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Effects of capacitors, resistors and residual charge on the static and
dynamic performance of electrostatically-actuated devices
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ABSTRACT
The important practical and realistic design issues of an electrostatic actuator/positioner with full-gap travel are discussed.
Analytic expressions and numerical simulations show that parasitic capacitances, and non-uniform deformation in two and
three dimensions influence the range of travel of an electrostatic positioner stabilized by the addition of a series capacitor.
The effects of residual charge on electrostatically-actuated devices are described.  The dynamic stepping characteristics of the
positioner under compressible squeeze-film damping and resistive damping are compared.  The physical descriptions of
devices being fabricated in the MUMPs process are presented along with 3D simulation results that demonstrate viability.
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1. INTRODUCTION
Electrostatically-actuated devices are widely used in microelectromechanical systems as switches [1] and resonators [2], and
to extract material properties [3].  A typical device of this nature consists of a movable electrode suspended over a fixed
electrode (Fig. 1a).  An electric field imposed by applying a voltage between the electrodes actuates the movable electrode
towards the fixed electrode.  At voltages above a critical voltage known as the “pull-in voltage”, the movable electrode
collapses onto the fixed electrode.  This restricted range of stable travel – about one-third of the initial gap – limits the
effectiveness of electrostatic actuators as analog positioners.  Several methods to extend the usable range of travel have been
proposed such as employing “leveraged bending” [4], closed-loop voltage control [5], and series feedback capacitance [6].

The practical and realistic issues involved in designing a full-gap positioner by adding a capacitor in series with the
electrostatic actuator – which is essentially a variable capacitor – to stabilize the actuator are presented in detail in subsequent
sections.  It is shown that parasitic elements inherent in fabricated devices, and any deviation from ideal 1D behavior limit
the stable travel range. Residual charge that can accumulate in dielectrics and electrically-isolated nodes cause a voltage
offset in this positioner. The stepping characteristics of this actuator/positioner under compressible squeeze-film damping and
resistive damping are compared.  Over-stabilization speeds up rise times without increasing settling times. Finally, the
physical design of an electrostatic positioner, employing a novel floating electrode, that is currently being fabricated in the
MUMPs process (MUMPs) [7] of the Microelectronics Center of North Carolina (MCNC) is described.  This device which
we call a “folded capacitor” actuator incorporating shielded tethers meets the design requirements for full-gap positioning.
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Schem atic rep resenta tion  o f conven tiona l elec trosta tica lly -actuated  dev ice consisting  o f a  m ovable elec trode 
suspended  over a  fixed  e lec trode .   Schem atic rep resen tation of e lectros ta tic  positioner w ith  series capacito r stab iliza tion .  
The  ser ies capac ito r inc reases the to ta l effec tive  gap be tw een  the vo ltage-d riven  elec trodes.  T he  floa ting  node partit ions the gap  
into  the tw o  capacito rs -- the  ac tua to r and  series capac ito r..



2. BEHAVIOR OF CONVENTIONAL ACTUATOR
Fig. 1a is a schematic representation of a typical electrostatically-actuated device consisting of a movable top electrode
suspended over a fixed bottom electrode.  An electrostatic force set up by applying a voltage between the top and bottom
electrodes pulls the top electrode towards the bottom.  Considering an ideal one-dimensional (1D) system with electrodes of
unit area, the equilibrium position of the movable electrode is determined by equating a mechanical restoring force of

kxFm −= (2.1)

with an attractive electrostatic force of
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where k is the mechanical spring constant, x is the displacement of the top electrode, ε is the dielectric permittivity of the

region between the electrodes, aV is the applied voltage, and 0g is the initial (unactuated) gap between the electrodes.

Analytic calculations show that beyond

ε27
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Va = (2.3)

corresponding to a displacement of

03

1
gx = (2.4)

there is no equilibrium position for the top electrode, which hence collapses onto the bottom electrode.  Therefore, the stable
range of travel is limited.

3. SERIES CAPACITOR FEEDBACK

3.1 Ideal behavior
A properly-sized capacitor added in series with the conventional actuator will adjust the actual voltage between the electrodes
of the actuator so that the movable electrode can traverse the entire gap stably [6].  The capacitive voltage divider of Fig. 2a

suggests that the total applied voltage, aV , is divided between the actuator and the series capacitor such that

aV
cc

c
V

10

1
0 +

= . (3.1)

Since the capacitance of the actuator, 0c , increases as the movable electrode approaches the fixed electrode, the fraction of

the applied voltage across the actuator actually decreases as the applied voltage is increased.  When the displacement extends
beyond one-third of the gap, the rapid increase in capacitance provides the negative feedback necessary to stabilize the
actuator so it can traverse the entire gap stably.
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C ircuit d iagram  o f stab ilized e lectros ta tic  positioner.  Vo ltage across the  actua to r is  de te rm ined  by  the  capac itive  
voltage  d iv ide r.  Ser ies resistor can  be  inc luded  to  p rov ide  resistive dam p ing .   C ircu it d iagram  inc lud ing  parasitic  
capac itances.  Voltage  across ac tua to r is g iven  by E q . 3 .4 .  C apacitor  c  on ly  a ffects dynam ic  perform ance . 3



This behavior can equivalently and more easily be understood as actuating the movable electrode through the stable

range of an actuator with a larger effective initial gap, 10 gg + , as shown in Fig. 1b.  The series capacitor of Fig. 2a serves

to increase the total effective gap of the actuator such that the movable electrode moves only through the stable portion of the
gap.  A floating conductor inserted at the dotted line in Fig. 1b partitions the system into two capacitors in series without

disturbing the field distributions.  Since the stable range is one-third of the total effective gap, 1g needs to be at least twice as

large as 0g to achieve stable full-gap travel.  In terms of capacitances, this condition is

2
0

1

ic
c < (3.2)

where ic0 is the initial actuator capacitance.

3.2  Effect of parasitics
Fig. 3 shows the cross-section of a typical electrostatically-actuated device fabricated in the MUMPs process.  0c and 1c are

the intrinsic device capacitances whereas 1pc , 2pc and 3pc are parasitics. 2pc and 3pc are typically large because the

dielectric layer is (electrically) thin.  Depending on whether the substrate is grounded or left floating, the parasitic

capacitances can be in parallel with either 0c or 1c .  The circuit of Fig. 2a can be generalized to that shown in Fig. 2b where

1c now includes the parasitics in parallel with it. 3c is not important to the static solution since it is driven directly by the

voltage source, but it will affect dynamic performance.

We now derive expressions describing the static behavior of the actuator in the presence of a series feedback
capacitor and parasitic capacitors as depicted in Fig. 2b.  Let
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where mand n are positive constants.  The voltage across 0c is determined by the capacitive voltage divider to be
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The sum of the electrostatic and mechanical forces gives the total equilibrium force on the movable electrode
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F ig . 3 . Pro file o f typ ica l elec trosta tica lly -ac tua ted  dev ice fab rica ted  in  M U M P s.  P arasitic capacitances to  the  substra te are  
typ ica lly  la rge  because  the n itr ide  is thin .  D isp lacem ent is la rgest a t the  cente r o f the beam .  The leng th  o f the fixed  bo ttom  pad  
can  be  reduced  to in fluence  p rim ar ily the  cen te r po rtion  o f the  beam  thus approach ing  1D  behav ior.



Differentiating this expression with respect to x to determine the point at which the equilibrium solution becomes unstable
gives

nm

mnnmg
x

+
++=

3
0

max (3.6)

as the maximum stable displacement of the movable electrode as a function of mand n .  In the limit as ∞→m (no

parasitic fixed capacitor in parallel with 0c ),

( )n
g

x +→ 1
3

0
max (3.7)

implying that n should be larger than 2 for full-gap travel ( 0max gx → ) as noted previously.  As ∞→n (infinitely small

series capacitor for maximum stability),

( )m
g

x +→ 1
3

0
max (3.8)

implying that 2c must be no larger than 
2
0
ic

if full-gap travel is to be achieved.  Thus the electrostatic positioner must have

well-controlled capacitances and parasitics.

4. DEFORMATION IN TWO-DIMENSIONS
When the beam in Fig. 3 deforms, the displacement of the center portion is largest whereas the portions near the stepup

supports hardly move at all.  This 2D non-uniform behavior is a subtle but significant source of “parasitic” capacitance, 2c ,

in parallel with 0c .  The 2D beam/capacitor can be modeled as the sum, of two 1D capacitances – a variable capacitor in

parallel with a fixed capacitor as shown in Fig. 4.  This is expressed as
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−∝+= (4.1)

where 0c and 2c represent the same elements as in Fig. 2b, and q is a proper fraction that increases as x , the center

displacement, increases as will be shown later.  The larger the value of q , the larger the effect of the parasitic.

Fig. 5a shows the normalized simulated capacitances of several 2D 400µm-long electrostatically-actuated beams,
with nominal MUMPs thicknesses, as functions of the displacement of the beam center.  The coupled electromechanical
simulations were performed in Matlab [8].  As shown, the capacitance of a 2D device increases more slowly as a function of
center displacement than a 1D device.  Numerical experiments show that the normalized capacitance is relatively insensitive
to beam length and residual stress.  As the fixed bottom electrode on the left-hand side of Fig. 4 is reduced in length (as a
percentage of the upper beam length), the 2D device approaches 1D-like behavior because the deformation is more uniform
over the more limited center region.

q  is computed from the capacitance-displacement curves of Fig. 5a and plotted in Fig. 5b as a function of center

displacement, x , and parameterized by bottom electrode length.  The shorter the bottom electrode, the more 1D-like the
behavior, hence the smaller the value of q .  q  increases as the displacement increases because the smaller gap amplifies the

F ig . 4 . Idea l 2D  e lectros ta tica lly-actuated  beam  w ith  its lum ped-elem ent rep resenta tion  tha t is pa ram ete rized  by  the  cen te r 
d isplacem ent o f the  beam , and  the  fraction  “ q”  o f the beam  tha t behaves l ike a  parasitic  pa ra llel f ixed  capacitance .
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effect of non-uniform displacements.  Since 2c must be less than one-half the initial 0c for full-gap actuation as shown in

Section 3, qmust satisfy

3
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00

<⇔−< q
g

q

g

q
. (4.2)

The displacement at the intersection of the 3/1=q  line with the q -displacement curve indicates the maximum achievable

stable travel.  This assumes that the mechanical restoring force is still linear with displacement, which is not strictly true due
to stress-stiffening effects.  Nonlinear stress-stiffening actually increases the range of stable travel, even without capacitive
stabilization, to about one-half the initial gap, up from the one-third (Eq. 2.4) of the linear case.  Thus all the 2D devices
shown in Fig. 5b are stable up to about 1µm of deflection.  Beyond that, capacitive feedback can stabilize the device up until
the increasing displacement causes 3/1>q .  For example, for the device with a bottom electrode that is 30% of the upper

electrode length, capacitive feedback will allow stable travel up to 1.8µm or 90% of the 2µm gap.  This, however, assumes an
infinitely small series feedback capacitor (see Eq. 3.8) – a larger capacitor will reduce the travel range.  Clearly, 2D-like
behavior must be avoided.

Referring back to Fig. 1b, we see that in the 1D case, inserting a floating conductor into the gap at the dotted line
does not perturb the electric field lines.  When a 2D beam deforms non-uniformly, however, the beam center moves the most,
concentrating electrostatic forces near the center.  Inserting a floating conductor into the gap in this case will distort the
electric field lines since the conductor will enforce a flat, horizontal equipotential which did not previously exist. The series
capacitor no longer simply extends the effective gap and thus the effectiveness of capacitive feedback is limited.  Designs to
maintain 1D-like behavior are discussed in Section 7.

5. RESIDUAL CHARGE
Residual charge can accumulate in electrostatically-actuated devices containing electrically-isolated nodes or dielectric
layers.  Fig. 6 shows the effect of a sheet of charge inserted between two voltage-driven plates. Both trapped charge in a
dielectric layer [3], or net charge on a floating node such as node 2 in Fig. 2a can be modeled by a sheet of charge. According
to Gauss’ Law, the charge sheet modifies the electric field on each side of the sheet to be

F ig . 5 . (a ) 

(b ) 

N orm a lized  sim u la ted  capac itances o f 2D  400 m -long  e lectros ta tica lly-actua ted  beam s as func tions o f cen ter 
d isp lacem ent and  param ete rized  by  bo ttom  e lectrode  leng th  (as  a  percen tage  o f upper beam  leng th ).  T he  increase  in  capac itance 
in the  2D  case  is alw ays less than  in  1D .  As  the  fixed bo ttom  e lectrode  leng th  is reduced  from  100%  o f beam  length  to  30% , the 
capac itance va ria tion  approaches 1D  behavio r.  The frac tion  “q ”  o f the  2D  beam  tha t behaves l ike a parasitic f ixed 
capac itance in  pa ra lle l w ith  the va riab le capacitance .  q  increases w ith  d isp lacem ent because  the decreasing  gap  accen tua tes  the  
e ffec t o f non-un ifo rm  d isp lacem ent a long  the leng th  o f the beam .  The do tted  l ine  w here  q= 1 /3 is the  boundary above w h ich 
capac itive feedback  is ineffec tive .  D ue to  stress-stiffen ing , the  cen ter of the 2D  beam s can  m ove alm ost 1 m  be fo re pull- in  occurs 
even w ithou t capac itive feedback .
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a ε

ρ−
= ,  and (5.1)

( )

1
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2 d

dd
V

E
a ε

ρ−+
= (5.2)

where ρ is the areal charge density of the charge sheet.  For most electrostatically-actuated devices, the movable electrode is

plate 1 in Fig. 6.  In this case, the electric field, and hence the electrostatic force, is simply shifted by a voltage offset (
ε
ρ2d

in Eq. 5.1) which scales according to the amount of charge.

If the electric field on both sides of the charge sheet act on movable electrodes, however, the effect is more
complicated.  Fig. 7a shows one such configuration where a precharged floating conductor inserted between two voltage-
driven plates is free to move.  The mechanical restoring force is still given by Eq. 2.1 but the electrostatic force – the product
of charge and the average electric field – is now


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
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e ε
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The first thing to note is that unless the floating conductor is precharged, the net electrostatic force on the conductor is zero.
Secondly, in contrast to Eq. 2.2, this force is linear with voltage and displacement.  By equating the electrostatic and
mechanical forces, we find the equilibrium displacement to be
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= . (5.4)

Here, the charge scales not just the voltage offset but the displacement axis as well.  Since the inverse-square behavior of Eq.
2.2 is absent, there is no abrupt pull-in effect and actuation is always stable, potentially allowing for stable and linear
electrostatic actuation.  Figs. 7b and 7c are the layout and cross-section of a proposed implementation of this linear actuator
being fabricated in MUMPs.  The POLY1 floating electrode is suspended by flexible tethers with meanders so that it can
move easily within the gap.  On the other hand, the POLY2 electrode is designed to be short to minimize its undesired
deformation under electrostatic forces.  The floating electrode is precharged by briefly connecting it to a voltage source.  Like
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slope  o f the  e lectros ta tic  po ten tia l changes abrup tly  a t the pos ition  o f the  charge sheet. 



the capacitively-stabilized actuator, the performance of this actuator is affected by parasitic capacitances.  Good isolation of
the floating conductor and matching electrode areas is critical for linearity.  This, unfortunately, is difficult to achieve in
MUMPs.

6. DAMPING
A good positioner or actuator should be well-damped so that rise times are fast, settling times are short, and overshoots are
small.  The efficacy of the two common damping mechanisms for microelectromechanical devices – resistive damping and
compressible squeeze-film damping – on stabilized electrostatic positioners are studied using 1D simulations.  The simulation
models used here are not calibrated to actual devices but serve to illustrate major damping characteristics. For conventional
actuators (see Section 2), the only dynamic responses of interest are pull-in and release times since these devices are usually
operated in on/off modes, and involve contact [8].  For analog positioners, however, the dynamic response from one position
to another throughout the gap is of interest.

A resistor inserted in series with the voltage source in Fig. 2a will help damp out oscillatory behavior by dissipating
energy when current flows.  Fig. 8a is an example of the damped step responses of an ideal, 1D, critically-stabilized

positioner (
2
0

1

ic
c = ).  The resistor damps out oscillations reasonably well for steps down from 0=x , especially for larger

steps  ( 05.0 gx > ).  The size of the resistor was chosen so that the overshoot for the 09.0 gx = step would not cause the

movable electrode to make contact and possibly stick to the bottom electrode.  The resistor performs poorly in damping out

the oscillations stepping back up from 09.0 gx = to 015.0 gx = .  In fact, resistive damping alone can never damp out all

the oscillations stepping back up all the way to 0=x  because the capacitors discharge fully leaving no voltage to drive
current through the damping resistor.   Hence resistive damping – simple and easy to adjust – is attractive primarily for

operating the positioner in the 05.0 gx >  range.

Compressible squeeze-film damping acts whenever the positioner is operated in air.  It is more difficult to adjust –
damping forces depend on air pressure and the geometry of the device.  Fig. 8b shows the performance of the positioner
under squeeze-film damping forces modeled by

( )3
0 λ+−

∝
xg
dt

dx
Fd (6.1)

where λ is approximately the mean free path for air [9]-[10].  In general, the larger steps (to 075.0 gx ≥ ) are overdamped,

with the approach to 09.0 gx =  being almost asymptotic.  This slow approach is probably overestimated by the simulation

because Eq. 6.1 neglects the transition from spring-like behavior to incompressible viscous damping at lower actuation

speeds.  The damping at 015.0 gx = is generally much better than can be achieved with resistive damping.

F ig . 7.  
(a ) 

(b ) 

(c)

L inear e lectros ta tic  ac tua to r consisting  o f a  m ovab le  p recharged  floa ting  e lec trode suspended  be tw een  two  voltage-
d riven  electrodes. Schem atic 
rep resen ta tion . Layou t o f proposed  device be ing  fab rica ted  in M U M P s.  The  top PO LY2 electrode  is  des igned  to  be  short so  as 
no t to  de fo rm  easily.  The PO LY1 floa ting  electrode, on  the o ther hand , is  suspended  by flex ib le te the rs so tha t it can be ac tua ted . 

 C ross-section  AA’ correspond ing to layou t (b). A ctua tion voltage , V , is  app lied  betw een substra te  a nd  P O LY2 elec trode.  
P recharge  vo ltage   is app lied  b riefly  to  floa ting  elec trode.

a

D isp lacem ent is  p roportiona l to applied  vo ltage and  depends on p recharge vo ltage. 
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Under both resistive and squeeze-film damping, the oscillations are difficult to damp out near 0=x .  Increasing

the damping forces will increase the rise time to 09.0 gx =  significantly, especially for the squeeze-film damping case.

Over-stabilizing the positioner i.e. making 
2
0

1

ic
c << improves the rise time for the larger steps while leaving settling times

and overshoots roughly unchanged as shown in Fig. 8c.   Decreasing 1c , to 
8
0
ic

in this example, provides a more constant

electrostatic driving force that is less dependent on the gap, especially as x approaches 0g , thus reducing asymptotic

behavior.  In the critically-stabilized case, the electrostatic force and the gap are more strongly interdependent and hence both
approach static equilibrium asymptotically.
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Step  up and  step  dow n  responses of c rit ica lly -s tab ilized  positioner under  resistive  dam p ing .  The response  is  sligh tly 
overdam ped for  steps dow n to  x> 0 .5g  bu t underdam ped fo r steps back up to  x= 0 .15g .  S tep  up and  step  dow n responses o f 
c rit ica lly -s tab il ized  positioner under com pressib le  squeeze-film  dam p ing .  T he  response is severely overdam ped fo r la rge  s teps 
dow n.  T he  dam p ing  a t sm a ll de flec tions (near x= 0) is be tter  than  can  be  ach ieved  using  resistive dam p ing. Step  dow n 
responses o f over-stabil ized  positioner under squeeze-fi lm  dam p ing  com pared  to  c ritica lly -stab ilized  device.  The r ise  tim e is  
fas te r especia lly tow ards  x= 0 .9g  because the  e lec trosta tic  fo rce  is less dependen t on  the chang ing  gap .  The dam p ing  fo r sm a ller 
steps is rough ly  unchanged .
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7. PHYSICAL DESIGN
Fig. 9a shows the straightforward three-conductor-stack implementation of the electrostatic positioner.  Fabricating this

device would require a dielectric layer many times the thickness of the travel gap to maintain the proper 
1

0

c

ci

ratio.  This

device cannot be realized in MUMPs.  Figs. 9a to 9d conceptualize the transformation of the initial three-conductor-stack into
an equivalent two-layer design more suitable for surface micromachining.  First, the floating conductor/node is extended so
that the top and bottom voltage-driven electrodes can be moved apart horizontally (Fig. 9b).  Then the left-hand side is
“folded over” as shown in Fig. 9c.  Neglecting fringing fields, the electrostatic forces acting on the movable plate, which is
now below the floating electrode, are exactly the same as before.  Finally, the mechanical elements on the left-hand side are
swapped so that the movable electrode is once again on the top.  The movable and fixed portions of the floating electrode are
connected electrically.  The device of Fig. 9d, which we call a “folded capacitor”, is functionally equivalent to the initial
design but can now be implemented in MUMPs.

Fig. 10a is the profile of a design currently being fabricated at MCNC.  The essential elements are labeled
corresponding to Fig. 9d.  The device consists of a nominally rigid centerpiece fabricated in POLY1 suspended by POLY2

tethers.  A controlled HF etch of the sacrificial PSG creates dielectric spacers which form the capacitor 1c and electrically-

isolate the tethers and centerpiece leaving them floating. 0c is the capacitance between the centerpiece and silicon substrate.

The nitride layer prevents the shorting of the floating conductor to the silicon substrate.  The POLY2 tethers are shielded
from the substrate by the POLY1 centerpiece thus reducing associated parasitic capacitance.  Fig. 10c is the plan view where
the tethers have some meander to ensure that most of the deformation as the device is actuated occurs at the tethers leaving
the centerpiece as flat as possible, mimicking 1D behavior.   The flexures also provide stress relief to prevent buckling.  This
design, with very small parasitics and nominally flat parts, closely resembles the ideal of Fig. 9d.  POLY2 is overlaid on the
centerpiece to provide additional stiffness to keep the centerpiece flat.  The tethers meet at the center of the POLY1 plate
instead of remaining separated so that bending moments at the point of attachment to the centerpiece cancel out.

Designing for the desired 
1

0

c

ci

ratio simply requires ratioing the area of the POLY1 centerpiece to the area of the

POLY1 pads (attached to the PSG spacers) appropriately instead of varying layer thicknesses.  The dielectric constant of the

1c capacitors is some proportionate mixture of the dielectric constants of air and PSG that depends on the duration of the

sacrificial etch.  Fig. 10b is an alternate design that does not require a controlled HF etch.  In this case, the nitride serves as

the dielectric spacer (forming 1c ) and a POLY0 pad is placed under the centerpiece (forming 0c ).
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 Transfo rm ation  o f a  three-conducto r-stack  im p lem enta tion  o f the  elec trosta tic positioner into  a  tw o-layer im p lem enta tion 
tha t is  read ily  fab rica ted  in  M U M Ps.   O rig inal three-conductor vertica l stack .  C apac itance  ra tio  de term ined  by th ickness 
(gap) ra tio . F loa ting  elec trode is ex tended  so  tha t fixed  and  m ovab le e lectrodes can  be separa ted  hor izon ta lly.  The left- 
hand side  is  “ folded  over”  so  tha t the  m ovab le e lec trode is now  on the  bottom .  E lectr ica l connec tions a re a ll on the bo ttom .   
W h ile  the  e lectr ica l connections rem a in  unchanged , the m echan ica l elem ents on  the  left-hand  side a re  sw apped so  that the 
m ovab le elec trode is once aga in  on  the top .  Th is con figu ra tion  is functiona lly  equ iva len t to  the con figu ra tion  in (a).
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Simulation results (Fig. 10d) using Abaqus with electrostatic forces imposed as user-defined loads [11]-[12] show
that the design of Figs. 10a and 10c meets the requirements of flatness as detailed in Section 4.  At 0.6µm of center
displacement, the variation of displacement across the centerpiece is less than 2%.  This flatness is desirable for optical
applications such as micromechanically-tuned lasers.  Decoupling the design of the tethers from the design of the centerpiece
also improves the flatness of devices built for leveraged bending [4].  Figs. 11a and 11b show a proposed design that utilizes
leveraging of cantilevers with widened actuation pads to position a nominally rigid and flat centerpiece.  This also alleviates
the need for compressively stressed materials to achieve leveraged bending.

CONCLUSION
A thorough analysis of the various practical issues involved in designing an electrostatic positioner with full-gap travel has
been presented.  The effects of parasitic capacitances, including the “fixed” capacitance associated with non-uniform 2D
deformation, are shown along with two designs that minimize their influence – the “folded capacitor” designs employing
floating electrodes suspended by shielded tethers.  Residual charge simply causes a voltage shift in the response of this
positioner but can be further exploited to create a linear electrostatic actuator utilizing a precharged floating conductor.

F ig . 10 . (a ) 

(b ) 

(c)

(d )

Pro file o f e lectros ta tic  positioner  be ing  fabrica ted  in M U M Ps.  T he dev ice consists o f 
 P O LY 1 cen te rp iece suspended  by P O LY 2 tethers.  The tethers a re  shie lded  from  the substra te  by  the 

cen te rp iece thus m in im izing the  associa ted  parasitics.  T he  cen terp iece and  tethers a re  e lectr ica lly -iso la ted  by the PSG  spacer 
form ed by  a con tro lled H F  sac rific ia l etch. A lte rna te  design  tha t does no t requ ire a  contro lled  H F  etch .  The n itr ide serves as 
the  dielectr ic  spacer  tha t iso la tes the  tethers  and  cen terp iece .  A  PO LY0 pad  now  serves  as the  bo ttom  elec trode to  w hich the  
cen te rp iece is a ttrac ted.   P lan  v iew  co r respond ing  to  p rofi le  in  (a).  F lexures  in  the  te thers ensure tha t m ost o f the  de fo rm ation  
during  ac tua tion  occurs in  the  tethers  thus leav ing  the cen terpiece  re la tive ly  fla t.  T he  flexures also  p rovide s tress-re lief to  p reven t 
buck ling .  P O LY 2 over la id  on the PO LY1 cen te rp iece  form  a  stiffener  fram e (no t show n in  the  p ro file) tha t fu rther ensures tha t the 
cen te rp iece rem a ins fla t.  3D  s im u lation  in  A baqus using  beam  e lem ents fo r the  tethers and  shell elem ents fo r the cen terp iece .  
The  stiffener fram e w as no t m odeled .  A t 0 .6 m  o f average  deflection, the  va ria tion  ac ross  the  cen te rp iece w as less than  2% . Von 
M ises stress contours are show n on  the cen te rp iece .

µ

voltage-dr iven  PO LY0 pads and  
silicon  substrate , and  a

9
D

VLOLFRQ VXEVWUDWHQLWULGH GLHOHFWULF

DLU JDS

32/<� FHQWHUSLHFH

�IORDWLQJ�
32/<� WHWKHUV

36* VSDFHU

32/<�

SDG

32/<�

SDG

9
D

VLOLFRQ VXEVWUDWHQLWULGH GLHOHFWULF

DLU JDS

32/<� FHQWHUSLHFH

�IORDWLQJ�32/<� WHWKHUV

32/<�

SDG

��� Pµ

�� Pµ

��� Pµ

��� Pµ

32/<� WHWKHU

32/<�

FHQWHUSLHFH

32/<� VWLIIHQHU

IUDPH

�D�
�E�

�F� �G�



Transient damping characteristics can be improved by over-stabilizing the positioner.  All devices are currently being
fabricated at MCNC and measurements will be presented in an upcoming paper.
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E lectrosta tic  ac tua tor  u til iz ing  “ leveraged bend ing ”  to  ach ieve fu ll-gap  travel exp lo iting the sam e tether  design  as show n 
in F ig . 10 .  D ecoup ling  the  te ther design  from  the  cen terpiece  a llow s each e lem ent to  be  op tim ized  separa te ly.  The la rge actuation 
pads connected  to  slender beam s enhance  the  e ffec tiveness o f leverag ing .  P ro file . P lan  v iew. 
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