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Abstract—We report the design, fabrication, and characteri-
zation of a rotary micromotor supported on microball bearings.
This is the first demonstration of a rotary micromachine with
a robust mechanical support provided by microball-bearing
technology. A six-phase bottom-drive variable-capacitance mi-
cromotor (¢ = 14 mm) is designed and simulated using the
finite-element (FE) method. The stator and the rotor are fab-
ricated separately on silicon substrates and assembled with the
microballs. Three layers of low-k benzocyclobutene polymer, two
layers of gold, and a silicon microball housing are fabricated
on the stator. Microball housing and salient structures (poles)
are etched in the rotor and are coated with a silicon carbide
film that reduces the friction without which the operation was
not possible. A top angular velocity of 517 r/min, corresponding
to the linear tip velocity of 324 mm/s, is measured at +150-V
and 800-Hz excitation. This is 44 times higher than the velocity
previously demonstrated for linear micromotors supported on the
microball bearings. A noncontact method is developed to extract
the torque and the bearing coefficient of friction through dynamic
response measurements. The torque is indirectly measured to be
—5.62 & 0.5 uN - m at +150-V excitation which is comparable
with the FE simulation results predicting —6.75 puN - m. The
maximum output mechanical power at £150 V and 517 r/min
was calculated to be 307 1'W. The bearing coefficient of friction
is measured to be 0.02 &+ 0.002 which is in good agreement with
the previously reported values. The rotary micromotor developed
in this paper is a platform technology for centrifugal micropumps
used for fuel-delivery and cooling applications. [2007-0216]

Index Terms—Microball variable

capacitance.

bearings, micromotor,

I. INTRODUCTION

ICROMOTORS and microgenerators are power micro-
electromechanical systems (MEMS) for energy con-
version between mechanical and electrical domains. A robust
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rotary micromotor can be used as a platform for developing
micropumps which are highly demanded microsystems for
fuel-delivery, drug-delivery, cooling, and vacuum applications
[1]-[4]. Micromotors can also be employed in microscale sur-
gery [5], [6], assembly [7], propulsion, and actuation [8], [9].

Various types of micromachines have been successfully fab-
ricated and tested in the past. A variable-capacitance micro-
motor (VCM) supported on center-pin (bushing) bearings with
12 pN - m of torque [10], an electric induction micromotor
supported on gas-lubricated bearings with 3.5 uN - m of torque
[11], [12], and a magnetic induction micromotor with a teth-
ered rotor and 2.5 uN - m of torque [13] are a few examples.
Furthermore, an electric induction microgenerator supported on
gas-lubricated bearings was reported to generate 108 W of
electric power [14]; a permanent magnet microgenerator with
an external support (spindle shaft) was reported to generate
8 W [15], [16].

One key challenge in the realization of reliable micromotors
and microgenerators is the development of a support mech-
anism for the rotor that would result in high stability, low
friction, and high resistance to wear. The center-pin design,
which is used in conventional micromotors, results in fric-
tion, wear, fracture, stiction, and contamination-based failure
modes [17]. The gas-lubricated bearings [18], [19], which are
utilized in high-speed applications, suffer from stability limits
and require complex control schemes and fabrication processes
using a stack of bonded wafers. Conversely, microball-bearing
technology in silicon [20], [21] provides a reliable support
mechanism for the rotor with high stability. This approach
results in less friction and wear compared with the center-
pin or flange designs used in conventional side-drive VCMs
[10], [22]. Furthermore, the fabrication process of a microball-
bearing-supported machine is less complicated than that of the
gas-lubricated machines, and the rotor is more stable. Another
advantage of this technology is the ability to define and sus-
tain a uniform gap across the active area of the device. This
requirement is significant for electrostatic micromachines for
two reasons, i.e., the air gap needs to be small, and the active
area must be large to maximize the torque.

Being composed of conductors and dielectrics, the VCMs,
unlike magnetic machines, are fabricated using conventional
micromachining techniques. The energy density of these
voltage-driven machines is limited by the breakdown electric
field at the gap, whereas the magnetic machines are limited
by the saturation current. The device reported here, unlike
the conventional VCMs, has a bottom-drive design to increase
the active area. Therefore, compared with the conventional
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Fig. 1. Simplified 3-D schematic of the rotary micromotor. Dimensions are
not to scale.

VCMs, the torque is increased by approximately three orders
of magnitude; this has become possible by using microball
bearings to maintain a small uniform gap between the rotor
and the stator. The small gap size, however, imposes fabrication
challenges that need to be addressed.

Previously, an in situ noncontact experimental setup was
used in our group to study the frictional behavior of the
microballs in the microscale regime. The static and dynamic
coefficients of friction between stainless-steel microballs and
silicon grooves were measured to be 0.01 and 0.007, re-
spectively [20], [23], compared with 0.01-0.08 reported for
silicon—silicon structures.

Realization of the rotary micromotor reported in this paper
is based on our previous work on linear micromotors. The
design, fabrication, and testing of the first [24] and the second
[25] generations of bottom-drive linear VCMs supported on
the stainless-steel microballs were previously reported by our
group. In the second generation, slider displacement, instanta-
neous and average velocities, acceleration, and net force were
obtained using a high-speed camera data-acquisition system.
An average linear velocity of 7.2 mm/s was achieved at 120-V
and 60-Hz excitation and was in agreement with the predicted
value. A modeling scheme based on a mass—dashpot—spring
system was also reported. The results obtained from the de-
velopment of the linear device, together with the electrical
characterization of the low-% dielectric used in the structure of
the motor [26], process developments [26], [27], and interface
studies [27], were implemented in the development of the rotary
machine.

The rotary micromotors, compared with their linear counter-
parts, have a wider range of applications. In this paper, we first
report the design and simulation of the rotary device followed
by the fabrication, testing, and discussion. The device is the
first demonstration of a rotary micromotor using the microball-
bearing technology.

II. DESIGN AND SIMULATION

The micromotor reported in this paper is a six-phase bottom-
drive rotary variable-capacitance machine with a robust me-
chanical support provided by the microball bearings. Fig. 1
shows the simplified 3-D schematic of the device composed
of three components: rotor (¢ = 14 mm), stator, and stainless-
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Fig. 2. Schematic (a) radial cross section of the mechanical (bearing) and
electrical (active) components of the micromachine and (b) azimuthal cross
section of the stator and rotor active pars.

steel microballs (¢ = 284.5 £ 0.25 um) [28]. The rotor is a
silicon disc (p =1 — 10 © - cm) with microball housing and
salient structures etched in silicon. The conductivity of silicon
was chosen such that the substrate maintains a uniform ground
potential during the operation of the device. The stator is a
silicon disc (with identical properties as rotor) that includes
microball housing and active parts, i.e., conductors and di-
electrics. Electrodes/poles on the stator/rotor have the same
width; however, they have a different spacing which results
into 6:4 pole-to-electrode ratio. When a potential is applied
to an electrode, image charges are induced on an adjacent pole,
resulting in tangential and normal forces. The tangential force
is the propelling force of the rotor which aligns a rotor pole
to an adjacent active electrode. The normal force assists to
hold the rotor on the stator. Continuous motion of the rotor is
possible by sequential excitation of the electrodes with positive
square pulses in a three-phase configuration (e.g., A, B, and C);
each is 120° apart. To prevent charge buildup on the rotor, the
second group of phases (D, F, and F') is excited with negative
amplitude and identical phase to the first three.

Fig. 2 shows the schematic cross section of the motor.
Various layers on the stator are shown in this figure. A layer
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Fig. 3. (Left axis) Capacitance and (right axis) derivative of the capacitance as

a function of rotor angular position when the distance between two electrodes
is 1/3 of the electrode width (a = 3 and G = 10 pm).

of low-dielectric-constant benzocyclobutene (BCB) polymer
film (k= 2.65) is used for electrical isolation of the first
metal layer (interconnection) from the silicon substrate. The
interconnection layer connects every other six electrodes of
the six-phase machine. The BCB film is used as an interlayer
dielectric (ILD) between the two metal layers with vias provid-
ing electrical connection path between the two. The trapezoid-
shaped electrodes are designed radially on top of the ILD with
inner and outer radii of 1 and 5 mm, respectively. The final BCB
layer is used for passivation. The BCB dielectric film, compared
with the conventional silicon-dioxide-insulating films, reduces
the parasitic capacitance between the electrodes and the stator
substrate; therefore, the electrical efficiency of this micromotor
is higher than that of the silicon-dioxide-based machines. In
addition, the residual stress of the BCB film is lower than that
of the silicon-dioxide film, resulting in less wafer curvature and
better gap uniformity.

Six contact pads (180 x 180 um?) are designed at the center
of the stator such that they are easily accessible for probing
through a 1-mm-radius rotor opening. The rotor is composed
of etched silicon structures with a thin film of silicon carbide
(SiC) for friction reduction. The fabrication processes for both
the stator and the rotor are explained in the next section.

The torque (T) of the micromotor as a function of applied
voltage () and angular position of the rotor (6) is derived to be

oC1(#) | 0C:(0) | 9C3(0)
ao+aa+39)(1)

-1
T (v,0) = ﬁNeu2 (

where N, is the number of electrodes on the stator, and C(0)
is the capacitance of a single electrode—pole pair. In (1), v
is given in volts, C(6)/0(0) is in farads over radian, and
torque is in newton meter [29]. For a given geometry, torque
can be analytically evaluated if 0C,,(0)/06 values are known.
Finite-element (FE) method is used to simulate C'(#) and derive
0C,,(0)/06.

Fig. 3 shows the FE simulation results for the capacitance
versus the angular position for a segment of the machine com-
posed of six electrodes and four poles. The trapezoid-shaped
electrodes and poles have the width (1¥) of 90 pm at the
midpoint. The spacing between each electrode is determined
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Fig. 4. (Left axis) Capacitance and (right axis) derivative of the capacitance as

a function of rotor angular position when the distance between two electrodes
is 1/2 of the electrode width (@ = 2 and G = 10 pum).

by W/a, where “a” is an integer called the packing factor. The
simulation results are shown for a = 3 which corresponds to
the spacing of 30 um at the midpoint between electrodes. The
capacitance values are then fitted to the sine-squared function
in the form of

. (270 2
C)=Co+ay {sm <a+a3>} . )

2

Fig. 3 also shows the fitted curve with the following con-
stants: Cy = 0.33 pF, a1 = 0.24, as = 2.87, and a3 = 1.63.
The standard coefficient of determination (R?), describing how
well a set of data points is fitted to a curve, is calculated to
be 0.9999 which shows a good agreement between the fitted
curve and the simulated data. By using the sine-squared curve
fit, the first derivative is numerically calculated and shown on
the right axis. Simulations were performed for a machine with
the same geometry but with a packing factor of a = 2. The
values of Cy = 0.26 pF, a; = 0.30, ay = 3.14, and a3 = 1.59
are obtained. Fig. 4 shows the capacitance variation results as
well as the calculated derivative. Compared with the previous
case, the derivative of capacitance for each segment of the
machine with a = 2 is 25% higher than before. However, since
the electrodes are loosely packed, the total number of electrodes
is less.

To further analyze the effect of the packing factor and the gap
size on the torque of the machine, a total of 24 simulations were
performed at three different gap sizes (5, 10, and 15 pm) and
four different packing factors (one, two, three, and four). For
simplicity, only Cyax and Cyyy, are calculated. The derivative
of capacitance is estimated using the linear approximation of
(CMax — CMin)/(eMax — QMin), where Oy and Oy, are the
rotor positions at full alignment and misalignment, respectively.
Fig. 5 shows the summary of these simulations. The results
for a = 3 and a = 2 (10-um gap size) are in agreement with
the previous method (less than 5% error). As expected, the
torque of the machine increases by more than a factor of
two when the gap is decreased from 10 to 5 pum. Fabrication
imperfections will limit the implementation of such a small gap.
In contrast, the torque is reduced when the gap is increased from
10 to 15 pum; however, fabrication of a machine with a gap of



GHALICHECHIAN et al.: DESIGN, FABRICATION, AND CHARACTERIZATION OF A ROTARY MICROMOTOR 635

—v— Gap=10 um
—o8— Gap=15pum ||

|
|
|

05 10 15 20 25 3.0 35 40 45
Packing factor (a)

Fig. 5. Estimated torque as a function of the geometry and the gap for four
different designs at V' = 100 V. With the gap of 10 pm, the torque is about
3 uN - m for the two primary designs, i.e., a = 2 and a = 3.
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Fig. 6. Absolute value of the normal force as a function of the gap size.
The estimated normal force of the motor with G = 10 pm and V' = 100 V is
20.5 mN.

15 pm is more feasible than 5 pm. The values shown in Fig. 5
will be increased by a factor of 2.25 if the excitation voltage is
increased from 100 to 150 V. The maximum excitation voltage
is limited by the instrumentation and the dielectric breakdown.
Based on the simulation results, the packing factors of two and
three, which produce the highest torque, are chosen.

The torque is the result of the tangential force on the rotor
produced by the electric field and determines the load-driving
performance of the machine. The electric field also produces
a normal force on the rotor that stabilizes and holds the rotor
on the stator. This force affects the frictional torque on the
rotor and is calculated. The FE simulations were performed to
estimate change in the capacitance with respect to the gap. The
normal force (F) can be estimated as

dOMaX(Z)

dz )

1
F.=—--V?

2
where z is normal to rotor plane. Fig. 6 shows the simulation
results of the normal force versus the gap size for a machine
with a = 3 and N, = 138. As shown in the graph, the estimated

TABLE 1
GEOMETRY SPECIFICATIONS FOR TWO PRIMARY DESIGNS
Specification Value
Electrode thickness (nm) 270
Spacing between adjacent electrodes (um) | 30/45
Number of electrodes 156/138
Number of poles 104/92
Pole/housing depth on rotor(um) 135
Housing depth on stator(ium) 130
Microball diameter (Lm) 284.5
Microball housing width (m) 290
Air gap (Um) 10
Active area inner radius(mm) 1.0
Active area outer radius (mm) 5.0
Microball housing inner radius (mm) 5.8
Outer rotor radius (mm) 7.0

normal force for the gap size of 10 ym and the excitation of
100 V is 20.5 mN which is approximately ten times higher than
the gravitation force on the rotor (0.2-g mass).

Based on these simulation results and fabrication limitations,
micromotors with different geometries are designed. Table I
shows the summary of the design parameters.

III. FABRICATION

The fabrication processes of the stator and the rotor of
the micromotor use seven and two mask levels, respectively.
Figs. 7 and 8 show the schematic cross sections of the stator
and the rotor during the fabrication process, respectively. The
stator fabrication starts with etching 5.8-um-deep alignment
marks in a silicon substrate (p-type, (100), p =1 — 10 2 - cm,
and 525 £ 25 pm thick) using reactive-ion-etching (RIE) tool
(Trion Technologies). A 3.2-um-thick photosensitive BCB film
(Cyclotene 4022-35 from Dow Chemical) is then deposited to
isolate the active parts of the machine from the silicon substrate.
The BCB film is partially cured (at 212° for 40 min) in a
nitrogen environment followed by a 30-s-long O, /CF, plasma
etch (descum) to remove polymer residues. The residual stress
of the BCB film is measured to be 29 MPa (tensile) on test
wafers.

A 20/250-nm-thick chromium (Cr)/gold (Au) layer is then
deposited using a dc magnetron sputtering system (AJA Inter-
national) at 5 mtorr (0.66 Pa) and 50 W. The metal layer is
patterned using a positive photoresist (AZ9245) and two wet-
etching steps. This layer forms the interconnection level that
connects every sixth electrode of the six-phase machine.

The second photosensitive BCB layer with a thickness of
2.8 pm is then spun, patterned, partially cured, and descummed
to form an ILD film with open vias for electrical connection be-
tween the two metal layers. The thickness of this layer is chosen
such that the conformal BCB film prevents any possible dielec-
tric breakdown between the metal layers particularly at sharp
metal edges. Previously, when a metal thickness of 0.5 pum
and a BCB thickness of 1—2 pm were used, electric-breakdown
failure was observed. To address this problem and to increase
process yield, a metal thickness of 0.27 ym and a BCB thick-
ness of 2.8 um were used after a careful process characteri-
zation. A 1.6-um-thick image reversal photoresist (AZ5214E)
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Fig. 7. Cross-sectional schematics showing the stator fabrication process. (a) Silicon wafer. (b) BCB deposition and lithography. (c) Metal deposition. (d) BCB
deposition and lithography (via formation). (e) Metal deposition. (f) Metal housing etch.
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Fig. 8. Cross-sectional schematics showing the rotor fabrication process. (a) Front side etch to create poles and microball housing. (b) Etch from the back side
to release the die and create marks for position sensing. (c) Silicon carbide deposition.

is then patterned, a 20/250-nm-thick Cr/Au layer is sputtered,
and the metal is subsequently lifted off in acetone and deion-
ized water using an ultrasonic bath. The electrical resistance
between the electrode and the interconnection layers and
the sheet resistance of each metal layer are measured to be
23—47 Q and 416 m{2/sq, respectively.

The third BCB film is then deposited, patterned, partially
cured, and descummed to form a 2.0-pm-thick passivation
layer. This layer protects the active parts of the machine from
contamination and electric breakdown during testing or opera-
tion. The microball housings are then etched 132.4 4+ 0.4 pm
deep in the silicon substrate using a 9-um-thick photoresist
mask (AZ9245) and a deep RIE (DRIE) tool (Surface Tech-
nology Systems). The BCB films are cured at 250 °C for 1 h to
reach 95%-100% polymerization. In the last step of the stator
fabrication, a 30-s-long O /CF, plasma etch is performed. This
step removes any residue from the contact pads to enhance
the electrical connection to the probes. Fig. 9(a)-(c) shows
different sections of the fabricated stator. A total of 17 devices
are fabricated on the stator wafer.

The rotor fabrication process starts with a DRIE step to form
salient poles and microball housing on one side of the wafer.

The housing depth is measured to be 135.5 & 0.4 pm. Then,
the wafer DRIE step is performed on the other side of the wafer
to release the rotor, etch the center opening, and etch marks for
position detection. Finally, a 173 &£ 20-nm-thick film of SiC is
deposited on the rotor dies using RF magnetron sputtering. The
deposition is performed at the room temperature with pressure
and power of 2.5 mtorr (0.33 Pa) and 300 W, respectively.
Fig. 9(d)—(f) shows the fabricated rotor after release and before
the SiC deposition. A total of six devices are fabricated on the
rotor wafer. To reduce the depth nonuniformity of the microball
housings, only six devices per wafer are designed to minimize
the DRIE loading. Based on the depth measurements of the
housings on the rotor and the stator, as well as the measurement
of the stator film structure thickness, the air gap was estimated
to be 10—13 pm.

After the completion of the fabrication process, the stator
is clamped to an aluminum chuck. A total of ten stainless-
steel microballs, each 284.5 + 0.25 pym in diameter (Thomson
Precision Balls), are manually positioned inside the stator
trench using tweezers. The rotor is then manually aligned and
positioned on top of the stator. If the rotor is aligned and
positioned properly, it rotates freely with little resistance.
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Fig. 9. Fabricated (a) stator, (b) outer radius of the stator, (c) two-level
metallization and vias, (d) rotor with 104 poles, (e) rotor poles, and (f) outer
radius of the rotor.

IV. CHARACTERIZATION
A. Test Setup

A characterization methodology is developed to measure and
extract the angular displacement, velocity, acceleration, torque,
mechanical power, coefficient of friction, and frictional force
for the micromotors through noncontact techniques. These
measurements are discussed in this section. The block diagram
of the setup used for exciting the motor and tracking the motion
is shown in Fig. 10. The micromotor is excited using a six-phase
high-voltage system composed of a PC, a LabView interface,
a data-acquisition card, and a high-voltage amplifier with a
maximum output voltage of =150 V. The excitation signals are
applied to the stator using six micropositioners with tungsten-
probe tips (Fig. 11).

As shown in the block diagram of Fig. 10, two schemes
were implemented for measuring the displacement of the ro-
tor. The first method utilizes an optical displacement sensor
(Model D6 from Philtech) to detect 20 silicon pits etched in
the rotor. The sensor is mounted on an X —Z micropositioning
stage. This method provides an accurate measurement for the
average angular velocity. The assembled micromotor and the
test setup are shown in Fig. 12. The second method utilizes a
high-speed charged-coupled-device camera (Model HS-3 from
Redlak) together with a microscopic lens (Model KV from
Infinity Photo-Optical Company) to measure the transient re-
sponse of the machine with a temporal resolution of 1 ms. The
recorded images are processed using a commercial tracking
software (ProAnalyst from Xcitex). This real-time measure-

ment approach was preferred over stroboscopic dynamometry
techniques previously used for side-drive micromotors [30] due
to the greater displacement and temporal accuracy.

B. Steady-State Response

One of the characteristics of any synchronous motor is the
synchronization of the mechanical motion of the rotor with the
electrical excitation of the stator. A series of experiments is
performed to test the angular velocity of the rotor versus the
excitation frequency for the two designs discussed earlier: D1
with 104 poles (a = 3) and D2 with 92 poles (a = 2). The
velocity of the rotor is measured using the optical displacement
sensor. Fig. 13(a) and (b) shows the experimental results to-
gether with the theoretical values for D1 and D2, respectively.
A top velocity of 517 r/min, corresponding to the linear tip
velocity of 324 mm/s, is measured for D2. The top measured
velocity for D1 is 454 r/min. As shown in this figure, there is
an excellent agreement between the measured and predicted
angular velocities. The achieved velocity is about 44 times
higher than the maximum velocity measured (7.2 mm/s) for the
second-generation linear device [25] supported on the microball
bearings.

C. Transient Response

The coefficient of friction between the stainless-steel mi-
croballs, the silicon housing on the stator, and the SiC housing
on the rotor, as well as the torque of the machine, can be
indirectly obtained from transient response measurements. In
this method, the excitation voltage is set to 0 V at t = 0, and
the deceleration of the rotor is extracted from angular-position
measurement using the high-speed camera system described
earlier. The friction force can be modeled as the product of the
normal force and the coefficient of friction (u). By assuming
that the friction is the dominate loss mechanism, it can be
shown that the i and the angular acceleration () are related
[29] by

_ TF‘riction _ al _ Q%M (R% + R%)
MgRy B MgRy N MgRy

R+ R3
T 2R °
const.

“)
where Ry, R;, and R, are the bearing radius, the rotor inner
radius, and the rotor outer radius, respectively, and M and [
are the rotor mass and the moment of inertia, respectively. By
assuming that the y is not a function of the normal force (Fx),
the torque (7gn) of the micromotor at V' = 1 is equal to the
frictional torque at a constant angular velocity. Therefore

Fx(Vo) (R + R3
Tem lv=v, = n(1o) (291 2) « 5)

const.

where V} is the minimum voltage at which the micromotor is
operational. Fx(Vp) is estimated from the FE simulation results
discussed earlier. Fig. 14 shows the measured angular position
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Fig. 11.  Electrical connection to the stator is provided by six probes through
the 2-mm-diameter rotor opening. The residues on the backside of the rotor are
a result of wafer bonding and DRIE steps.

Fig. 12. Picture of the micromotor under test.

of the rotor as a function of the time (0 < ¢ < 1 s) when the
excitation voltage is set to zero at ¢ = 0. This is made possible
by synchronizing the camera’s capture sequence with the ex-
citation signal. For ¢ < 0, the machine is excited at the fixed
frequency of 300 Hz, corresponding to the constant angular
velocity of 20.5 rad/s. Once the voltage is set to zero, the rotor
starts to decelerate until it completely stops due to friction.
The extracted deceleration is used in conjunction with (4) to
calculate ii. Deceleration, by itself, is calculated as follows. The
measured position data 6(t) are fitted to an exponential function
(curve fit using MATLAB) in the form of # = ae® + ct 4 d
with a standard coefficient of determination of 0.9999, where
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a, b, ¢, and d are constants. This exponential function is the
solution to the differential equation of motion, assuming that
the angular acceleration is a linear function of angular velocity
plus a constant. The angular velocity and the acceleration are
then computed through numerical differentiation of 6(t). The
value of the computed velocity at the onset of turn off H(t =0)
is 20.5 rad/s which is identical to the measured steady-state
velocity before turn off. Fig. 15 shows the computed angular
acceleration which is used in conjunction with (4) and (5) to
extract the torque and the coefficient of friction. The extraction
of torque and coefficient of friction from the deceleration of the
rotor relies on the correct and repeatable measurement of the
acceleration (). Fig. 15 shows three separate measurements
when the excitation frequencies of stator are 200 and 300 Hz.
As shown in Fig. 15, the error between the three measurements
is about 10%. This implies that the torque and friction mea-
surements have a minimum error of 10%. These correction
factors are added in Table II. The torque also relies on the
accurate estimation of the normal force which is derived from
the simulation results.

Based on this analysis, the torque of the machine at V =
150 V is indirectly measured to —5.62 4= 0.5 4N - m. This value
is comparable with the FE simulation result of —6.75 uN - m
discussed earlier (gap = 10 pm). Similarly, the bearing coeffi-
cient of friction is calculated to be 0.0196 + 0.002. Based on the
torque measurement results, the maximum mechanical output
power of the motor is calculated to be 307 pW at 517 r/min.
Table II summarizes the geometric factors and the measurement
results, including the frictional torque and force for D2.

V. DISCUSSION

A number of observations have been made during the mi-
cromotor testing that reveal information about the microball
bearings as well as the inherent characteristics of the designed
VCM. The first series of experiments were performed without
SiC coating on the rotor; none of the two designs was opera-
tional. However, both designs were proven to operate reliably
after the deposition of SiC coating on the rotor. It is believed
that the hard SiC film reduces the frictional torque such that the
torque becomes sustainable by the machine.

Experiments were performed to verify the number of balls
needed for a reliable operation. It has been observed that for
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D1 and D2, about ten microballs result in a reliable operation,
whereas less than ten can cause a quick ball colocation (jam-
ming) and higher than 15 results in high friction that halts the
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Angular velocity versus excitation frequency for a micromotor with (a) 104 poles and (b) 92 poles shows a good agreement between the predicted and

operation. The number of balls used in the bearing affects the
effective contact area as well as the normal loading carried by
each ball. Low number of balls results in instability due to the
continuous bearing design. This limitation can be addressed in
the future by segmenting the bearing. A friction study that takes
ball loading, surface area, velocity, and number of used balls is
currently underway in our group on less complicated MEMS
structures.

The higher achieved velocity for the rotary VCM, compared
with the linear counterparts, is due to the nature of the rotary
motion (continuous momentum and motion) as well as the
improvements made in the design and fabrication of the mi-
cromotor, including the etch uniformity of microball housings
and the use of SiC film as a dry lubricant. One of the obstacles
in achieving higher velocities is the colocation of the balls
and the ball-to-ball collisions. This can cause a sudden spike
in friction, gap nonuniformity, and jamming. The higher the
angular velocity of the rotor, the faster the colocation of the
balls is observed. A higher angular velocity (>517 r/min),
however, would be achievable by using a closed-loop excitation
system. Using lubricant films, such as SiC and diamondlike
carbon, on both the stator and the rotor housings to further
reduce the friction and incorporating a retainer ring to eliminate
the ball-to-ball collision and the ball colocation will also help
achieve higher velocities. These issues will be addressed in the
future generation of these devices.

The test results presented here are all performed at +150-V
excitation which is the maximum achievable amplitude of
the high-voltage amplifier that we used. None of the designs
demonstrated a reliable performance when excited below this
value. This suggests that the power angle of this synchro-
nous motor is at the critical value when excited by £150 V;
therefore, the calculated torque extracted through friction mea-
surements truly represents the maximum sustainable torque
by the machine. In addition, the measured torque value of
—5.62£0.5 uN-m is in agreement with the FE simulation
result of —6.75 puN-m for a machine with a 10-um gap.
Due to the fabrication limitations and imperfections, the fab-
ricated micromotor has the gap of 10—13 um which explains
the difference between the predicted and measured torques.
The measured torque of -5.62 uN - m is substantially higher
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TABLE 1II
SUMMARY OF THE ELECTROMECHANICAL TORQUE OF THE MACHINE (DESIGN D2) AT 150 V, COEFFICIENT OF
FRICTION, FRICTIONAL TORQUE AT NO VOLTAGE, AND THE CONSTANTS USED IN THE CALCULATION

R;(mm) | R, (mm) Ry (mm) g (m/sz) Fy @ 150V (mN) a(rad/sz)
] 7 6 9.8 48 -46
2 Ty @ 150 V Trricion@ OV
I(kgm?) | M (kg) (uN-m) nﬁflo\?-m) Fryiciion@ OV (UN) Y7/
470x10° | 1.88x10* 5.62£0.5 0.22%0.02 36.0+3 Qs

compared with the torques reported for other micromotors
such as 12 pN - m for the conventional side-drive VCMs [10],
3.5 uN - m for the induction micromotors supported on gas-
lubricated bearings [11], [12], and 2.5 pN - m for the mag-
netic induction micromotors with tethered rotors [13]. This is
the direct result of a careful geometry design that includes
75 mm? of active area and small air gap of 10 um which
would not have been possible without the microball-bearing
technology.

The tested micromotor has a total radius of 7 mm which
makes the characterization less complex compared with the
smaller motors. It is possible to reduce the device footprint in
future designs. The torque is proportional to the active area and
scales down with the square of radius. The angular velocity is
proportional to the excitation frequency and inversely propor-
tional to the number of poles. Therefore, the scale-down does
not necessarily affect the velocity as long as the number of poles
is kept constant. When a smaller device is designed, the gap can
be reduced below the current size of 10 pm to compensate for
the torque. However, smaller gap sizes impose new fabrication
challenges.

The derived coefficient of friction of 0.0196 £ 0.002 is
comparable to the reported coefficient of 0.007-0.01 for the
silicon housings (v-grooves) etched using potassium hydrox-
ide [20], [23]. In all the experiments discussed here, ten mi-
croballs are used; therefore, the average load on each contact
point is about 20 mg. Different loading conditions, housing
geometry/material, number of housings, number of balls, and
test conditions (e.g., humidity) are all expected to affect the
coefficient of friction. Even though the device is not pack-
aged, experimental results performed at the room environ-
ment (outside the clean room) have proven the reliability of
the device operating for a number of hours at low speeds
(~17 r/min).

VI. CONCLUSION

The successful development of the first rotary micromotor
supported on the microball bearings is reported in this paper.
The micromotor is a six-phase variable-capacitance machine
with a bottom-drive design resulting in a large active area and
a large torque. One of the major challenges in the development
of electric micromachines in the past has been the robustness of
the rotor’s mechanical support which has been addressed in this
paper. The microball-bearing technology provides a uniform
and small air gap and a robust mechanical support for the
rotor. The results illustrate that coating the rotor with the SiC
film is crucial for the operation of the machine due to the

reduction of friction. A top angular velocity of 517 r/min is
measured corresponding to a linear tip velocity of 324 mm/s;
this is 44 times higher than the top velocity measured for
the linear device (7.2 mm/s). The electromechanical torque is
indirectly measured for the excitation voltage of 150 V to be
—5.62 £ 0.5 uN - m which is comparable with the simulation
result of —6.75 uN-m. The maximum output mechanical
power at £150 V and 517 r/min is calculated to be 307 pW.
The housing coating with SiC film is proven to be highly
effective in reducing the friction. The coefficient of friction
for the bearings is measured to be 0.02 + 0.002 which is
in good agreement with the previously reported values [20].
The rotary micromotor developed in this paper is a platform
technology for a number of power MEMS devices, including
a centrifugal micropump used in fuel-delivery and cooling
applications.
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