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bstract

We report the dynamic characterization of a six-phase, bottom-drive, linear, variable-capacitance micromotor (B-LVCM) supported on microball
earings. The B-LVCM was fabricated and tested using a new test-bed. The motion of the micromotor was captured using low- and high-speed
ideo cameras, tracked using image processing software, and analyzed to obtain the instantaneous velocity (11 mm/s), acceleration (1.9 m/s2),
nd net force (0.19 mN) (all in amplitude) from the position data. The predicted (simulated) and measured net forces at different applied voltages

re in good agreement. The micromotor was then modeled as a mass–spring–dashpot system and the lumped parameters were extracted from
osition measurement. This characterization methodology provides an understanding of the dynamic behavior of both the variable-capacitance
icromachines and the microball bearings on which they are supported.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Micromotors are a subset of power microelectromechanical
ystems (MEMS) that convert electrical energy to mechanical
nergy. Micromotors can be used for developing microsurgery
nstruments [1,2], such as endoscopes [3], as well as develop-
ng micropumps and microvalves with numerous applications
from delivery of fuel and biological samples, to cooling and ana-
ytical instruments [4–7]). Micromotors can also be employed
n microassembly [8], micropropulsion, and microactuation
9,10].

Microball-bearing technology in silicon provides a reliable
nd robust support mechanism for the rotor of micromotors and
icrogenerators. Design and fabrication of the first-generation

evice, a three-phase, bottom-drive, linear, variable-capacitance

icromotor (B-LVCM) supported on microball bearings, was

emonstrated in our previous work [11]. The primary application
f the B-LVCM (shown in Fig. 1) is long-range, high-speed, lin-

∗ Corresponding author. Tel.: +1 3014058158; fax: +1 3013149281.
E-mail address: ghodssi@eng.umd.edu (R. Ghodssi).
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ar micropositioning. In addition, this device provides a platform
o develop a rotary micromotor and investigate the mechanical
roperties of roller bearings in microelectromechanical systems
MEMS). The detailed design and fabrication, as well as ini-
ial test results for a six-phase B-LVCM were recently reported
12,13]. The electrical isolation of the electrodes from the silicon
ubstrate in the first-generation device was achieved by the novel
abrication process Embedded BCB in Silicon (EBiS) to develop
lanarized isolated islands of low-k benzocyclobutene (BCB)
olymer in the substrate [14]. Electrical isolation of motor elec-
rodes and the substrate using a 30 �m thick low-k dielectric
educes the parasitic capacitances of the B-LVCM by more than
0% compared to a 10 �m thick (crack free) SiO2.

The development of the linear micromotor is based on sev-
ral studies of the motor core components. A vision-based in
itu non-contact experimental system was developed to study the
rictional behavior of the microballs in the microscale regime.
tatic and dynamic coefficient of friction (COF) of stainless steel

icroballs and the silicon grooves, fabricated by anisotropic sil-

con etching, were measured to be 0.01 and 0.007, respectively
15]. This is compared to 0.01–0.08 reported for silicon–silicon
tructures [16,17]. An infrared imaging was used to observe

mailto:ghodssi@eng.umd.edu
dx.doi.org/10.1016/j.sna.2006.08.019
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with identical electrode and pole width of 90 �m. The properties
of the microballs (Thomson Precision Ball Company) used in
this study are shown in Table 2.

Table 1
Micromotor geometry specifications (electrodes refer to the stator and poles
refer to the salient structures on the slider)

Parameter Value

Electrode/pole width (�m) 90/90
Electrode/pole spacing (�m) 30/90
Electrode/pole number 84/36
Air gap (�m) 26–34
ig. 1. Schematic 3D view of the bottom-drive, linear, variable-capacitance
icromotor [11].

through silicon) the dynamics of the stainless steel microballs
nd track their motion [18]. It was verified that the microballs
oll most of the time with occasional sliding and collisions. The
lgorithm for extracting the COF was later modified to reduce
he noise of position data; the measured frictional force demon-
trated a viscoelastic behavior [19]. The COF-velocity charac-
eristic was modeled as a Langevin Function which showed a
inear relation for a [−0.1, 0.1 m/s] velocity range.

The relative permittivity and breakdown voltage of BCB low-
polymer, used as an electrical insulator for reducing parasitic

osses of the micromachine, were measured and the effect of
umidity on these properties was studied [20]. The relative
ermittivity of BCB was measured to be 2.49 in dry environ-
ent and was only increased by 1.2% after a humidity stress

est of 85% RH at 85 ◦C. The study on the I–V characteris-
ics of BCB showed that humidity stress reduces the breakdown
trength by 2–3-fold and increases the maximum leakage cur-
ent by 10-fold. The integration of a BCB film with conventional

EMS fabrication technologies was also demonstrated. A fab-
ication process was developed for integration of a 1 �m thick
CB film and 200 �m deep anisotropically etched grooves in

ilicon with potassium hydroxide (KOH) [21,22]. The process
nvolved the adhesion improvement of BCB and metal layers.
n order to understand the mechanism of the adhesion improve-
ent, the interface of BCB and the metal layer was analyzed

sing secondary ion mass spectroscopy (SIMS) and Auger elec-
ron spectroscopy (AES) [22–24]. Adhesion properties of BCB
o chromium (Cr) and gold (Au) layers were correlated to the
nterface chemistry and diffusion of carbon (C) and silicon (Si)
t the polymer/metal interface.

This paper reports our latest results on the dynamic character-
zation of the linear variable-capacitance micromotor supported
n microball bearings. The design and fabrication of the second-
eneration B-LVCM are described in the Sections 2 and 3,
espectively. The test setup used for the characterization of the
evcie is introduced in Section 4. The dynamic characteriza-
ion of the six-phase micromotor, including the measurement

esults of position, instantaneous velocity, acceleration, and the
et force on the slider [25], are presented in Section 5. The device
s then modeled with a simple mass–dashpot–spring system.
he model parameters were extracted from the measurement
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ata. Test and modeling results are compared and discussed in
ection 6.

. Design

Fig. 1 shows a 3D exploded view of the linear micromo-
or supported on microball bearings. B-LVCM is comprised of
hree major components: stator, slider, and microballs. Two new
echnologies were implemented in the development of the lin-
ar micromachine: (1) microball bearing in silicon as a support
echanism and (2) BCB low-k polymer as an insulating layer

11,12].
Unlike the conventional variable-capacitance micromotors

VCMs) that were side-drive [26–30], this micromotor has a
ottom-drive design which increases the active area and force of
he motor. The microball-bearing design provides the mechani-
al support for maintaining a uniform air gap that was difficult to
aintain in conventional (side-drive or top-drive) VCMs with

enter-pin or flange designs. The center-pin design results in
riction, wear, fracture, stiction, and contamination-based fail-
re modes [31].

The fabrication process of the microball-bearing-supported
achine is less complex than gas-lubricated machines [32] and

he rotor operation is more reliable and stable. The microball-
earing technology results in stable, robust, and reliable mechan-
cal support that was not possible using other technologies.

The second core technology developed for the B-LVCM is
thick, low-k, isolating layer. The conventional dielectric film
f silicon dioxide (SiO2) with relative permittivity of k = 3.9
as replaced by a thick low-k BCB polymer with k = 2.65 in B-
VCM. This results in a reduction of parasitic capacitance and an
ncrease in efficiency of the motor. BCB also exhibits less resid-
al stress (∼28 MPa-tensile) than SiO2 and can be deposited up
o 26 �m thick in a single coating step; therefore, a microma-
hine with BCB film has less curvature and the air gap, one of the
ost critical design parameters, is more uniform. Considering

he large size of the micromotor, this is a significant advantage.
he geometry specifications of the tested B-LVCM are shown

n Table 1. The micromotor has an electrode-to-pole ratio of 6:4
icroball housing width (�m) 290
icroball housing length (mm) 3.9

tator length/width (mm) 14/10
lider length/width (mm) 12/10
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Table 2
Microball specifications

Property Value

Material 440C stainless steel
Material composition (%) Chromium: 16–18, Carbon: 0.95–1.20
Modulus of elasticity (GPa) 199
Yield strength (GPa) 1.89
Knoop hardness (kg/mm2) 660
Density (103 kg/m3) 7.6
Diameter (�m) 284.5
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Fig. 3. Optical micrograph (top view) of the six-phase stator comprises three
BCB layers, two metal layers, and four trenches for housing microballs.
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olerance (�m) 0.25
urface roughness (nm) 25.4

. Fabrication

The second-generation B-LVCM was fabricated with major
odifications to the process of the first-generation [13] device.
he fabrication process of the stator uses seven mask levels and

nvolves the deposition and patterning of three BCB layers, two
etal layers, and etching of microball housings in silicon. The

chematic cross section of the stator is shown in Fig. 2. The first
etal layer forms the interconnection level that connects every

ther sixth electrode of the six-phase micromachine whereas
he second metal layer forms the electrode level. The three BCB
ayers provide electrical isolation between metal layers as well
s isolation of metal layers from substrate and air.

First, a 3 �m thick photosensitive BCB (Cyclotene 4024-40
rom Dow Chemical, Midland, MI, USA) is spun, patterned,
nd partially cured (at 210 ◦C for 50 min). In the first-generation
evice [13], this step was comprised of a silicon etch step using
eep reactive ion etching (DRIE) and multiple photolithogra-
hy and chemical mechanical planarization (CMP) steps. For
implicity, those steps were replaced by a 3 �m thick BCB depo-
ition. A 20/250 nm thick Cr/Au metal layer (interconnection) is
hen sputtered and patterned using a positive photoresist (Shipley
813) and wet etching. The yield of the Cr/Au metallization pro-
ess was increased by replacing the original lift-off process in the
rst-generation device with an etch process. A dielectric layer
Cyclotene 4024-40) with a thickness of 3.2 �m is then spun,
atterned, and partially cured (at 210 ◦C for 50 min) to form an
nterlayer dielectric (ILD) with open vias for electrical connec-

ion between the two metal layers. The partial cure of the BCB
esults in 75% polymerization and a better adhesion to the metal
ayers [22]. The second metal layer (electrode) with 20/250 nm
hick Cr/Au layer is patterned using photolithography with an

ig. 2. Schematic cross section of the B-LVCM stator with three dielectric and
wo metal layers (dimensions are not to scale).
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ig. 4. Optical micrograph (top view) of the slider showing poles and microball
ousing etched into silicon substrate using DRIE.

mage reversal photoresist (AZ5214E), sputtering, and lift-off in
cetone. A 2.1 �m thick passivation layer (Cyclotene 4022-35)
s then spun, patterned, and fully cured (at 250 ◦C for 1 h). This is
ollowed by the patterning and etching of silicon (130 �m deep)
sing a 9 �m thick positive photoresist (AZ9245) and DRIE to
orm the microball housings.

The slider fabrication process is comprised of a lithography
tep and a DRIE step to etch microball housing and poles simul-
aneously. Figs. 3 and 4 show the fabricated stator and slider
f the six-phase micromotor, respectively. The assembly of the
icromotor requires the manual placement of the microballs in

he stator trenches using a pair of tweezers. The slider is then
ligned with the stator and positioned on top of the microballs.

. Test setup

A new test-bed for the characterization of the micromotor
as developed. Fig. 5 shows the block diagram of the test sta-
ion consist of a six-channel, high-voltage excitation system, a
igh-speed camera, and an image processing unit. Initially, the
otion of the motor was captured using a 30-frame-per-second

fps) camera. The speed of a standard 30-fps camera was found
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Fig. 5. Block diagram of the micromotor test station.

o be too low for capturing the transient response of the micro-
otor. Therefore, real-time measurement was performed using
low-noise, monochromatic, high-speed (635–1000 fps) video

amera with 1280 × 1024 pixels (MotionPro HS-3 from Red-
ake, Tucson, AZ, USA) and a long-distance, microscopic lens
ystem (Model KV from Infinity Photo-Optical, Boulder, CO,
SA). This real-time measurement method was preferred over

onventional stroboscopic dynamometry techniques previously
sed for side-drive micromotors [33] because of the greater dis-
lacement and temporal accuracy.

. Results

The micromotor is excited with six square-wave pulses. The
rst three phases are 120◦ out of phase. The remaining three
hases are the inverse of the first three. This excitation con-
guration with equal number of positive and negative applied
otentials prevents charge build-up on the slider. Figs. 6 and 7
how the displacement of the slider measured for excitation fre-
uencies (fe) of 10 and 20 Hz, respectively, at a capture rate of

0 fps. Since the range of motion in this design is limited to
.6 mm, the direction of motion is changed (forward and back-
ard) at a frequency of fd = 1.5 Hz. This is accomplished by

witching the sequence of the phases. The value of fd is chosen

ig. 6. Displacement of the slider when excited with 120 V, 10 Hz, six-phase,
quare pulses and measured using a 30-fps camera. The direction of the motion
lternates with fd = 1.5 Hz.
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ig. 7. Displacement of the slider when excited by 120 V, 20 Hz, six-phase,
quare pulses and measured using a 30-fps camera (fd = 1.5 Hz).

uch that the direction of the slider motion is changed before it
eaches the end of the microball housing. The saw-tooth profile,
bserved in Figs. 6 and 7, is a result of the change in the direction
f the motion.

The theoretical average velocity (Vavg) of the slider is given
y

avg = 2wfe (1)

here w is the width of an electrode or pole and fe is the fre-
uency of excitation voltage [13]. The average velocity can be
etermined from the slopes of the ramps in the two graphs
Figs. 6 and 7). Similar measurements were performed at 40
nd 80 Hz excitation frequencies. The results, summarized in
able 3, show a good agreement between predicted (from Eq.
1)) and measured values of Vavg for fe ≤ 60 Hz.

The transient response of the micromotor to 120 V square
ulses and excitation frequency of fe = 10 Hz was measured at
000 fps while the camera’s capture sequence was synchronized
o the excitation voltage. Fig. 8 shows the acceleration of the
lider from rest position to a quasi-steady-state in approximately
0 ms (first region). After this period the machine continues with
n average velocity of Vavg (second region), however, the instan-
aneous acceleration is not zero and the velocity changes around
he average.

Fig. 9 shows the oscillation of the slider position, X(t), in a

30 ms window captured at 635 fps (V = 120 V, fe = 10 Hz). This
s similar to Fig. 8, except that the lower capture rate was used to
acilitate faster image and data processing. Fig. 9 shows a time
indow that was arbitrary chosen from the operation phase of the

able 3
omparison of predicted and measured average velocity of the micromotor

xcitation
requency (Hz)

Predicted average
velocity (mm/s)

Measured average
velocity (mm/s)

0 1.80 1.94 ± 0.02
0 3.60 3.98 ± 0.02
0 7.20 7.37 ± 0.12
0 14.40 7.21–11.10
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Fig. 10. Local slider displacement, x(t) = X(t) − (Vavg × t), measured at 635 fps
shows damped sinusoidal transient response. The standard coefficient of deter-
mination (R2) was calculated to be 0.9876 (V = 120 V).
ig. 8. Startup of the micromotor from rest position captured with a 1000-fps
amera showing two regions of operation: (1) acceleration from rest position
nd (2) quasi-steady-state operation with an average velocity of Vavg and local
scillations.

achine. In order to study the transient response of the machine,
he linear component of the displacement signal, Vavg × t, was
ltered out from the graph in Fig. 9 and the remaining compo-
ent, x(t) = X(t) − (Vavg × t), which shows the local oscillation
f the displacement, was plotted in Fig. 10. A damped sinusoidal
ransient response of the slider motion can be seen in this fig-
re. The instantaneous velocity and acceleration were computed
rom the first and second derivatives of the fitted curve (red curve
n Fig. 10) and are shown in Figs. 11 and 12, respectively. The
verage velocity of 1.9 mm/s observed in Fig. 11 is similar to
he low-speed measurement results from a 30-fps camera. Fur-
hermore, Fig. 12 demonstrates the instantaneous net force on a
.1 g slider (plotted on the right axis). This net force is the dif-
erence between lossless electrostatic and frictional forces that
re discussed in the next section. Similarly, Fig. 13 shows the
cceleration and the net force measured with the applied voltage

f 150 V. As expected, the net force at 150 V is increased by a
atio of (150/120)2 = 1.56 from the force measured at 120 V. The
esults show an excellent agreement between the measured and
redicted values.

ig. 9. Position of the slider, X(t), in a 130 ms time window captured at 635 fps
hows an average speed of 1.9 mm/s at 10 Hz excitation, as well as a sinusoidal
scillation.

Fig. 11. Instantaneous velocity of the slider at V = 120 V with damped sinusoidal
form was computed from the curve fit to the position data (Fig. 10). The average
velocity is 1.9 mm/s.

Fig. 12. Measured instantaneous acceleration (left axis) and the net force (right
axis) of the 0.1 g slider with excitation voltage of V = 120 V were computed from
the velocity data shown in Fig. 11.
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Fig. 15. Numerical differentiation results of capacitance vs. slider displacement.
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ig. 13. Measured instantaneous acceleration (left axis) and the net force (right
xis) of the slider with excitation voltage of V = 150 V shows a 1.57-fold increase
n the net force compared to V = 120 V excitation.

. Modeling

The force measurement results, discussed earlier, can be com-
ared to the force of a lossless system obtained from finite
lement simulations. The aligning force of the slider can be
ritten as

Ph = 1

2
V 2

Ph
∂CPh

∂x
(2)

here FPh is the aligning force generated by each phase, VPh the
mplitude of the applied voltage, CPh the capacitance of each
hase, and x is the position of the slider [13]. Therefore, the
ligning force at a given voltage can be derived from the capac-
tance variations. These data were obtained from finite element
imulation using FEMLAB.

Fig. 14 shows the simulation results of the machine capaci-
ance with the electrode width and the air gap of 90 and 10 �m,
espectively. The capacitance of the first three phases, shown

n Fig. 14, can be numerically differentiated to obtain the total
ligning force of the six-phase micromotor. The remaining three
hases (not shown in Fig. 14) have identical capacitance profiles.
ig. 15 shows the numerical differentiation of the capacitance

ig. 14. Finite element simulation results of the B-LVCM capacitance vs. posi-
ion for the first three phases.
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ig. 16. Total aligning force of the six-phase micromotor at V = 120 V extracted
rom the simulation data.

f the first three phases versus slider displacement. Fig. 16 illus-
rates the extracted aligning force versus position (x) and its
verage value with a 120 V excitation calculated from Fig. 15
nd Eq. (2). This aligning force, which represents the total elec-
rostatic force (without considering any electrical or mechanical
osses), is comparable to (but slightly larger than) the net force
btained in our experiment.
The measurement results shown in Fig. 10 are used to model
he dynamics of the system and extract the model parameters
f the micromotor. The B-LVCM was modeled with a simple
ass–dashpot–spring system as shown in Fig. 17. Such a system

ig. 17. Simplified model of the micromotor represented by a mass–dashpot–
pring system.
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s described by the 2nd order differential equation:

d2x

dt2 + b
dx

dt
+ ksx = 0 (3)

here m is the mass of the slider, b a dashpot coefficient rep-
esenting the friction of microballs and silicon housing, and ks
epresents the (electrostatic) spring constant of the electrode-
ole variable capacitors. Eq. (3) describes the dynamic response
f the B-LVCM in absence of any external force. The under-
amped solution for such a system can be written as

(t) = A exp

(−b

2m
t

)
sin(ωdt + φ) (4)

here A and φ are constant values and

d =
√

ks

m
− b2

4m2 (5)

The values for b and ks can be extracted from the measure-
ent of the displacement decay (exp(−b/2m)t) and displacement

eriod Td = 2π/ωd shown in Fig. 10. The dashpot coefficient val-
es (b) were found to be 6.25 × 10−4 and 2.0 × 10−3 kg/s at
= 120 and 150 V, respectively. Furthermore, the (electrostatic)

pring constant values (ks), extracted from the period of dis-
lacement data, were found to be 4.3 and 30.4 N/m at V = 120
nd 150 V, respectively.

. Discussion

The results from the position measurement using a 30-fps
amera, summarized in Table 3, show a good agreement between
redicted and measured values of the average velocity for the
xcitation frequency of fe ≤ 60 Hz. However, the motor does not
ull into synchronization at 80 Hz or higher. This phenomenon
s not due to the limited range of the linear motion (3.6 mm)
or the change in the direction of motion. Fig. 8 shows that
-LVCM is capable of synchronizing in about 20 ms. There-

ore, the lack of synchronization at higher excitation frequencies
s due solely to the open-loop excitation of this synchronous

icromotor and is expected to be addressed with a closed-
oop excitation configuration which is out of the scope of this
aper.

The period of the oscillations in the transient response mea-
urements (Figs. 8–13) was found to be independent of the
requency of excitation voltage. It is believed that this period is
etermined mainly by the system characteristics such as slider
ass, friction, and electrostatic spring constant of a variable-

apacitance structure. The mass–dashpot–spring system pre-
ented earlier explains this behavior.

The mass of the slider was calculated from the volume of
he slider and density of silicon to be 0.1 g. The measured net
orce, shown in Figs. 12–13, is the result of the electrostatic
orce, produced by the micromachine, and the frictional force

etween microball bearings and the silicon housing. This force
Figs. 12–13) was verified to be proportional to the square of
oltage. It can be seen that the measured net force (Fig. 12) is
ess than the average aligning force obtained from simulation

a
p
v
t
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Fig. 16). The friction force is calculated from the difference
etween measured and simulated forces. The friction force is a
unction of the normal force on the slider and, therefore, changes
ith slider position. The coefficient of friction, which is defined

s the ratio of the frictional and normal forces, can be extracted
rovided that the position-depending normal force is calculated.
n analytical approach to evaluate the change in the normal force
ith the slider position will be pursued in future. However, an

lternative method for understanding the role of the friction was
resented in Section 6.

The presented mass–spring–dashpot model is a valuable tool
o understand the dynamics of the micromotor including elec-
rostatic and frictional behavior. The increase in the dashpot
oefficient (b) with increase in the excitation voltage is due
o the increase in the normal force. As mentioned earlier, b
s a coefficient which represents the frictional force on the
lider. This force is proportional to the normal force on the
lider and is increased with the increase in the applied volt-
ge. Another extracted parameter is the electrostatic spring
onstant (ks). For simplicity, ks was chosen to be indepen-
ent of the slider position (x). Furthermore, the spring con-
tant value, which increases with the increase in the applied
oltage, is also a function of device capacitance and slider
osition. The mass–dashpot–spring model was proven to be
simple and suitable tool for extracting device parameters.
on-linear effects, such as position dependency of the elec-

rostatic spring, velocity dependency of the friction force, and
he microscale tribological effects (adhesion and hysteresis)
ere considered to be negligible. The modeling results show

hat the micromotor is well represented with a second-order
inear system.

. Conclusion

The dynamic characterization of a six-phase, bottom-drive,
inear, variable-capacitance micromotor (B-LVCM) supported
n microball bearings was presented. A new generation of the
icromotor was fabricated and tested. The slider position of

he B-LVCM was measured using low- and high-speed video
ameras; the instantaneous and average velocity, acceleration,
nd net force were extracted from the position measurement.
onsidering the effect of frictional force in the operation of

he micromotor, the measured force (0.2 mN peak) is in good
greement with the simulated force (0.53 mN peak). The tran-
ient response of the micromotor to square-pulse excitation was
nalyzed.

The B-LVCM was modeled with a mass–spring–dashpot sys-
em; the dashpot coefficient and electrostatic spring constant
ere extracted from measurement results at two different actu-

tion voltages. The evaluation of these two values (b and ks),
or different micromotors with distinct electrical or mechanical
pplication. The characterization methodology presented in this
aper is applicable to a wide range of micromachines and pro-
ides useful information for design, control, and understanding
he dynamic behavior of micromachines.
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