actuator plate induces
a friction force in the feet of about the same magnitude. Due
to the built-in mechanical transformation, the developed lat-
eral force can be larger than the friction force and can be high
enough to make the feet slide. The deformation of the plate
by the electrostatic forces leads to a small but forceful con-
traction of the plate. A plate length of 200 pm and a center
deflection between 0 and 2 pm gives a changing transfor-
mation ratio { from ¢ to 25 [8], where 7 is defined as the
change of the center deflection y divided by the change of the
lateral contraction Ad (see Fig. 2).

3. Model of the transducer

The actuator plate can be considered as an energy buffer
with two power ports. It converts the electrical work U-AQ
into mechanical work S-Ad (Fig. 2). An energy model has
been made that expresses developed stroke Ad as a function
of the tensile load force S and voltage U applied between the
deflecting plate and the stator electrode.

3.1. Plate stiffness

The deflection of the actuator plate is described by a fourth-
order nonlinear differential equation [9]. We have not been
able to solve this equation. A solution could be obtained for
the case where the electrostatic force is concentrated in the
center of the plate, and the case where the electrostatic force
is taken uniformly along the plate length. The two shape
functions can be used to enclose the solution to the original
nonlinear problem, where the electrostatic force distribution
depends on the plate deflection. We introduce the model for
the central force case here. For the uniformly distributed force
case only the results are given (Section 3.4).

The deflection v(x) of the plate which is under a tensile
force S, due to the central force F, (see Fig. 2), is described
by the following differential equation:

4 2
Id v(x) ——Sd v{x) _

E
dx? dx?
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with boundary conditions v{0)=v'(0)=v({) =0 and

v""(1) =(1/2) F, and EI is the bending stiffness. The factor
1/2 results from the fact that we solve v{x) for half of the
plate. The solution to Eq. (1) is given by:

v(Fe.K2)

_ f_e_lj 1 —cosh{K) —cosh(Kz) + zK sinh(K) +cosh(K(z—1))
EI 2K sinh(K)

(2)

where x is the normalized distance using half the plate length
I, z=x/1 (0<z<1). The load S is present in parameter X
which is defined as:

/5
K—Z\/; (3)

The parameter K determines if the transducer is bending
dominated or tensile force dominated. The deflection function
can be split in an amplitude function y(F.K) equal to the
center deflection, and a shape function V(X,z). Both ampli-
tude and shape function depend on X:

(K.2)=y(F..K)V(Kz) (4)
This way Eq. (2) can be rewritten:

(EK) —tanh(lK)
FeZB 2 2

y(Fe$K>=24EI 3 (1 )3 (58.)

V(K.z)

_ 1 —cosh(K) —cosh(Kz) +zK sinh(K) +cosh(K(z—1))
2—2 cosh{K) + K sinh(KX)

(5b)

The center deflection y expressed in Eq. (5a) depends
linearly on F,. We can therefore derive a stiffness function

k(K) =F./y:
1 3
(39
24E1) 1 2 _24EI

" (L)
3 M

In Eq. (6) G(K) is the stiffness factor, which is a measure
for the stiffening due to the tensile force S. In Fig. 3a the

k(K)= GK) (6
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Fig. 3. (a) The shape function V(X,z) vs. z for two values of K. For K=0 the bending stiffness dominates, for K=20 the stiffness due to the tensile force
dominates and the plate is pulled straight. (b) The stiffness factor G(X). The turnover point X = /12 where stiffening due to the tensile force becomes dominant

is indicated.

shape function V(X,z) is plotted for two values of K. At
K'=20 the plate is pulled straight by the tensile load force.
Fig. 3b shows the stiffness factor G(K). For small K the
effective stiffness is bending dominated and is consistent with
the formulas for pure bending [10]:

F,
lim k(K)= kb———24—- (7)
K0 y
For large X the tensile force acts as an effective stiffness
F./y and the normal force F, increases linearly with the center
deflection y:
F, 2EIK* 2§
lim k(K)=k=—"=——=— (8)
K=o y Z Z
At the turnover point the stiffness ratio is k,/k, = 1. From
Egs. (7) and (8) it follows that this is at K*=12.

3.2. Relation between plate deflection and driving voltage

The plate driven by a constant voltage U shows pull-in
behavior when a certain fraction of the initial gap is closed.
The motor will be operated beyond this point of pull-in,
therefore it gives a first indication for the driving voltage
needed. The full-step size is estimated from the situation
where the center of the plate contacts the bottom electrode
(y=g).Using Eq. (4) and by defining the normalized center
deflection «=y/g we can write for the capacitance:

awl
fl aV(Kz)

[
Ez%cma)scocn(&a) (9)

C(K,a)= 2J' U(Kx)

where C,(K,a) is the normalized capacitance function, C,
equals the zero deflection capacitance, w is the width of the
plate and ¢ is the permittivity in the gap. Pull-in behavior of
the voltage controlled actuator is studied from the Legendre
transformed energy function:

W' (a,U)=W(a,U)—QU
—— 2 CoC oK)l + S K@)’ (10)

At voltages below the pull-in voltage, a relation between
the equilibrium deflection « and applied voltage U can be
found from setting the first derivative of W’ ( &, K,U) equal to
ZEero:

20 k(K)g*

%(K,co Co
da

U= (11)

The equilibrium becomes unstable once the second deriv-
ative of W' (., K,U) equals zero (turning from positive to
negative). Combination with Eq. (11) gives a dimensionless
equation for the pull-in deflection. This equation has been
solved numerically, yielding a pull-in center deflection
increasing from a,; =0.40 for K=0 to a,;=0.44 for K=<
Eq. (11) can be rewritten using Eq. (6), the definition of C,
from Eq. (9), and substitution of I=w#>/12:

3.3
Upi=iVG<K>\/ L L (12)

dac, el
k)

Where ¢ is the thickness of the plate. Eq. (12) describes the
pull-in voltage as a function of the geometry and the tensile
load force S which is present in the stiffness factor G(K).
The dimensionless factor 2e,;/ (dC,(K,e,;) /da) increases
from 0.75 for K=0t0 0.83 for K = . For small K the stiffness
factor G(K) equals 1 and the pull-in voltage is independent
of the load force S:

Et®
U,=+1/0.75 f (K< y12) (13)

pi

For K> /12 the pull-in voltage is determined by the load
force S and does not depend on the bending stiffness:

3

U,=+1/0.83 igw (K>V12) (14)
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In Fig. 6 the pull-in voltage as a function of the load force
S is plotted for the geometry that is chosen for the realized
shuffle motor.

3.3. Contraction and transformation ratio

The lateral contraction can be found by calculating the path
length along the plate using the deflection function ¢ (x). For
small slopes dv/dx the contraction is given by:

Ad= zf\/ 1+
dv 2] dv
j(dx) dx= l ( )dZ (15)

where y is the plate center deflection of the plate and z=x/]
is the normalized position along the plate. The central force
shape function v approximates the triangle shape for large K.
For smail X the curves of the deformed plate are smoother
and the path length is slightly larger. Calculating the extremes
of the integral in Eq. (15) yields:

dx 21

: Sy

ginolAd—S 7 (16a)
y2

lim Ad=— (16b)

K=o Z

From Eqs. (16a) and (16b) the transformation ratio
i=3y/3(Ad) can be derived:

11mz(y)———i— (17a)
lim z(y)— L (17b)
K- 2y

3.4. Uniformly spread electrostatic force model

A similar analysis has been performed for the case where
the electrostatic force is spread uniformly along the plate.
This results in an expression for the pull-in voltage similar to
Eq. (12). The pull-in voltages differ less than 1% for K=0.
For large K the uniform force shape yields a pull-in voltage
that is 5% smaller than for the central force shape. The pull-
in deflection is y/g=0.40 for all K. The contraction for the
uniform force case has been calculated using Eq. (15) where
the integral yields 128/103 for small K and 4/3 for large K.
These slightly larger factors compared to the central force
shape are a result of the smoother curves in the plate for the
uniform force shape.

The shape functions for the central force model and for the
uniformly spread force model enclose the solution to the
original nonlinear problem, where the force distribution
depends on the deflection. Therefore, we can conclude that

Eq. (12) predicts the pull-in voltage for the nonlinear prob-
lem with less than 5% error.

4, Design of the shuffie motor

The moving part of the motor consists of two polysilicon
layers. A thin layer for the actuator plate, and a thick layer
for the frame in which the plate is suspended. The frame
consists of a front part and a back part, connected by stretch
springs and by the plate. Both the front and the back part
contain two clamp feet (Fig. 4). Polysilicon electrodes have
been made underneath the feet and the plate, so that the front
feet, the back feet and the plate can be activated indepen-
dently. The electrodes are covered by an insulating silicon
nitride layer. The moving part is grounded during operation.
The frame is contracted by deflecting the plate downward
(Fig. 5), and stretched by means of the stretch springs. The
stiffness of the four stretch springs together is about 12 pN/
10 nm. The whole moving part is supported by two folded
springs which serve as a linear guidance with a stiffness of 1
puN/pwm. The folded springs are also used to ground the

Elevated front part
Elevated back part
Actuator plate
Stretch springs
Support springs
Back clamp feet
Front clamp feet
Base clectrodes
Anchors

Bl R Pl ol oo

Fig. 4. The frame consists of an elevated part (medium gray) and a lower
part (dark gray). The lower part comprises the four clamp feet, resting on
the electrodes. The elevated part consists of the folded support springs and
the large stiff parts that connect the clamp feet and the actuator plate (light
gray). The support springs are anchored at the black squares.

Fig. 5. Deformation of the stretch springs due to contraction of the plate ( the
step size has been exaggerated). The streich springs push the two frame
parts apart when the plate is released.
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moving part. The total size of the moving part excluding the
guidance springs is 500 X 400 pum?.

4.1. Design of the clamp feet

In the shuffle motor electrically controllable clamp feet are
needed, which are continuously in contact with the base. In
the first design [7] adhesion forces induced large friction
forces, also when the clamps were inactive. In the current
design we have been able to reduce the adhesion forces to an
acceptable low level by means of anti-sticking bumps that
have been made all along the clamp feet. The bumps have a
height of 150 nm and are placed with a 10 wm spacing to
minimize the bending of the feet due to the high electrostatic
pressure. The total area of the two inner clamp feet (the
smallest) is 600X 20 wm?. The effective gap between the
feet and the base electrode is determined by the size of the
bumps and the thickness of the silicon nitride divided by its
permittivity. For a clamp voltage of 30 V an electrostatic
clamp force of 3 mN is expected. The lifetime of the shuffle
motor is probably determined by the wear rate in the clamp
feet, particularly in the bumps. The shape and the size of the
bumps are not critical, therefore it is expected that the motor
will be quite wear resistant.

4.2. Dimensioning of the actuator plate

The plate pull-in voltage given by Eq. (12) is used to
choose the actuator dimensions. Fig. 6 shows the pull-in
voltage as a function of the load force S for the chosen dimen-
sions of the actuator: a thickness ¢ of the plate of 0.5 um, a
width w=100 pm, a length 2/=200 pm and an initial gap
size g=2 pm. Eqgs. (16a) and (16b) give a step size of 40
nm if the center of the plate just contacts the base (y=g).
This is only an indication for the step size, because the deflec-
tion profile after pull-in is not taken into account in the model.
Fig. 6 shows that a voltage of only 30 V is enough to over-
come a load force of 1 mN. Practically, the maximum load
the actuator can pull is limited by the tensile stiffness of the
actuator plate. For example in the current design, the tensile
strain of the plate under a load of 1 mN is 27 nm, which is
significant compared to the single step size. The nature of the
load (e.g., friction, dynamic or constant) determines to what
extent the limited tensile stiffness will cause loss of step size.

5. Fabrication process

On a 3 in. substrate wafer a 1.0 pm low-stress LPCVD
silicon nitride layer is grown to insulate the base electrodes
from the substrate wafer. Next a 0.5 um LPVCD polysilicon
layer is deposited, doped with boron by solid source indif-
fusion and patterned using RIE to form the electrodes. A
second low-stress LPCVD silicon nitride layer of 0.5 pm is
grown to cover the electrodes. In this nitride layer the contact
pads and anchor holes are etched using RIE. On top of the

35¢
30
25
20
15

10 ” .
10 10 10 10

S[N]
Fig. 6. The pull-in voltage as a function of the load force S, calculated using
Eq. (12). The thickness 7 of the plate is 0.5 wm, the width w= 100 wm and
the length 2/ =200 pm. A Young’s modulus E = 150 GPa and the permittiv-
ity of air are used.

UaS M

nitride insulation layer the first sacrificial oxide layer (2.4
pm) is deposited using PECVD to create the gap between
the actuator plate and ground electrode. The next layer is 0.5
pm of LPVCD polysilicon doped with boron, to form the
actuator plate. After the patterning of the actuator plate (RIE)
the first sacrificial layer is patterned (RIE). Only where the
elevated parts in the frame are made (Fig. 4) is the oxide
kept. Next a 0.5 um second sacrificial oxide layer is grown,
using TEOS instead of PECVD to obtain better step coverage.
This layer is used to release the clamp feet. The holes to form
the anti-sticking bumps (150 nm deep) and the plate-frame
contact holes are etched in HF, Next, a 4.0 pm third LPCVD
polysilicon frame layer is deposited and doped. Before pat-
terning this layer, it is covered by a PECVD oxide layer and
annealed at 1100°C for 3 h, in order to obtain a uniform
distribution of the boron dopant. This is important to avoid a
stress gradient in the polysilicon. The thick polysilicon is
patterned in RIE using an SFg/0,/CHF,; plasma to form the
frame. The last step is removing both sacrificial layers using
50% HF and freeze-drying to avoid sticking of the free hang-
ing structures. Holes have been etched in both the plate and
the frame at intervals of 30 um in order to shorten the sacri-
ficial oxide etch time. In Fig. 7 three cross sections are shown
just before and after the sacrificial layer etch. Fig. 8 shows a
close up around one of the two inner stretch springs, and an
overview of the shuffle motor with the actuator plate deflected
downward.

6. Test results
6.1. Tests of the plate deflection

The measured zero load pull-in voltage varied between 12
and 13 V. This is reasonably close to the 11 V predicted by
the model. Voltages higher than the pull-in voltage resulted
in the deflection as shown in Fig. 11. The center part of the
actuator plate is pulled flat to the bottom electrode. By
increasing the voltage, the flat part increases and the effective
step size increases. At25 V the zero load step size is estimated
by 140 nm. Repeated puli-in showed stiction of the actuator
plate to the bottom electrode. The stiction is probably induced
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Fig. 7. (a) Close up around one of the two inner stretch springs, showing the different levels in the motor. (b) SEM picture of a motor with the actuator plate

deflected downward.

i
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B siicon nitride
B siicon oxide
M polysilicon

Fig. 8. Cross sections just before and after the sacrificial oxide etching.

by charging of the insulating nitride covering the under elec-
trode. Charge can be transferred from the charged plate to the
surface of the silicon nitride when they contact, When the
physical contact is broken, some charge may be left on the
silicon nitride. The stiction could be strongly reduced by
applying a modulated AC voltage (Fig. 9). The plate and the

off on off

Applied voitage +U
0

-U

——time
Fig. 9. The modulated AC 2113voltage applied between the plate and the
base electrode.

clamps have been activated with a 25 kHz square wave that
changes polarity quickly compared to the mechanical
response time of the plate. Therefore, the AC voltage results
in the same deflection of the plate as a DC voltage with the
same amplitude.

6.2. Force and reach measurement

Motor tests have been done using the control signals shown
in Fig. 10. The modulated AC-voltage control has been
used for both plate actuation and clamping. The maximum
obtained reach was 43 pm (Fig. 11) at a plate actuation
voltage (amplitude) of 25 V and a clamp voltage (ampli-
tude) of 40 V and a stepping frequency of 1160 Hz. Based
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Front clamp

Back clamp °©

R 3

on
off

Plate actuation

—fime
Fig. 10. The control signals for a complete walking cycle. First the front
clamp is activated. Next the plate is deflected, and the back clamp is acti-
vated. Then the plate is released and the front clamp is activated again.
Finally, the back clamp is released and the cycle starts again.

on the stiffness of the support springs, this corresponds with
an effective generated force of 43+ 13 pN. At 25 V the
actuator should be able to produce a force up to 0.6 mN (see
Fig. 6). Slip in the clamps is the most probable explanation
for the lower measured force. Considerable slip occurs
when the AC-driving voltage is used. The clamps are shortly
released when the voltage switches from positive to negative.
This results in a dynamic equilibrium between walking for-
ward and slipping backward. In order to increase the produced
force, we have tried to apply a DC voltage to the clamps in
combination with a modulated AC voltage on the actuator
plate. This resulted in stiction in the clamps, probably again
due to charging of the insulating nitride. A new design of the
clamps where the charge induced stiction is diminished is
strongly recommended.

6.3. Speed measurements

The speed of the motor has been measured as a function
of the cycle frequency (Fig. 12). The highest measured speed
of the motor is 100+ 10 pum/s, at a cycle frequency of 1160
Hz. This frequency was limited by the driving electronics.
Higher cycle frequencies should be possible, because the
(zero load) resonance frequency of the actuator plate is about
60 kHz. It is expected that the maximum attainable speed is
more than 1 mm/s. The measured speeds could be reproduced
with a maximum deviation of 25% between three different
motors. The slope of the graph is a measure for the effective
average step size, which is 8549 nm. The smaller than

b s
Fig. 11. (a) Microscope picture of the inactivated motor, and (b)
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Fig. 12. Measured velocity as a function of the cycle frequency. The inac-
curacy in the velocity measurement is smaller than 10%. A voltage amplitude
of 25V is used to drive the plate, and an amplitude of 40 V is used to drive
the clamps.

expected effective step size can be explained by the consid-
erable slip in the clamps due to the used AC-driving voltage.

7. Discussion and conclusions

This paper shows the feasibility of the use of a mechanical
transformation in order to increase both the force and the
resolution of an electrostatic linear stepper motor. The key
part in the motor is the contracting plate actuator, which is an
effective implementation of the mechanical transformation.
A detailed energy model of the bending plate transducer
has been made, giving the output stroke as & function of the
applied voltage and the load force. The model shows that
forces as high as 1 mN can be produced with a realistic
polysilicon actuator driven at only 30 V. Simple design rules
have been extracted that facilitated the design of a stepper
motor based on the transducer. Testing of the stepper motor
showed stiction due to electrostatic charging of the silicon
nitride insulator, The charging could be diminished by a mod-
ulated AC-voltage actuation. Stepping motion has been
produced at different cycle frequencies. In the measured fre-
quency range (200-1160 Hz), the speed of the motor is
proportional to the stepping frequency. An effective average
step size of 85.4 9 nm has been determined from these meas-
urements. A maximum force of 43 4+ 13 N has been meas-
ured at an applied actuator voltage of 25 V and a clamp

at maximum measured reach. The maximum measured reach is 43 p.m, which corresponds
with about 500 steps made. Note that the activated plate is pulled flat against the base electrode.
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voltage of 40 V. The generated force is comparable to the
force produced by the scratch drive actuators [ 11]. However,
the shuffle motor is operated at slightly lower voltages. The
force produced by the shuffle motor is now limited by the
effective friction in the clamp feet. Future work should con-
centrate on the improvement of the clamps in order to have
the full benefit of the large force that can be generated by the
plate actuaror. A new linear guidance, replacing the support
springs, has to be developed in order to improve the reach of
the motor. Electrical biasing of the moving part will be an
important issue when the support springs are omitted.
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