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ABSTRACT OF THE THESIS

Design and Analysis of Closed-loop Control

Parallel-Plate Electrostatic MicroGrippers

by

Patrick Breckow Chu

Master of Science in Electrical Engineering

University of California, Los Angeles, 1994

Professor Kristofer S. J. Pister, Chair

This work describes the design and analysis of a class of sub-millimeter scale

grippers. These electrostatically-driven devices are fabricated from polysilicon

using an IC-based surface micromachining process and have been designed

to handle objects with dimensions in the range of 10 to 100 �m. Manipula-

tion of substantially larger objects (up to perhaps 1mm3) should be possible

with similarly designed grippers. The bulk of this work describes the non-

linear modeling, analysis, and simulation of the electrostatic microgripper,

both with and without a stabilizing feedback controller. Measurements of the

open-loop system are consistent with the system model. (This thesis, along

with device layout and simulation �les, is available by anonymous ftp from

synergy.icsl.ucla.edu.)
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Chapter 1

Introduction

The electrostatic parallel-plate microgripper is an experimental design of a mi-

crogripper which may handle objects with dimensions in the range of 0.1mm

to 1mm with a weight in the range of 10 to 100 �N . These gripper sys-

tems are made of polysilicon plates using a surface micromaching process and

have high resolution in planar and vertical directions. Analysis and open-loop

experiments show that the large area capacitive actuators for the gripper sys-

tems achieve 3 times greater displacement and nearly an order of magnitude

greater force than previously demonstrated electrostatic actuators. Although

these gripper structures do not yet satisfy all the speci�cations, fabricated

test structures show that this design is realizable and the actuation concept is

suitable for future microstructure designs.

In this work, the background of microgrippers and several design and fabri-

cation considerations are presented. Analysis and stabilization of the parallel

plate actuators are also discussed, where a stabilizing position feedback control

law is introduced for the nonlinear system. Furthermore, computer simulation
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for the closed-loop system, some static open-loop experimental results, and,

�nally, suggestions for future development are presented.
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Chapter 2

Background

Microgrippers which can hold micron-scaled objects may be useful in many

surgical and manufacturing applications. Some existing macrogrippers can

handle objects with dimensions as small as 0.1mm but may easily damage the

objects. Potentially, microstructures may achieve better performance than

macrogrippers; however, existing microgrippers su�er from actuation and ge-

ometry de�ciencies which limit their capabilities.

Tungsten electrostatic microtweezers were demonstrated in 1989 [1]. These

tweezers are made of two long cantilever beams. The inner sides of the

beams form a capacitor, allowing the tweezers to close a 3 �m gap at the

tip when 150V is applied. In 1992, an \overhanging" electrostatically-driven

microgripper was reported [2]. This particular microgripper, like many other

electrostatically-driven polysilicon structures [3], uses interdigitated �ngered

capacitors to generate required forces for motions. With an initial gap of

10�m, this gripper was estimated to provide 60nN of force at 4�m gap when

50V are applied.

3



Several other planar actuators based on electrostatic attraction were demon-

strated to achieve greater displacement outputs than those grippers. For ex-

ample, electrostatic parallelogram actuators showed 5�m of displacement with

just 19V [4]. On the other hand, with an 82V applied voltage, tangential drive

(T-drive) linear actuators can create a displacement of up to 32�m [5]. Due to

the lack of three-dimensional resolution, the capacitor surface areas for both

the gripper structures and the actuators are limited, resulting in relatively low

force output and short distance of actuation. These actuation limitations are

the motivations for a new actuator design.

Fabrication of a variety of three-dimensional polysilicon structures with

high resolution in planar and vertical directions has been successfully demon-

strated using micro-hinges [6, 7]. The design of the microgripper in this work

requires the same surface micromachining process to create two large parallel

plates to actuate two gripper arms. This process puts a minimal constraint on

the area of these plates or length and width of the support beams. The area

of the plates may range from 100 �m2 to at least 0.1 mm2, where the elec-

trostatic force output increases proportionally to the increase in area. At the

same time, thin and long beams (500 � 3� 1:5 �m3) may be used to support

these large plates.

Large capacitor surface area and long and thin beams potentially allow

a great range of motion because the capacitor plates initially may be set far

apart from each other. However, parallel plate capacitive actuators encounter a

stability problem which may limit the range of motion. The electrostatic force

increases by the square of the reciprocal of the distance between the plates.

On the other hand, the spring force from the support beams only increases

4



proportionally to the de
ection of the plates. As a result, the spring force

fails to balance against the electrostatic force over a large range of distances.

A stabilizing controller is necessary for taking full advantage of this actuator

system.

5



Chapter 3

Parallel-Plate Electrostatic

Microgripper

The parallel-plate electrostatic microgrippers described in this work require

a surface micromachining process with 2 structural polysilicon layers. Many

gripper structures were fabricated at a commercial foundry called MCNC [8].

The design, fabrication, and assembly of these microgrippers are discussed in

the following sections.

3.1 Design

A microgripper with a parallel-plate electrostatic actuator has a general form

shown in Fig. 3.1. Two large plates are suspended by 
exible beams which

are connected to two stationary plates. These stationary plates are rotated

o� the surface of the substrate with micro-hinges and locked in place by a

locking mechanism. When a voltage is applied between the two sides of the

6



Figure 3.1: A typical parallel-plate electrostatic gripper.

plate structure, an electrostatic attractive force decreases the gap between the

suspended plates, bending the 
exible beams. The gripper arms need to be

attached to the structure so that the displacement of the suspended plates will

open or close the gripper arms. In Fig. 3.1, the gripper arms are located at

one end of the gripper structure, far above the surface of the substrate. It is

possible to cleave the chip in such a way that the gripper arms (and perhaps

also part of the actuator) extend beyond the edge of the substrate.

Fig. 3.2 shows the layout of a similar gripper structure. In this structure,

the stationary plates are anchored at opposite ends of the structure. The

center rectangular plates, which are connected to the stationary plates by the

thin beams, form the actuator (a variable capacitor). The T-shape structures

connected to the center plates are the gripper arms. To utilize this gripper

structure on a chip, one may mount the chip upside down so that the gripper

arms will be extended downward.

A long thin polysilicon beam forms the electrical connection between each

probe pad and the corresponding stationary plate. These beams must be

designed to tolerate the torsional strain from the stationary plates when the

7
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Figure 3.2: The layout diagram for a realization of the gripper design in Fig.3.1
where the stationary plates are anchored at opposite ends.

Figure 3.3: A pair of gripper-plates locked in a near vertical position by their
hinges. The area of the plates is 0:09mm2 with 380� 14� 1:5�m3 beams and
an 80�m gap at the base.
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plates are rotated o� the surface of the substrate. The layout diagram also

shows an 80x80�m2 probe pad on each side of test structure. These pads are

used to make electrical contact to the gripper system, either with bonding

wires or probes. Fig. 3.3 is a fabricated test structure with a similar layout.

Figure 3.4: An electrostatic gripper with moment compensation, where the
plates remain parallel independent of gap distance.

Figure 3.5: A pair of moment compensated gripper-plates. The area of the
plates is 0:051mm2 with 500 � 9 � 1:5�m3 beams and an 100�m gap at the
base.

Fig. 3.4 shows a realization of a parallel-plate gripper whose capacitor

plates remain parallel to each other as the gap closes. The moment at the

9



Figure 3.6: A gripper-plate locked in a vertical position by a torsional spring
lock. A lever arm for assembly lies behind the plate.

center of each beam must equal zero and the moments at each end of the beam

have equal magnitude but opposite sign. Unfortunately, the e�ective spring

constant of the beams in Fig. 3.4 is 4 times greater than that in Fig. 3.1.

Thus, thinner or longer beams should be used for the moment-compensated

realization in Fig. 3.4. Fig. 3.5 is an example of such a structure. Although it is

not necessary to require the actuating plates to remain parallel to each other,

the parallel plate assumption simpli�es the analysis of the system greatly.

The locking mechanism is also an important part of the gripper system.

The polysilicon plates which form the gripper have a tendency to remain 
at

on the surface of the substrate partly due to gravity and partly due to the

torsional wire connections. After these plates have been rotated upward to

form the gripper, the friction in the microhinge pins occasionally prevents the

plates from falling down. However, a reliable locking mechanism can prevent

the gripper from falling apart after assembly. It can also guarantee that the

plates stand on the substrate at the proper angle. Fig. 3.6 shows an example of

10



a locking mechanism which uses a spear-shaped beam connected to a torsional

spring to catch the slot in the vertical plate.

3.2 Fabrication

ox2

ox2
ox2

ply1

ply1

ply2

ox1

ply2
ply2

ox1

ox1

ply2

substrate

Figure 3.7: Cross section of a surface hinge. ox1 and ox2 are sacri�cial layers
while ply1 and ply2 are structural layers.[6]

The surface micromachining process required to build the gripper structures is

based on thin �lm deposition with sacri�cial layers. Fabrication of basic three-

dimensional structures using surface hinges has been described elsewhere [6].

Fig. 3.7 shows the cross-section of a surface hinge fabricated by a three-mask

process which uses polysilicon and PSG as structural and sacri�cial materials

respectively. In this example, ply1 and ply2 will rotate out of the plane of the

substrate.

Microgrippers based on this design with di�erent dimensions and varia-

tions have been manufactured by MCNC [8] using three polysilicon layers

(only 2 may be used as structural layers), two oxide layers, one aluminum (or

platinum) layer, and one nitride layer in a 7 mask process. This process has

11



approximately 2�m line/space resolution. Post-processing is required to re-

lease and assemble the structures on the chips from MCNC. An acetone rinse

and an RIE etch may be necessary if the chips have protective photoresist on

the surface. An 49% HF (or BOE) etch and DI water rinse are required to

remove the PSG sacri�cial layers. The assembling process may occur auto-

matically in the HF or DI water release rinse for structure with built-in locks.

Unfortunately, most of these structures had to be assembled using a probe

station. Section 3.3 will discuss manual assembly in greater detail.

The MCNC surface-micromaching process does not incorporate fabrication

of electronics and sensors on the same chip as the gripper structures. However,

it has been demonstrated elsewhere that it is possible to integrate electronics

into three dimensional structures like the microgrippers [7]. Polysilicon layers

may be doped to make thin �lm transistors (TFT) and strain gauges. For

example, it would be useful to put strain gauges at one end of the 
exible beams

in the gripper structures as indicated in Fig. 3.1 so that position detection

becomes possible.

3.3 Assembly

Structures with built-in lock mechanism occasionally would self-assemble dur-

ing the release rinses. In most occasions, manual assembly using a probe

station is necessary. For structures like the gripper systems, manual assembly

involves lifting plates o� the surface of the substrate and rotating them until

they are locked into place by some locking mechanism. The main di�culty in

this process is placing a probe tip underneath a plate which is resting nearly

12
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Figure 3.8: Layout of a buckled beam lever arm. The beam is 300�m long
and 8�m wide.


at on the substrate. Rotational lever arms and buckled beam jacks were

designed to simplify manual assembly.

The rotational lever arm (Fig. 3.6) is made of a small rectangular plate

which is free to rotate about an axis. Large plates have a greater tendency to

stick to the surface of the substrate than small plates, thus it is more di�cult

to slide a probe tip underneath a large plate than a smaller one. As a result,

the rotational lever arm may be used to lift up a large plate just enough so

that a probe tip can be placed underneath the large plate. It is clear that this

type of lever arm has limited bene�ts for assembly since one still needs to slide

a probe tip underneath a thin plate on the substrate. The buckled beam jack

is much more useful.

The buckled beam is composed of two parts, a long 
exible beam (about

300x10x2 �m3) with one �xed end and an anchored catch (Fig. 3.8). When the

long beam is pushed from the free end, the beam will buckle upward, forming

an arch. The free end may then be pushed toward the catch and lock the beam

into a �xed shape. The buckled beam jack may be placed partly underneath

a large plate. When the beam is arched up, the large plate rests on the top of

the arch and a probe tip may easily be put underneath the plate. This jack

may also be used to free large structures from potential adhesion problems.

13
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Figure 3.9: Rotational and buckled beam jacks are added to the layout of a
typical gripper arm.

Fig. 3.9 shows the layout of a typical gripper arm where rotational and

buckled beam jacks are added to the system to simplify assembly. One buckled

beam jack is placed underneath each large plate while a rotational lever arm

is placed underneath the plate on hinges. In practice, the rotational lever

arm is not needed when the buckled beam jacks are present. Fig. 3.10 shows

these jacks and lever arm resting on the substrate behind a rotated plate. The

buckled beam jacks in this �gure are locked into an arched shape.

14



Figure 3.10: One rotational lever arm and two arched buckled beam lever arms
are resting on the substrate behind a rotated plate.
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Chapter 4

Analysis

Figure 4.1: Model of a parallel-plate electrostatic actuator. Forces are positive
if they tend to increase the plate separation d.

Fig. 4.1 shows a simpli�ed model of a parallel-plate electrostatic gripper. This

model is used to provide a rough approximation of the actual behavior of the

gripper system. The analysis assumes that the actuator plates remain parallel

as they move (as in the case for the gripper in Fig. 3.4). Furthermore, the

coupling e�ects of the two moving masses and the four beams are ignored.

Four di�erent forces contribute to the equilibrium and the dynamics of a

16



gripper system in this simpli�ed model. The electrostatic force, fe, due to the

voltage potential V between two parallel plates with area A and a gap d is

approximated by the following:

fe = �
1

2
�V 2

A

d2
= �

ke
d2
V 2 (4.1)

This force always draws the two plates toward each other.

On the other hand, the spring force, fs, is a restoring force which tends to

bring the two plates to their initial gap distance, d0. When d < d0, fs and

fe act as opposing forces. Assume that each beam in the gripper system is a

rectangular beam with length l and a cross section of height a and width b.

Also assume that each spring in the system is de
ected by only half the total

change in gap distance from d0. The spring force for a gripper system is then

de�ned by

fs = n
3EI

l3
(d0 � d)

2
= n

Ea3b

4l3
(d0 � d)

2
= ks(d0 � d) (4.2)

E is the Young's modulus of the material. n is a factor determined by the

number of springs and their applications. For the system in Fig. 3.1, n is

simply 4 since there are 4 springs in the system. However, for the system

in Fig. 3.5, n is 16 since the e�ective spring constant of each spring of the

moment-compensated system is 4 times greater than that of each spring in

the �rst system.

The third force is the squeeze-�lm damping force, fb, which is the only

source of damping in this model of the gripper system. This force acts opposite

to the direction of motion of the plates and is particularly important when the

separation of the plates is very small compared to the length and width of the
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plates. Starr [9] presents the expression of this damping force for a rectangular

plate of dimension 2W�2L as

fb = �
16crectW 3L�

d3
_d = �

kb
d3

_d (4.3)

where crect is approximately equal to

crect = 1� 0:6
W

L
0 <

W

L
< 1 (4.4)

The last force, fi, is due to the inertia of the plates and is given by

fi = ��PolySiAt �d = �mp
�d (4.5)

where � is the density of the plates with area A and thickness t. Since the

sum of all forces on a system is zero, the moment compensated gripper shown

in Fig. 3.4 (a 2-mass, 4-spring system) is described by the following equation:

2mp
�d+

kb
d3

_d� ks(d0 � d) +
ke
d2
V 2 = 0 (4.6)

d represents the gap distance between the two parallel plates, where d0 is the

initial gap (with no voltage applied).

4.1 Static analysis of system with open-loop

control

The spring-capacitor systemmay settle into an equilibrium position for a given

voltage. At equilibrium, _d = �d = 0. The force equation becomes

ks(d0 � d) =
keV

2

d2
(4.7)
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Figure 4.2: Simulated magnitude curves of Fe and Fs for the system in Fig.3.4
with 460 � 460�m2 plates and 500 � 8 � 1:5�m3 beams. Voltages range from
50 to 100V.

This indicates that the electrostatic force and the spring force must be equal

at equilibrium. At a particular applied voltage, Vapplied, the equilibrium gap

distance is determined by the capacitance of the parallel plate and the spring

constant of the support beams.

Fig. 4.2 shows a plot of the spring force and the electrostatic force at

di�erent voltages as a function of gap distance. For a small Vapplied, the spring

and electrostatic force curves intersect at two points. Both intersection points

are equilibrium points, at which the electrostatic force and the spring force are

matched. However, only the right intersection is a stable equilibrium point.

At a critical voltage, the two force curves have only one intersection point

which is an unstable equilibrium. When Vapplied is above this critical voltage,

the spring and electrostatic force curves have no intersection. In this case, the

electrostatic force is greater than the spring force at all gap distances, thus

the two plates will be pulled together until they touch. This critical voltage is
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known as the pull-in voltage, Vpi. The corresponding gap distance is called the

pull-in distance, dpi. As a result, the system will be stable only when Vapplied

� Vpi.

Since the spring force curve is tangent to the electrostatic force curve when

Vapplied = Vpi, Vpi and dpi may be determined by solving (4.7) and the following

equation:

@

@d
(ks(d0 � d)) =

@

@d
(
ke
d2
V 2) (4.8)

It can be shown that

dpi =
2

3
d0 and Vpi =

s
4ksd30
27ke

(4.9)

This result suggests that the actual range of operation of the spring-capacitor

is only one third of its initial gap and is una�ected by the geometry of the

system. However, changing the spring constant or the electrostatic constant

a�ects the maximum value of Vapplied necessary to maintain stability.

From the force plot in Fig. 4.2, one can also estimate the force output of the

microgripper. The amount of force that the actuator can output depends on

the size of the object the gripper is holding. For example, suppose the gripper

needs to close 20�m to come in contact with an object, about 80V is needed

to bend the support beams to that position. Voltage higher than 80V will

exert a gripping force onto the object. Now, assume that the object between

the gripper arms will prevent the gripper plates to pull in completely, thus

Vapplied may exceed Vpi. With Vapplied = 100V , the gripper system in Fig. 4.2

can output a gripping force of 7�N , 19.5�N , and 89�N at gap distances of

30�m, 20�m, and 10�m respectively.
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4.2 Dynamic analysis of system with open-

loop control

Consider now the spring-capacitor system when _d and �d are not necessarily

equal to zero. Rearranging (4.6) yields the following:

�d = �
kb
2mp

_d

d3
+

ks
2mp

(d0 � d)�
ke
2mp

V 2

d2
(4.10)

or �d = �Kb

_d

d3
+Ks(d0 � d) �Ke

V 2

d2
=: f( _d; d; d0; V ) (4.11)

In a vacuum (with no damping), ! =
q

8ks
2mp

is the resonant frequency of the

system. For the system in Fig. 4.2, ! � 6000rad=sec.

Consider the stability properties of the system by linearizing (4.11) about

an equilibrium point using Liapunov's indirect method [10]. Arrange (4.11)

into a state space form,

_x :=

2
64 _d

�d

3
75 =

2
64 _d

f( _d; d; d0; V )

3
75 =: h(x; V ) (4.12)

Let (x, V ) be an equilibrium point such that h(x; V ) = 0. Then in the neigh-

borhood of the equilibrium point,

h(x+ �x; V + �V ) ' h(x; V ) +
@ h(x; V )

@x

�����
x;V=x;V

�x

+
@ h(x; V )

@V

�����
x;V=x;V

�V (4.13)

Evaluating the partial derivative shows that:

� _x =

2
64 0 1

(2KeV
2

d
3 �Ks) �Kb

d
3

3
75 �x+

2
64 0

�2Ke

d
2

3
75 �V (4.14)
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The necessary condition for stability is that the real part of the eigenvalues of

the system matrix must be strictly negative. As a result,

Ks >
2Ke

�V 2

d
3

or �V 2 <
Ksd

3

2Ke

(4.15)

From (4.11), at an equilibrium point,

�V 2 =
Ks

Ke

(d0 � d)d
2

(4.16)

Then

(Ksd0d
3

�
3

2
Ksd

4

) < 0 or d >
2

3
d0 = dpi (4.17)

The result of this dynamic analysis con�rms the earlier observation that dmust

be greater than 2

3
d0 to maintain stability. Furthermore, all stable equilibrium

points in Fig. 4.2 must lie to the right of dpi.

4.3 Static analysis of system with feedback

control

The spring-capacitor system is unstable mainly due to the electrostatic force

increasing too rapidly compared with the spring force. It is desirable to re-

move the inversely proportional dependence on the gap distance square for the

electrostatic force term in (4.11). Consider using the control law

V = �ud (4.18)

where � is a constant and u is the new control input. With this control law,

the system equation from (4.11) becomes

�d = �Kb

_d

d3
+Ks(d0 � d) �Ke�

2u2 =: f�( _d; d; d0; u) (4.19)
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Figure 4.3: Block diagram of a nonlinear position feedback controller.

At static equilibrium where _d = �d = 0,

Ks(d0 � d) = Ke�
2u2 (4.20)

Then it can be shown that

d = d0 �
Ke

Ks

�2u2 (4.21)

u2 =
Ks

Ke

(d0 � d)

�2
(4.22)

As a result, for each constant u2 input,

u2 < u2max =
Ks

Ke

d0
�2

(4.23)

there exists a unique equilibrium point d. Similarly, for each equilibrium point

0 < d � d0, there exists a unique u.

Fig. 4.3 is a block-diagram representation of the proposed feedback sys-

tem. In this block diagram, a reference or desired gap distance, dref , acts as

the input to the closed-loop system and is used to generate u. (d and dref

are equivalent.) u is then multiplied by � and d to create the actual applied
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voltage Vapplied. u2 may be increased until the gap distance is near zero. In

the following section, it is shown that the system model is indeed stable as

d approaches zero. However, when d is near zero, the squeeze-�lm damping

approximation may not accurately describe the real behavior of the 
uid be-

tween the capacitor plates. When d is very small, the 
uid may begin to act

like a spring at relatively low frequencies [11].

4.4 Dynamic analysis of system with feed-

back control

To analyze the stability of the closed-loop feedback system with V = �ud, we

apply the same procedure from Section 4.2, (4.19) becomes

_x :=

2
64 _d

�d

3
75 =

2
64 _d

f�( _d; d; d0; u)

3
75 =: h�(x; u) (4.24)

Linearizing this equation about the neighborhood of an equilibrium point ( x,

u ) yields the following:

� _x =

2
64 0 1

�Ks �Kb
�d3

3
75 �x+

2
64 0

�2Ke�
2u

3
75 �u (4.25)

The corresponding eigenvalues, �1 and �2, of the system matrix are given by

f �1; �2 g =

8><
>: �

Kb

d
3
�

1

2

vuut Kb

d
3

!
2

� 4Ks

9>=
>; (4.26)

This result shows that the nonlinear system is locally exponentially stable for

a �xed u whenever damping is present (Kb > 0).
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Figure 4.4: Pole locations for the linearized closed-loop system at di�erent gap
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Fig. 4.4 shows how the locations of the poles change in the linearized system

as the gap distance of the parallel plates decreases. The parameters used in

this root locus plot correspond to the gripper system described in Fig. 4.2.

In this �gure, the gap distance varies from 100�m to 25�m. When the gap

distance is near 100�m, the poles have relatively small real parts and signi�cant

imaginary parts corresponding to a large settling time and large oscillations.

The damping coe�cient, �, of the linearized system is about 0.04. As the gap

distance decreases, the poles move to the left and toward the real axis due

to the increasing e�ect from the squeeze-�lm damping force. Eventually, the

imaginary part of the poles go to zero, indicating that the linearized system

becomes overdamped (� > 1). The system becomes critically damped (� = 1)

at a gap distance dcrit de�ned by 
Kb

d3crit

!
2

= 4Ks or dcrit =
(Kb)

1

3

(4Ks)
1

6

(4.27)

For the system in Fig. 4.4, the critical gap distance dcrit is 26.6�m. Simulations

25



in the next chapter further illustrate the dynamic behavior of this gripper

system.
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Chapter 5

Simulation

This section presents simulation results for a closed-loop gripper system with

the nonlinear controller proposed in Section 4.3. Fig. 5.1 shows plots of dref ,

d, _d, Vapplied, �u of a gripper system as functions of time, where Vapplied = �ud.

These computer results are generated using Matlab with the Runge-Kutta

method and (4.19). The simulation program assumes a geometry which is

the same as the moment-compensated structure in Fig. 3.4 with dimensions

described in Fig. 4.2.

The system begins at d = 100�m and _d = �d = u = 0. Then the system is

driven by an increasing step function in u such that the gap distance decreases

by 10 micron after each step. The plot of dref shows the desired position of

the gripper. Di�erent values of u are obtained using (4.22).

The plots show the rapid increase of the damping force as the gap distance

decreases. The response time to the step input also increases dramatically.

Overshoots occur only when d is large, but the system clearly becomes over-

damped at some distance less than 30�m, correlating with the prediction in
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Section. 4.4. The rise time from the �rst u step-input is approximately 5 �

10�4 seconds. Thus an ampli�er with a bandwidth of at least 20kHz may be

necessary for the controller.

The e�ect of the feedback control is apparent from the plot of Vapplied. While

dref decreases in steps, u increases in steps. On the other hand, Vapplied initially

also increases with u. However, after d reaches dpi, Vapplied actually decreases

as dref continues to decrease so that Vapplied remains less than Vpi most of the

time. Furthermore, the feedback controller adjusts Vapplied to compensate for

oscillations in the structure such that Vapplied increases or decreases in phase

with d.

Other computer simulations have also shown that the selected microgripper

structure can operate at larger natural gap distances with similar performance.

However, Vapplied needed to close the capacitor gaps increases signi�cantly un-

less the area of the capacitor plates is increased or the spring constant of the

beams is reduced appropriately.
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Figure 5.1: Computer simulation of the gripper described in Fig.4.2, using a
second-order �xed-time-point algorithm.
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Chapter 6

Preliminary Results
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Figure 6.1: Predicted vs. observed relationship between open-loop DC voltage
input and the gap distance for a gripper with 0:051mm2 plates and 450� 9�
1:5�m3 beams similar to Fig.3.3.

Experiments with many gripper structures were performed by applying DC

voltages across the parallel-plate actuators and observing the displacement of

the plates. Fig. 6.1 shows the relationship between the open-loop DC voltage

input and the gap distance for a gripper with the same con�guration as the
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Figure 6.2: A pair of gripper arms bonded together after contact. This gripper
has plates with area 0:051mm2 plates and 500 � 3 � 1:5�m3 beams with an
initial gap distance of 100 �m.

gripper in Fig. 3.3. The curve represents the predicted relationship de�ned by

(4.7). The individual points represent actual observed data before the gripper

pulled in. The simulation is based on estimates for Ks and d0 which may be

di�erent from the actual parameters from the fabricated structure. If d0 is

assumed to be 6% smaller, the �t is nearly perfect.

Another explanation for the di�erence between the analytical prediction

and the experimental results is that the theoretical model makes assumptions

about the boundary conditions of the gripper structure which are not neces-

sarily correct. For example, the model assumes that bending only occurs in

the support beams; however, bending in the stationary plates is likely to occur

near the connections of the support beams. Furthermore, the torsional locks

may also yield to the electrostatic force and fail to maintain the gripper plates

at a constant angle during operation.
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Many other structures were seen to pull in at less than the predicted volt-

ages, possibly due to air motion and room vibrations. Grippers which touched

often remained together for several seconds after the input voltage was set to

zero, then returned to the open position without damage. In some cases, it has

also been observed that two plates remained bonded together at the point of

contact (Fig. 6.2). Oscillation has also been observed near the pull-in voltage.
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Chapter 7

Conclusions

A microgripper design using parallel-plate electrostatic actuation is presented

and analyzed. Theoretical analysis and computer simulations show that a

position feedback control is suitable for stabilizing the capacitor-spring system.

Test gripper structures not only show that the high-force-output large-motion

microgripper design is realizable but also suggest that the mathematicalmodel

of the system can provide reasonable estimates of the static system. 80 to 100

�m gaps were closed with 50V to 100V.

In the future, position sensors need to be integrated into the gripper sys-

tem so that closed-loop feedback testing becomes possible. One method is to

put strain gauges on the support beams as described in Section 3.2. More

robust controllers are necessary to improve transient behavior. More complex

realizations of the gripper design must be considered to increase the gripping

range. Integration of control electronics and packaging strategies for the grip-

per system also need to be addressed.
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