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Abstract—We present the design, fabrication, and testing
of a microscale positioning system. The system was designed
in the SUMMIT V process to produce in-plane, bidirectional,
micrometer-scale linear motion of a shuttle using a ratcheting
mechanism and multilayered chevron actuators. A single latching
system with oppositely faced ratchet teeth on either side of the
shuttle is used for achieving the bidirectional actuation. The device
has a smaller footprint and fewer electrical connections compared
to similar devices, without compromising performance. Moreover,
this device is capable of generating more force compared to pre-
vious devices. A LabVIEW-based optical characterization setup
was developed for automated testing of the device. The device
produced a maximum displacement of ~180 pm with a step size
of 9 pm. [2011-0151]

Index Terms—Bent-beam actuators, buckling, electro-thermal,
microelectromechanical systems (MEMS), micro-actuators,
micro-positioning, polysilicon, SUMMIT V.

I. INTRODUCTION

HE DEVELOPMENT of linear actuators has made possi-

ble microelectromechanical systems (MEMS) devices for
micro/nanopositioning, biological cell probing, and neural in-
terfaces [1], [2]. There are always tradeoffs between minimum
and maximum displacement, force, and degrees of freedom to
be considered while developing such systems. For instance,
fiber-optical switches typically require long travel ranges, as the
fiber diameter is typically 125 pum (required travel range is at
least 62.5 pm with enough force to move a silica fiber with
125 pm [3]. On the other hand, a biological cell probing system
requires more precise movement of the actuator with enough
force to pierce the cell. Overall, high resolution, relatively large
travel range and force are all necessary for micro-actuators to
be used for precise positioning.

A variety of MEMS actuators such as magnetic [4], elec-
trostatic [5]-[12], electrothermal [13]-[20], and piezoelectric
[8] have been used for producing motion at the micro- and
nanometer scales and have been fabricated using surface-
micromachined fabrication techniques. While surface micro-
machined electrostatic actuators, such as the parallel plate or the
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Fig. 1. Cross-sectional view of the SUMMIT V process layers. Thicknesses

in micrometers of each layer are given in the parenthesis [26].

interdigitated comb-drive style can exert an output force in the
tens of micro-Newtons and provide reasonable displacement
under resonance, they require a relatively high actuation volt-
age, and the static displacement under nonresonant conditions
can be much lower. Piezoelectric actuators are usually large and
require high actuation voltage. Furthermore, it is difficult to get
these actuators constructed by the micromachining processes
offered by commercial MEMS foundries. Thermal actuators
have proven to be a robust actuation method in surface micro-
machined MEMS processes. They generate a large output force
and a larger displacement up to 10.5 mN and 200 pm, respec-
tively, at comparatively low actuation voltages, which make
them an attractive alternative to more traditional electrostatic
actuation methods [21]. The electrothermal actuators use re-
sistive (Joule) heating to generate thermal expansion resulting
in movement. In spite of all these advantages, making use of
these actuators alone does not provide the entire solution, when
displacements in the range of hundreds of micrometers are
required. In addition, it is advantageous for the actuator to hold
position with minimum power requirements, i.e., Zero-power
latching. This reduces energy consumption while making them
robust against power interruptions. By combining thermal actu-
ators as part of the system along with a compliant mechanism,
more complex systems can be built, and the number of possible
applications in which they are used increases dramatically.
Kolesar er al. [22] demonstrated a MEMS micro-engine
using arrays of surface micromachined asymmetrical electro-
thermal micro-actuators. They obtained an in-plane movement
spanning 1-10 pum with 8 uN force from individual
micro-actuators. de Boer et al. [23] developed a surface
micromachined inchworm actuator that is capable of producing
bidirectional motion with a maximum displacement of
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Fig. 2.
ratcheting system.

4100 pum and £0.5 mN force. Shutov et al. [24] demonstrated
an electrostatic inchworm microsystem with adjustable step
size of 0.05 to 2 pum and operating voltage of around 120 V.
Toda et al. [25] produced a normally latched, large stroke inch-
worm microactuator with an actuation stroke of 600 pum with
the comb drives operating at around 200 V. Muthuswamy et al.
[1] developed positionable microelectrodes for monitoring
neuronal activities in rodent brains. This device used an elec-
trostatic rotational drive, coupled to a linear rack to achieve a
bidirectional motion of 2 mm with a step resolution in the order
of 1 um. Another design they have demonstrated incorporated
electrothermal bent beam actuators to obtain a bidirectional
motion of 2-3 mm with a step size of 8.8 um [1], [2].

In this work, we present the development and testing of
a microscale positioning system. The device allows in-plane,
bidirectional, linear motion of a shuttle in discrete steps of
~9 pum using a counter ratcheting mechanism and multi-
level chevron actuators built using the SUMMIT V fabrica-
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(a) 3-D model of the device consisting of two side arm actuators, drive actuator, and shuttle. (b) AutoCAD 3-D cut view of the device highlighting the

tion process. The design is intended to reduce the footprint
and number of electrical connections needed, compared to
similar devices [1]. Finite-element analysis (FEA) software
(ANSYS) was used to simulate the electrothermal actuators
with a coupled structural-thermal model. The fabricated system
was tested using a custom built optical characterization setup
controlled using National Instruments LabVIEW software. The
tests are performed to determine the functional parameters of
the device in both the forward and reverse directions and also
to determine if any skips or multiple ratcheting events occur
during operation.

II. DESIGN AND FABRICATION

The design and fabrication of the device were done using
the standard SUMMIT V (Sandia’s Ultra-planar Multilevel
MEMS Technology) process from Sandia National Laborato-
ries (Albuquerque, NM). Fig. 1 shows the cross-section view
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of the various structural and sacrificial layers available in the
SUMMIT V process along with their thickness in [micro-
meters]. The process consists of four mechanical layers of
polysilicon (Polyl—Poly4) above a thin, highly doped poly-
silicon layer (Poly0) which can be used for electrical
interconnect and as a ground plane. The structural layers
are separated by a total of four sacrificial oxide layers
(SacOxI1-SacOx4) [26].

Fig. 2(a) shows the 3-D view of the AutoCAD-based design.
The device is comprised of three important components namely,
the central shuttle, ratcheting system, and the side guides. The
central shuttle is the basic component of the device which is
64 pm x 1,018 pm. It is a free moving structure located be-
neath the drive actuator (DA) and between the two side chevron
actuators. It is composed of the Polyl/Poly2 laminate and the
Poly3 layer. The Poly3 and Poly2 layers are attached using
multiple SacOx3 cuts. There are oppositely facing serrated teeth
on either side of the shuttle which are used for its movement
in the forward and reverse directions, when meshed with the
ratchet pawls. The teeth have a pitch size of 9 pm, as shown
in Fig. 3, which defines the digital step size of the device. The
shuttle also has Polyl, Poly2, and Poly3 cuts of 2 ym x 2 ym
which act like etch release holes, so that the sacrificial material
below these layers is completely removed, and a free moving
structure is obtained. There are dimples beneath the Poly! layer
obtained using Dimplel cuts so that the contact area between
the shuttle and Poly0 layer is minimized, thus reducing stiction.
The ratcheting system shown in Fig. 2(b) is an important part
of the device since it incorporates all the mechanism for the
device operation. It consists of the top chevron actuator (DA),
ratcheting pawls, and the side chevron actuators. The DA is
an overhanging structure built at the Poly4 layer, which allows
it to move without any obstruction. It holds the ratchet pawls
on either sides of the shuttle, as shown in Fig. 3. A SacOx4
cut enables connection between the Poly4 layer and the Poly3
layer. Another SacOx3 cut is made to attach the Poly 3 layer to
the Poly2 layer. The DA is powered using a separate bond pad
and a common ground. It is designed to provide enough force
and displacement to slide the pawls on the teeth and move the
shuttle in both directions depending on the set of ratchet pawls
engaged onto the shuttle.

The ratchet pawls are compliant structures composed of the
Poly 1/Poly 2 laminate. There are two different types of ratchet
pawls used on either sides of the shuttle, one anchored to the
Poly 0 layer and the other attached to the Poly 4 DA [Fig. 4(c)].
The pawls attached to the DA are responsible for moving the
shuttle while the pawls which are anchored hold the shuttle in
place and prevent any unwanted movement of the shuttle. Also,
the pawls are mechanically coupled to the side arm actuators
using a pin type structure. A 2-D cross section of the ratchet
pawl is shown in Fig. 4(d). It has a rectangular slot in it, which
is made using a Poly2 cut which allows it to be free to move in
the direction of the DA when the pawl is engaged to the shuttle,
whereas the pawl can be retracted backwards to disengage from
the shuttle using the side arm actuators as the distance between
slot edge and the pin is kept to be 1 pm.

The side chevron actuators are constructed using the
Polyl/Poly2 laminate layer which allows for the thicker chevron
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Fig. 3. Three-dimensional model of the central shuttle with ratchet pawls,
showing opposite facing serrated teeth along with their dimensions.
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arms, thus increasing the aspect ratio and minimizing any out-
of-plane motion of the actuator. It has a special U-shaped struc-
ture connected to the middle arm which helps in engagement
and disengagement of the ratchet pawls. Two bridge-type struc-
tures on the Poly3 layer extend from the side chevrons to the
ratchet pawl, and the coupling between them is attained using
dimples at the Polyl layer. There is a similar system on the other
side of the shuttle for engaging and disengaging the pawls on
the other side. Both the side arm actuators have different bond
pads for electrical connection, but share a common ground. The
shuttle is held in place by four guides; two located at the front,
and two at the back, as shown in Fig. 5(a). The guide consists
of two anchors on both sides of the shuttle Poly0O—Poly3 layers
with the Poly4 layer connecting these anchors forming a bridge-
type structure. The function of the guides is to minimize any in-
plane nonlinear movement of the shuttle and also to minimize
any out-of-plane movement, thus making it more reliable and
producing linear motion. There is a notch made on the shuttle,
as shown in Fig. 5(c), such that initial spacing between the
shuttle and guide is 1 pm, but once it moves forward or
backward by one step, this spacing reduces to 0.25 pm. There
are four side stops, two in the front, and two at the back to
reduce any nonlinear motion of the DA. These stops help keep
the DA in position and prevent the DA from getting pulled
sideways by the side chevron actuator when engaging and
disengaging the pawls.

III. DEVICE OPERATION

The system is driven by a combination of electrothermal
chevron actuators and a ratcheting mechanism. A central shuttle
with oppositely facing ratchet teeth helps attain bidirectional
motion using two different sets of chevron actuators viz.:
1) Side chevron actuators, one on each side; and 2) Top chevron
actuator, coupled to a counter ratcheting system. The direction
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Fig. 4.
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(a) 3-D cut model of the device showing the two types of ratchet pawls and their coupling with the side chevron actuator. (b) 2-D cross-section view of

the anchored ratchet pawl. (c) 2-D cross-section view showing the second ratchet pawl attached to the drive actuator. (d) 2-D cross-section view of the ratchet

pawl coupled to the extended chevron arm.
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Fig. 5.

(a) 3-D model of the device showing the guides and side stops. (b) 2-D cross-section view showing guides on the side of the shuttle. (c) 3-D view showing

the notch on the shuttle to compensate for the 1 m gap due to minimum feature size of the process.

of motion of the shuttle depends on which side chevron actuator
is powered “ON,” thus engaging or disengaging the ratchet
pawls on respective sides. The serrated teeth on both sides of the
shuttle and the shapes of the ratcheting pawls are designed such
that the right side of the system allows shuttle motion in the
forward direction, whereas the left side allows reverse motion.

Fig. 6 illustrates the operation sequence of the system for
the forward motion of the shuttle. Event (a) shows the initial
position of the system at power down. In Event (b), the Left
Side chevron actuator is powered “ON,” which disengages both
the ratchet pawls on that side. The shuttle is free to move in
the forward direction. In Event (c), the DA is powered “ON”
which pulls back one of the ratchet pawl (attached to the Poly4
structure) on the right, while the second pawl (attached to the
substrate) still holds the shuttle, thus preventing any reverse
motion. Also, the shuttle teeth and the pawls are designed
such that the pawl slides out and ratchets to the next tooth. In
Event (d), when powering “OFF,” the DA returns to its original
position and takes the shuttle along with it, one step forward
due to engagement of the ratchet pawls on the right. In this
event, the fixed pawl, locking the movement of the shuttle,
slides out and ratchets onto the next tooth, thus ensuring that
at any particular event, one of the four pawls holds the shuttle
in place. In Event (e), the left side chevron actuator is powered
“OFF” if no further step motion is required. The whole sequence
of operation is for one step increment of the shuttle and needs
to be repeated for additional displacement.

Similarly, for reverse motion of the shuttle, all the sequences
are repeated except that the chevron actuator on the right side
is powered “ON,” which disengages the pawls on that side

and allows for reverse motion. This drive mechanism allows
for actuation of the shuttle in both directions with only three
relatively simple drive signals and a ground. The unit step
motion is determined by the stroke of the DA and the separation
of the ratchet teeth on the shuttle. This actuator is capable of
zero-power latching, that is, the shuttle maintains its position
when the power is turned “OFF.”

IV. MODELING AND ACTUATOR OPTIMIZATION

Electrothermal actuators are preferred in applications where
there is a need for larger force (> 10 uN) and greater dis-
placements (> 10 pum). These actuators have large energy
densities allowing them to be more compact in comparison to
other actuators. These devices have a significant disadvantage
of having low efficiency and hence cannot be used in low-
power applications. Keeping all these characteristics in mind,
design and optimization of actuators are essential. The three
most important things modeled were: the side arm actuators,
the ratchet pawls, and the DA.

The actuators are modeled for the dimensions listed in
Fig. 7 using FEA ANSYS which is capable of performing
nonlinear analysis. The polysilicon structure was modeled as
a 20-node brick element (226), with a Poisson’s ratio of
0.22 and a Young’s modulus of 1.69 x 10" N/m? (169 x 103
in uMKS). The electrothermal actuators work on the principle
of Joule heating, which leads to beam expansion, and, thus,
linear displacement is obtained. The purpose of this analysis is
to predict the maximum displacement attained by the actuator
as a function of voltage and temperature. This will also give an
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Fig. 7. Illustration showing dimensions for the bent beam actuators used in
the design.

idea if the actuators are working in the preferable elastic regime
to give the required displacement or entering the plasticity
regime wherein it is difficult to recover to the same zero-power
position. It is assumed that the substrate does not expand since
the input power is very low and hence was not considered in the
analysis. The anchors were constrained for temperature condi-
tions at room temperature (30 °C) which means the primary
heat loss from the beam is to the surrounding ambient and not
transferred to the anchors.

The side arm actuators are designed to engage/disengage
the ratchet pawls from the central shuttle. This Polyl/Poly2

(a) Events to move the shuttle one step in the forward direction. (b) Sequence of pulses given to the chevron actuators during forward motion.

APR

Fig. 8. FEA simulation showing displacement along X-axis showing maxi-
mum displacement of 9.6 pm.

laminate actuator needs displacement of at least 6 um and
to generate enough force to pull out the ratchet pawl and
completely disengage it from the shuttle. As shown in Table I,
the optimum parameters for this design were found out to be a
length of 200 pm, width of 3.5 pm, and thickness of 2.5 yum
at a bend angle of 2°. The ratchet pawls were modeled to be
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compliant enough to be pulled by the actuation of the side arm
actuator as well as to allow bending, while the tooth on the
shuttle slides over the pawl to engage the next tooth without
generating significant disorientation in the shuttle motion. FEA
modeling and design optimization were done by doing a contact
analysis. The upper end of the pawl was modeled as a contact
surface with the DA. The lower end of the pawl is attached
to the substrate constrained in the X, Y, and Z axes. The
load on the pawl is simulated by application of the voltage to
provide the required displacement of 9 ;zm to the DA. The Von
Mises stress for the pawl was observed for all the actuation
voltages and was found to be well below the fracture limits.
The length and width of the pawl were kept at 56 pym and
1.5 pm, respectively. The DA was designed to provide the
shuttle bidirectional movement. It needs to move the Poly4
structure so that the attached Poly2 ratchet pawls slides over
the current teeth engagement and engages the next tooth. The
size of a tooth is 9 um. Hence, the actuator should displace
by this distance and generating enough force to move attached
shuttle along with it. The maximum loading force is generated
by a bent-beam actuator at the apex fmax and could be cal-
culated using a formula derived by the complimentary energy
method [17]

_ 4sin?(B)AE
Ky = 2L cos 3 M)

fmax = dmax~Ky;
where A = Wt is the cross-sectional area of the beam, and (3’
is the bending angle. The formula is validated by comparing
the results of the FEA. It was found that the theoretical force
values calculated by (1) were almost the same as that given by
the FEA simulation results. For FEA analysis, the force was
calculated by summing the forces at a midpoint on the front face
of the middle arm. Using formula (1), 8 = 0.034’, L = 325 um,
A=225x35=79 um?, and E = 164.3 GPa+ 3.2 GPa
[27] for dpax of 10 pm, we found the force generated by one
arm to be 92 uN and for 30 arms, the force totals 2.76 mN £
50 pN. The result obtained is within 5% of the force values
obtained from the FEA simulations for the Drive Chevron
actuator.

From the FEA results, it is observed that the DA attains this
displacement at 630 °C which is below the temperature which
polysilicon undergoes permanent creep/significant plastic de-
formation (> 800 °C), whereas the side-arm actuator generates
the required displacement below (610 °C), the region where
in situ annealing can be a threat [28].

V. TESTING AND CHARACTERIZATION

Fig. 9 shows an SEM image of the fabricated device.
The device comes with a vapor self-assembled monolayer
[perfluorodecyltrichlorosilane (FDTS)] coating for reduction of
stiction. The overall design size is 1.2 mm by 0.5 mm. The chip
on which the device resides is packaged at Sandia National
Laboratories in a 48-pin dual in-line package. The large pin
count allows numerous devices, including the bidirectional
linear actuator to be readily controlled without the need for
probes.
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Fig. 9. SEM image of a bidirectional long travel linear actuator.
A. Measurements of Displacements and Electrical
Characteristics of Actuators

Characterization of the thermal actuators is essential to de-
termine their safe operating limits (maximum voltage/current).
The optical characterization apparatus consists of an Olympus
BX60 System microscope with multiple objectives and a CCD
camera to image the device under actuation. The CCD was
connected to a computer running LabVIEW through an IMAQ
interface. The actuation stimuli to the device under test were
provided through a commercial power supply (Keithley 2400).
The power supply interface was automated using a LabVIEW
virtual instrument (VI) running on the console. The connection
between the power supply and the computer was established
using a GPIB interface. Further details on the key features
involved in the test setup are provided in the subsequent
subsections.

1) Characterization of Side Actuator: The characterization
of the side actuator involved creating a LabVIEW VI that was
used to source the current at the given compliance voltage of
40 V in 1 mA increments from 0 to 90 mA. The VI also consists
of a frame grabber and a read routine. The frame grabber was
programmed to capture images and store them at specified
location on a local disk. The read routine logs the voltage
measured across the actuator (device under test—DUT) into an
Excel file which was later used to calculate the power consump-
tion. National Instruments Vision Builder Software was used to
process the images and then measure the displacement at each
1 mA increment. The images were captured with a 50X objec-
tive (0.50 NA). At 50X, a pixel error of +0.1 pm is determined
for the setup.

In all, five devices were tested. Each device has two sets
of side arm actuators allowing ten actuators total to be tested.
The graph shown in Fig. 10 displays the plot of calibrated
displacement with respect to applied current. It shows that for
a displacement of 5.5 pum, a current of 63 mA (average of
10 readings) is needed for complete disengagement of the
ratchet pawls. This actuator could be operated in the range of
63-70 mA (elastic regime). After 75 mA, the polysilicon starts
to develop permanent creep.
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TABLE 1
TABLE SHOWING DIMENSIONS FOR THE BENT-BEAM ACTUATORS USED IN THE DESIGN

Side Arm Actuator Drive Actuator

Length of the beams (L} 200 pum 325 um
Width of the beams (W) 3.5um 3.5um
Angle of the beams (B} 2°
Layer thickness (t} 2.5um 2.5um
Total number of beams 30
Function Engage/Disengage pawls Drives the shuttle
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Fig. 10. Plot of current versus displacement for the side arm actuator and drive
actuator.

2) Characterization of Drive Actuator: The drive chevron
was characterized over a series of steps which was automated
using a LabVIEW VI. First, both the side arm actuators are
powered so that the central shuttle is free to move. The DAs
are then actuated, and the position is captured using the frame
grabber. The read routine is employed to measure the voltage
across the actuator. After the data acquisition (DAQ), the DA
is powered down, and pawls are then released to engage the
shuttle again.

Based on the previous results, 63 mA was passed through
each side actuator so that the pawls disengaged. It was observed
that there is about 3 pm of initial displacement in the drive
chevron without actuation. The voltage across it was measured
using a multimeter and was found out to be 4.8 V. This
electrical crosstalk between the three actuators is attributed
to the common bond-pad connection which is used to sink
the currents (ground) for both the side actuators and DA. A
plot of displacement as a function of current shows that the
required 10 pm of displacement is achieved at 50 mA. Fig. 11
shows the plot of displacement versus power. The total power
while operating the device is the summation of power to both
actuators which is 1.05 W.

B. Device Characterization

After determining the optimum values for the operation of
individual actuators, we actuated this device by executing the

Fig. 11.
actuator.

Plot of power versus displacement for side arm actuator and drive

sequence of operations for both forward and reverse motion
of the shuttle through automated testing using a LabVIEW VI.
Two National Instrument’s DAQ Hardware (USB 6259) boards
were used to generate the pulses at a user-defined frequency and
duty cycle. Using the VI, these two boards were synchronized
to obtain a set number of pulses. DAQ pulses act as a drive
voltage to the gate of the FETs, which switches the dc input
voltage/current from the Keithley source meters (one for each
actuator). The output of the switch is then sent to the drive and
side actuators at their respective pins. The source meters were
set up in the constant-current source mode, and voltage drop is
measured across the terminals.

To initiate, the device was driven at a frequency of 1 Hz, and
the current-source parameters were kept the same as obtained
from the previous tests for optimal device operation (50 mA
current for drive and 63 mA for side actuators, respectively).
The duty cycles for the side arm actuators and DA were set
at 0.50 and 0.10, respectively. The short pulse for the DAs
limits the duration of the current going through the bent beam
actuators, potentially increasing the reliability of the device. By
shortening the “ON” time, we minimize deterioration and pre-
vent deformation of the electrothermal device and thus increase
the lifetime of the bent beam actuators in the elasticity regime.
The actuator will operate in the linear region for a longer time,
increasing the reliability of the device. The rise time for each
pulse at the FET output was found out to be 11 us. Fig. 12
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Fig. 12.  Oscilloscope screenshot displaying the gating and actuation pulses.

shows the oscilloscope screenshot of the gate signal and actua-
tion signals. The bump in Signal 3 (side arm actuator actuation
signal) is due to the crosstalk between the signals (mentioned
previously).

To determine the effect of the duty cycle over the bent-
beam actuator lifetime, we performed a test in which a chevron
actuator (shown in Fig. 13) was put through a series of actuation
cycles, but having different duty cycles (20%, 50%, and 80%).
The length of the arms for this device was 400 pm, width of
the beams was 2 pm, and beams were at an angle of 1°. The
chevron beams in this actuator were made in the Poly3 layer
which has a thickness of 2.25 pum and is the same thickness
as that of the Poly4 drive chevron in the bidirectional actuator.
A 10 mA current was sourced through the Keithley 2400
source meter, and the duty cycle was controlled using a similar
hardware discussed previously. To check the change in material
properties of the polysilicon, we monitored the resistance value
after every 1-10 cycles, 10-100 cycles in intervals of 10 100 to
1000 cycles in intervals of 100 1000 to 10000 cycles in inter-
vals of 1000 and 10 000 to 100 000 cycles in intervals of 10 000.
The signal characteristics were the same as the signal which
was used for the device actuation. Fig. 14 shows the normalized
resistance across the actuator after each actuation cycle. After
the first actuation, the value of the resistance drops by 1.35%
(average) with respect to the original resistance (Ry). The resis-
tance after the 100 000th cycle showed a 1.4% increase for the
20% duty cycle and 1.8% for the 50% duty cycle compared to
the resistance measured at the first actuation (R ). The actuator
under test for the 80% duty cycle melted after 60 000 cycles.
It was found that there was an increase in resistance of 3.5%
after 50 000 cycles with respect to R;. Hence, we conclude that
keeping the duty cycle low, i.e., by shortening the “ON” time for
a specified frequency, allows the lifetime of an actuator to be
extended. Shortening the “ON” times reduces the time period of
the heating cycle for the actuator, thus decreasing the annealing
time. The increase in resistivity and eventual breakdown shows
the degradation in actuator material in devices which were
operated 80% duty cycle as compared to that operated at 20%
duty cycle. Hence, the decrease in annealing time causes the

Fig. 13. Top-down view of the chevron actuator used for duty-cycle testing
displaying with the parameters shown in the top left.
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Fig. 14. Plot of normalized resistance v/s number of duty cycles for different
duty cycles.

increases in lifetime of the bent-beam actuators. Que ez al. [28]
have determined that the degradation in actuator materials is
caused by stress at high operation temperatures. Our results
correlate well with the results obtained by Que ef al.

Fig. 15 shows the captured microscope images (at 20X and
0.4NA) of the device for forward motion at intervals of 5, 10,
and 20 actuation events. There is a die defining boundary on
the sides of the chip that is constructed on the Poly2 layer
as shown in Fig. 15(d) which restricts off-chip motion of the
shuttle. Thus, the maximum number of actuation cycles that can
be given to the device for forward motion is currently 20.
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Fig. 16. Displacement of the shuttle for a step size in forward and reverse
directions.

C. Step Size Determination

A test was done to find the actual step size of the shuttle.
Images were captured after the device was powered for one
actuation cycle for both forward and reverse steps. Step size
determination was done for 50 actuations cycles in both forward
and reverse directions. Fig. 16 shows the plot of step size with
respect to the trial number. The mean values obtained for step
size is 8.5 pm = 0.5 pm reverse and 8.1 ym =+ 0.5 pum for
forward motion. The uncertainty in the step size measurement
is primarily due to minimum pixel resolution produced by
the optical system. Ideally, the step size should be the design
distance between two teeth which is 9 pm for this device as
shown in Fig. 3, but another variation in the measurement is due
to the free moving shuttle due to the 1 um clearance between
the pawl and the teeth of the shuttle on each side.

D. Forward and Reverse Steps

In this experiment, tests were carried out to determine the
number of steps moved for a given number of actuation cycles
and to investigate if there are any missed or extra ratchets.

Microscope images showing the operation of the device in the forward direction. (a) Initial Position. (b) After 5 actuation cycles. (c) After 10 actuation
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Fig. 17. Total number of steps taken by the device over 25 actuation cycles
for forward and reverse motion.

Five actuation cycles were given, and the total number of steps
moved by the shuttle was observed for both forward and reverse
motion. This was repeated five times for each device, producing
25 steps for each device. The frequency of the actuation pulses
was set at 1 Hz, and the duty cycles for the two actuation pulses
were 10% and 50% for the drive chevron and side chevrons,
respectively. Initial time delay between these two pulses was
set at 250 ms. Fig. 17 shows the plot of the number of steps a
device took for each 25 step run during its forward motion and
backward motion.

E. Frequency Versus Steps

The same experiment was carried out providing five actu-
ation pulses for different frequencies (1 Hz, 2 Hz, 4 Hz, and
8 Hz). Fig. 18 shows the behavior of the device at different
operating frequencies. This test was performed to determine
the effect of increasing actuation frequency on the shuttle and
determine whether multiple steps per actuation cycle were
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occurring. We observed multiple stepping of the ratchet pawl
at almost all the tested frequencies. This behavior was more
common in the forward motion whereas the skipping events
were more prominent for reverse motion. Skipping events occur
when the chevron is not able to generate enough force to
displace the shuttle by 9 um (step size). During the backward
motion, displacement is a resultant of force generated by the
actuation pulse, whereas forward motion is caused by the
energy release which was originally stored in the chevron during
its actuation. Some of the force generated in the Poly4 chevron
actuation is used in out-of-plane buckling. It reduces the in-
plane displacement of the actuators, and the drive chevron is
not able to achieve the step-size displacement required for one
step motion. This phenomenon causes the increase in skipping
events of the device. The out-of-plane buckling does not notice-
ably affect the forward direction, as the force generated due to
recoil of the chevron is the same as the total force generated
in actuation. In comparison to a loaded “torsional ratcheting
actuator,” where the multiple ratcheting events contribute to the
overall momentum of the system, the occurrence of multiple
steps in one actuation cycle may be the result of the momentum
of DA along with the central shuttle which is resting on dimple
structures on the Polyl level [29]. Due to process limitations,
we were not able to provide an overhanging strap structure
for the topmost chevron to restrict out-of-plane motion of the
actuator.

Maloney et al. observed that when the electrothermal devices
were run at frequencies higher than 100 Hz, the displacement
amplitude decreases by a factor of 10 for each decade in-
crease in frequency. This displacement drop was attributed to
the inability of the heating/cooling cycle for thermal actuator
to keep up with the actuation signal. Normally, our device
would not be required to run at such high frequencies, but
we would expect it to suffer from a similar degradation in
performance [30].

The testing of our device demonstrates the successful op-
eration of the bidirectional linear actuator. The displacement
of the individual chevron actuators was found to be in accord
with the model developed in the FEA tool. The overall power
consumption of the device was found out to be ~1 W. The
importance of using smaller “ON” times was also studied. The
mean step size for forward and reverse motions was obtained
as 8.4 pm and 8.5 pum, respectively, with an uncertainty of
0.5 um. The device was successfully tested at 1 Hz, 2 Hz, 4 Hz,
and 8 Hz. It was observed that skipping events increase for the
backward motion and the reason for this is attributed to out-
of-plane buckling of the drive chevron. The force generated by
the system in forward/ backward directions would be the same
as that generated by Poly4 Drive Chevron. Due to limitation
of the accurate means to calculate force experimentally, we
estimate the force generation analytically by (1) calculated by
Que et al. using complimentary energy method and is estimated
to be 2.9 mN.

VI. COMPARISON WITH OTHER DEVICES

Table II consists of dimensional and performance compari-
son of linear micro-actuators which are reported in the litera-
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Fig. 18. Number of steps taken by the device at 1 Hz, 2 Hz, 4 Hz, and 8 Hz for

all five devices on input of five actuation pulses in (a) forward and (b) backward
directions.

ture. The comparison mainly focuses on three parameters:
(i) actuator type, (ii) engine area, and (iii) force. In this compar-
ison, the engine area refers to the footprint of the parts forming
the actuator mechanism. In our design, the actuator engine
consists of the side actuators and the DA which translates
the actuation force provided, into the mechanical motion of
the shuttle. We exclude the area required by the shuttle as its
dimensions are subject to change depending on the application.
Fig. 19 shows the graphical comparison of the generated force
with respect to the actuator footprint area. Our work was
inspired by the Muthuswamy er al. design [1] and includes
modifications that allow greater force generation. The engine
area was kept roughly the same by stacking up the actuators
on different levels and using the same DA for both forward
and reverse motions. This utilization of the same actuator for
producing bidirectional motion reduces the number of bond
pads required for the design. Muthuswamy et al. mention that
they expect to achieve forces in the range of 100s of N which
could be increased by adding to the number of arms in the DAs.
The area in the plot shows the probable range of force generated
by their device. The thermal actuation mechanism provides an
edge over the electrostatic microactuation technology because



1308

JOURNAL OF MICROELECTROMECHANICAL SYSTEMS, VOL. 20, NO. 6, DECEMBER 2011

TABLE 1II
DIMENSIONAL AND PERFORMANCE COMPARISON FOR LINEAR MICRODEVICES IN LITERATURE. IN ACTUATOR-TYPE COLUMN,
PZ: PIEZO-ELECTRIC, ES: ELECTROSTATIC, AND ET: ELETROTHERMAL ACTUATORS

de Boer Muthuswamy
This Work
Actuator Type PZ/ES ES ET ES ES ES ET E} ET ET
Engine Area 205 6 0.9 0.71 0.9 0.48 0.75 32 a5 34
(mm°)
600-1100 2760 £50
Force (uN) 16000 110 50 260 450 - 138 festimated) 80 (Calculated)
Fotee/Arca 780.5 18.3 555  366.2 500 « 184 : 2222 8117.6
(N/m?)
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Fig. 19. Graphical comparison of the linear actuators in the literature.

of its low actuation voltages, smaller footprint, and robustness
and helps the proposed device operate over a wider range of
environmental conditions. In general, our device shows good
performance for this class of MEMS.

VII. CONCLUSION

The multilevel chevron actuator-based positioning system
positioning system was successfully designed and fabricated
using the SUMMIT V fabrication process. The device was
functional for both forward and reverse motion and was verified
by means of a custom-built optical characterization setup which
was automated using LabVIEW. The device is capable of
generating a force of ~3 mN and presently has a maximum dis-
placement of ~180 pm in both forward and reverse directions
with a step size of ~9 pum. The device is ~26% smaller and has
one fewer bondpad compared to a similar device [1]. The use of
a common grounding bondpad causes electrical crosstalk, but it
does not compromise the device performance. It is capable of
generating greater force because of 22 more arms in the DA
in comparison to previous design, and it also utilizes only one
actuator system for both forward and backward motions elimi-
nating the need of an extra actuation system making the design
more compact. This makes our design more amenable to using
multiple devices in an array. In this paper, we demonstrated
successful working of this thermal microactuator at various
frequencies. This device could enable precise positioning in
various applications such as biological cell probing and in vivo
neural DAQ.
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