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Abstract: The design, characterization and control of a novel 2-DoF MEMS nanopositioner
is presented, with Z-shaped electrothermal actuators being used to position the device’s
central stage. Whereas the more commonly-used V-shaped electrothermal actuator only allows
displacements in one direction, the design of the Z-shaped beams used in the presented device
allows two actuators to be coupled back-to-back to achieve bidirectional motion along each
of the two axes. Testing of the device shows that stage displacements in excess of +5um are
achievable for both the z and y axes. The device features integrated displacement sensors based
on polysilicon electrothermal heaters, which are supplied with an electrical bias voltage that
results in Joule heating. The resistance of each heater varies depending on the position of
the central stage, with two heaters being used per axis in a differential configuration. The
displacement measurements are utilized as part of an implemented closed-loop control scheme
that uses both feedforward and feedback mechanisms based on the principle of internal model
control. Experimental testing shows that the use of the controller enhances the static and
dynamic performance of the system, with particular improvements being seen in the device’s

reference tracking, response time and cross-coupling rejection.

Keywords: MEMS, nanopositioning, electrothermal actuator, electrothermal sensor,

feedforward, feedback

1. INTRODUCTION

Nanopositioning systems have proven to be highly in-
valuable in many fields of micro and nanotechnology due
to their ability to provide high-precision motion with
nanometer resolution. A particularly important applica-
tion is the atomic force microscope (AFM) (Binnig and
Rohrer (1986)), which uses a nanopositioner to position a
sample while measurement’s of the sample’s topography
are made using a microcantilever with a sharp probe.
The need for precise mechanical positioning has also seen
nanopositioning systems used in novel probe-based data
storage systems (Pantazi et al. (2007); Lantz et al. (2007)).

There is a growing interest in the use of microelectrome-
chanical systems (MEMS) fabrication processes to cre-
ate miniaturized nanopositioners. These devices provide a
number of potential advantages over comparable macro-
scale versions including having a smaller footprint, in-
creased bandwidth, lower bulk fabrication costs and easier
mass fabrication (Bergna et al. (2005); Zhu et al. (2011Db)).
A MEMS nanopositioner has recently been demonstrated

* This work was supported by the Australian Research Council.

in a AFM application (Fowler et al. (2012)), where the
device was used to replace the existing scanning stage
of a commercial AFM. The nanopositioner’s stage was
fabricated with a series of integrated 3 pm diameter gold
features which were used to represent a scan sample, with
the AFM being successfully used to perform an open-loop
scan of the features in tapping mode.

This paper presents a novel 2-degree of freedom (DoF)
MEMS nanopositioner that uses electrothermal actuation
to position a central stage. Electrothermal actuators are a
commonly-used mechanism in MEMS devices, maintaining
a small footprint while providing high actuation forces
and being relatively straightforward to fabricate (Guan
and Zhu (2010); Chen and Culpepper (2012)). One of the
most common types of electrothermal actuator is the V-
shaped, or “chevron” type actuator, which has been used
in a range of MEMS applications (Chow and Lai (2009);
Waterfall et al. (2008)). This actuator utilizes the thermal
expansion of a series of bent beams to create a mechanical
displacement, with the motion taking place in the direction
towards which the beams are angled. The nanopositioner
presented in this paper uses a relatively new type of
electrothermal actuator that features Z-shaped beams, as
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Fig. 1. Simplified schematic diagram of one axis of the
nanopositioner.

demonstrated in Ouyang and Zhu (2012); Zhu et al. (2012).
While still using the principle of thermal expansion, a
significant advantage of this type of actuator is that
bidirectional motion is made possible by coupling two
actuators in a back-to-back configuration. This is not
possible to achieve with the V-shaped beam actuator due
to its mechanical stiffness in the reverse direction.

The nanopositioner also features integrated electrother-
mal displacement sensors that are used to measure the
displacement of the stage along each of the axes of the
device. The principle of electrothermal sensing has been
demonstrated in a range of MEMS devices (Pantazi et al.
(2004); Zhu et al. (2011a)), and is a compact solution
that allows for position measurements with sub-nanometer
resolution (Lantz et al. (2005)) These displacement mea-
surements are used to enable closed-loop control of the
system, reducing cross-coupling and improving the static
and dynamic performance of the device.

2. NANOPOSITIONER DESIGN

A simplified schematic diagram of the nanopositioner is
shown in Fig. 1la. Each axis uses two Z-shaped electrother-
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Fig. 2. SEM image of the fabricated nanopositioner.

mal actuators to provide bidirectional mechanical displace-
ment of the central stage, and features an electrothermal
sensor underneath the stage to act as an integrated dis-
placement sensing mechanism.

2.1 Actuation Principle

Each of the two electrothermal actuators consists of a
series of Z-shaped nickel beams and a polysilicon heater
located underneath the beams. When an electrical current
is passed through the heater, thermal energy is transferred
via a small air gap to the Z-shaped beams. The resulting
increase in the temperature of the beams results in thermal
expansion, which creates a mechanical displacement that
moves the central stage. A single actuator is used to
provide displacement in a single direction (i.e. a positive or
negative displacement), with the two actuators in each axis
being mechanically connected back-to-back to provide the
ability to achieve bidirectional displacements (as shown in
Fig. 1b).

2.2 Sensing Principle

The integrated displacement sensor for each axis consists
of a pair of polysilicon heaters positioned underneath the
edge of the central stage. A constant bias voltage is applied
to the heaters, with Joule heating causing the heaters to
reach a temperature of several hundred degrees Celsius.
This difference in temperature between the heaters and
the stage results in the conduction of heat towards the
stage via a small air gap (as shown in Fig. 1¢). Changes
in the position of the stage vary the overlapping area
between the stage and the heaters, which affects the rate
of heat conduction between the two bodies. This creates
small fluctuations in the temperature of each heater, and
due to the temperature-dependent resistivity of silicon,
this produces measurable changes in the resistance of each
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heater. These resistance variations are converted into a
detectable voltage which is amplified to produce a signal
that is representative of the displacement of the stage.
The two heaters per axis are employed in a differential
configuration, which improves factors such as the linearity
of the sensor output, and helps to reduce the influence
of undesirable factors such as ambient temperature and
sensor aging (Zhu et al. (2011b); Sebastian (2011)).

2.8 2-DoF' Layout and Fabrication

The nanopositioner has two mechanical degrees of free-
dom, with both the x and y axes being designed to be
mechanically identical. The device’s central stage is ap-
proximately 1 mm x 1 mm in size, with four electrothermal
actuators being used to create displacements along both
directions of each in-plane axis. Beam flexures located at
the corners of the stage are designed to guide the stage’s
mechanical motion and to minimize the cross-coupling
between the z and y axes during the operation of the
device. In order to ensure that the transfer of heat from
one actuator to another or to the stage is as small as pos-
sible, the flexures were designed with small cross-section
dimensions of 8 ym x 20 um (width X height).

The 2-DoF nanopositioner was fabricated using the com-
mercial MetalMUMPs process provided by MEMSCAP.
The main structures of the device including the stage,
actuator beams and flexures are made from 20 um-thick
electroplated nickel, while the electrothermal heaters for
the actuators and sensors are made from 0.7 gym-thick
polysilicon (Cowen et al. (2009)). The entire device oc-
cupies a die area of approximately 3mm x 3mm. A scan-
ning electron microscope (SEM) image of the fabricated
nanopositioner is shown in Fig. 2.

3. EXPERIMENTAL TESTING AND
CHARACTERIZATION

3.1 FElectrothermal Displacement Sensor Characterization

The relationship between the output of the nanoposi-
tioner’s displacement sensors and the stage displacement
was first characterized. A series of voltage steps of varying
amplitudes were applied to one of the device’s actuators
at a time, while the in-plane displacement of the stage

Analyzer (MSA). The voltage output of the sensing circuit
for each axis was simultaneously recorded.

The resulting relationship between stage displacement and
sensor output is shown in Fig. 3. As depicted in the figure,
linear functions can be fitted to the experimental data
to approximate the behavior of the sensors. It is evident
however that the gradients of the fitted linear functions
differ between the negative and positive displacements for
each axis. This is possibly due to non-ideal placement of
the two electrothermal heaters underneath the stage in the
fabricated device, leading to asymmetrical operation of the
sensors with respect to stage displacements in positive or
negative directions. This asymmetry can be compensated
for through the use of appropriate inverse gains that
enable the displacement of the stage to be determined from
measurements of the sensor outputs.

3.2 Electrothermal Actuator Characterization

Following the sensor calibration process described above,
the relationship between the stage displacement and the
actuation voltages applied to the nanopositioner’s elec-
trothermal actuators was obtained. A triangle wave U,
with a frequency of 0.05 Hz was first applied to the nanopo-
sitioner’s x axis actuators, while the y axis was supplied
with U, = 0V. Measurements of the stage displacement
were obtained via the integrated electrothermal displace-
ment sensors, providing both the input-output relationship
for the x axis as well as the mechanical cross-coupling be-
tween the axes. The actuating signals were then swapped
to obtain the corresponding data for the y axis.

The experimental results are displayed in Fig. 4. As shown,
the device is able to produce stage displacements in excess
of £5pum for both the z and y axes at the maximum
applied actuation voltage of 150 V. It is evident that there
is a nonlinear relationship between the actuation voltage
and the stage displacement, which is largely due to the
quadratic relationship between the power delivered to the
electrothermal actuators and the input voltage. Another
possible factor is related to nonlinear phenomena involving
the resistivity and thermal coefficients of the polysilicon
comprising the device’s actuators and sensors (Bazaei
et al. (2012)). There is also some cross-coupling present
between the z and y axes, which is most likely due to
thermal leakage from an active actuator to the beams of
the actuators in the other axes. As shown later in this
paper, feedback control can be used to compensate for
these nonlinearities and cross-coupling.
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3.8 Frequency Response

The dynamic characteristics of the fabricated nanoposi-
tioner were evaluated by performing a frequency response
analysis, with the results being shown in Fig. 5. These
results indicate that the bandwidth of both the x and y
axes is approximately 3 Hz.

4. FEEDFORWARD CONTROL AND MODELING

4.1 Feedforward Controller Design and System Linearization

Feedforward controllers were designed in order to create
a linear system by compensating for the static nonlineari-
ties of the nanopositioner’s electrothermal actuators. The
block diagram in Fig. 6 shows the feedforward controllers
for the z and y axes denoted by '’ and I‘;, with 2, and
yrs representing the inputs to the system.

The feedforward compensators were calculated by con-
structing the maps (z,U;) and (y,U,) from the experi-
mental data and deriving the feedforward controllers by

letting x,; = « and y,y = y. The resulting maps (z,f, Uy)
and (y,f,Uy) are shown in Fig. 7. In order to approximate
this mapping, a controller structure based on a hyperbolic
arcsine function is proposed. This is given by the following
generalized structure:

{ Uz (k) = T% (wrs (k)
Uy(k) =T, (yrs (k)
(i
{ Uz (k) = c1pxrp (k) + cop s%nhj(c?,zxmv(k) + C4z) (1)
Uy(k) = c1yyrs (k) + cay sinh™ (csyyr s (k) + cay)

where ¢ (j = z,y) is a coefficient for the affine term of
the structure and cpj, c3; and c4; are the coefficients for
the hyperbolic arcsine term. The affine term is introduced
in order to improve the accuracy of the compensating
controllers at the upper range of the inputs z,¢ and y, .
The hyperbolic arcsine model alone is very accurate for
low range inputs (within +1 pm), with reduced accuracy
outside this range being compensated for by the addition
of the affine term.

The identification of the coefficients of the controllers
was carried out with the following least-square based
optimization problem:

Nexp
i U™ (k) — Uy (k))*
oo ;;( data () — U, (k)
Noxp (2)
min S (U8 (k) - U, (k)2
k=1

(Cly 3C2y,C3y,C4y ) cRr4

where U, (k) and U, (k) are the outputs of the compen-
sators as defined in (1). These simulated compensator
models use the experimental displacement z,;(k) = z(k)
and y,r(k) = y(k) as inputs. Ud™™ and Ug™* are the
experimentally-measured actuator voltages and Neyp, is the
length of the experimental data. Following identification,
the coefficients are determined as follows:

Clg 16.4 Cly 13.77
o | [ 1465 | coy | | 1419 3)
ese | T | 1617 |0 cay | T | 1414
Cax 0.029 Cay 0.057

A comparison of the compensators’ simulated output and
the experimental data is shown in Fig. 7, with a close
match between the two being evident.

4.2 Ezperimental Linearization Results

The feedforward compensators were implemented accord-
ing to the block diagram in Fig. 6, with the linearity of the
compensated system then being experimentally tested. A
series of reference inputs z,y and y,s were applied to the
electrothermal actuators of the x and y axis respectively,
with the displacement of the stage being measured using
the MSA. The resulting experimental data is shown in
Fig. 8. As shown, the feedforward controllers are effective
in compensating for the actuators’ static nonlinearity, with
the plotted displacement relationships possessing slopes

close to 1% Tt is noted that there is still some cross-

lpm-*
coupling present between axes, however a proposed feed-

back controller will later be used to reduce this effect.
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4.8 Modeling the Linearized System

The compensated system, consisting of the fabricated 2-
DoF nanopositioner cascaded with the feedforward con-
trollers, was modeled to facilitate the implementation of a
closed-loop control system. The static characteristics of
the system are given by the data presented in Fig. 8,
while its dynamic characteristics can be identified from
an experimental step response or frequency response. It is
proposed that the mechanical cross-coupling between axes
are treated as disturbances. The following model is used
to represent the system:

x=kyDy(s)xrs +dy (1)

y = kyDy(s)yrs + dy
where k, and k, are the static gains of the system as
identified from Figs. 8a and 8d respectively, while d,
and d, are the cross-couplings v,y — z and x,.y — y
respectively. Note that these cross-couplings include both
a static component identifiable from Figs. 8b and 8c, and
a dynamic component identifiable from a step response or
harmonic analysis.

In order to identify the dynamics and static gains k, D, (s)
and k,D,(s), step reference inputs of 5 pum were applied
to the z and y axes of the system. An ARMAX paramet-

ric identification technique was then used via MATLAB
(Ljung (2008)) to obtain a model that matched the ex-
perimental data. The following second-order models were
found to provide the best fit with the experimental data
whilst avoiding an excessively high-order structure:

5.6 x 1073(s +5019)(s + 5.9)

ke Do(8) = =035 867 (s + 4.3) 5)
6.7 x 1073(s + 5022) (s + 15.5)

keyDy(s) = (s +49.9)(s + 10.5)

A comparison between the simulated step response of
the obtained model and the experimentally-obtained step
response is shown in Fig. 9. As shown, there is a good
correlation between the two results.

5. IMC FEEDBACK CONTROL

Having obtained a model of the linearized system, a feed-
back controller was designed in order to reject undesired
factors such as mechanical cross-coupling and external
disturbances, and to improve performance characteristics
including tracking accuracy and response time. Such use
of feedback control techniques for micro/nano-positioning
systems has been demonstrated in a number of recent
applications (Rakotondrabe et al. (2011); Lee et al. (2011);
Bashash and Jalili (2009); Yong et al. (2010)).

5.1 Control Principle

The designed feedback controller is based on the principle
of internal model control (IMC), with the controller con-
taining an approximate model of the system. Fig. 10a de-
picts a block-diagram representation of the system includ-
ing the fabricated MEMS nanopositioner, the feedforward
controllers T, and ]."iy, and the IMC feedback scheme. In
this representation, x, and y, are defined as the reference
inputs for the closed-loop system.

The IMC feedback control system consists of the approx-

imate plant models G, (s) and G, (s), and the controllers
Cz(s) and Cy(s). The approximate models take the form:

{ Gy(s) = ky Dy (5) ©)

As described in the previous section, the linearized plant
has the following structure:

z=Gy(s)xrs +dy (7)
y = Gy(s)yrs +dy

where G(s) and G, (s) represent the actual plant, and
d, and dy represent the mechanical cross-couplings, which
are treated as disturbances. The model described in (6)
differ from the real plants G;(s) and Gy(s) only by the
uncertainties in k; Dy (s) and k,D,(s) respectively, which
are compensated for by the IMC feedback controller.
Fig. 10b shows the equivalent system block diagram when
using the plant equation in (7). From these results, the
following equation is derived:
G.C, (1-G.Ch)

x = —x, + —d, (8)
(1+ C(Gy — Gy)) (1+Cu(Gy — Gy))

which describes the relationship between the reference
input x,., the output to be controlled x and the disturbance
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d,, which is assumed to consist of the mechanical cross-
coupling and other external perturbations. In the following
section the design of the z-axis controller Cy(s) will be
described based on this equation, with an identical process
being assumed for the design of the y-axis controller.

5.2 Controller Design

Assume that the feedback controller is first chosen such

that C,(s) = ﬁ(s), which is then introduced into (8).
Simplification of this expression yields:

x=1-2,4+0-d, (9)
which indicates that reference tracking is obtained (xz =
zr) and that disturbances are rejected (x = 0 - dy)

for any reference input x,, any disturbance d, and any

approximate model Gx(s) The controller is then modified
by adding a filter F,(s) such that:

(10)

First consider the case Whe{e a perfect model of the plant
is obtained, i.e. Gz(s) = G.(s). Introducing this model
into (10), and then into (8) yields:

x=Fp(s)x, + (1 — Fp(s))d, (11)

According to (11), the filter F(s) should be chosen as a
z(s)

Tr(s)

reference model for the closed-loop transfer function

For example, if the closed-loop response is desired that
contains no overshoot and has a response time < t,., a
first-order reference model with time constant 7, = 3t
can be used, and the filter becomes:

1
Fals) = 1+ 7s

(12)

NowAconsider that an imperfect plant model is obtained,
i.e. G4(8) # G.(s). Substituting this into (8) yields:

& (1-F)

T = el T, + el dy
By introducing the proposed filter (12) into (13) and
letting s = 0 (i.e. t = 00), the same result from (9) is
obtained, implying that reference tracking and disturbance
rejection is maintained in the new closed-loop system.
However, the transient response of the system is dependent
on the uncertainties between the approximate plant model

G(s) and the real plant model G5(s).

(13)

For experimental testing, the filters Fj(s) and F,(s) for
the controllers C(s) and Cy(s) respectively were chosen
such that the closed-loop system has a response time of
tzr = tyr = 200ms. Using (10), (12), (6) and (5) the
controllers are derived as:
(s + 38.86)(s +4.3)
Cy(s) = X — 03
6 x1073(s +5019)(s + 5.9)(1 + %°)
(s+49.9)(s + 10.5)

T 6.7 x 1073(s + 5022) (s + 15.5)(1 + %s)( )
14

Cy(s)

5.8 Experimental Testing of the Closed-Loop System

The feedforward controllers T, and I‘; and the IMC feed-
back system were implemented to control the fabricated
MEMS nanopositioner. A PC running MATLAB/Simulink
was used to implement the controllers with a refresh time
of 1ms, while a dSpace acquisition board was used to
interface with the MEMS device (Fig. 11). An amplifier
was used to drive the nanopositioner’s actuators, while the
measurements of xz- and y-axis stage displacement were
carried out using the integrated electrothermal sensors.

The step response of the closed-loop system was analyzed,
with Figs. 12a and 12b showing the responses when a
series of step references x, and y, are applied. It can
be concluded from these plots that the outputs z and
y are able to closely track these references, with the
cross-coupling between axes successfully being rejected.
Figs. 12c and 12d show a zoomed view of the z- and
y-axis responses respectively to a step reference z, =
4 pm. It is observed that the the z-axis output has zero
static error with a response time of around 100 ms, which
is a significant improvement on the open-loop response
(approximately 200ms). In addition, the time taken to
reject the cross-coupling from z, to y is approximately
400 ms, with the static error due to this disturbance
approaching zero as t — oo, as predicted. Figs. 12e and 12f
show zoomed views of of the responses x and y respectively
to to a reference y,. = 4pum. The y output also shows
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zero static error, and the response time of around 120 ms
is again an improvement on the open-loop performance.
Rejection of the cross-coupling from g, to x is observed,
with the response time of this disturbance rejection being
approximately 410 ms.

A circular spatial reference was then applied to the system
to test its ability to track a more complex reference in 2D
space. This circular reference was generated by applying
the following parametric functions to z, and y,:

{ 2, (t) = R cos(27 fyt)
yr(t) = R sin(27 f,.1)

where R (pum) is the radius of the circle and f, (Hz) is
the frequency of rotation. Fig. 13 shows the experimental
result, using a circular reference with radius R = 4 um
and a frequency of 0.5Hz. As shown in the figure, the
nanopositioner is able to closely track the reference, with
further testing showing that similarly good tracking is
achieved for frequencies lower than 5 Hz.

(15)

6. CONCLUSION

This paper has described the characterization, modeling
and control of a fabricated 2-DoF MEMS nanopositioner
with integrated electrothermal actuators and sensors. The
device’s actuators, which are based on Z-shaped beams,
are used to position a central stage via bidirectional mo-
tions along two in-plane axes. Experimental characteriza-
tion shows that stage displacements in excess of £5pum
are achievable along both the z and y axes, and that the
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Fig. 12. Experimental step responses. (a) and (b): re-
sponses of the x and y axis respectively to a series
of step references. (c) and (d): responses of z and y
respectively to a step x,. (¢) and (f): responses of z
and y respectively to a step vy,

device has a response time of less than 300ms. A feed-
forward control scheme was to linearize the system, while
the device’s integrated displacement sensors were used to
facilitate the implementation of a closed-loop controller.
The feedback controller is based on the IMC principle, and
is demonstrated to reject the mechanical cross-coupling be-
tween the axes of the device while improving the system’s
reference tracking ability and response time. These results
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Fig. 13. System response to a circular reference input.

highlight the suitability of the fabricated MEMS system
for nanopositioning applications.
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