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Abstract

This paper presents the design and testing results of an electrothermally
driven MEMS (microelectromechanical systems) actuator. Different from
conventional uni-directional U-beam thermal actuators, this in-plane
bi-directional electrothermal (IBET) actuator is capable of producing
displacements in two directions as a single device. It is important to note that
merely coupling two conventional uni-directional U-beam electrothermal
actuators is insufficient to achieve bi-directional motion, as the resistance
from the oppositely configured actuator severely limits net motion and leads
to poor performance. An optimized IBET design was obtained through
numerical simulation using finite element modeling. The devices were
fabricated using the standard polyMUMPs surface micromachining process.
Experimental results demonstrate that the IBET microactuators have a

displacement range of 12 um (6 um in either direction).

(Some figures in this article are in colour only in the electronic version)

Introduction

MEMS microactuators are important devices for producing
motion at the micro and nanometer scales. Among commonly
used actuation mechanisms (electrostatic, piezoelectric and
electrothermal), electrothermal microactuation features high
force output and the ease-to-implement using conventional
microfabrication processes [1]. Despite these advantages,
electrothermally driven devices are limited in response
time. Since the response of a thermal actuator relies
on heat-transfer rates, it unavoidably exhibits slower
operating characteristics than other types of microactuators.
Electrothermal microactuators typically can be driven at
frequencies up to 1 kHz [2]. In contrast, piezoelectric
microactuators are capable of operating on the order of
100 kHz [3] and electrostatic microactuators up to GHz [4].
Thus, electrothermal microactuators are usually employed in
high-force, low-frequency applications.

Electrothermal actuation relies on thermal expansion
caused by non-uniform Joule heating. In order to achieve
motion, device components must thermally expand to a
different extent, causing the device to warp or deform. Besides
the more recent development of V-beam -electrothermal

0960-1317/06/102067+04$30.00 © 2006 IOP Publishing Ltd Printed in the UK

microactuators [5] that will not be discussed in this paper,
the electrothermal microactuators used most often are of the
U-beam type [6]. These devices were first demonstrated by
Guckel in 1992 and since then have found a wide range of
applications in microsystem design [2, 7, 8]. As illustrated
schematically in figure 1(a), when a current is passed through
the anchors, the ‘hot’ arm is heated much more than the ‘cold’
arm due to a higher current density, resulting in more Joule
heating. The ‘hot’ arm expands and causes the device to bend
downwards. The key geometric parameters of such a U-beam
electrothermal actuator are the length of the flexure (the thinner
beam connecting the ‘cold’ arm to the anchor) and the length
of the ‘hot’ arm. If the flexure is made too short, the device
becomes stiff and thus, more difficult to deflect. Optimization
must be conducted to determine the optimal flexure length.
It is well understood that a longer ‘hot’ arm can produce a
larger deflection; however, this also produces a higher chance
of failure such as due to stiction in surface micromachined
actuators [10].

Conventional U-beam electrothermal microactuators are
only capable of producing deflections along a single direction.
Moulton [7] proposed that if a conventional U-beam actuator
were electrically connected in parallel instead of in series,
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Figure 1. Schematic diagram of a basic electrothermal actuator.

(a) Series wiring: applied voltage generates a high temperature in
the thin arm due to resistive Joule heating, which causes its length to
increase. This length change forces a net motion downward.

(b) Parallel wiring: applied voltage generates a high temperature in
the thick arm due to a higher current draw than the thinner arm
which results in a net upward motion.

upward bending motion can be achieved (figure 1(b)). In this
configuration, the thicker arm will draw more current than
the higher resistance thin arm, and hence will reach a higher
temperature due to Joule heating. As such, the thick arm is the
‘hot” arm, and the net deflection is upward. Unfortunately,
this still only represents one-directional motion as the parallel
arrangement does not allow for downward bending motion.
In theory, a device incorporating both parallel and series
wiring arrangements would be able to achieve bi-directional
motion. However, the practical limitation is the difficulty
of incorporating an electrical connection at the tip of the
actuator, thereby rendering a parallel wiring arrangement
difficult.

When multiple uni-directional U-beam microactuators are
used to achieve bi-directional in-plane motion, the devices
must be oriented such that they deflect opposite to one
another. Ultimately this actuation scheme results in poor
deflection performance. Because forward and reverse devices
are permanently attached at all times, any microactuators
not being used to produce motion represent a mechanical
resistance and resist deflection. = Numerical simulations
demonstrate that this resistance is extremely high and prevents
any significant motion from occurring. This paper reports
on the development of electrothermal microactuators with
bi-directional functionality as a single integrated device that
is less bulky and capable of producing a motion range
comparable to conventional U-beam actuators. An optimized
design of an in-plane bi-directional electrothermal (IBET)
microactuator is presented including design analysis and
experimental results obtained from surface microfabricated
devices. It needs to be noted that several out-of-
plane bi-directional electrothermal actuators were previously
demonstrated [9]. To the best knowledge of the authors, no
electrothermal microactuators as a single integrated device
have yet been demonstrated that are capable of producing in-
plane, bi-directional motion.
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Figure 2. Schematic diagram of an IBET actuator. The device
moves downwards when voltage is applied at A1, and both AC and
A2 are grounded. Upward motion results from applied voltage at A2
and ground at A1 and AC. Labels correspond to dimensions given in
table 2.
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Figure 3. Simulated displacement under an applied input power of
51 mW. (@) Upward bending motion. (b) Downward bending
motion.

Design of IBET microactuators

As shown in figure 2, the IBET microactuator is symmetrically
designed, allowing equal in-plane displacements along two
directions. In order to make the complete structure bend
downwards, Al is supplied with an input voltage or current,
while A2 and AC are grounded. In this configuration, the
top ‘hot” arm has a higher current density while the middle
common arm and the bottom ‘hot” arm have a lower current
density. Because of its lower resistivity, the majority of
electrical current travels through the common arm to the
anchors. Correspondingly, the bottom ‘hot’ arm exhibits a very
low current density which results in low Joule heating. Thus,
the device bends downwards. Similarly, due to symmetry,
when the connections for A1l and A2 are swapped, the device
bends upwards. The ‘hot’ arms are padded, or thickened,
in the middle portion to maximize the actuator’s deflection.
Figure 3 illustrates the IBET actuator’s motion along two
directions, as obtained from finite element simulation using
FEMLAB®.

The key factor that limits the performance of an
electrothermal microactuator is temperature. It was reported
that the temperature of a polysilicon device should be kept
under 1273 K (1000 °C) to avoid thermal failure and permanent
damage [11]. Thus, design optimization was conducted in this
study at an equal maximum allowable temperature that was
chosen to be 1000 K (~80% of polysilicon’s failure limit).
During finite element simulation, input power was adjusted
to maintain the equal maximum temperature throughout the
optimization process. Physical and material parameters used
in simulations are summarized in table 1.

In electrothermal actuator simulations, the thermal
boundary conditions must be properly treated. It has been
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Table 1. Physical/material parameters used in finite element
simulation [10, 12, 13].

Electrical resistivity of polysilicon 232 x 1073 Qcem™!

Young’s modulus 150 GPa
Poisson ratio 0.27

Thermal expansion coefficient 2.7 x 107°K™!
Thermal conductivity of polysilicon 50 W m~' K~!
Thermal conductivity of air 0.03Wm~!'K™!

shown that the radiation heat transfer for an electrothermal
actuator can be neglected due to its trivial effect on temperature
profiles [12]. Convective heat transfer was also considered
insignificant and was not included in device simulation. The
majority of the heat dissipated in an electrothermal actuator
is through heat conduction via the anchors and via air to the
substrate. Due to the small separation between the structure
and the substrate (e.g., 2 um) in surface micromachined
devices, heat conduction between the device and the substrate
is significant.

In order to make valid comparisons, the IBET
microactuators were designed with similar dimensions of
existing U-beam single ‘hot’-arm devices. The device length
(L in figure 2) was fixed at 240 um. Width of the ‘hot’ arm
(HT), flexure (FT) and air gap (AG) were set at 2 um. Other
important design parameters include the length of the flexure
(FL), width of the common arm (CT) and sizes of the ‘hot’-arm
padding (PD-PL-PT). Refer to figure 2 for a labeled illustration
of the device, indicating the location of each of the mentioned
abbreviated segments (L, CT, FL, etc).

The common-arm width (CT) is a critical parameter for
the IBET actuator because it contributes greatly to the overall
mechanical stiffness of the device: the width of the common
arm controls the separation distance between the two ‘hot’
arms and the overall width of the device. This width is the
dominant variable for beam stiffness. If CT is too large, the
device stiffness is high and the overall deflection is small.
In contrast, it is expected that by reducing the width of the
common arm the stiffness is lowered and deflection increases.
This is true, but with an important limitation. Joule heating
in the common arm becomes more significant as its width
is reduced. This has the effect of generating an undesirable
increase in the thermal expansion of the common arm, which
then actually reduces the deflection of the device. Given these
considerations, numerical optimization was undertaken to
evaluate the device dimensions that would produce a maximum
deflection. Optimal conditions were found to exist when the
common-arm width (CT) was set at 6 um and the flexure
length (FL) at 26 pm.

The effect of the location and size of the padding (PD-
PL-PT) on the ‘hot’ arms was also investigated. Analytical
studies of U-beam electrothermal actuators [12] show that the
temperature profile in the ‘hot’ arm resembles a parabolic
shape. This temperature profile is not optimal because only
a small region in the ‘hot’ arm exhibits a high temperature
while the rest of the ‘hot’ arm has a lower temperature. To
increase the deflection of an electrothermal actuator under a
maximum allowable temperature (1000 K or 750 °C), a padded
region was added to the ‘hot’ arm in this study. The padded
region locally increases the width and volume of the ‘hot’
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Figure 4. Temperature distribution in the IBET actuator hot arm for
the two cases with and without padding. Padding helps generate a
more uniform distribution profile which improves device
performance.
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Figure 5. Scanning electron micrograph of the IBET actuator.

Table 2. Dimensions of the IBET actuator (xm).

HT, FT, AG,L  2,2,2,240
FL,CT 26,6
PD, PL, PT 70, 115, 0.5

arm. Current density in the padded region is lower than that
in the unpadded regions, resulting in reduced Joule heating.
Effectively, this padded region flattens the temperature profile
(figure 4) creating a greater region of temperature close to the
maximum allowable value. Optimization of the padding size
under a maximum allowable temperature of 1000 K yielded
the final device dimensions summarized in table 2.

Experimental results

An SEM micrograph of an IBET device is shown in figure 5.
The IBET microactuators were fabricated using the standard
surface micromachining process (polyMUMPs) with a
structural layer 2.0 pum thick and 2.0 um above the substrate.
The relationship between deflection and input voltage for
the IBET microactuators was characterized. Wire-bonded
devices were connected to a power supply and deflections were
observed under an optical microscope at 100x magnification.
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Figure 6. Experimental data showing the magnitude of deflection of
the IBET actuator as a function of the input voltage. The solid line
represents numerical simulation results. Beyond 6 V, permanent
deformation occurred due to temperature rise above the working
limit of polysilicon.

Voltages were applied in 0.5 V increments, and images of
the resultant deflection were recorded via a CCD camera.
Experiments proceeded until permanent deformation of the
actuators occurred, as evidenced by failure of the device to
return to the zero point when no voltage was applied.

Figure 6 shows the deflection response of the IBET
device as a function of input voltage. For convenience, the
magnitude of deflection is represented in this figure, but it
should be noted that negative voltages produced deflection
opposite to that of positive voltage (i.e., bi-directional motion).
The IBET microactuators were found to have a maximum
deflection of approximately 6 um in either direction, providing
a total deflection range of 12 pum that is comparable
to existing surface microfabricated U-beam electrothermal
actuators [2, 7]. In agreement with finite element simulation,
experimental results reveal that the IBET device demonstrates
an exponential relationship between displacement and applied
voltage. A first reading of figure 6 suggests that the ability
of finite element simulation to predict experimental response
of IBET actuators deteriorates at higher voltages. In fact,
this is not quite true. The value of relative difference between
the numerical prediction and experimental result is found to be
consistent (~0.3) for the voltage range above 2.0 V. Numerical
prediction is actually worse at lower voltages, where a relative
difference as high as 1.47 is observed (occurring at —2.0 V).
A possible explanation for this high relative difference is a
hysteresis owing to contact between the beam and the device
substrate. This would explain why deflection is not observed
until a voltage of 1.5 V is applied (figure 6). Because this
phenomenon was not incorporated into the numerical model,
it is expected that predictions would differ most in the region
where hysteresis is a factor (i.e., at low voltages).
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Conclusions

This paper presented an electrothermally driven MEMS
actuator that is capable of producing in-plane deflections
along two directions as a single integrated device. An
optimal design was obtained through finite element simulation.
The devices were fabricated using the standard polyMUMPs
surface microfabrication process. In satisfactory agreement
with numerical simulation results, testing results demonstrated
that the IBET microactuators have a displacement range of
12 um (6 pum in either direction).
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