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ABSTRACT

We report on the use of ultrasonic pulses for
actuation of surface micromachined devices. The
pulses were generated by an attached piezoelec-
tric PZT plate making the method suitable for IC-
packaged structures. In this paper we investigate
the effect of different parameters on the actuation:
pulse width and amplitude, ambient pressure and
size of the micromachines. Applications for the
pulse actuation method include assembly and re-
lease of stuck micromachines.

INTRODUCTION

Various actuation methods have been inves-
tigated for surface micromachines: electrostatic,
thermal, magnetic, and piezoelectric. Magnetic
actuation has not gained popularity due to diffi-
culties in fabricating coils with planar processing.
Piezoelectric thin films are attractive because they
can generate large forces even at micron scale.
Unfortunately they require special processing that
can be costly and conflict with other processes
used in fabrication. Hence, electrostatic and ther-
mal actuation has proven to be the most popular of
these alternatives.

Our approach has been to use piezoelectric bulk
PZT (Lead Zirconate Titanate) plates mounted at
the back of a silicon die to actuate surface micro-
machines [1]. The PZT plate is of similar shape
and size as the die. The composite can be mounted
in a standard IC package. Bulk PZT plates have
previously been used to actuate bulk microma-
chined devices such as silicon based ultrasonic
surgical tools [2] and micromachined pumps [3].
Since the PZT plate is mounted after the de-
vice processing, the actuation method is suitable

for micromachines from any fabrication process.
Also, in the case of surface micromachines, no
die surface real estate is consumed by the actu-
ator. This can give a significant cost advantage
over electrostatic actuation where the actuator of-
ten consumes more surface real estate than the
parts actually being actuated.

The effect of ultrasonic pulses on surface mi-
cromachines is due to impact transfer from the
moving die surface. The pulses are used to actuate
surface micromachines such as hinged flaps and
beams. The effect of pulse width, amplitude and
pressure is identified. The pulse shape, duration,
and magnitude affect the mechanism of actuation.
The ambient pressure affects the drag forces on
the micromachines.

ACTUATION THEORY

The stress pulse is generated at the back of the
die using a PZT plate as shown in figure 1. As the
pulse is reflected at the surface of the die, momen-
tum is imparted on surface micromachines. This
momentum is upwards, perpendicular to the die
surface. However, side ways motion is also pos-
sible by generating pulses with spatial amplitude
difference.

Our previous work indicates that we can
generate surface particle velocities of order of
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Figure 1: Impact actuation of a micromachine.



0.1 m/s [1]. Although this is quite large the parts
will quickly slow down in atmospheric pressure
due to the drag forces, which is a function of the
Reynold’s number. The Reynold’s number is given
by [6]

R =

�L
c

�
v; (1)

where � is the density of air, Lc is the character-
istic length, � is viscosity and v is the velocity.
Since for micron sized devices this is below 1000,
we can use the theory of laminar flow to calculate
the drag force:

FDRAG = 1=2CD�Av
2; (2)

where CD is given by CD = 24=R and A is the
area. We are interested in flaps so the area is given
by A = L �W , where L is the length and W is the
width. Solving the Newton’s equation

m
dv

dt
= FDRAG + FGRAV + FFRIC (3)

we get the distance traveled by the particles to be

s =
mv0

12�L
; (4)

where v0 is the initial velocity. The gravity and
friction forces, FGRAV and FFRIC , have been ne-
glected for simplicity. The impact coupling be-
tween the micromachines and the surface is not
perfect and some energy is lost due to adhesion
forces. If we assume that the the micromachines
leave the surface at velocity that is 10% of the
peak surface velocity we and use width and length
of 100 �m, the plates will lift approximately 5 �m
from the surface of the die. Due to this drag force
most of the experiments were done in vacuum.

EXPERIMENTAL SETUP

To demonstrate the actuation of surface micro-
machines, test structures were fabricated using the
MCNC process. These structures were released
with hydrofluoric acid and dried using a critical
point dryer to prevent micromachines from stick-
ing to the substrate during the release. The re-
leased dies were then mounted on a PZT plate
using cyanoacrylate as shown in figure 2. Af-
ter mounting the sample was placed in a vac-
uum chamber and the PZT was pulsed with the

MOSFET circuit. The vacuum could be controlled
with the pressure range of 60 mTorr to 700 Torr.
The MOSFET circuit used with these experiments
could generate pulses with the amplitude of 50-
250 V and the rise and fall times of 25-30 ns.
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Figure 2: A die with surface micromachines
mounted on a PZT plate with MOSFET driving
circuit.

EXPERIMENTAL RESULTS

In order to study the impact actuation on sur-
face micromachines, the test structure shown in
figure 3 was actuated. All flaps were 100�m wide,
and the length was 78 � 528�m. In the experi-
ments, pulse width, amplitude and chamber pres-
sure were varied.

Effect of the Pulse Width

The pulse width was varied between 50 ns to
10 �s at a pulse amplitude of 100 V and pres-
sure of 80mTorr. Short, less than 600ns, pulses did
not fully actuate the flaps although the flaps jig-
gled on the surface of the die. As the pulse width
was increased to 800ns, the flaps started to bounce
shown in figure 4. After this threshold, increas-
ing the pulse width slightly enhanced the actuation
with longer flaps also being lifted off the surface.
However, increasing the pulse width beyond 2 �s
had little or no effect.

To understand this behavior, we simulated
the impulse response of the PZT-adhesive-silicon
structure using finite-element time-domain simu-
lation program [5]. The resulting surface displace-
ment is plotted in figure 5 as a function of time
for different excitation pulse widths. The displace-
ment amplitude initially increases with increasing
pulse width until it reaches maximum. After this
pulse width, the displacement amplitude does not



Figure 3: Micromachined flap test structure

Figure 4: Test structure being actuated

increase. The reason for this nonlinear behavior
is that the PZT and silicon are weakly coupled
with adhesive and it requires time for the energy
to transfer from PZT to silicon.

Effect of the Pulse Amplitude

The pulse voltage was varied between 50 to 250
volts with constant pressure and a pulse width of
80 mTorr and 800 ns. Longer flaps required larger
pulse voltages to flip over as indicated in figure 6.

Effect of Pressure

At room pressure the drag forces were too high
and the flaps were not lifted. As the pressure was
lowered, the flap motion increased. At pressure of
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Figure 5: Simulated surface displacement re-
sponce for different pulse widths.
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Figure 6: Size dependancy of the actuation

4-6 Torr the flaps could be fully raised. Lowering
pressure below this point had little effect. Also,
we did not observe significant difference on how
pressure affected flaps of different sizes.

The pressure threshold can be correlated to the
transition from viscous to molecular drag [9]. This
transition happens because in low pressures the
mean free path of gas molecules approaches the
physical dimensions of devices. The transition
pressure can be approximated using the theory of
laminar flow in pipes. For tubes with diameter D
the transition pressure in air is given by

P =

6:7� 10
�2Torr � cm
D

: (5)

Equating the diameter D to the flap width of
100�m gives pressure of 6.7Torr which is in
agreement with the observed threshold.



DISCUSSION

There are a number of interesting applications
for die level pulse actuation. Parallel assembly
of micromachines is perhaps most intriguing. Ef-
fort has been put into electrostatic and magnetic
self assembly of micromachines [7, 4]. However,
pulsed ultrasonic actuation is attractive because no
special processing or on die motors are required.
We can raise small flaps repeatedly to an upright
position as shown in figure 7. These flaps will stay
up even after the pulsing stops. Large, 500 �m,
flaps can also be lifted up, but currently this is not
controllable. However, it is possible to fabricate
locking structures that will latch the structures in
the desirable position.

Another possible application is to use the stress
pulses to release stuck micromachines. Due to
their large surface to volume ratio, the microma-
chines can become stuck if they become in con-
tact with the surface of the die or other microma-
chines [8].

FLAP: 45µm*45µm
Figure 7: Micromachined flaps being raised
by ultrasonic pulsing (fabricated using MCNC-
MUMPs).

CONCLUSIONS

We have shown pulse actuation of surface mi-
cromachined structures. The effect of pulse pa-
rameters, device size, and pressure were investi-
gated. It was shown that small flaps are easier
to actuate while larger flaps require higher pulse
voltages. There appears to be a threshold in pulse
width and pressure for the actuation. These thresh-
olds can be explained by resonant effects and tran-
sition from viscous to molecular drag respectively.

Since the pulse is applied from the back of the die
using a PZT-plate, the process is completely IC
compatible. Bulk assembly is therefore possible
without consuming any surface area.
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