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Abstract

Many types of electrostatic and electromagnetic mi-
croactuators have been developed. It is important to
understand the fundamental performance limitations
of these actuators for use in micro-robotic systems.
The most important consideration for micro mobile
robots is the effective power density of the actuator. As
inertia and gravitional forces become less significant
for small robots, typical metrics for macro-robots, such
as torque-to-weight ratio, are not appropriate. A very
significant problem with micro-actuators for robotics
is the need for efficient transmissions to obtain large
forces and torques at low speeds from inherently high
speed low force actuators.

1 Introduction

Many varieties of micro-actuators based on elec-
trostatic and electomagnetic principles have been de-
veloped. This paper examines limitations of actua-
tor force, speed and stroke, and compares represen-
tative examples of current micro-actuators. Electro-
static actuators have been simpler to fabricate, but
have limited energy density compared to magnetic ac-
tuators. Piezo-electric actuators have orders of mag-
nitude more force than electrostatic actuators due to
the higher dielectric constant, but have limited strain.
An important consideration for selecting actuators for
micro-robots is the use of mechanical transformers
such as wobble motors and inch worm drives which
provide larger forces or displacements at lower speed.

For a very good introduction to the size scaling is-
sues of magnetic and electric actuators, the paper by
Trimmer and Jebens [1989] is recommended. A good
survey of fully or partly IC-processed actuators can be
found in Fujita and Gabriel [1991]. For a good general
survey including thermal and chemical actuators, see
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[Dario et al 1992]. This survey considers two groups:
electric field driven and magnetic field driven actua-
tors.

For macro-scale applications, magnetic actuators
are dominant. It is not clear yet which technology will
be dominant at the micro-scale. One scaling law that
is helpful for micro-actuators is the increased break
down field strength of very small gaps due to the
Paschen effect. Thus for small sizes, the obtainable
electrostatic forces can be stronger than electromag-
netic forces [Trimmer and Jebens, 1989]. Since electro-
static devices can be constructed using only conduc-
tors and insulators, they can be made compatible with
silicon micromachining techniques. However, recent
improvements in materials processing now allow de-
position of thin-film magnetic materials, so integrated
micro-magnetics are now possible.

For micro-robotics applications, it seems that ideal
actuators would have reasonable speed, long strokes,
and high force (high torque). However, many of the
available actuation principles such as piezoelectric ef-
fect and electrostatic actuators tend to have a very
short stroke, but high resonant frequency. Methods
such as used in the ultrasonic motor and harmonic
micromotor provide, in effect, a gear reduction which
increases available torque.

1.1 Power Requirements for Tasks

As motivation for study of actuator scaling, let’s
consider example micro robot tasks: pick and place
assembly, material removal (machining), and mobile
robot swimming and flying.

1.1.1 Power for pick and place

A simple pick and place robot system is shown in Fig-
ure 1. To keep task completion time constant as the
robot size | decreases while the workspace size L re-
mains the same, then the acceleration # should be
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Figure 1: One dimensional pick and place robot
model.

F

Figure 2: Simple swimming robot model.

independent of size. Since mass M = pl3, the actua-
tor force needs to be proportional to volume to main-
tain the same performance. The robot power density
% = % must also be independent of size to maintain
the same performance. Of course, if the work space
dimension L also scales with robot dimension, higher

performance could be obtained for the smaller system.

1.1.2 Power for material removal

For a micro-robot to modify material shape such as
by cutting or milling metal takes cutting enery of
4x103Jem =3 [Nieble et al 89]. A conventional AC mo-
tor has power density of 200Wkg~! or approximately
5 x 10°Wm™3. Thus each em? of actuator removes
0.1mm3sec™! of metal. Microrobot motors typically
have much less than this power density, so machining
operations could be much slower at the micro-scale.

1.1.3 Power for swimming, running and flying
micro-vehicles

Power for locomotion is predominantly drag limited
at the microscale as inertial and gravitational forces
become insignificant. For a swimming vehicle with
laminar flow:

Pirog=F -v= 6772, (1)

where p is the viscosity of water. If velocity and size
are proportional to [, then Pg.q4 is proportional to
3. With [ = 1em and velocity v < 0.2ms™! (laminar
flow) Parag ~ 107°W, or 20Wm =3, a very small power
density requirement.

For a legged micro-robot (following [Shimoyama
1991, 1995]) with walking velocity of 5mms~—!, the

3.6 mm

Figure 3: Ant-like micro-robot.

required joint torque is 5 x 10”9 Nm and joint veloc-
ity 10rads—!. Thus the average power for 3 legs with
3 DOF each is 5 x 107"W or 2 x 103Wm™3. The
required static torque is a product of leg length and
body weight, so required torque scales as [*. The joint
velocity scales as l%l, thus the required power density
% is proportional to v/I. Hence smaller robots require
lower power density for appropriate scale speed.

For a flying micro-vehicle, following [Shimoyama
1995], the drag force on the wings is:

FD:CD%pUQA, (2)

where Cp, p, U, A are the drag coefficient, air density,
relative air velocity, and wing area, respectively. This
drag force needs to balance the weight F,; = mg of the
robot. With U proportional to v/, the required power
is P = FpU which is proprtional to L%, and power
density % is proportional to v/I. Thus, the required
power density is favorable for small flying robots.

1.1.4 Power density for microactuators

As seen above, a constant power density with scale is
required for high performance micro-robot pick-and-
place, walking and flying micro-robots. As this survey
shows, most current micro-actuators are far removed
from the power density achieved by macro size actua-
tors.

2 Electric Field Driven Actuators

There are a variety of electric field driven actuators,
based on principles of electrostatic attraction, piezo-
electricity, or quasi-static induction. Many types of
micro-actuators have been designed, both linear and
rotary, using tangential drive and normal drive.

Small tools impractical to fabricate by other meth-
ods, for example, an electrostatically driven gripper
able to handle 10 pm diameter parts [Kim et al, 1992],
can be made by surface and bulk micromachining of
silicon. Among the many other novel devices made



possible, are planar rotary micro motors [Fan et al,
1989], Trimmer and Gabriel [1987] and dielectric in-
duction motors [Fuhr et al 1992a, 1992b]. The draw-
back to these devices, even with small gaps, is the
low force and torque obtainable. The gripper built by
Kim has a grasping force on the order of 1uN, while
the electrostatic micromotor has a diameter of 100
um and torque of about 10p/Nm which may be much
too small for micro-robotic applications. Friction is
also a problem in the rotary micromotors. Possible
ways to build improved rotary actuators with higher
torque are to use a vibration-to-rotation conversion
[Lee and Pisano, 1991], or a harmonic micromotor
[Price, Wood, Jacobsen, 1989], [Furuhata et al 1993],
which can achieve torques on the order of 10 Nm with
a 1 mm radius motor.

For many micro-robot applications a linear actua-
tor may be more useful than a rotary one. Recently,
integrated force arrays have been described (Bobbio et
al [1993], [Kornbluh et al 1991] and Yamaguchi et al
[1993]), which take advantage of the very strong nor-
mal attractive force between two parallel charged sur-
faces. Another type of planar mechanism, an electro-
static surface drive is described by Egawa et al [1991]
and Niino, Egawa, Higuchi [1993].

Multi DOF actuators can also be driven electrostat-
ically. Fukuda and Tanaka [1990] describe a 3 DOF
actuator made using copper foil, and Wood, Jacob-
sen, and Grace [1987] controlled the position of an
optical fiber driven electrostatically. In an important
innovation, Shimoyama et al [1991], Suzuki et al [1992]
have developed electrostatic actuators fabricated from
polysilicon and polyimide which can act out of the
plane of the wafer and have multiple degrees of free-
dom. These actuators are being developed to emulate
insect wing joints and muscles.

2.1 Linear Electrostatic Actuators

Figure 4 shows the basic geometry of the parallel
plate capacitor which is at the heart of most tangen-
tial and normal drive electrostatic actuators. (Even
for the induced charge actuators, the parallel plate
capacitor model provides an upper bound estimate of
the available force). With a potential V applied across
the top and bottom plates, the stored energy in the
capacitor is given by:

1
W = 5OV2, (3)

where the capacitance C' (neglecting fringing fields) is

L,L
¢ Yy

z

C(z) = (4)

<

Figure 4: Parallel plate capacitor geometry. a) normal
drive b) tangential drive

with z, €, L, and L, the plate separation, permittivity,
and plate dimensions respectively.

2.1.1 Normal Force Actuators
The force in the normal direction is given by:

ow 1
FZ(Z) = —W = 56

LoLy,

o V2, (5)

The equivalent “electrostatic pressure” is calculated
by the normal force per area or:

F. 1
Peecrosaic = z = = EQ.
lectrostat T.L, 2€| | (6)

Figure 5 shows a typical technique for building a nor-
mal drive electrostatic actuator on a planar substrate.
Multiple sections can be ganged together to increase
the effective area, and the actuator is bidirectional.
Typically, about two thirds of the actuator is taken
up by structural materials. Note that to obtain high
fields and large forces, the stroke for the actuator will
be very small, typically around 2um. One approach
to getting substantial forces and large stroke from a
parallel plate type actuator uses a sandwich of layers
with a compliant suspension as shown in Figure 6.
Although the peak strain of the actuator is typically
less than 30%, the stack could in principle be made
substantially thick.
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Figure 5: Parallel plate comb drive actuator.

Figure 6: Integrated Force Array similar to Bobbio et
al [1993]. Actuator is unidirectional, with maximum
stroke of about 30%.

2.1.2 Tangential Force Actuators

For a tangential drive actuator (which requires a
strong bearing to resist the F, force, or balanced top
and bottom drive), the capacitance can be written

(L —x)Ly

z

O(z) = ¢ (7)

and thus the force in the tangential direction is:

ow 1 Ly o

F.(x) = 9w — 2 Ve, (8)

Note that (again neglecting fringing fields) the tangen-
tial force is independent of the length of the plate L,.
Thus the tangential force can be increased by having
many narrow plates of width L, connected in paral-
lel. A typical side drive actuator is shown in Figure 7,
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Figure 7: Side drive comb actuator.

where the moving member is attached to the substrate
using a suspension. A feature of the side drive comb
actuator is that the gaps can be made very small (in-
creasing field strength), and the force is relatively con-
stant over the length of the stroke.

A potential limitation of comb drives is the rather
short stroke. Figure 8 shows a planar electrostatic
actuator, where a mobile platform is levitated on an
air bearing [Pister et al 1990]. The total capacitance
seen by the power source is

C1(2)Cq(z, 2)

C@.2) = Cob G+ Col )

9)
The tangential force can be calculated as in part b) of
the figure assuming that C is constant:

1V23C(:17, z) 1

7__2
D Oz Ve

L3(L + 2x)

fl) = LR

where L is the electrode width. Normalizing by the
area orthogonal to the direction of motion, the equiv-
alent pressure is:

FE(O) - 1V2€0
2L 2 22

as expected. Acceleration is

1
= SGlEP Ay

. F(0)  1VZ%,
T T T §zL5p’ (12)

where 0 is the thickness of the platform and p is its
density. Note that improved acceleration is possible
with gratings on the platform.
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Figure 8: Planar electrostatic drive with levitated
platform. a) Electrode configuration. b) Equivalent
circuit.

2.1.3 Force Limits for Linear Electrostatic
Actuators

It is useful to estimate the maximum force which can
be obtained by a linear actuator. As we have seen,
the force is proportional to the square of the field
strength. With smaller gaps, there are fewer ion-
izable gas molecules available for breakdown, result-
ing in higher sustainable field strengths (the Paschen
effect). As an indication of the larger fields which
are sustainable at smaller dimensions, Figure 9 shows
the maximum local field near a charged sphere be-
fore breakdown occurs. Experiments have shown that
with sub-micron gaps and very smooth surfaces, air
will breakdown at fields of 9 x 108Vm~! [Horn and
Smith, 1992]. In a vacuum, or with smaller gaps, the
absolute limit is set by field emission at 10°Vm~* for
typical materials [Lang et al, 1987]. In practice, thin
films such as SiO withstand 2 x 108V m ™! [Fujita and
Omodaka, 1987].

Let’s estimate the available force from an actua-
tor such as the parallel plate comb drive shown in
Figure 5. New surface micromachining techniques
such as HEXSIL allow vertical features approaching
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Figure 9: Surface field at breakdown for spheres
[Harper, 1967].

100pm [Keller and Ferrari, 1994]. Assuming a field
of 5 x 10"Vm™!, with 10um per comb, the effective
area is 10cm? giving 10 N force per actual cm?. This
is starting to be enough force to be worthwhile for
milli-size robots.

Some representative actuators are summarized in
Table 1. In addition to clever mechanical design, such
as minimizing contrary forces from suspension springs,
the most important limit on peak force is the maxi-
mum field strength obtained in practice before break-
down. The maximum field strength is a function of
gap size as well as surface roughness.

2.2 Rotary Actuators

A typical rotary side drive motor is shown in Fig-
ure 10. These motors are characterized by high ro-
tational speeds (thousands of RPM) and very small
torques. By using an offset rotor in the motor (called
a wobble or harmonic drive motor), more torque at
lower speeds can be obtained, as seen in Figure 11.
The equivalent gear ratio is given by:

dinner
_ Ginner (13)

ratio =
dinner - doutar

With typical control of gap sizes, gear ratios up to sev-
eral hundred have been obtained. Note that the inner
rotor is in rolling contact with the outer stator. High
field strengths can be used with thin film insulating
materials.

Some representative rotary motors are shown in Ta-
ble 3. Again, the important parameter is the maxi-
mum field strength which was actually sustained.



Table 1: Comparison of some representative electrostatic linear actuators. (no load speed).

volume speed force stroke power density  peak field  reference

10~ 9m3 st N m Wm™3 Vm™?!

7 x 107 ? ? 3.9 x10°° ? 3 x 10° [Fukuda et al 90]

1.2 x 10° 100 0.4 4x 107 200 4 x 10° Egawa et al 90]

110 x 120 x 2 10 4.4 0.1 1x 10° 2 % 107 Niino et al 93

70 x 20 x 14 1000 8 240 x 10°° 2 x 107 2 % 107 Niino et al 94

6 x 10° ? 70 x 10 ° 9x 10 ° ? 10 Matsubara et al 91]
400 5000 107 6x 10 ° 200 2 x 107 Kim et al 92]

.07 x .05 x .5 50 6x10°° 160 x 10~ 2 300 2 x 10 Akiyama&Fujita 95]

Table 2: Scaling for representative electrostatic linear actuators. (Assuming peak field of E =1 x 108Vm ™1 for

2um gap).
Actuator Type Strain Force Stroke pressure Energy Density
- N m Nm™2 Jm=3
parallel plate <90% S$L*E? Zo S E? S E?
Ideal 1 mm cube 30% 44mN  03mm 44 x 103Nm~2 44 x 103Jm™3

Table 3: Comparison of Electrostatic Rotary Actuators.

dimensions rot. speed torque power density peak field reference.

r x h (mm) rads”! Nm Wm 2 \ O

65 x 10~ © 1500 10~ 11 4%x10°° 10 [Mehregany et al 90]

1.6 x10°° 7 7x 102 ? 6 x 107 [Trimmer and Jebens, 1989]

05 x 3 40 2x 107 900 6 x 107 [Nakamura et al 95]
Electrode

%ﬂ\

Figure 10: Side drive rotary electrostatic motor.
3 Piezoelectric Actuators

Piezoelectric actuators in their normal mode of op-
eration have too short a stroke to be useful for micro-
robots. However, since the piezoelectric actuator can
respond at high frequencies, many small displacements
can be added together to give large net motion. In one
example, an array of piezoelectrically driven “cilia”

Electrode

(

=

S

Figure 11: Wobble motor using insulated rotor.

can be used to sweep objects along in any direction
in the plane (Furuhata et al [1991]). Or transverse
surface vibrations can be set up in the surface of a
piezo-electric disk which will rotationally displace a
disk which is clamped to its top (Raine et al [1993],
Udayakumar et al, [1991]). The motor described by
Raine et al achieved a torque of 50 nNm at a speed of
20 rad s~!, with a motor diameter of 3.5 mm.

As a piezoelectric element works as both an gener-



Table 4: Properties of common piezoelectrics. From Linvill [1978] and Dario et al [1983]. Notes: (*) breakdown

strength rather than polarization limit.

PVDF PZT-5H thin film PZT
[Udayakumar et al 1991]
ds1 (CN T=mV-1) 27 x 1012 —274 x 10 12 —88 x 10 12
dsz (CN—1=mV~1) 31 x 10712 593 x 10712 220 x 10712
stiffness  (Nm™2) 3.6 x 10? 50 x 10°
Emaz (V1) 30 x 106 0.3 x 106 108 (%)
permittivity 12¢, 3400¢, 700¢,
(constant tension)
density (kgm™3) 1.8 x 103 7.5 x 103
maximum strain (E,,.. * d33) 1 x 1073 2x 1074
energy density Jm ™3 5 x 10% 103 6 x 10°
8 strokes. The small stroke limitations are usually

|
Ve

b) displacements with applied field

1

a) coordinate axes

Figure 12: Piezo electric actuator coordinate system.

ator and a motor, there is a coupled set of equations
describing charge and strain. In general form [Berlin-
court et al 1964], the strain S as a function of applied
stress and applied field is:

S =sET +dE (14)
and the charge displacement D is given by:
D=dT +'E (15)

where S is the strain, s¥ is the compliance with elec-
trodes shorted (0 field), T is the applied surface stress,
d are the piezo electric constants in strain per applied
field, F is the applied field, and €’ is the permittiv-
ity at constant stress. For the special case of un-
clamped sides (stress T = 0), and the electric field
E5 applied parallel to the poling direction, the above
equations simplify to: s3 = E3dssz and s; = FEsds;.
The maximum field strength which can be applied is
limited by depolarization, with a field strength of just
3 x 10°V'm~! for PZT. Electrical break down of the
piezo electric element is another limitation.

4 Mechanical Transformers

Electrostatic and piezoelectric devices can have
large forces with high response frequencies, but small

due to the desire to take advantage of greater field
strengths at small gaps. Two methods for convert-
ing small stroke, high force and high frequency actu-
ation into larger stroke are the inchworm mechanism
and traveling mechanical wave mechanisms. The inch-
worm drive linear actuator of Figure 13 is composed of
three linear actuators. Actuators 1 and 3 are simply
binary clamps. Actuator 2 is a linear actuator which
is controlled longitudinally. By alternately clamping
actuators 1 and 3 and extending actuator 2, large ef-
fective strokes can be obtained. Note that in princi-
ple, the peak force of actuator (assuming no slip) is
determined by actuator 2, with no loss in force. The
inchworm drive can be used with piezoelectric, elec-
trostatic, or magnetic actuation.

Ultrasonic motors use a piezoelectric element
(driven in resonance for higher efficiency) to set up
traveling waves (Figure 14). Since points on the sur-
face of the piezo material move elliptically, they drag
the slider along with it. While the elliptical motion
amplitude is only on the order of nm, the high drive
frequencies give relatively high velocities, on the order
of cm per second.

One of the classical transformer methods with
piezo-electric transducers is the bimorph, made by cre-
ating a sandwich of two polarized layers of piezoelec-
tric material (Figure 15). The two types of connection
are series [Piezo Systems, 1994]:

2L2
= —Fsd 16
Yy T 3031 (16)
and parallel:
412
= —Fad 17
Y T 3031, (17)

with L the length of the cantilever and T the thickness.
Significant strokes can be achieved, for example, with



Table 5: Comparison of Piezoelectric Rotary Actuators. (speed at no load, peak torque).

dimensions rot. speed torque power density  peak field reference.

%q&z x h x 107 9m? rads™* Nm Wm 3 Vm ™!

1.5 x 0.5 30 2x 1011 0.7 107 Udayakumar 91]
30 x 14 150 107 1000 — Uchiki 91]

6 x 6 x 2 60 50 x 10~ 40 2 x 10° Racine et al 93]

17 x 6 70 8 x 10~ ° 4% 10° — USM-17D [Ueha 93]

d) clamp 3

g) clamp 1

Figure 13: Inchworm drive linear actuator [King et al
1990].

a 25 mm long bimorph one can achieve free deflections
of several hundred pum and blocked forces of several
hundred mN [Piezo Systems, 1994].

5 Magnetic Field Driven Actuators

Although many of the first micro-actuators have
been electrostatic or piezo-electric, electromagnetic
actuators have recently received more more atten-
tion. One of the particular benefits of electromage-

direction of motion

SOASASASD

direction of traveling wave

Figure 14: Traveling wave drive. Elliptical motion
of contact points in vibrating body applies tangential
force to slider.

a) series connection

b) parallel connection

Figure 15: Piezo electric bender.

netic actuation is the comparatively large displace-
ments which can be obtained with moderate force
levels. Electrostatic actuation may have problems
with charge accumulation in the dielectric if the two
charged surfaces make contact, see for example [An-
derson and Colgate, 1991]. Another problem is that
electrostatic drive won’t work in a conductive fluid
medium such as water. Magnetic actuation may thus
be an attractive alternative, see for example [Busch-
Vishniac, 1991]. Magnetics may also be attractive
when using an internal high current, low voltage
source like a single cell battery, since the coil will
usually be fairly low impedance. One of the most
significant drawbacks to (non-superconducting) mag-
netic actuators is the thermal dissipation in coils while
maintaining a constant force; in contrast, electrostatic
actuators require no power to maintain a constant
force with no displacement.

5.1 Linear Electromagnetic Actuators

The simplest magnetic actuator consists simply of

a current carrying wire in a constant magnetic field,

as shown in Figure 16, with the force per unit current
element:

dF = Idl x B. (18)



permanent magnet
or electromagnet

Figure 16: Lorentz force on a wire in constant mag-
netic field.

Since very strong fixed magnetic fields can be easily
provided by miniature permanent magnets, this type
of actuator could be attractive for the micro scale.
Recently Holzer et al [1995] demonstrated a single
turn thin film aluminum coil, with 20 wm displace-
ment, and estimated force of 0.1uN using only 20 mA.
This compares quite favorably to electrostatic actua-
tor force and stroke. Moving coil type actuators typ-
ically use an externally mounted permanent magnet
(Figure 17a) while small permanent magnets can be
manually placed or deposited on moving structures
(Figure 17Db).

A 3 DOF actuator was built by attaching a perma-
nent magnet to an elastic suspension above a set of
coils (Wagner and Benecke, [1991], Wagner, Kreutzer
and Benecke, [1991]). They obtained a deflection of
70um with a force of 450u/N. A linear actuator us-
ing superconducting levitation yielded a force of 30uN
and a 5 mm stroke (Kim, Katsurai, Fujita [1990]).
A linear actuator using a self-pressurizing air-bearing
gave a peak force of about 2mN on a 6.3 mm diameter,
5.0 mm length magnet, with a total travel distance of
20 mm [Fearing, 1992]. (See Figure 18).

A more conventional electromagnetic actuator is
shown in Figure 19. This type of device relies more on
concentrating the magnetic flux in a narrow gap. The
stored magnetic energy in the gap is given by:

NI,

W= %NOHQ = %,Ufo( 2 ) (AZ) (19)

where H is the magnetic field, p, = 47 x 10" Hm ™!
is the permeability of free space, N is the number of
turns, z is the total gap length, and A is the gap area

a)

b)

Figure 17: Typical moving coil and moving magnet
type Lorentz force actuators.
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Figure 18: Air bearing levitated planar magnetic ac-
tuator.

. The force in the normal direction is given by:

ow ;A 9

F(2) = =7~ = sto3(NI)". (20)
The equivalent “magnetic pressure” is calculated by
the normal force per area or:

NI
Pmagnetic = %,Ufo( ) . (21)

It is interesting to note that in conventional size ma-
chines with flux density on the order of 1 Tesla, pres-
sures of 106 N'm =2 are easily obtained.

A summary of some linear electro-magnetic actua-
tors is shown in Table 6. It is interesting to note that
all of the listed actuators except for Ahn and Allen
[1993] and Hosaka and Kuwano [1995] use Lorentz
type actuation with either moving permanent mag-



Table 6: Comparison of some representative linear magnetic actuators. (Stroke at no load, peak force).

dimensions speed force stroke power density current peak field reference
10~ 9m?® st N m Wm 3 amp-turns Am~!
0.2 x .02 x .004 107 1077 2x10°° 10 1 - Yanagisawa 91]
0.3 x 0.3 x 2 2500 10-7 5x 10~ ° 100 .02 - Holzer et al 95]
0.4 x0.4%x0.5 1000 2.9 x 107 ° 107 3000 0.12 10° Liu et al 94]
1.6 X 1.4 x 2.4 50 1.3 x 10 7T 9x 1017 1000 1.95 400 Wagner et al 93]
1x1x0.5 - 10~ 1 10-3 - - 2 x 107 Liu et al 1995]
2x2x0.3 - 8 x 10~ 7 8 x 10~ ° - 0.9 6 x 10° Ahn & Allen 93]
3x3x3 10 107 5x 10 7 200 1 - Robichaux 92]
2x2x2 600 2x 1017 2.2 x 101 3000 6 - Tabat et al 97]
TX2x2 - 1.5 x 10~ 2 4 %1017 - 50 - Hosaka 95]
1Xx7x7 200 3x 1077 1x10°° 10 3 - Wagner et al 91]
5x5x3 3 2x10°° 2.5 x 10~ ° 0.2 .65 - Maeda et al 93]
10 x 10 x 3 5 4x10°3 6.6 x 10~ ° 400 16 1000 Fearing 95]
4% 6x0.6 300 1x 1073 300 x 10~ © 6000 50 - Guckel et al 96]
2 x 10° 30 1.2 3x 103 500 - - Salcudean Yan 94]
7(15)% x 20 5 0.9 20 x 103 4 - 8000 Tizuka&Fujita 96]
7(6.4)% x 13 600 0.35 5x 107 6.5 x 107 - BEI Voice coil
F e —————— - is good for tetherless drive, such as the milli-robot
;e ———— ~ N\ described in Fukuda et al [1991].
g — )

Figure 19: Electromagnetic actuator.

net or moving coil. The two exceptions use permeable
materials for the magnetic circuit and an air gap.

5.2 Rotary Electromagnetic Actuators

Recently, electromagnetic motors have been fab-
ricated using lithographic and thick film techniques
(Ahn et al [1993], Guckel et al [1993]). The motor of
Ahn et al has a predicted torque of 1.2uNm with a
motor diameter of 1.5 mm.

Conventional electromagnetic motors are also
shrinking in size. An electric motor was built into
the 4.6 mm car designed by Hisanaga et al [1991].

5.3 Magnetostrictive Devices

There are also analogs to the piezoelectric effect for
magnetic materials. One advantage of the magnetic
field actuation is the comparatively long range which

10

6 Power Limits

To determine an upper bound on achievable power
delivery to a load, consider an actuator which pro-
vides constant force with respect to position such as
the tangential electrostatic drive given in Eqn. 8. The
maximum power will be delivered to the load when the
load impedance is equal to the source impedance. In
the simplest case, the source impedance is just the
inherent viscous damping of the actuator b. Thus
with source plus load impedance equal to 2b, the fi-
nal velocity is %, and the power delivered to the load
impedance is just

F2

p=_
4b

(22)
As a crude approximation to the drag force, assuming
only viscous drag between a sliding horizontal plate as
in Figure 20, the drag force is:

pairl® oy
z

Firag = (23)
where 4 = 1.8 x 107°Nsm =2 is the viscosity of air
at room temperature, and [ is the length of the side
of a slider. A more accurate viscous damping model
is discussed in Cho et al [1993].

Substituting in the expression for the force (eqn. 8),
and assuming an air gap z = 2um and electric field
strength 2 x 107V'm ™!, we obtain power of:

B €.2n?V4

° =350 x 107°W

= 24
16/1411'7“2 ( )



Table 7: Comparison of some representative rotary magnetic actuators. (speed at no load, peak torque).

dimensions speed torque efficiency  power density current peak field reference
r X h(mm) rads™ ! Nm % Wm ™3 amp-turns Am~!
6 x 1.5 200 1x10°7 <1071 500 2.5 90 Wagner et al 93]
3 x 0.5 1200 1079 10-° 300 10 ? Guckel et al 1993]
1.5 x 0.5 50 10-° > 107 5 x 107 20 6 x 10° Ahn et al 93]
2x3.7x0.5 150 10-° .002 3 x 10° 20 ? Teshigaraha 95]
10 x 2.5 20 350 x 10~ ° 8 3 x 107 15 ? Stefanini et al 96]
28 x5 1200 10-° .002 107 ? ? Seiko E-HMO0305
.95 x 5.5 107 7.5x 10 © 507 1.2 x 10° ? ? Faulhaber BL 1900
1.5 x 8.32 107 3x10°° > 90 2 x 10° ? ? RMB Smoovy SYV30001
2.5 x 13 107 150 x 10~© > 90 1.3 x 10° ? ? RMB Smoovy SYVP50002
19 x 62 700 4%x1077? 75 4 x 10° ? ? Dynetic MS1509
17 X 57 1500 0.1 76 3 x 10° 210 ? Astroflight 603
12 x 43 1500 4.6 x 10~ 2 80 4.5 x 10° 100 ? Astroflight 802
Platform structure volume.
v . . .. .
- - While there is currently much research activity in
——
— micro-actuators, there are very few off-the-shelf actua-
z — tors available in the millimeter size region. Hopefully
= the demand for actuators for micro-robotic applica-
tions will stimulate their further development.
Substrate

Figure 20: Drag force on slider.

where V, = 40V, and n is the number of electrodes.
For a film actuator 100um thick with 100um wide
electrodes, the power density is independent of size,
and is shown in Figure 21.

7  Summary

The performance of electrostatic and magnetic ac-
tuators can best be compared by considering idealized
actuators for each case of the same dimension, for ex-
ample, a 1 mm cube. While maximum pressure and
strain are easy to estimate, the maximum frequency
response while be strongly dependent on the actua-
tor’s stiffness, mass, and internal damping, and hence
strongly dependent on construction techniques. For
example, a vacuum gap electrostatic actuator could
have significantly higher frequency response than an
air gap actuator. Table 8 compares best case assump-
tions for the various actuator technologies. It is inter-
esting to compare various micro-actuators with each
other and with estimated physical limits. Figure 21
summarizes the actuators detailed in the previous ta-
bles for which data is available to calculate a power
density. The general trend is towards lower power
density for the smallest actuators. The main rea-
son for lower power density is the comparatively large
supporting structure, typically the thickness of a sili-
con wafer (0.5mm). A significant improvement could
be obtained simply by reducing the excess supporting
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