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A Planar Variable Reluctance Magnetic Micromotor
with Fully Integrated Stator and Coils

Chong H. Ahn, Yong J. Kim, and Mark G. Allen, Member, IEEE

Abstraci—A fully functional electrically excited planar vari-
able reluctance magnetic micromotor has been demonstrated
on a silicon wafer. The motor uses a micromachined nickel-
iron rotor and a fully integrated stator, in which a toroidal-
meander type integrated inductive component is used for flux
generations. To reduce the magnetic reluctance in the stator, a
modified stator geometry was adopted which removes the yoke
used in a conventional magnetic variable reluctance motor. Us-
ing polyimide as both an integral structural material as well as
an electroplating mold, a 40-pm-thick nickel-iron rotor 500 pm
in diameter was microassembled onto a fully integrated nickel-
iron stator 120 pm in thickness. When 500 mA of current was
applied to each stator, 12° of rotation (1 stroke in this motor)
was observed. By applying three phase 200-mA current pulses
to the stators, rotation of the rotor was observed. The speed
and direction of the rotation could be adjusted by changing the
frequency and phase firing order of the power supply, respec-
tively. Continuous rotor rotation was observed at speeds up to
500 rpm; this speed limitation was solely due to the limitation
of the maximum frequency of the controller used. The micro-
motor could be reproducibly started, stopped, reversed, and
continuously rotated. The predicted torque for the fabricated
micromotor at 500-mA driving current was calculated to be 3.3
nN-m.

I. INTRODUCTION

ECENTLY there has been much work towards real-

izing practical micromotors using different operating
principles for a variety of applications. These efforts have
focused mainly on electrostatic drive [1], [2], but ultra-
sonic [3], dielectric induction [4], and magnetic drives
[51, [6] have also been investigated. Among these pro-
posed operating principles, magnetic drive is attractive in
applications such as conductive fiuids for some biomedi-
cal applications, or operation in environments where high
driving voltages are unacceptable or unattainable.

In previous work towards realizing a magnetic-based
micromotor, hybrid techniques have been used to either
place permanent magnetic components onto integrated
planar coils [5] to introduce external magnetic fields onto
integrated high-permeability moving parts [6], or to use
hybrid wire-bonding techniques to create coils [7]. One
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Fig. 1. Schematic diagrams of the integrated meander-type inductor and
the conventional toroidal-type inductor. The structure of the two inductor
schemes is analogous: (a) meander-type inductor; (b) conventional to-
roidal-type inductor.

reason these approaches have been taken is the difficulty
in fabricating three-dimensional ‘‘wrapped’’ coils using
an integrated, planar fabrication process. However, re-
cently, a new planar integrated meander-type inductive
component was proposed and demonstrated [8]-[11], in
which multilevel magnetic cores were ‘‘wrapped’’ around
planar meander conductors. This configuration can be
thought of as the result of interchanging the roles of the
conductor wire and magnetic core in a conventional in-
ductor. A schematic drawing of a section of the integrated
toroidal-meander type inductor is shown in Fig. 1. With
this integrated inductive component, it is possible to guide
magnetic flux confined in an integrated magnetic core to
the locations where magnetic actuation or sensing take
place. This integrated inductive component makes it pos-
sible to fabricate a magnetic microactuator in a fully in-
tegrated fashion; such a device using a movable cantilever
beam has recently been demonstrated [9].

In particular, using this component as the basis for a
micromotor stator to generate magnetic flux, a fully func-
tional, electrically excited planar variable reluctance
magnetic micromotor has been demonstrated on a silicon
wafer [10]. This motor has a similar operating principle
to the conventional magnetic variable reluctance motor.
For a preliminary demonstration, stators (with fully inte-
grated coils) and rotors are fabricated separately, and then
assembled together using microassembling techniques,
although the process used for fabrication is completely
compatible with fully integrated devices.

1057-7157/93%03.00 © 1993 IEEE
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II. MAGNETIC MATERIAL AND IN SITU MEASUREMENT
OF MAGNETIC PROPERTIES

In designing a planar magnetic microactuator, magnetic
material properties measured from bulk-type samples may
not be useful since these properties may depend on film
geometry, thickness, and size. In particular, the magnetic
core structure to be used in this research is a multileveled
meander-type core [8], [9] which has a different geometry
and size from a bulk-type or a simple film-type magnetic
core. Thus, before designing a magnetic micromotor, the
magnetic properties of the multilevel meander core should
be understood. In measuring the magnetic properties of
the film core used for a microstructure, it is important to
remember that the properties of interest must be measured
in situ; that is, on as-deposited films.

Although there are several different types of soft mag-
netic materials, those which are available in thin film form
are of interest in this research. Among the available soft
magnetic materials, nickel-iron (Ni/Fe) permalloy has
been used as a promising material in a variety of magnetic
film applications, since it has favorable magnetic [8], [11]
as well as mechanical [13] properties for magnetic actua-
tor applications [9]-[11].

It was reported that both the mechanical [13] and the
magnetic properties [12], [14] of the applied permalloy
are affected greatly by the material compositions used. In
particular, the composition of Ni(81%) /Fe(19%) film can
meet the requirements as an appropriate material for mi-
croactuator applications because this composition can si-
multaneously achieve maximum permeability, minimum
coercive force, minimum anisotropy field, and maximum
mechanical hardness. Thus, this composition was chosen
in this research. This permalloy can be deposited by using
either evaporation or electroplating, but in this research
the electroplating technique is adopted due to the cost ad-
vantage in making a film of several tens of micrometers.
For the electroplating, a plating bath was built using the
compositions shown in Table I [12], [14].

Permeability test samples were then prepared using sur-
face micromachining techniques. Thus, an in situ mea-
surement was performed in the sense that the test samples
have the same geometry and dimension as the film depos-
ited in the actual inductor, without inducing any distor-
tions in mechanical and electrical properties in preparing
the samples. To prepare test samples, the fabrication se-
quence, which is similar to the fabrication steps described
later in this paper, is shown in Fig. 2. This fabrication
was performed using the same fabrication mask sets which
are to be used in the fabrication of magnetic components.
Thus, the prepared test samples have exactly the same
sizes and the same geometries as the magnetic films used
in the actual components. The geometry of test samples
which were prepared for in situ measurement in this re-
search was a multilevel meander-type film.

The magnetic property of greatest interest in this re-
search is the relative magnetic permeability and the sat-
uration flux density in the easy axis [12], [14]. If the easy
axis of a magnetic film is not induced in a specific direc-

TABLE 1
COMPOSITION OF THE NICKEL-IRON AND COPPER ELECTROPLATING
SOLUTIONS
Nickel-Iron Permalloy Copper
Component Quantity (g/1) Component Quantity

NiSO, - 6H,0 200 CuSO, - 5H,0 1200 (g/1

FeSO, - 7TH,0 8 H,S0, 100 (ml/1)

NiCl, - 6H,0O 5

H,;BO, 25

Saccharin 3

Released N'\/Fe;

Electroplated Ni/Fe

©

Fig. 2. Fabrication sequence of the test samples for the in siru measure-
ment of magnetic properties: (a) sacrificial layer and polyimide deposition;
(b) cavity etching; (c) nickel/iron plating; (d) polyimide etching; (e)
nickel /iron release.

tion (e.g., by applied magnetic field during deposition),
it is usually produced in parallel to the surface of the sub-
strate on which the film is formed. However, the perme-
ability of a magnetic material has nonlinear characteris-
tics with respect to the applied magnetic flux density
which must also be assessed. These can be described
through the B-H relationship for the magnetic material.
The B-H curves were obtained from magnetization (or
moment) versus applied field curves which are measured
by using a vibrating sample magnetometer (Model 4500,
Lake Shore Cryotronics, Inc.). Fig. 3 illustrates the mag-
netization of the multilevel meander-type film as a func-
tion of applied DC field for low field measurements. As
shown in Fig. 3, the easy axis is generated in the direction
parallel to the surface of the core, whereas the hard axis
is built in the normal direction to the surface. The slope
of the easy axis in the linear regime is steeper than that
of the hard axis, indicating that the easy axis achieves
higher effective permeability. These magnetization data
are used to calculate the relative permeability of the film
samples:
By = Eors M

0))
Ho H'mt

where M, is the volume magnetization and Hy, = H,,, —
DM, is the internal field, in which H,, is the externally
applied field and D is the sample demagnetization factor.

To find the relative permeability of the meander-type
magnetic core, computations were performed for the easy
axis at the ‘‘linear’’ portion (i.e., the ascending and de-
scending branches near +0.2 emu) of the low field mag-
netization data shown in Fig. 3. The weight of the test
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Fig. 3. Magnetization (emu) as a function of applied dc field using the low
field measurements for the multilevel meander-type core.

10.0

sample is 0.6 mg and the density of Ni(81%)/Fe(19%)
is assumed as 8.9 g/cm’. If these calculation steps are
repeated in a piecewise linear fashion on the magnetiza-
tion (or moment) versus applied field curves, the perme-
ability of a test material as a function of the applied field
can be found. Using the obtained permeability as a func-
tion of the applied magnetic field, the entire B-H curve of
the test sample can be drawn. From the B-H values eval-
uated from the results shown in Fig. 3, the meander-type
magnetic core is saturated at approximately 0.5 T and the
evaluated relative permeability u, shows 500 at the linear
region. It should be emphasized that the above calculation
assumes zero demagnetization effect. Note that the rela-
tive permeability and flux saturation at high frequencies
(approximately 1 MHz) may have different values from
those which are obtained at low frequencies (from DC to
10 kHz) in this section.

III. MicroMoOTOR DESIGN

A variable reluctance magnetic motor has two sets of
salient poles, one set in the stator (which usually has ex-
citation coils wrapped around the magnetic poles) and an-
other set on the rotor. This motor requires no permanent
magnets to produce a torque moment. The stator coils ar-
ranged in one or more sets and phases should be excited
individually or in pairs to produce torque for rotor rota-
tion. When a phase coil is excited, the nearest rotor poles
located to the excited stator poles are attracted to the sta-
tor poles. Due to the rotation of the rotor, when the rotor
poles are aligned with the excited stator poles, the excited
phase should be switched off and the next phase is then
excited to maintain continuous rotor rotation.

A conventional variable reluctance magnetic motor as
shown in Fig. 4(a) consists of the rotor and the stator,
where the stator contains a magnetic yoke to form a mag-
netic path from one stator pole through the rotor and the
stator pole directly across from the first pole, and back
around the yoke to the first pole. This works well in con-
ventional motors since the reluctance of the yoke can usu-
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(a)

Stator with 12 poles constructed by
toroidal-meander inductor

Bonding pad

(b)

Fig. 4. Structure of conventional and modified variable reluctance motors.
(a) Schematic diagram of the magnetic core of a conventional magnetic
variable reluctance motor showing the yoke frame; (b) schematic diagram
of modified planar variable reluctance magnetic motor fabricated in this
research. The structure consists of 12 stator poles and 10 rotor poles in
three phases. Each magnetic core is separated from the others.

ally be neglected. However, in contrast to conventional
magnetic circuits, a micromachined magnetic circuit usu-
ally has a high magnetic reluctance due to processing lim-
itations on the achievable permeability and/or thickness
of the magnetic core. In fact, in many micromagnetic ac-
tuators, the reluctances of the core and air gap can be
comparable [11], [15]. Thus, reduction of the core re-
luctance is a major concern in realizing a micromachined
magnetic circuit. If the permeability cannot be increased,
the geometry must be modified. The major geometric fac-
tors which affect the reluctance in a magnetic core are the
core cross-sectional area and length. Since the core cross-
sectional area is usually limited by planar geometric con-
straints, one of the best design strategies to reduce the
reluctance is to shorten the length of the core.

This motivation to minimize core reluctance makes it
desirable to modify the standard variable reluctance motor
design [16], since the long magnetic path through the yoke
adds significantly to the core reluctance. A schematic dia-
gram of the modified design is shown in Fig. 4(b). The
wound poles of all phases are arranged in pairs of opposite
polarity to achieve adjacent pole paths of short lengths.
The stator poles are positioned so as to greatly shorten the
magnetic flux paths and to provide an isolated magnetic
core for the flux path of each phase. This isolated mag-
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netic circuit reduces the core reluctance by 50% [11]. In
addition, it is possible to wind coils on the outside of the
core, which increases both the number of turns which can
be achieved as well as allowing the bonding pads to be on
the periphery of the motor.

The poles are wound oppositely in pairs to form the
phases. Each phase then produces a pulse of torque on
each passing rotor pole. The fundamental switching fre-
quency f to rotate a rotor with a speed n (rev/s) is

f=nN, @

where ¥, is the number of rotor poles.
If a motor has g phases, gN, steps are required per rev-
olution, where the ‘‘stroke’” (or ‘‘step angle’’) is

_ 2z
_qN

r

S (rad). 3)

One feasible design for a magnetic micromotor with no
external yoke (which will be fabricated below) has 12 sta-
tor poles and 10 rotor poles (12 /10) in 3 phases (as op-
posed to a conventional 12 stator pole /8 rotor pole de-
sign), and has 12° of rotation per stroke. As shown in
Fig. 4(b), two stator pole pairs in the same phase are
placed in the opposite locations across the rotor, where
each stator pole pair contains 7 turns of toroidal-meander
coil. The angle between rotor poles is 36°, the angles be-
tween stator poles are 36° for those located in the same
phase and 24° for those located in the nearby different
phase, respectively (i.e., stator angles of 36° /24°), and
the required strokes per revolution is 30. Table II shows
a list of other feasible pole arrangements for this type of
motor design.

IV. FABRICATION

The stator and pin were fabricated using a polyimide
multilevel metal interconnection technique, in which an
electroplated high permeability nickel(81%)-iron(19%)
permalloy was used as the magnetic material.

The fabrication process of this micromotor is shown in
Fig. 5. The process started with 3-in (100} silicon wafers
as a substrate, onto which 0.6 um of PECVD silicon ni-
t{ide was depositedﬂ. Onto this substrateg, chromium (500
A)/copper (2000 A) /chromium (700 A) layers were de-
posited using electron-beam evaporation to form an elec-
troplating seed layer.

Polyimide (Dupont PI-2611) was then spun on the wafer
in multiple coats to build electroplating molds for the bot-
tom magnetic core. Four coats were used to obtain a 40-
pm-thick polyimide film. Each coat was cast by continu-
ous two-step spin speeds: 700 rpm for 10 s and then 3000
rpm for 4 s. The wafer was then soft baked for 10 min at
120°C prior to the application of the next coat. After the
deposition of all coats, the polyimide was cured at 350°C
for 1 h in nitrogen, yielding an after-cure thickness of 40
pm. Holes which contained bottom magnetic cores were
etched in this polyimide using a 5% CF, /O, plasma etch

TABLE I
SOME POSSIBLE ROTOR/STATOR POLE COMBINATIONS FOR THE MOTOR
SHOWN IN FIG. 4(b)

Number of Stator/ Strokes per  Rotor Angle  Stator Angles
Phases Rotor Poles Rotation (degree) (degree)
2 4/3 6 120 120/60
3 6/5 15 72 72/48
3 12/10 30 36 36/24
4 16/14 48 25.7 25.7/38.6
5 10/9 45 40 40/32

Polyimide

Plating mold

(a)

Polyimide Bottom core

(®)
Rotor pin supporter

Conductor

Magnetic via

Rotor holder

d)
Photosensitive polyimide

(e)

Top core  Pin Stator pole

®

Fig. 5. Fabrication sequence for the magnetic micromotor: (a) polyimide
deposition, dry etching; (b) bottom core electroplating; (c) patterning of
conductor; (d) magnetic via and rotor pin electroplating; (e) photosensitive
polyimide deposition and developing; (f) top core and stator pole electro-
plating; (g) rotor and stator microassembly.

and an aluminum hard mask until the chrome/copper/
chrome seed layer was exposed.

The electroplating forms were then filled with
nickel(81%)-iron(19%) permalloy using standard elec-
troplating techniques [12], [14] and the nickel-iron elec-
troplating bath described in Table I. To electroplate the
bottom magnetic cores, electrical contact was made to the
seed layer, and the wafers were immersed in the plating
solution. During the electroplating, the solution was
maintained at room temperature and a pH of approxi-
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mately 2.7, and was stirred very slowly with a Teflon pro-
peller blade. An applied current density of 2 mA /em? re-
sulted in an electroplating rate of 0.1-0.15 um/min. In
order to insulate the bottom magnetic core from the con-
ductor coil, polyimide was spin coated (as above) with
two step speeds and hard cured at 350°C for 1 h.

To construct a thick planar meander conductor coil,
copper was plated through a thick photoresist mold. A
chromium (500 A)/copper (2000 A)/chromium (700 A)
seed layer was deposited, and a 60-um-wide copper plat-
ing mold was formed in 8-pm-thick positive photoresist.
The copper conductors were plated through the defined
molds using standard electroplating techniques and the
copper plating solution described in Table 1.

To facilitate gold wire bonding for the final test, a
0.5-um-thick layer of gold was plated on the top of the
plated copper conductor coils and bonding pads using a
commercial cyanide-based gold plating bath. The mea-
sured resistance of the conductor coil per stator was ap-
proximately 1.5 €. Note that the bottom magnetic core is
electrically isolated from the plating solution during this
step. Upon completion of the electroplating, the photores-
ist was removed with acetone, and the copper seed layer
was etched in a sulfuric-acid-based copper etching solu-
tion.

In order to insulate the conductor line and replanarize
the surface, one coat of polyimide, approximately 10 pm
in thickness, was deposited and cured as described above.
Via holes were then dry etched through the polyimide
layer between the meander conductors using 100% oxy-
gen plasma and an aluminum hard mask. Upon comple-
tion of the via etch, the aluminum hard mask was re-
moved. Because the bottom magnetic core was exposed
to the oxygen plasma during dry etching, the surface of
the magnetic core was oxidized. To remove the oxide film,
the exposed areas of the bottom magnetic cores were
etched in a 2% hydrofluoric acid solution for 30 s. Con-
tact was then made to the bottom magnetic core, and the
vias were filled with nickel-iron using the electroplating
bath and conditions described previously.

Upon completion of the via electroplating, an evapo-
rated nickel seed layer was defined between the magnetic
vias using a lift-off technique for the electroplated top
cores. A 1000-A chromium layer was then deposited as
a dummy seed layer to provide a uniform magnetic top
core plating and to protect the defined nickel seed layer.
Stator poles, rotor pins, and top magnetic cores were pro-
cessed on the same level, which required high aspect ratio
structures.

In order to obtain high aspect ratio patterns, photosen-
sitive polyimide 40 pm in thickness was used as a plating
mold for the top patterns of both stators and rotors. Pho-
tosensitive polyimide processing [17] has already been
demonstrated to construct a 100-um-thick structure with
a high aspect ratio of 8 (structure height/width) using
conventional photolithography techniques. Plating molds
40 pum in depth were obtained using a photosensitive
polyimide (Probimide 349, OCG Micoelectronic Mate-
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Fig. 6. Scanning electron micrograph of the fabricated rotor, where the
outer diameter is 500 um and the thickness is 40 um.

rials). The top magnetic cores and structures were then
plated after removing the chromium layer on the bottom
of plating molds. Upon completion of the top core elec-
troplating, the photosensitive polyimide and chromium
seed layer were removed.

The final thickness of the stator relative to the substrate
was approximately 120 pm. Bonding pads were then
opened in the polyimide layers by using the via etch pro-
cess sequence described earlier. Optionally, to remove the
chromium/copper/chromium plating seed layer located
underneath the polyimide, the structure was dry etched to
the bottom, and the chromium/copper/chromium was then
selectively wet etched. It should be noted that removal of
the magnetic core plating base was not required for suc-
cessful device performance (this is a benefit of the mean-
der inductor geometry).

In a separate process, 40-um-thick nickel-iron rotors
500 pm in diameter were plated separately using the same
photosensitive process described earlier and a chromium
(500 A)/copper (1 pm)/chromium (700 A) sacrificial
seed layer. These rotors were released from the substrate
and assembled with stators. A scanning electron micro-
graph of the fabricated rotor is shown in Fig. 6. Fig. 7
shows a photomicrograph and a scanning electron micro-
graph of the assembled planar variable reluctance mag-
netic micromotor, which has an outer stator diameter of
1400 pm. A uniform gap separation of approximately
5-10 pm between the rotor and the stator is shown in Fig.
8. To ensure the rotation of rotor without touching on the
stator poles, the gap separation between the rotor and the
pin should be smaller than the gap separation between the
rotor and the stator. The gap separation of approximately
5-10 um between the rotor and the pin as well as the sta-
tor is shown in Fig. 9. Upon completion of the fabrica-
tion, samples were diced and bonded for test. The micro-
motor mounted on a package to test is shown in Fig. 10.
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Fig. 7. Photomicrograph and scanning electron micrograph of the fully
fabricated micromotor: (a) photomicrograph; (b) scanning electron micro-
graph.

(b)
Fig. 9. Gaps shown from the scanning clectron micrograph of the assem-
bled stator and rotor: (a) stator poles (left) and rotor poles (right), where
approximately 5-10 um gap scparation is observed: (b) round pin in the
diameter of 100 um. where approximately 5-10 xm space between the pin
and the rotor is observed.

Fig. 8. Scanning electron micrograph of the assembled rotor and stator.
An uniform gap separation of 5-10 um between the rotor and the stator is
shown.

V. TorRQUE EVALUATION

For a torque analysis in the magnetic motor, Fig. 11
shows a simple magnetic motor which can rotate about Fig. 10. Photomicrograph of the magnetic micromotor mounted on pack-
the axis with an instantaneous angle §. When a current is age.
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Fig. 11. Schematic diagram of a simple magnetic motor which can rotate
about a central axis with an instantaneous position angle 8. Air gap: g;
rotor radius: r; core length: /; coil turns: N.

applied to the phase winding, the rotor tends to align with
the stator poles. A torque is produced to move the rotor
to a minimum-reluctance position.

When the rotor rotates with an instantaneous angle 0,
the superposed area (A,) between the rotor pole and the
stator pole is varied as

A, = (26, — 6) )

where r and ¢ are the radius and the thickness of the rotor,
respectively.

The reluctance of the magnetic circuit varies as a func-
tion of 8. In the magnetic circuit shown in Fig. 11, the
reluctance of the magnetic core cannot be neglected due
to a long magnetic path and a low magnetic permeability
in the core. In contrast to the conventional motor, the core
reluctance has a comparable value to the reluctance of the
air gap. Consequently, the total reluctance (R4(8)) in the
magnetic circuit is the summation of the reluctances from
the air gap (R,,,) and the magnetic core (R.or.), which are
expressed as

2g 2g
Ry = = 5
B0 hody  woriy — 0) ®
G -2 (¢ —-29
R. . = =
core ‘,LAL IJ,tW (6)
and
Ry(6) = Ry + Reoe
2 I, =2
_ 3 (3 g) )
Hort(26o — 0) wW

where g is the air gap separation, W is the width of the
magnetic core, and /, is the total length of the magnetic
path including air gap.

The inductance L will be varied between minimum and
maximum values as the rotor rotates. The maximum in-
ductance occurs when the rotor and stator poles are aligned
and the minimum inductance occurs when a rotor inter-
polar axis is aligned with the stator poles. Thus the in-
ductance L(f) varies with instantaneous rotor position 6,
which gives

N2
R,

L(6) (8)
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Fig. 12. Variation of the produced torque as a function of the rotor angle
when a current of 500 mA is applied.
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L@ =
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If it is assumed that the magnetic saturation is negligi-
ble and the linear relationship between flux linkage and
driving current is valid at the instantaneous rotor position
6, the produced torque at the rotor is

1, 8L(6)
=it 11
T9) 2 a8 1n
where i is the applied current to the stator coil. By sub-
stituting (10) into (11), the produced torque at #, < 6 <

20, is
2gur poN’riw?
Qgu, W + 2grf + 1,20, — 6)r — 4grog)*’
(12)

The variation of the produced torque as a function of the
rotor angle is shown in Fig. 12, using (12) and the same
geometrical dimension as the micromotor designed in this
research. The estimated torque is varied in the range of
approximately 3.0-5.0 nN-m as shown in Fig. 12.

A rough estimate of the maximum attainable torque is
also derived using an idealized maximum available en-
ergy conversion by Harris [18], [19] as

N,BX(\ — 1)gBg
2mpon

T(6) =%i2

T = (vol) (13)
where (vol) is the rotor volume, B, is the magnetic flux
density in the stator poles at the maximum flux linkage in
the aligned position, A is the aligned/unaligned unsatu-
rated inductance ratio, 3 is the pole arc (assumed stator
and rotor have the same arc), and g is the air gap. In the

following section, based on the fabricated micromotor ge-
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ometry and the measured electrical parameters, the
achievable torque will be evaluated from (13) and com-
pared with the torque evaluated from (12).

VI. MICROMOTOR PERFORMANCE

In the fabricated micromotor as shown in Fig. 7, the
measured resistance of a single coil was approximately
1.5 Q. A test of the maximum current that these coils could
withstand was performed. Continuous currents of be-
tween 2.5 and 3 A could be sustained. Coil failure was
not observed until continuous current reached over 4 A.

The inductance of a stator coil at 2 kHz is measured at
the aligned position as well as the misaligned position of
rotor poles with the stator poles. The maximum induc-
tance measured at the aligned position is 0.232 yH and
the minimum inductance measured at the misaligned is
0.225 pH. Thus, the inductance ratio (aligned/unaligned)
X is approximately 1.0131 (based on the measured values)
assuming an air gap of 5 um. Using a relative permeabil-
ity u, of 500, and a saturation flux density of 0.5 T as
mentioned in the previous section, the predicted torque
from (13) is estimated as approximately 3.3 nN-m for a
stator current of 500 mA. This value is of the same order
of magnitude as the value plotted in Fig. 12, which was
obtained from (12).

The first test of micromotor operation was to observe
stepping action as phases were sequentially excited. Fig.
13 shows the result of this experiment. In Fig. 13(a), the
rotor is shown in a position which is misaligned in com-
parison to the phase which is to be activated. Upon ap-
plication of 500 mA to the active phase, rotational actua-
tion was observed as shown in Fig. 13(b). The rotor has
aligned exactly to the active phase as predicted. This ex-
periment shows that the magnetic actuation is working
well.

The next test was to sustain a continuous rotation of the
rotor. The simple excitation apparatus used to drive the
micromotor is described below. In order to protect the
micromotor under test by limiting the maximum power
dissipation, a standard curve tracer was used as a DC
power source. A mechanical rotary switch driven by a
variable speed AC motor was used to generate a three
phase DC square wave. The frequency of the three phase
square waves could be adjusted by varying the speed of
the AC motor, thus controlling the rotation speed of the
micromotor under test.

The three phase square waves generated from the rotary
switch were then applied to the corresponding stator
windings. Pole pairs in the same phase were connected so
as to minimize the path length of the magnetic flux in the
rotor. Applied currents of 200-500 mA with a driving
voltage less than 1 V were sufficient to initiate motion
from rest. Either by changing the phase firing order and
keeping the micromotor connections constant or by ex-
changing two of the phase connections of the micromotor
and keeping the phase firing order constant, the direction
of rotation of the magnetic micromotor could be changed
reversibly.
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Fig. 13. Photomicrograph of the actuated rotor. When 500 mA of current
was applied to each stator phase, 12° of rotation (1 stroke in this motor)
was observed. (a) Before current is applied: (b) after current is applied,
rotor poles are aligned to the stator poles of the active phase.

Although the maximum frequency of the driving pulse
(and therefore the maximum micromotor speed) was lim-
ited by the mechanical rotary switch, the micromotor
could be reproducibly started, stopped, reversed, and
continuously rotated at speeds up to 500 rpm. It is fully
expected that using electronic motor drive controllers,
speeds in the thousands of rpm will be attainable. Such
drive electronics are currently under development.

VII. CONCLUSIONS

A planar variable reluctance magnetic micromotor has
been demonstrated on a silicon wafer with a microma-
chined nickel-iron rotor and a fully integrated stator, in
which a meander type integrated inductive component has
been used as the basic component for stator flux genera-
tion. A modified geometry from the conventional variable
reluctance motor was utilized in order to minimize core
reluctance. When 500 mA of current with a driving volt-
age less than 1 V was applied to each stator, 12° of ro-
tation (1 stroke in this motor) was observed. The micro-
motor could be reproducibly started, stopped, reversed,
and continuously rotated at speeds up to 500 rpm. The
rotation speed was limited to 500 rpm by the driving con-
troller used. Drive electronics capable of higher speeds
are currently under development. The predicted torque for
the fabricated micromotor at 500-mA drive current was
approximately 3.3 nN-m.
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