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Abstract – This paper reports on performance and op-
timization of an ultrasonically driven surface microma-
chined motor. The rotor thickness and diameter are
2.5 µm and 1000µm respectively, and is actuated by
a piezoelectric PZT (lead-zirconate-titanate) plate with
segmented electrodes. The motor operates with sub-
three volt peak-to-peak excitation in atmospheric pres-
sure. Parametric excitation of a plate in conjuction with
mode splitting is observed on the stator hub resulting
in traveling modes with vibration amplitude of approx-
imately 1µm. The rotation direction can be controlled by
selectively exciting different electrodes on the PZT plate.
The piezoelectric plate is adhesively mounted to silicon
die after the surface micromachine fabrication making the
method suitable for actuating micromachines from any
surface micromachine process.

I. I NTRODUCTION

Macro scale ultrasonic motors have been used in applica-
tions like auto-focus cameras requiring small form [1].
Compared to the conventional electromagnetic motors,
ultrasonic motors have a large torque-to-speed ratio elim-
inating the need for gear reduction. They also have a
large hold-on torque without requiring energy consump-
tion. Ultrasonic actuation is based on frictional cou-
pling [1] or acoustic streaming [2] of vibrations from a
piezoelectrically actuated stator to a rotor. Since the ro-
tor/stator do not have to be conductive, a wider choice of
rotor/stator material is possible, as compared to the elec-
trostatic, magnetic, or thermally driven actuators.
There have been previous attempts in fabricating micro-
machined ultrasonic motors. Moroneyet al. reported on
ultrasonic actuation of polysilicon particles using flexu-
ral plate waves (FPWs) on silicon nitride membranes [3].
Flynn et al. also recognized the advantages of piezoelec-
tric materials for microrotor actuation [4]. The devices
by Flynnet al. consisted of a bulk micromachined nitride
membrane actuated by a sol-gel PZT (lead-zirconate-
titanate) thin film. The rotor was not integrated in the
fabrication process but was manually placed on the ni-
tride membrane. Also, special processing of piezoelectric
film can be costly and occasionally conflicts with clean-
liness requirements of an IC fabrication facility making
batch fabrication difficult.
At MEMS 2000 we presented initial results on the surface
micromachined motor driven by piezoelectric pulses [5].

However, the control of rotation direction originated from
packaging-related boundary conditions, which is unde-
sirable from system design perspective. In addition to
demonstrating rotation direction control with segmented
PZT electrodes, we present here new results on analyti-
cal modeling, torque measurements, nonlinear hub exci-
tation, and optimization of the PZT/Si laminate.

II. D EVICE FABRICATION

The rotor was fabricated using the SUMMiT-IV polysil-
icon surface micromachining process [6]. The rotor
thickness and diameter are 2.5µm and 1000µm re-
spectively making it to authors’ knowledge the small-
est ultrasonic motor. After release and critical point
drying a rectangular PZT4 (lead-zirconate-titanate) plate
(4 mm·4 mm·0.3 mm) was mounted on the back of the die
using cyanoacrylate adhesive (Figure1). The relatively
large PZT area as compared to rotor size was to facilitate
easy handling. The PZT plate electrodes were segmented
for rotation direction control and contact wires were sol-
dered on the corners of the PZT plate.

III. PZT/SI LAMINATE EXCITATION

The actuation is based on exciting traveling waves on
the hub. The hub resonances are excited by driving the
PZT/Si composite show in Figure2 at or near the hub
resonant frequency. Rotating modes couple momentum
to the rotor resulting in continuous motor rotation. The
hub acts as a micromotor stator. Both standing and rotat-
ing hub resonant modes are observed with phase-locked
interferometer imaging system when the composite is
driven in vacuum.
While quantitative modeling of the PZT/Si-laminate vi-
brations requires 3D FEM simulation, qualitative agree-
ment with measured impedance can be obtained with 1D

Figure 1. A photo of the rotor and PZT plate actuation
schematic. The PZT electrodes have four segments.
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model as shown in Figure3 showing the measured and
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Figure 2. PZT/Si laminate with hub and rotor
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Figure 3. Measured and simulated electrical impedance
for PZT/silicon laminate.
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Figure 4. Simulated silicon surface displacement and
velocity vs. PZT thickness.

Table 1.Material properties used for the simulations

cD
33[GPa] ρ[kg/m3] Q e[C/m2] ε/ε0

PZTa 159 7500 168 15.2 667.6
PZTb 159 7500 500 15.1 635
Gluea 10.7 1010 30
Glueb 10.2 1070
Sia 190 2300 200
Sib 190 2300
a Values used for simulations giving the best the least-square fit
b Published values [7, 8]

calculated PZT impedance. The material properties used
in simulation are given in Table1. Using the 1D model,
it is possible to optimize PZT thickness given silicon and
adhesive thickness. Figure4 shows the silicon surface
displacement and surface velocity versus PZT thickness
for fixed actuation voltage. Increasing PZT thickness also
increases the electrical impedance and thus reduces the
power consumption. Using these design guidelines, the
PZT thickness was increased from 380µm to 500µm re-
sulting in threshold actuation voltage over the PZT drop-
ping from 4.5 VPP to 2.4 VPP and power consumption
decreasing from approximately 15 mW to 3 mW in atmo-
spheric pressure. The power consumption can be reduced
further by decreasing the PZT area.

IV. H UB MODE EXCITATION

The PZT/Si-laminate vibrations can couple to the surface
micromachines via stress or inertial coupling. For stress
coupling, the substrate stresses couple to the surface mi-
cromachines through the surface micromachine anchor.
For inertial coupling, the moving substrate surface with
acceleration ¨u exerts forceF = mü on the surface micro-
machines with massm. The placement of the microstruc-
ture effects the coupling mechanism.

Mode splitting
If the substrate is excited near the hub resonance, the hub
can vibrate with vibration amplitude of several hundreds
of nanometers and the vibrations into nonlinear regime.
Moreover, in our experiments we observe rotating (trav-
eling) vibration modes with single source excitation. The
classical plate theory assumes that the disk is perfect and
the natural modes have no angular preference. For ideal
plate, there are two angular solutionsΘ1 = cos(nθ) and
Θ2 = sin(nθ). The solutions are degenerate having ex-
actly the same natural frequency. The ideal plate theory
cannot explain rotating modes for single frequency and
single source excitation.
In all practical plates there are alway some imperfections.
Zenneck [9] showed that these imperfections cause the
degenerate (Θ1 andΘ2) angular solutions to split in fre-
quency and obtain angular preference orthogonal to each
other. A typical anchored plate used in the experiments is
shown in Figure5. For fabrication purposes, it has etch
holes placed periodically to reduce the release etch time.
These etch holes cause the vibration modes to split. The
mode that has the nodes at etch holes, has higher effective
mass than the mode with holes and anti-nodes coinciding.
If both modes are excited, their sum in general is a com-
bination of standing and rotating waves. Since the modes
have almost the same natural frequency, both modes can
be excited with a single frequency source. Moreover,
the rotation direction of the combined mode can be con-
trolled by varying the excitation point and thus changing
the relative phases of the modes.
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Figure 5. A schematic of the anchored disk with two
preferred orientations for the R4,1-mode.

Hub vibration measurements
The hub displacement was measured with a laser Doppler
interferometer (Polytec PI). Figure6(a) shows the dis-
placement at 2 VPP excitation at 3.85 MHz in atmo-
spheric pressure. The excitation source impedance was
50 Ω and thus the actual voltage over PZT was lower
(∼1.3 VPP). The vibration amplitude is 1.3 nm at the
excitation frequency measured at a point approximately
100 µm inside the hub edge. The edge vibration ampli-
tude is approximately twice as large. Figure6(b) shows
the displacement for the same sample at 3 VPP. The vi-
bration amplitude is now two orders magnitude higher
(250 nm) and the vibration is split into two modes around
1.9 MHz. The substrate displacement was approximately
2 nm giving amplification factor of 125. The paramet-
ric excitation is believed to be due to non-linearities in
the large amplitude plate vibrations. The sum of the two
excited modes can result in mixed standing and rotating
mode, thus explaining the rotor rotation. The large vibra-
tion amplitude suggests that the hub rotor coupling is due
to direct contact between the hub and rotor. This is further
confirmed by vibration measurements at 4 VPP showing
clipping in vibration amplitude due to hub-rotor impacts
(Figure7). It is quite remarkable that micrometer vibra-
tions are obtained in atmospheric pressure where surface
micromachine vibrations are typically heavily damped.
Stator/rotor coupling
The large amplitude hub vibrations cause the rotor and
stator to be in direct contact at the edge of the stator where
the vibration amplitude is the largest. For a pure rotating
mode, the hub displacement is

w(r,θ, t) = ARn,m(r)cos(nθ−ωt), (1)

whereA is amplitude andRn,m(r) is the radial solution.
If there is no sliding between the rotor and the stator, the
rotor angular velocity is [10]

θ̇rotor =−Aω
nh

2r2
0

R(r0). (2)

The rotor is driven in the opposite direction than the
traveling wave. An estimate of the expected rotor ve-
locity is then obtained by substitutingAR(r0) = 1 µm,
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(a) Hub excitation at 2 VPP (no rotor rotation)
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(b) Hub excitation at 3 VPP

Figure 6. Laser Doppler interferometer measurements
of the hub at two different actuation voltages.
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Figure 7. Hub at 4 VPP drive showing clipping due to
rotor hub interaction. The rotor rotates continuously.

ω = 2π · 1.9 MHz h = 1 µm, andr0 = 500 µm giving
θ̇rotor ≈ 140/s or 1400 RPM. In practice, some sliding
occurs between the rotor and stator that lowers the rotor
velocity. In commercial bulk ultrasonic motors the ro-
tor and stator are compressed to increase the friction and
reduce sliding. Since the surface micromachined rotor
and stator are not precompressed, substantial sliding can
occur and the estimate from equation (2) should be con-
sidered a upper bound.

V. M OTOR PERFORMANCE

Torque measurements
Measuring torque for micromotors is a challenge as
the microgears cannot be directly interfaced with macro
world instruments and because the output torque can be
very small (often as small as∼ 10−8N·m). Here the
torque measurement was carried out with integrated ser-
pentine springs with spring constant of 0.7mN/µm shown
in Figure8. By measuring the spring displacement in vac-
uum static torque of approximately 1µN·m was obtained.
During the torque measurements the spring broke off af-
ter 15-60 s of stressing although it is not clear whether

543



Figure 8. SEM micrograph of one of the four serpentine
springs attached to the rotor for torque measurement.
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Figure 9. RPM vs. drive voltage in vacuum
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Figure 10. Segmented electrode array drive configura-
tions and resulting rotation direction. Solid boxes indi-
cate the PZT segments that are enabled.

this indicates high torque capability or if the breaking is
due to combination of torque and ultrasonic fatigue.
RPM measurements
Figure9 shows the rotation speed versus the drive voltage
in vacuum. The rotation speed increases approximately
linearly with the drive voltage. This is due to stronger
contact between rotor and stator that increases friction be-
tween them. The measured motor velocity is smaller than
estimated from the no-slip condition. Thus there is a ve-
locity mismatch between the rotor and the stator that can
result in frictional wear. In vacuum, the rotor stopped op-
erating after three hours and wear induced particles were
observed on the rotor near hub/rotor contact. In atmo-
spheric pressure operation wear was not observed and
the rotor was operated continuously for four days with-
out failure but the RPM was an order of magnitude lower
than in vacuum.
Rotation direction control
The rotation direction control is achieved by segmenting
the PZT electrodes as shown in Figure10. This depen-

dency on the actuation point on rotation direction is due
to phase difference between of the angular orientation of
vibration modes and the excitation point.

VI. CONCLUSIONS

A surface micromachined ultrasonic rotor driven by a
segmented PZT plate attached to the silicon substrate
is demonstrated. It operates with a single-phase drive,
which is different than the two or four phases needed for
traditional ultrasonic motors. The nonlinear excitation of
two neighboring modes leads to traveling waves that cou-
ple energy to the hub. The rotation direction is controlled
by selective excitation of the PZT electrodes. High static
torque capability (1µN·m) was measured with integrated
serpentine springs.
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