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Design, Identification, and Control of a
Flexure-Based XY Stage for Fast Nanoscale
Positioning

Yuen Kuan Yong, Sumeet S. Aphale, and S. O. Reza Moheimani, Senior Member, IEEE

Abstract—The design, identification, and control of a novel,
flexure-based, piezoelectric stack-actuated XY nanopositioning
stage are presented in this paper. The main goal of the design
is to combine the ability to scan over a relatively large range (25 x
25 pm) with high scanning speed. Consequently, the stage is de-
signed to have its first dominant mode at 2.7 kHz. Cross-coupling
between the two axes is kept to —35 dB, low enough to utilize single-
input-single-output control strategies for tracking. Finite-element
analysis (FEA) is used during the design process to analyze the me-
chanical resonance frequencies, travel range, and cross-coupling
between the X - and Y -axes of the stage. Nonlinearities such as
hysteresis are present in such stages. These effects, which exist due
to the use of piezoelectric stacks for actuation, are minimized using
charge actuation. The integral resonant control method is applied
in conjunction with feedforward inversion technique to achieve
high-speed and accurate scanning performances, up to 400 Hz.

Index Terms—Feedforward inversion, integral resonant control
(IRC), mechanical design, nanopositioning stage.

I. INTRODUCTION

LEXURE-BASED, piezoelectric stack-actuated nanoposi-
F tioning stages have emerged as an important technological
advancement in hi-tech applications, including scanning probe
microscopy, lithography, nanometrology, beam steering for opti-
cal communication systems, fabrication, and assembly of nanos-
tructures [1]-[9]. These nanopositioning stages typically have
high positioning accuracy and high traveling speeds of several
hundred hertz. Although piezoelectric tube scanners are widely
used in scanning probe microscopy applications [10], [11], they
are slowly overtaken by piezoelectric stack-actuated stages, due
to their larger range of motion, greater mechanical bandwidth,
and lower cross-coupling between the axes. Despite this, piezo-
electric tube scanners are expected to remain a widely used
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means of actuation in nanoscale positioning systems due to
their low cost.

The demand for high-bandwidth nanopositioning stages is
increasing, especially in the field of cell biology [1], [12]. Many
approaches have been investigated to increase the bandwidth of
nanopositioning stages, particularly by improving the mechan-
ical design [13] and implementing various control algorithms
on the systems [2], [14]. To improve the bandwidth mechan-
ically, it is common practice to make the stage compact and
rigid in order to achieve a high first resonance frequency for
each axis [13]. However, the reduction in size results in a re-
duction in the travel range of the stage. An example of this is
reported in [15], where the stage has a relatively small travel
range of approximately 10 pm along the X- and Y -axes, but a
high first resonant mode of about 20 kHz for both axes. There is
no mechanical amplification lever used in this particular design
to magnify the displacement of piezoelectric stack actuators. In
order to achieve a high resonance frequency with 10-pm travel
range, multiple piezoelectric stack actuators are arranged in se-
ries and in direct-drive mode to displace the stage. Most of the
commercially available stages have a large travel range (up to
100 pm), but a low first resonance frequency (typically less
than 400 Hz) and vice versa [16]. In this paper, we report the
design of a stage that has a relatively large travel range (25 pm)
and a high resonance frequency (2.7 kHz). Cross-coupling be-
tween the two axes is the major source of error in scanning
applications. Subsequently, our stage is designed to have a low
cross-coupling (—35 dB).

The tracking performance of these nanopositioning stages
is severely limited by the hysteresis in the piezoelectric stack
actuators as well as the lightly damped resonant mechanical
modes. Charge actuation has been documented to provide a
significant reduction in hysteresis errors [17]. A custom-built
charge source capable of driving large capacitive loads such as
piezoelectric stack actuators is employed in this paper. Accurate
tracking is achievable using inversion-based feedforward con-
trol [18]. The lightly damped first mechanical resonant mode of
the stage makes accurate inversion quite difficult. To improve
tracking using the inversion-based feedforward technique, this
resonant mode needs to be damped using a suitable feedback
controller [19].

Passive damping techniques such as shunts have been effec-
tive but may need constant tuning. The shunt damping shows
a drastic performance degradation if the resonance changes;
therefore, more evolved adaptive shunts are needed to handle
system uncertainties [20], [21]. Various feedback controllers
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that impart substantial damping to the system have been formu-
lated and documented over the years [22]-[24]. Resonant con-
trol [25] and PPF control [26] are known to provide substantial
damping to highly resonant systems. A straightforward control
design approach is that of a polynomial-based controller [27].
This controller imparts substantial damping to the system, is
easy to construct for second-order systems, and is robust un-
der resonance frequency variations [28], [29]. Combining such
damping controllers that are insensitive to variations in reso-
nance frequencies with an integral controller has been reported
earlier [30]. Integral resonant control (IRC) has been proposed
recently to damp collocated systems [31]. It is a simple yet well-
performing technique that adds substantial damping to resonant
modes of the system without exciting the high-frequency dy-
namics. Here, this technique will be integrated with the feedfor-
ward inversion technique to deliver accurate high-speed scan-
ning performances.

A. Objectives and Outlines

The main objectives of this paper are:

1) to design a nanopositioning stage that has relatively high
resonance frequency, scan range, and decoupling between
its two axes;

2) to implement a well-performing control scheme that pro-
vides accurate high-speed scanning performance.

This paper is organized as follows. In Section II, we describe
the design of a nanopositioning stage. This is followed by a
discussion on a number of design considerations such as flexure
parameters, material used, structural stiffness, and piezoelectric
stack actuator stiffness. The FEA analysis is performed using
ANSYS. The experimental setup and system identification of
the stage are presented in Section IIl. Open-loop frequency
responses as well as triangular scans are presented to verify
that the stage behaves as predicted. Section IV gives the details
of the IRC design as well as the inversion-based feedforward
technique. Scanning results comparing the open- and closed-
loop tracking performances are also presented in this section.

II. DESIGN OF THE XY NANOPOSITIONING STAGE

In this paper, the design of the flexure-based nanopositioning
stage is based on the concept of flexible mechanisms (flexures)
where motions are generated through the elastic deformation
of the structures [32], [33]. There are no moving and sliding
joints; therefore, the problems of wear, backlash, friction, and
the need for lubrication are eliminated. This provides repeat-
able and smooth motions to fulfill the requirement of accurate
nanoscale positioning. Two types of flexures are used in the de-
sign, circular, and beam flexures (see Fig. 1). Piezoelectric stack
actuators are commonly used to drive flexure-based stages due
to their capability of achieving repeatable nanometer resolution
over a very high bandwidth. They can also generate large forces
and high accelerations [1], which are desirable for the design of
a high-bandwidth stage.
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Fig. 1. Flexures. (a) Circular flexure. ¢ is the minimum thickness and R is the
radius of the curve. (b) Beam flexure. ¢ is the minimum thickness and [ is the
length.

Fig. 2.  Flexure-based XY nanopositioning stage. Design consists of the outer
and inner sections. The outer section is designed to amplify the displacement
of piezoelectric stack actuators. The inner section is designed to minimize the
coupling between the X and Y motions.

A. Design Descriptions

The nanopositioning stage consists of two main parts: 1) the
outer section that consists of amplification levers and circular
flexures and 2) the inner section that consists of a stage and beam
flexures (see Fig. 2). There are two piezoelectric stack actuators,
each providing the required input displacement to the X - and Y -
axes, respectively. At the outer section, an amplification lever is
integrated into each axis of the stage to amplify the displacement
of the piezoelectric stack actuator. The amplified motions are
transferred to the inner section to displace the platform. Fig. 3
shows the graphical representation of X and Y motions of the
stage simulated using ANSYS.

Circular flexures are used in the design of the amplification
levers since they provide more accurate rotational motions, i.e.,
the center of deflection can be estimated to be at the center
of the circular flexure [34]-[36]. A minimum variation of the
center of deflection is needed to obtain optimal amplification
out of the lever [37], [38]. Circular flexures are also used to
avoid twisting resonant modes (about the X - and Y -axes) that
often occur at low frequencies. Fig. 4 shows the comparisons
between the twisting resonant modes (in ANSYS) of the two
amplification levers using beam and circular flexures, respec-
tively. The beam and circular flexures have the same length (I =
2R) and minimum thickness (¢) for comparison purposes. The
simulation shows that the twisting mode corresponding to the
lever with circular flexures occurs approximately 660 Hz higher
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than that of the lever with beam flexures. Therefore, circular
flexures are chosen for the design of the amplification lever. The
amplification ratio of the lever is estimated to be approximately
2.5.

The inner section is designed to minimize the coupling be-
tween the X and Y motions of the stage. At the inner section,
the stage is held by four pairs of beam flexures. The flexures are
arranged in such a way so that they are rigid along the direction
of motion and are flexible in the axis perpendicular to the mo-
tion [13]. Beam flexures are used to guide the stage since they
are more flexible and can provide a larger motion range than
circular flexures.

B. Design Considerations

Our objective is to design a nanopositioning stage with a high
first resonance frequency, a relatively high travel range, and a
low cross-coupling in motion between the X- and Y -axes. To
achieve a high resonance frequency, the design of the stage has
to be compact and rigid [13]. As a result, the length of the
flexures and the amplification levers have to be small. How-
ever, short flexures and levers will reduce the overall X and Y
motions of the stage. To search for an agreeable compromise
between resonance frequency and travel range, ANSYS is used
to conduct a number of design iterations until the desired design
criteria is achieved. The thicknesses of all the flexures are care-
fully taken into consideration to minimize the cross-coupling
and maximize both the resonance frequency and travel range of
the stage.

The resonance frequency of the stage is also dependent on the
type of the material used. A material with high Young’s modulus
of elasticity £ to density ratio p is preferred because a stiff and
light material (high E and low p) will improve the mechanical
stiffness and bandwidth of the stage. Aluminum alloy 7075 (Al
7075), with E = 72 GPa and p = 2.81 g/cm? (a relatively high
value of E/p), is used to fabricate the stage.

The structural stiffness (k) of the stage (which is experienced
by the piezoelectric stack actuator) is also carefully considered
in the design process. This is because the maximum displace-
ment of the piezoelectric stack actuator is governed by k, as
follows [16]:

kpiezo

AL = —“Piezo
k's + kpiczo

AL, 1)
where AL, is the maximum nominal displacement of a piezo-
electric stack actuator without external spring load, AL is the
displacement with external spring load, k; is the structural stiff-
ness of the stage, and Kj,ie,, is the piezoelectric stack actuator
stiffness.

In order to increase the resonance frequencies of the stage,
a high value of k, is required. However, the increase of the
stiffness will result in a decrease in the maximum displacement
(AL) of the piezoelectric stack actuator. To reach an acceptable
compromise between the resonance frequency and the travel
range of the stage, k, is chosen to be approximately 20% of
Epiczo. For the best result, a piezoelectric stack actuator with
large kpieyo is selected; thus, the stage can be designed to have a

IEEE TRANSACTIONS ON NANOTECHNOLOGY, VOL. 8, NO. 1, JANUARY 2009

TABLE I
TECHNICAL DATA OF THE PIEZOELECTRIC STACK ACTUATOR USED IN THE
DESIGN OF THE NANOPOSITIONING STAGE

Dimension  Nominal displacement  Stiffness Resonance freq.
(mm) (um @ 100V) (N/pm) (kHz £20%)
10x10x18 15+10% 200 70

large k, and high mechanical resonance frequency without los-
ing too much of its travel range. A piezoelectric stack actuator
P-888.50! is selected for the design. Detailed technical specifi-
cations of the piezoelectric stack actuator are shown in Table I.
The Kpicso Of this piezoelectric stack actuator is 200 N/um,
which is well suited for the design requirement mentioned be-
fore. The final design of the stage is predicted to have a first
resonance frequency of 2.5 kHz, a travel range of 25 um, and
a cross-coupling of —35 dB. The FEA simulation of the first
resonance frequency along the X- and Y -axes of the stage can
be found in Fig. 3.

III. EXPERIMENTAL SETUP AND SYSTEM IDENTIFICATION

In this section, we describe the experimental setup and char-
acterization of the XY nanopositioning stage. Using the design
results predicted by ANSYS, the stage is fabricated using Al
7075 with a thickness of 12.8 mm. Wire-electrical-discharge-
machining (WEDM) technique is used to fabricate the stage due
to its accuracy and precision [39]. The stage is mounted on a
10-mm steel plate to be rigidly held in place. A small aluminum
block with a fine surface finish is attached to the nanopositioning
stage, as shown in Fig. 5. This block is used as the target for dis-
placement sensing. It also serves as a stage over which a sample
can be placed and moved. Two ADE Technologies 8810 capaci-
tive sensors (which have a static gain of 2.5 ym/V) are placed in
close proximity to the adjacent surfaces of the aluminum block
to measure the displacements along the X - and Y -axes.

Fig. 5 shows the experimental setup used for this study. To
clarify the associated gains of the system, a block diagram is
presented in Fig. 6. A Stanford Research Systems Preamplifier
was used to improve the resolution of the dSPACE analog-
to-digital converter (ADC)/digital-to-analog converter (DAC)
boards and minimize quantization noise. The preamplifier gain
was set to 10 but was taken out of the data when plotting; thus, the
dc gain of the system from digital signal analyzer (DSA) input
to capacitive sensor output is unity (0 dB), as shown in Fig. 7.
The piezoelectric stack actuators were driven by the charge
amplifier that has a gain of 126 ©C/V and an equivalent voltage
gain of 10. Hysteresis due to the use of piezoelectric stack
actuators is minimized using charge actuation. The benefit of
using charge actuation is demonstrated in Fig. 8. Without using
the charge actuation, the hysteresis loop is approximately 3 ym
wide (12.6% of the maximum stage displacement) compared to
0.33 um (1.6%) when the charge actuation is used.

To identify the linear model within the bandwidth of inter-
est, the plant was identified using a band-limited random noise
input of amplitude 300 mV, within the frequency range of

1A product of Physik Instrumente.
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Ist mode 1st mode
(X-axis): (Y-axis):
2.54 kHz 2.54 kHz

(@) (b)

Fig. 3. ANSYS simulation of motions and resonance frequencies of the nanopositioning stage. (a) Simulation results for the X -axis. (b) Simulation results for
the Y -axis.

Twisting
mode:
5.62 kHz

@ (b)

Fig. 4. Twisting resonant modes of amplification levers. (a) With beam flexures, the resonant mode is found at 5.62 kHz. (b) With circular flexures, the resonant
mode is found at 6.28 kHz.

Charge amplifier

Nanopositioning
platform

Fig. 5. Experimental setup of the XY nanopositioning stage. A dSPACE rapid prototyping system with 16-bit ADC (DS2001)/DAC (DS2102) cards is used to
implement control strategies. The nanopositioning stage is driven using a charge amplifier that has a gain of 126 pC/V. Capacitive sensors are incorporated to
measure the X and Y motions of the stage. The aluminum block is machined to have a fine surface finish and is used as the sensing target.

10 Hz-10kHz, using an HP 35670A dual-channel spectrum ana-  the respective stage displacements d, and d, (in micrometers)
lyzer. The stage is a two-input—two-output system. Input signals ~ given by the capacitive sensors as corresponding voltages. Ran-
applied to the piezoelectric stacks in the X - and Y -directions are ~ dom noise input signals (u, and u, ) generated by the spectrum
denoted as u, and u, (in volts), respectively, and the outputs are  analyzer are applied to the X- and Y -axes piezoelectric stack

Authorized licensed use limited to: University of Newcastle. Downloaded on March 30, 2009 at 00:45 from |IEEE Xplore. Restrictions apply.



50

IEEE TRANSACTIONS ON NANOTECHNOLOGY, VOL. 8, NO. 1, JANUARY 2009

Charge Amplifier Nanopositioning-Stage Capacitive Sensor Pre - Amplifier
Ky=126 uC/vV
—> K,,=0.25 pum/V K,=0.4 V/pm K,=10 —
! 0]
IG10 “ y
Fig. 6. Gains associated with the experimental setup. r is the reference input in volts, generated by the DSA, w is the output of the charge amplifier in

microcoulombs used as the driving input for the nanopositioning stage, d is the actual displacement of the nanopositioning stage in micrometers, and y is the
proportionally scaled capacitive sensor output in volts. To improve the resolution and minimize quantization noise of the dSSPACE ADC/DAC channels, a gain of
10 was introduced during measurement using a preamplifier. This gain was taken out while plotting the frequency responses given in Fig. 7. Thus, the frequency

responses are from input r to output y.

actuators respectively through the charge amplifier. The capac-
itive sensor outputs (d, and d,) are, respectively, measured and
fed back to the spectrum analyzer to construct the corresponding
frequency responses. The transfer functions of the frequency re-
sponse can be described as G, (jw) = d, (jw)/u, (jw), Gyz =
d, (ju) [z (jo), Giay (j0) = dy (jw) [, (). and Gy, (ju) =
dy (jw)/uy (jw). Here, u, (jw), uy (jw), d: (jw), and dy, (jw) de-
note the Fourier transforms of u,, u,, d;, and d,,, respectively.
Fig. 7 plots the frequency responses of the stage.

In Fig. 7, the first resonant peak of the stage (at both axes) is
observed at 2.7 kHz, about 8% higher than the predicted value of
ANSYS simulations. The magnitude of the cross-coupling terms
Gy and G, are about —35 dB and —40 dB less than that of G,
and G, respectively. The measured G, is in close agreement
with that obtained from ANSYS simulations. However, there
are some differences between the G, values. These are most
likely due to the fact that piezoelectric stack actuators are not
properly modeled. The differences could also be partially due
to manufacturing tolerances and machining imperfections [40].

The scanning range of the stage is measured by applying
a low-frequency triangular signal with a peak-to-peak voltage
equal to the maximum voltage that could be applied to this
specific piezoelectric stack actuator, i.e., 100 V. As the piezo-
electric stack was driven using charge, it was ascertained that
the maximum voltage across the piezoelectric stack did not go
beyond 100 V. The displacement was measured and is plotted
in Fig. 9. The measured travel range is 25 pm, which is in close
agreement to the predicted value from ANSYS analysis.

Open-loop traces of a triangular waveform are obtained at
10, 20, 30, and 40 Hz (see Fig. 10). Earlier stage designs pro-
duced acceptable scans at very low frequencies (f <1 Hz) [16].
It can be seen clearly that the stage produces open-loop scans
accurately at frequencies of 10 and 20 Hz. The 30-Hz triangular
input excites the first resonance of the stage. This effect is more
prominent in the 40-Hz scan. To increase the positioning band-
width of the stage, both damping and tracking control strategies
need to be implemented. In the next section, the details of the
IRC scheme for damping and the inversion-based feedforward
scheme for tracking are presented.

IV. CONTROL DESIGN

The dominant resonant peak of the stage occurs at 2.73 kHz
and has a dynamic range of 39 dB. As the other two modes of the
identified system are quite far away from the first one and have

Gyx

Magnitude (dB)

Gxy Gyy

! 2 3 4 —40 = 2 3
10 107 10 10 10 10° 10° 10

Frequency (Hz)

Fig. 7. Measured frequency responses of the two-input—two-output nanoposi-
tioning stage. The input is reference voltage r and the output is capacitive sensor
voltage y corresponding to stage displacement d in micrometers, as shown in
Fig. 6. Note that the nanopositioning stage is driven using a charge amplifier
that produces a charge proportional to the reference voltage r using a gain of
126 pC/V.

Voltage actuation

2 10

€

£

£ 0

(&3

<

g -10 2.64 um

a . . . A . . .

-40 -30 -20 -10 0 10 20 30 40

Voltage (V)

Charge actuation

10

-10

0.33um

Displacement (um)
o

-2000 0 2000 4000

Charge (uC)

-4000

Fig. 8. Hysteresis curves for voltage and charge actuations. Input is in volt-
age (V) and charge (uC), respectively. Output is the stage displacement in
micrometers.

a much lower dynamic range, only the first mode is prioritized.
The IRC scheme is an effective method of introducing substan-
tial damping to the system. It also has a desirable property of not
exciting the higher frequency dynamics. The method followed
to implement a suitable IRC scheme is discussed shortly.

Authorized licensed use limited to: University of Newcastle. Downloaded on March 30, 2009 at 00:45 from |IEEE Xplore. Restrictions apply.



YONG et al.: DESIGN, IDENTIFICATION, AND CONTROL OF A FLEXURE-BASED XY STAGE FOR FAST NANOSCALE POSITIONING 51

X—axis displacement
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l O .......................................................
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Q
E Y—axis displacement (cross—coupling)
206 r r r
Z :
a : :
Qoo e (AR » SO
02 oo g ............ ........... T
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0 0.02 0.04 0.06 0.08 0.1
time (s)
Fig. 9. Full scanning range of the nanopositioning stage is 25 psm. The cross-

coupling measured on the other axis is less than 2%. This is also validated by
the frequency response data shown in Fig. 7.

Open-loop — 10Hz Open-loop — 20Hz

5 5
0 0
E -5 -5
2
::: 0 0.05 0.1 0 0.02 0.04
g Open-loop — 30Hz Open-loop — 40Hz
z
R s 5
0 0
=5 -5
0 0.01 0.02 0 0.005 0.01 0.015
time (s)
Fig. 10. Tracking performance in open loop at 10, 20, 30, and 40 Hz. Trian-

gular reference signal (dashed line) and output signal (solid line) are plotted.
The first resonant mode of the stage is excited at 30 Hz.

Step 1: A second-order model is fitted to the frequency re-
sponse of the plant such that it accurately captures
the dominant resonant mode of the stage. The trans-
fer function of this model is given by

—0.01s® — 1.376s + 2.929 x 108
s2 +137.65 + 2.958 x 108

Gmodel = (2)
The model is identified using the subspace-based
modeling method from the measured open-loop fre-
quency response function data [41].

Table II gives the location of the poles and zeros for
the second-order plant model Gy,,qe) and the overall
system with a feedthrough term G, 0401 + D. Using
a suitable feedthrough term D, the right half-plane
zero can be shifted to the left half-plane, thus making
the overall plant G\,0qe1 + D conducive to integral
feedback. In this case, a feedthrough term of D = —4

Step 2:

TABLE II
LOCATION OF POLES AND ZEROS FOR THE SECOND-ORDER PLANT MODEL
G'model AND THE OVERALL SYSTEM WITH THE FEEDTHROUGH TERM

Gm odel T D
System Poles Zeros
Gmodel -68.8+1.72x10% +3.85%10%
Guodel + D -68.841.72x10% -68.84+1.45x10%
4 Koot Locus
x 10

2 T

n X

L5 System: m3 \Q

Gain: 4.41e+003 :

Pole: -1.53e+003 + 1.58e+004i -

1 Damping: 0.0963 .

R Overshoot (%): 73.8 :

B Frequency (rad/sec): 1.58e+004 .

; 0.5 :

5 .

R=| .
E »erean o

£ :

-1 .

3 <

-2
-12000 -10000 -8000 -6000 -4000

Real Axis

-2000 0 2000

Fig. 11.  Root locus plot of the loop shows the trajectory that the pole travels
with respect to increase in gain to finally reach zero. Note that maximum
damping is achieved when the system gain is 4410. This gain is implemented
in the actual setup.

when added to the system will render it minimum
phase.

A unity gain negative integrator (—1/s), was simu-
lated in negative feedback with the overall plant and
aroot locus plot was obtained (see Fig. 11). A gain of
4410 achieves maximum damping.

Thus, for Fig. 12(a) and (b), K = —4410 and D = —4. The
overall controller has a low-pass filter type characteristics and
the system can be simplified to the one shown in Fig. 12(b).
Fig. 13(a) shows the simulation results obtained using the mea-
sured open-loop frequency response data.

The implemented control scheme damps the dominant reso-
nant mode effectively by 28 dB [see Fig. 13(b)]. These results
match with the simulation results shown in Fig. 13(a) quite ac-
curately. The plant has been identified up to 10 kHz, and the
control scheme does not have any adverse effect on the high-
frequency dynamics. Note that the dc gain of the closed-loop
system is 0.4, i.e., to get one-unit output, the closed-loop system
needs an input of 2.5 units. Also note that as K = —4410 (nega-
tive), the output is 180° out of phase with the input. The gain as
well as the phase shift are automatically taken into account by
the feedforward inversion technique. The control strategy was
implemented using a dSPACE-1005 rapid prototyping system
equipped with 16-bit ADC (DS2001)/DAC (DS2102) cards. To
ensure that there are no aliasing effects, a sampling frequency
of 40 kHz was chosen.

Step 3:
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Block diagrams of the IRC scheme. (a) IRC with inversion feedforward. (b) Simplified IRC that has a low-pass filter characteristic. Note that in this
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V. SCANNING RESULTS

In this section, the scanning performance of the stage is eval-
uated using triangular waveforms. The inversion-based feedfor-
ward approach is based on accurate model identification. After
examining the closed-loop data, it was deemed feasible to invert
the model in the frequency range of 0 Hz-5.4 kHz. To evaluate
the high-speed scanning performance of the nanopositioning
stage, triangular waveforms with fundamental frequencies of
100, 200, 300, and 400 Hz were chosen. The open-loop scans
are plotted in Fig. 14. Inversion-based inputs are obtained by
using all the odd harmonics of the fundamental frequency of the
triangular wave that lie within the bandwidth of 0 Hz-5.4 kHz.
Thus, the 100-Hz inversion-based input is obtained using the
first 54 harmonics, and the 200-Hz input is obtained using
the first 27 harmonics. Similarly, 18 harmonics are included
in the 300-Hz input and 13 harmonics are included in the
400-Hz input. Fig. 15 plots the closed-loop scan obtained. It
is clear that the tracking performance of the stage in closed loop
is substantially superior to that in open loop.

Open- and closed-loop scans are plotted for charge actuation.
To ascertain that the current limit of the charge amplifier is not
exceeded, the scans were limited to 15 pm. Table III documents
the rms scanning error in nanometers, in open and closed loops
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Simulated (a) and measured (b) frequency response of the nanopositioning stage for open-loop (dashed line) and closed-loop damped system with IRC
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Fig. 14.  Tracking performance in open loop at 100, 200, 300, and 400 Hz.
Triangular reference signal (dashed line) and output signal (solid line) are
plotted.

for 90% of the scanning range (13.5 pm). Table IV presents the
tracking error as a percentage of the scanning range. Note that
in open loop, the stage never tracked within 2% of the desired
trajectory. On the other hand, with the IRC and feedforward
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Fig. 15.  Tracking performance in closed-loop at 100, 200, 300, and 400 Hz.
Triangular reference signal (dashed line) and output signal (solid line) are
plotted.

TABLE III
RMS ERRORS OF THE TRACKING PERFORMANCE IN OPEN AND CLOSED LOOPS
FOR 90% OF THE SCANNING RANGE

RMS error (nm) 100Hz 200Hz 300Hz 400Hz
Open-loop 447 679 2254 2432
IRC+Feedforward 51 60 150 259

TABLE IV
TRACKING ERROR OBTAINED AS A PERCENTAGE OF THE SCANNING RANGE

% error 100Hz 200Hz 300Hz 400Hz
Open-loop 2.98 4.65 15.03 16.21
IRC+Feedforward 0.38 0.44 1.11 1.92

combined, the maximum percentage error is less than 2% for all
the scans.

VI. CONCLUSION

The designed nanopositioning stage has three main desirable
characteristics, viz.: 1) high bandwidth; 2) relatively high mo-
tion range; and 3) low cross-coupling. These three characteris-
tics are in close agreement with the predicted values of ANSYS
analysis. With the high-bandwidth characteristic of the mechan-
ical design combined with the IRC and feedforward technique,
accurate high-speed scans up to 400 Hz were achieved. Future
research will concentrate on refining the mechanical design of
the stage and its associated controller design to achieve faster
scan rates and reduced coupling between various axes. The ulti-
mate goal is to reach scan rates suitable for video-rate scanning
probe microscopy with the requisite precisions.
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