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Abstract—An XYZ nanopositioner is designed for fast the atomic
force microscopy. The first resonant modes of the device are mea-
sured at 8.8, 8.9, and 48.4 kHz along the X-, Y-, and Z-axes, re-
spectively, which are in close agreement to the finite-element sim-
ulations. The measured travel ranges of the lateral and vertical
axes are 6.5 μm × 6.6 μm and 4.2 μm, respectively. Actuating the
nanopositioner at frequencies beyond 1% of the first resonance of
the lateral axes causes mechanical vibrations that result in degra-
dation of the images generated. In order to improve the lateral
scanning bandwidth, controllers are designed using the integral
resonant control methodology to damp the resonant modes of the
nanopositioner and to enable fast actuation. Due to the large band-
width of the designed nanopositioner, a field programmable analog
array is used for analog implementation of the controllers. High-
resolution images are successfully generated at 200-Hz line rate
with 200×200 pixel resolution in closed loop.

Index Terms—Field-programmable analog array (FPAA),
flexure-guided positioners, high-speed atomic force microscope
(AFM), integral resonant control (IRC), nanopositioner, piezoelec-
tric actuators.

I. INTRODUCTION

F LEXURE-BASED nanopositioners have been used as pre-
cision instrumentation in many industrial and research

fields, including micro-/nanomanipulation [1]–[4], mirror steer-
ing platforms [5], nanoimprint lithography [6], [7], nanometrol-
ogy [8] and nanomanufacturing [9]. A very important emerg-
ing application for flexure-guided, piezoelectric stack driven
nanopositioners is in high-speed and video-rate atomic force
microscopes (AFM) [10]–[13]. This is due to the high mechan-
ical bandwidth and low cross-coupling among various motion
axes of these nanopositioners.

In an AFM, the sample, for which a topographic map is de-
sired, is placed on a XYZ nanopositioner. A cantilever with a
sharp probe is placed in contact with the sample. A laser source
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is focused on the probe end of the cantilever, and the reflection
from the cantilever is captured by a position sensitive photo
diode (PSPD). When operating the AFM in a constant force
contact mode, the cantilever is slowly landed on the sample.
Landing causes the cantilever to deflect and the deflection is
measured by the PSPD. The output of the PSPD is then com-
pared with a prescribed value. The nanopositioner is moved
along the Z direction through a vertical feedback controller to
set the cantilever deflection such that the PSPD output equals
the prescribed value. After landing, the nanopositioner is moved
in a raster pattern. For constant force contact mode, the vertical
feedback controller continues regulating the deflection of the
cantilever during scanning, thus maintaining the probe-sample
interaction force. A topographic image of the sample is derived
from the feedback signal generated by the controller.

To generate a raster signal for scanning, one of the lateral
axes of the nanopositioner is forced to track a fast triangular
waveform, while the other is required to track a slowly increas-
ing ramp, or a pseudo staircase signal. Harmonic components
of the triangular waveform with their frequency contents near
the resonance frequency of the nanopositioner will induce vi-
bration in the structure [14], which in turn introduce artifacts on
the scanned images [15]. Therefore, the scan rate of a nanopo-
sitioner is typically restricted to 1% of the first resonance fre-
quency [16]. To illustrate this, the scan rate of a nanopositioner
with a 200-Hz first resonant mode is limited to 2 Hz. For an
image of 256 × 256 pixel resolution, this equates to more than 2
min to acquire an image. This is clearly inadequate for applica-
tions such as monitoring fast-paced biological cell events [10].

The scan speed of an AFM is also limited by the vertical
feedback bandwidth that regulates the probe-sample interaction
force during scanning [17], [18]. It is shown in [18] that the max-
imum vertical feedback bandwidth with an integral controller is
limited by the first Z-axis resonance frequency of the nanopo-
sitioner. A nanopositioner system with an inadequate vertical
feedback bandwidth is not fast enough to track sharp features,
which leads to the “smudging” effect of the feature edges [19].

This paper reports the design of a parallel-kinematic nanopo-
sitioner with a large lateral (X- and Y- axes) and vertical (Z-
axis) mechanical bandwidth. High-bandwidth serial-kinematic
nanopositioners have been developed for AFM imaging [10],
[15]. A disadvantage of a serial-kinematic nanopositioner is
that high mechanical bandwidth can only be achieved in one
lateral axis. This is mainly due to the relatively heavy weight
that the base actuator would have to carry. Another disadvan-
tage is the inability to measure and correct for parasitic motions
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caused by the cross-coupling effect from other axes [15]. A high-
speed parallel-kinematic nanopositioner was presented in [20]
and [21]. This nanopositioner has the first lateral resonance fre-
quency of 2.7 kHz that is about three times lower than that
presented in this paper. Another high-speed parallel-kinematic
nanopositioner was presented in [11]. The nanopositioner has
high resonance frequencies, but it contains nine piezoelec-
tric stack actuators. Costly high-power, high-bandwidth piezo-
amplifiers are required to drive the actuators. The parallel XYZ
nanopositioner presented in this paper only requires three piezo-
electric stack actuators. The cross-coupling effect among the
three axes is also minimized to avoid image artifacts that may
arise due to this effect. Furthermore, the nanopositioner is de-
signed to be of a very small form factor, so that it may be used
with AFM that are designed to work with piezoelectric tube
scanners.

The scan rate of the nanopositioner can be further increased
by suppressing the first lateral resonant mode of the nanopo-
sitioner in both X- and Y-axes. A number of efficient con-
trollers have been designed for and successfully implemented on
nanopositioning stages in recent years, including resonant con-
trollers [22], positive position feedback controllers [23], [24],
integral resonant controllers (IRC) [25] and piezoelectric shunt
controllers [26], [27]. The IRC, which is a high-performing
controller that provides significant damping to resonant modes,
have been used to suppress vibration of nanopositioning de-
vices [21], [25], [28]. These nanopositioning devices have res-
onant modes of less than 3 kHz. As a result, the IRC can be
implemented digitally, e.g., using a DSP-based rapid prototyp-
ing system. Such prototyping systems have restricted sampling
rates, e.g., dSPACE-1103 can operate at sampling rates as high
as 80 kHz. In the case of high bandwidth nanopositioners, such
as the one designed here, the limitation in sampling rate makes
it impossible to implement the requisite controllers on a typical
rapid prototyping systems. Thus, a field programmable analog
array (FPAA) is used to implement the required controller. This
amounts to a direct analog controller implementation, which
allows for a much higher control bandwidth [29]. Also, the IRC
in this paper has been extended to accommodate time delay in
the system that has not been previously discussed in [21], [25],
and [28].

The remainder of the paper is organized as follows. In
Section II, the design of the nanopositioner is described. This
is followed by the derivation of analytical equations for stiff-
ness and resonance frequency estimations and a discussion of
the finite-element (FE) model that was generated in ANSYS to
analyze the design. The electrical aspects of the piezoelectric
stack actuators are also discussed there. Section III presents the
characterization of the nanopositioner where its frequency re-
sponses and the cross-couplings associated with the three axes
are measured and discussed. Section IV presents the details of
the IRC design and implementation. The controlled nanopo-
sitioner is integrated with a commercial NT-MDT NTEGRA
AFM to demonstrate its scan performance. The imaging perfor-
mance of the nanopositioner is presented in Section V. Finally,
Section VI concludes the paper.

Fig. 1. (a) First XYZ nanopositioner design. (b) Preload mechanism.

II. HIGH-SPEED FLEXURE-BASED XYZ NANOPOSITIONER

DESIGN

The flexure-based nanopositioner proposed in this paper has
a parallel-kinematic configuration. Due to its mechanical sym-
metry in X–Y plane, the nanopositioner can be operated in both
raster and nonraster scan modes [30], [31] [32]. The device con-
sists of a X–Y nanopositioning stage and a Z nanopositioning
stage mounted onto the X–Y platform. A piezoelectric stack ac-
tuator is used to drive each motion axis of the nanopositioner.
For the X–Y nanopositioner, left-spring or beam-like flexures
are used to guide the sample stage along the direction of motion
of the actuator, while restraining other parasitic motions.

A previous version of the proposed design, also reported
in [12], is shown in Fig. 1(a). It has a displacement range of
4, 4.5, and 4 μm in the X, Y, and Z directions, respectively.
The first resonance frequencies of the X-, Y-, and Z-axes were
measured to be in the vicinity of 10 kHz. The design incorporates
a preload mechanism which consists of a steel ball, an end cap
with a V-groove, a screw and a lock nut as shown in Fig. 1(b). In
this arrangement the preload is applied by tightening the screw,
which causes the steel ball to press against the end cap, which
in turn aligns the piezoelectric stack with the direction of the
applied force.

The XYZ nanopositioner design proposed here, and pictured
in Fig. 2(a), is an improvement on the previous design reported
in [12]. It is more compact and the preload mechanism con-
sists of a much simpler mechanism, which uses flexures alone.
To preload the X and Y piezoelectric stacks, weights are first
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Fig. 2. (a) Improved XYZ nanopositioner proposed in this paper. (b) Preload
method.

applied to deform the flexure elastically, allowing a piezoelec-
tric stack actuator to be placed in its designated position. Weights
are then released to restore the original position of the flexures.
The procedure results in the application of the necessary preload
to the piezoelectric stack. This preload approach eliminates the
need for the screw, steel ball, end-cap and lock nut, thus simpli-
fying the assembly process [15]. To make the preload method as
shown in Fig. 2(b) practical, the thickness of each flexure was
reduced by 40%. This ensures that the flexures can be elastically
deformed when the weights are applied. Due to the reduction
of flexure stiffness, the resonance frequencies of the proposed
nanopositioner were slightly decreased but not significant. The
measured first mechanical resonance frequency of both the X-
and Y-axes are 8.9 and 8.8 kHz, respectively. The design of
the Z-nanopositioner was also improved to have a much lower
profile. Thus, the Z-nanopositioner is much less susceptible to
unwanted “rocking” modes, when operated at high speeds. The
maximum X, Y, and Z displacements of the nanopositioner were
measure to be 6.5, 6.6, and 4.2 μm, respectively, which again
an improvement over the previous design.

The Z-axis resonant mode of the proposed nanopositioner ap-
pears at 48.4 kHz, which is nearly 5 times that of the previous
design. When imaging smooth features, the previous design pro-
vides good quality topographic images at high scan speeds [33].
However, it is inadequate for imaging sharp sample features be-
cause the vertical feedback controller, which is limited by the
lowest resonant mode of the Z-axis, is too slow to track such
features [19]. The nanopositioner proposed in this paper has a

TABLE I
NOTATION

Fig. 3. Beam flexure with its boundary conditions, loadings, and dimensions.

maximum vertical bandwidth of 4.8 kHz (estimated using [18],
eq. (8)]). Together with the damping controllers implemented
in the X- and Y-axes, the proposed nanopositioner can be used
to image sharp sample features at scan rates as high as 200 Hz
without notable vibration-induced artifacts in the images.

The following section details of the design procedures that
led to this nanopositioner.

A. Displacement and Stiffness Analysis

A key design specification for a high-speed AFM nanoposi-
tioner is a very high first mechanical resonance frequency along
the actuation direction [14], [34]. This requirement, however,
often leads to a reduction in the travel range of the stage. This
is due to the inevitable increase in the structural stiffness when
the resonance frequency is increased. This tradeoff is best de-
scribed by ωn =

√
k/m, where k and m represent the effective

stiffness and mass of the stage, respectively, and ωn is the reso-
nance frequency of the mechanical system. The following study
of the effect of flexure dimensions on the nanopositioner’s reso-
nance frequency and displacement was instrumental in reaching
a compromise between the speed and travel range of the stage.

The stiffness of individual flexure was derived using strain
energy method [35] and Castigliano’s second theorem [36], [37].
These methods have been commonly used in the flexure design
literature [2], [34], [38], [39]. The in-plane displacement of a
beam flexure can be defined as

⎡
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where the displacements and loads are as shown in
Fig. 3. The compliance values are derived in [34],
as Cx,Fx

= L/AE, Cy,Fy
= L/3EI + αL/GA, Cy,Mz

=
Cθz ,Fy

= L2/2EI , Cθz ,Mz
= L/EI . The corresponding nota-

tion is described in Table I.
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Fig. 4. Each actuation axis of the XYZ nanopositioner is modeled as a 2-DOF
undamped system. mp and kp are the mass and stiffness of the piezoelectric
stack actuator. ms and ks are the mass and stiffness of the nanopositioning
nanopositioner.

For a fixed-guided beam, the resultant moment Mz at the
guided end of the beam due to the applied Fy at that point is
Mz = −FyL/2. Note that the proposed flexures used in this
paper are short flexures. Therefore, the shear-induced deforma-
tion term αL/GA in Cy,Fy

should not be ignored. Inclusion of
the shear term is known to result in different deformations in
flexures [40]. From (1), the displacement of the flexure along
the y-direction is obtained as

uy = Cy,Fy
Fy + Cy,Mz

Mz

= Fy

(
L3

3EI
+

αL

GA

)
− Fy

2

(
L3

2EI

)
. (2)

Substituting I = bt3/12 and A = bt into (2), and rearranging
the equation, the stiffness of the flexure along the y-direction is
determined as

ky =
Fy

uy
=

[
1

Eb

(
L

t

)3

+
α

Gb

(
L

t

)]−1

. (3)

Since we know E, G, and b the parameter that determines the
flexure stiffness is L/t. The flexures of the XYZ nanopositioner
in Fig. 2 are arranged in parallel. Therefore, the general stiffness
equation of the XYZ nanopositioner along their direction of
actuation is ks = N ky , where N is the number of flexures. The
maximum displacement of the nanopositioner Ds is dependent
on the piezoelectric stack actuator and it is estimated as

Ds = Δl

(
kp

kp + ks

)
(4)

where Δl is the maximum stroke of the unloaded piezoelectric
stack actuator, and kp is the stiffness of the piezoelectric actuator.

B. Resonance Frequency Estimation

The XYZ resonance frequencies along the direction of actua-
tion are estimated using the algebraic eigenvalue method [41].
Assuming the system is a 2-DOF undamped system as shown
in Fig. 4, we may write

Mẍ + Kx = 0 (5)

where M = [mp 0
0 ms

] and K = [ kp + ks −ks

−ks ks
]. mp and kp

are the mass and stiffness of the piezoelectric stack actuator.
Also, ms and ks are the mass and stiffness of the nanopositioner.
Substituting x = M−1/2q into (5) and multiplying the resulting

equation by M−1/2 yields

Iq̈(t) + M−1/2KM−1/2q(t) = 0. (6)

Let K̃ = M−1/2KM−1/2 , by substituting q(t) = vejωt , where
v is a constant vector, into (6) we obtain

K̃v = ω2v. (7)

If we replace ω2 with λ in (7), the solutions for λ are the
eigenvalues of the matrix K̃. The resonance frequencies are
f1 =

√
λ1/2π and f2 =

√
λ2/2π. Note that the smaller of the

two frequencies f1 and f2 will be the first translational mode of
the system and is denoted as fres .

C. Parametric Study

In this section, a parametric study of the XY nanopositioner
design is presented. The Z nanopositioner was designed us-
ing identical principles. Thus, its analysis is not be presented
for brevity. In order to have a quantitative analysis of the XY
nanopositioner design, the relationship among N , L/t, ks , Ds

and fres are plotted in Fig. 5. The number of flexures N is
stepped from 1 to 20 and L/t is varied from 3 to 15.

As the ratio of L/t increases, the stiffness and resonance
frequency decrease while the displacement increases. This is
an unavoidable tradeoff between stiffness/resonance frequency
and displacement. Intuitively, the resonance frequency increases
when the number of flexures N increases. However, the addi-
tional mass of each flexure lowers the resonance frequency. For
example, as shown in Fig. 5(c), at L/t = 6 and N = 10, fres
is increased to 12 kHz, which is a three-fold increment in reso-
nance frequency compared to that of a single flexure (N = 1).
However, when N is increased to 20, fres is improved only by
a factor of four at the expense of the displacement range be-
ing reduced by 20%. Therefore, the resonance frequency of the
nanopositioner may not be increased significantly by introduc-
ing more flexures into the design.

For the XY nanopositioner design, Ks was set to approxi-
mately 10 N/μm to ensure that an adequate preload was applied
to the piezoelectric stack actuator. To achieve approximately
10-kHz resonance frequency without sacrificing too much dis-
placement, L/t = 9 and N = 12 were selected in the design. For
the Z nanopositioner design, L/t = 6 and N = 4 were chosen
to achieve approximately 50-kHz resonance frequency.

D. Finite-Element Analysis (FEA)

The analytical equations derived in Sections II-A and II-B
were based on a single axis mass-spring model. They serve as
a useful tool for initial parametric design study of the nanopo-
sitioner. In this section, a FE model of the XYZ nanopositioner
is presented. The FE simulations were used to obtain a bet-
ter estimation of the stiffness and resonance frequencies of the
nanopositioner.

Meshing was first generated using ANSYS “automesh” tool.
Meshing near the flexure was then refined manually to obtain
more precise results. The material of the nanopositioner is alu-
minum alloy Al7075 with Young’s modulus of 72 GPa. For
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Fig. 5. Displacement Ds , stiffness Ks , and resonance frequency fres plots of
the XYZ nanopositioner in relation to the ratio L/t and the number of flexure
N .

modal analysis, motions of the base, in which the XY nanopo-
sitioner was attached, were fixed during simulation. For the Z
nanopositioner, the motions of the XY nanopositioner were fixed
to simplify the analysis. The simulated first resonant frequencies
of the stage along the X- and Y-axes both are at 10.7 kHz. For the
Z-axis, the dominant mode occurs at 52.8 kHz. FE simulations
of the stage are illustrated in Fig. 6.

For stiffness analysis, a point force was applied to the XYZ
nanopositioner as shown in Fig. 6(d) and (e), and the corre-
sponding displacement of the nanopositioner was recorded. The
stiffness is calculated as force over displacement. The simulated
stiffness are 13.1 N/μm for the X- and Y-axes, and 5.8 N/μm for
the Z-axis.

Fig. 6. FE simulated first mechanical resonance modes along the actuation
direction of the XYZ nanopositioner. (a) X-axis: 10.7 kHz. (b) Y-axis: 10.7 kHz.
(c) Z-axis: 52.8 kHz. (d) and (e) Stiffness estimation of the XY and Z scanners.
Force was applied as shown and the corresponding displacement was recorded.

TABLE II
SPECIFICATIONS OF THE PIEZOELECTRIC STACK ACTUATORS

E. Piezoelectric Stack Actuators

Driving piezoelectric stack actuators at high frequencies
amounts to a significant challenge. It is well-known that the
larger the capacitance of a piezoelectric stack actuator, the larger
the current required to drive the actuator at high speed [13]. The
required current may exceed the current limit of the driving am-
plifier. Thus, the piezoelectric stack actuators must be chosen
carefully to ensure their suitability for the specific system. The
piezoelectric stack actuators selected to drive the stage along
the X and Y directions are Noliac SCMAP07. These actuators
have a capacitance of 380 nF. The Z-axis piezoelectric stack
actuator is SCMAP06 that has a capacitance of 70 nF. Table II
contains detailed specifications of these actuators. Three Piezo-
Drive PDL200 amplifiers were used to drive the piezos. The
maximum operating frequency of driving a triangular signal
can be estimated as f 3 dB = 0.1/190C [42]. With the setup
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Fig. 7. Displacements and cross-coupling motions of the XYZ nanopositioner.

Fig. 8. Measured frequency responses. X-axis: The first dominant peak appears at 8.8 kHz. Y-axis: The first dominant peak appears at 8.9 kHz. Z-axis: The first
dominant peak appears at 48.4 kHz.

described earlier, it is estimated that the fast lateral axis of
the nanopositioner can be driven with a triangular signal up to
1.4 kHz, at the full voltage range of 200 V, without exceeding
the current limit of the amplifier.

III. CHARACTERIZATION OF THE XYZ NANOPOSITIONER

To evaluate the displacement range and coupling between
various axes of the nanopositioner, a 100-Hz sine-wave of
200 V was applied to each of the piezoelectric stack actua-
tors. Displacements and cross-coupling motions of the nanopo-
sitioner were measured using the ADE Technologies 8810 ca-
pacitive sensors and results are plotted in Fig. 7. The measured
full displacement range of the X-, Y-, and Z-axes are 6. 5, 6.6,
and 4.2 μm, respectively. When the X-axis is driven by the
200-V sine-wave, the induced cross-coupling motions at the Y-
and Z-axes are 2.5% (−31.8 dB) and 1.58% (−36 dB) of the
X displacement, respectively. When the Y-axis is driven, it in-
duces 3.1% (−29.9 dB) and 0.53% (−45.5 dB) in the X and
Z displacement, respectively. By applying the sine-wave to the
Z-axis, it induces 0.58% (–44.7 dB) and 0.99% (–40 dB) in the X
and Y displacement, respectively. Although these couplings are
quite small, they can be made even smaller by using a feedback
control technique, such as that reported in [20].

Frequency responses of the X- and Y-axes of the nanoposi-
tioner were measured using a dual channel spectrum analyzer
(HP 35670A). A Microscope Scanning Vibrometer (MSV-400
Polytec) was used to measure the frequency responses of the Z-
axis. Fig. 8 plots the frequency response functions of the three
axes. The first dominant mode for X-, Y-, and Z-axes are 8.8,

8.9, and 48.4 kHz, respectively. Note that the second peak in
the Z-axis frequency response is the rocking mode of the struc-
ture that appears at 78 kHz. This nanopositioner is designed so
that this rocking mode appears after the Z-axis actuation mode.
This is to ensure that the presence of rocking mode will not
complicate the task of control design [15]. The measured reso-
nance frequencies are within the 20% range of those predicted
by FEA. This is most likely due to the machining errors when
the nanopositioner was being manufactured, and the variations
in stiffness of piezoelectric stack actuators. Nevertheless, the
measured resonances are in reasonable agreement with the FE
simulations.

IV. MODELING, CONTROL DESIGN, AND IMPLEMENTATION

As the nanopositioner is to be actuated in a raster pattern
along the XY plane, the device is interpreted as a linear system
with two inputs and two outputs

Yd(s) = Gd(s)U(s) (8)

where Yd(s) is the Laplace transform of [dX , dY ]�, displace-
ment measurements of the capacitive sensors along the X- and
Y-axes, U(s) is the Laplace transform of [vX , vY ]�, voltage sig-
nals applied to electrodes of the piezoelectric stacks along X and
Y directions, and

Gd(s) =
[

GXX(s) GXY(s)

GYX(s) GYY(s)

]
(9)

are the transfer-functions relating the inputs [vX , vY ]� and the
outputs [dX , dY ]�, respectively. The dashed plots (- -) in Figs. 9
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Fig. 9. Magnitude responses of (a) dX (iω)/vX (iω), (b)
dX (iω)/vY (iω), (c) dY (iω)/vX (iω), and (d) dY (iω)/vY (iω), where
dX (iω), dY (iω), vX (iω), and vY (iω) denote the Fourier transforms of the
corresponding time domain signals. The dashed plots (- -) in (a), (b), (c), and
(d) denote the open loop system, dash-dotted plots (-·-) in (a) and (d) denote
the open loop model, while the thick line (—) plots denote the closed-loop
response.

Fig. 10. Phase responses of (a) dX (iω)/vX (iω), (b) dX (iω)/
vY (iω), (c) dY (iω)/vX (iω), and (d) dY (iω)/vY (iω), where
dX (iω), dY (iω), vX (iω), and vY (iω) denote the Fourier transforms
of the corresponding time domain signals. The dashed plots (- -) in (a)–(d)
denote the open loop system, dash-dotted plots (-·-) in (a) and (d) denote the
open loop model, while the thick line (–) plots denote the closed-loop response.

and 10 are the magnitude and phase responses of the individual
transfer-functions of Gd(s), (9). Data for these plots were ob-
tained by applying swept-sine waves along X- and Y-axes inputs
and recording the corresponding capacitive sensor responses
dX and dY . The frequency response functions were obtained
by taking Fourier transform of the data set, and computing the
respective input to output ratios.

It is apparent from the magnitude response, Fig. 9, that the X-
and Y-axes resonances are roughly between 8.8 and 8.9 kHz. In
addition to the resonant behavior, the phase response, Fig. 10,
appears to include a linear term, suggesting a time delay. In other

Fig. 11. Phase responses of (a) (dX (iω)/vX (iω))eiω τ , (b) (dX (iω)/
vY (iω))eiω τ , (c) (dY (iω)/vX (iω))eiω τ , and (d) (dY (iω)/vY (iω))eiω τ ,
with dashed plots (- -) denoting the resonant system and thick plots (—) denoting
the corresponding models.

Fig. 12. Feedback configuration.

words, phase plots suggest that the transfer-function matrix is
of the form Gd(s)e−sτ for some time delay τ > 0, with Gd(s)
denoting a highly resonant finite order system. The dashed plots
(- -) in Fig. 11 are phase responses of the resonant component.
These were plotted by estimating the time delay τ that was found
to be approximately 65 μs, from the phase response presented
in Fig. 10, and multiplying the frequency response data by eiωτ .
Note that, the time delay τ is the slope of the straight line joining
0◦ to 180◦ in the dashed plots in Fig. 10(a) and (d).

Controllers are designed to damp the resonances along both X-
and Y-axes. Here, for controller design only the diagonal terms
GX X (s) and GY Y (s) are considered. The cross-coupling terms
GX Y (s) and GY X (s) are neglected. The feedback configuration
corresponding to the control design is presented in Fig. 12. It
is apparent from the dash-dotted plots in (a) and (d) of Figs. 9
and 11 that GX X (s) and GY Y (s) can be satisfactorily modeled
as second-order systems. The following models were estimated
for the resonant transfer-functions:

GX X (s) =
3.77 × 108

s2 + 2060s + 2.986 × 109 (10)

and

GY Y (s) =
5.32 × 108

s2 + 3862s + 3.974 × 109 . (11)
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The dash-dotted plots in (a) and (d) of Figs. 9 and 11 are the
magnitude and phase responses of the models (10) and (11),
respectively. As the system also includes a time delay τ = 65μs,
the transfer-functions GX X (s) and GY Y (s) are multiplied by

T (s) =
s2 − 9.231 × 104s + 2.84 × 109

s2 + 9.231 × 104s + 2.84 × 109 (12)

which is a second-order Pade approximation of e−sτ . The
phase response of the transfer-functions GX X (s)T (s) and
GY Y (s)T (s) are plotted in Fig. 10(a) and (d). Plots suggest
that the models fit the respective data sets with reasonable
accuracy.

Approximation of the time delay introduces nonminimum
phase zeros. Most literature involving nanopositioners, report
the presence of nonminimum phase zeros [14], [43], [44]. The
reasons for that have not been satisfactorily explained. It is
clear from the aforesaid discussion that, when approximating
the nanopositioner dynamics with finite-order models, the time
delay present in the system is inadvertently approximated, lead-
ing to the presence of nonminimum phase zeros. Most nanopo-
sitioners use capacitive sensors to measure the displacement.
Frequency response of capacitive sensors closely approximate
a Butterworth filter (typically a second-order filter). The phase
response of Butterworth filters are approximately linear near the
passband region, which causes the time delay.

A. IRC Design and FPAA Implementation

Smith predictor implementation of controllers negate the ef-
fects of time delay in plants [45]. However, the working of Smith
predictor is based on the internal model principle [45], which
in the current context amounts to cancellation of the highly res-
onant system poles. This would make the closed-loop system
very sensitive to perturbations in system parameters, eventually
leading to degradation and nonrepeatability of the scans.

In this paper, IRC is used for damping the resonant modes.
Design of IRC using root locus is discussed in detail in [46].
In the current context, for GX X (s)T (s) it amounts to choosing
scalars Dx and KX such that the zeros of

RX X (s)
�
= 1 + (GX X (s)T (s) + DX )

KX

s
(13)

are well inside the left half-plane. The central idea of IRC is
to change the zeros by adding a Dx so that the root locus of
Rxx(s), obtained by varying Kx , lies completely inside the left
half-plane. Since

RX X (s) =
s + KX DX

s

(
1 + GX X (s)T (s)

KX

s + KX DX

)

a controller of the form

CX (s) =
KX

s + KX DX
(14)

in unity feedback, would have the root locus as (13) for a fixed
DX . The same procedure holds for GY Y (s)T (s). Here, it suf-
fices to say that, we have chosen

CX (s) =
4 × 104

s + 8 × 103 (15)

Fig. 13. Implementation of the IRC on the FPAA.

Fig. 14. Constant force contact mode AFM. The X- and Y-axes resonant modes
are damped using FPAA-based controllers. The vertical feedback is the in-built
feedback controller of the NT-MDT AFM. Images are constructed from the
control signal of the Z-axis.

CY (s) =
3 × 104

s + 1.8 × 104 . (16)

In Figs. 9 and 10, the closed-loop frequency response func-
tions, with the aforementioned controllers, have been plotted.
It is apparent from the plots that significant damping of the
resonances has been achieved.

It is worth mentioning that IRC’s are defined for negative
imaginary systems, i.e., systems with transfer function G(s),
satisfying the inequality i(G(iω) − G(−iω)) ≥ 0, ∀ω ≥ 0,
[47]. It can be checked that GX X (s), (10), and GY Y (s), (11),
satisfy the negative-imaginary property, while GX X (s)T (s)
and GY Y (s)T (s) do not. Here, the IRC has been extended to
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Fig. 15. Open-loop scans and X-displacement plots.

Fig. 16. Closed-loop scans and X-displacement plots.
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accommodate the time delay. A complete stability proof, of the
type give in [47], for a general negative-imaginary system with
time delay is beyond the scope of this paper. However, it suffices
to say that the root locus procedure presented in [14], [48] for
constructing IRCs for negative-imaginary systems can be used
in the current context [i.e., for GX X (s)T (s) and GY Y (s)T (s)].

It must be emphasized that as the system bandwidth is beyond
30 kHz, controllers (15) and (16) cannot be implemented digi-
tally using standard rapid prototyping systems. These systems
often have sampling rates that do not allow for implementation
of high-bandwidth controllers. For example, dSPACE-1103 has
a sampling rate of 80 kHz that is too low for implementation of
the controllers needed here. Consequently, the controllers were
implemented using FPAA. An Anadigm FPAA development
board (AN231K04) was used to implement the controllers. This
implementation is equivalent to a direct analog implementation
of the controller and allows for a much higher control band-
width than a commercial rapid prototyping system. The analog
arrays are made of switched capacitors with switching frequen-
cies up to 15 MHz. Thus, practically eliminating the effects of
sampling and quantization. Fig. 13 presents the implementation
of the controller CX , (15) in the FPAA software environment.
Controller CY was implemented in the same fashion. In Fig. 13,
G denotes the inverting unity gain −1, −

∑
denotes inverting

summer or adder and −Φ denotes the negative of CX . The ref-
erence signal rx is applied to the leads 09–10 of the FPAA in the
differential form, while the capacitive sensor output dx is applied
to the 11–12 leads in the differential form. Thus, n1 and n3 in
Fig. 13 denote rx and dx , respectively, while n2 = −(rx − dx)
is the negative of the error signal and n4 denotes the control
signal to be presented to the plant. This control signal is given
in its differential form along the leads 03–04, which is converted
into a single ended signal using a low-noise opamp MC33078
prior to applying it to the X-actuator of the nanopositioner. In
the current context, CX can be implemented by just specifying
its gain and corner frequency, which are 5 and

(
8 × 103

)
/2π.

A more detailed presentation on the implementation of higher
order filters using FPAAs can be found in [29].

V. AFM IMAGES

In this section we evaluate the performance of the designed
nanopositioner when used as the scanning stage of an AFM.
Both closed-loop and open-loop operations of the stage are
investigated and compared. The XYZ nanopositioner was in-
stalled into a commercial AFM (NT-MDT NTEGRA) to obtain
images of a standard test grating. A MikroMasch TGZ2 cali-
bration grating with 3-μm period and 108-nm step height was
scanned. Scans were performed using a NT-MDT CSG30 can-
tilever probe with a first resonance frequency of 57 kHz and a
stiffness of 0.6 N/m. An area of 4.8 μm× 4.8 μm of the grating
was imaged at line rates of 39, 78.1, and 156.25 Hz at pixel
resolution of 256×256. An image was also captured at 200-Hz
line rate. Due to the limitation of the data acquisition system, the
resolution of images recorded at 200 Hz had to be reduced from
256 to 200 scan lines. Images were recorded in constant force
contact mode where the vertical feedback of the microscope

was activated. The calibrated sensitivity of the Z-axis is 253.4
nm/V. The estimated probe-sample interaction force is 60.8 nN.
Topographic images of the grating were constructed from the
electrical signal used to drive the Z-axis of the nanopositioner
(see Fig. 14). When operating in closed loop, the dominant
modes of the X- and Y-axes of the nanopositioner were damped
using the controller described in Section IV-A.

Oscillations were observed in the open-loop images recorded
at 78.1, 156.25, and 200 Hz. The resulting artifacts can be
seen in Fig. 15. Oscillations are also clearly visible in the X-
displacement plots measured by the corresponding displacement
sensor. Fig. 16 shows that these oscillations were suppressed
when the controller was activated.

Apart from oscillations, another artifact that is observed in the
open-loop images is a bending of the surface features, which is
partly due to the drift and the presence of hysteresis in piezo-
electric actuators. The hysteresis effect can be significantly min-
imized, if the actuators are driven with charge sources [49], [50].
However, given that voltage amplifiers are used here, high-gain
feedback can achieve a satisfactory outcome, as observed by
other researchers [51]. Here, IRC control gains were chosen
high enough to satisfactory hysteresis compensation.

The closed-loop images are plotted in Fig. 16. The image
obtained at 78.1 Hz has a very similar quality as that of the
39-Hz image. The image quality at 156.25 and 200 Hz are
slightly lower than that of the 39 Hz. This is due to the limited
feedback gain that can be applied to the vertical feedback loop of
the microscope, which is only designed for slow scans (below
30 Hz). An external high-gain, high-bandwidth vertical con-
troller is currently under investigation to address this issue.
Nevertheless, images with reasonable quality were successfully
recorded at high speeds by using the XYZ flexure-based nanopo-
sitioner and the FPAA-based controller proposed in this paper.

VI. CONCLUSION

In this paper, we designed a XYZ nanopositioner for high-
speed AFM. FEA of the nanopositioner suggested the presence
of first resonant modes at 10.7 kHz along both the X- and Y-axes,
and 52.8 kHz along the Z-axis. Experimental determination of
the nanopositioner dynamics shows the presence of the first res-
onant modes at 8.8 and 8.9 kHz along the X- and Y-axes, respec-
tively, and 48.4 kHz along the Z-axis. The measured resonances
are in close agreement to that of the FE model. The nanopo-
sitioner was also designed to have low cross-coupling motions
among the three axes. The nanopositioner was installed on an
AFM and a calibration grating was scanned, in open loop, over
an area of 4.8 μm× 4.8 μm, at scanning frequencies of 39,
78.1, 156.25, and 200 Hz. Oscillations and the effect of hys-
teresis were found prominently in corresponding images. The
IRC design methodology was used to realize controllers that
could sufficiently damp the structural resonances and thus en-
able high-speed scans. Furthermore, the controller gains were
chosen such that a significant reduction in hysteresis was also
achieved. Due to the large bandwidth of the nanopositioner the
controllers were implemented on FPAA boards, which amounts
to a direct analog implementation. Scans were repeated in closed
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loop and the quality of the images were improved significantly.
Almost no oscillations or hysteresis were noted.
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