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Abstract
This article considers the precision positioning problem associated with high-speed operation of the
Atomic Force Microscope (AFM), and presents an inversion-based control approach to achieve
precision positioning. Although AFMs have high (nanoscale) spatial resolution, a problem with
current AFM systems is that they have low temporal resolution, i.e., AFM imaging is slow. In
particular, current AFM imaging cannot be used to provide three-dimensional, time-lapse images of
fast processes when imaging relatively-large, soft samples. For instance, current AFM imaging of
living cells takes 1-2 minutes (per image frame) — such imaging speeds are too slow to study rapid
biological processes that occur in seconds, e.g., to investigate the rapid movement of cells or the fast
dehydration and denaturation of collagen. This inability, to rapidly image fast biological processes,
motivates our current research to increase the operating speed of the AFM. We apply an inversion-
based feedback/feedforward control approach to overcome positioning problems that limit the
operating speed of current AFM systems. The efficacy of the method, to achieve high-speed AFM
operation, is experimentally evaluated by applying it to image collagen samples.

1 Introduction
In this paper, we consider the precision positioning problem associated with high-speed
operation of the Atomic Force Microscope (AFM) and present an inversion-based control
approach to achieve precision positioning. It is noted that the nanoscale resolution of the AFM
has made the AFM an attractive tool to image as well as to manipulate biological phenomena
at the cellular and sub-cellular level (e.g., [1, 2, 3]). For example, AFM imaging can be used
to investigate cellular function such as the migration of cells, and to study the mechanical
properties of sub-cellular components such as collagen. Although AFM systems can image
biological samples with high (nanoscale) spatial resolution, a problem with current AFM
systems is that they have low temporal resolution. In particular, current AFM systems cannot
provide three-dimensional, time-lapse images of fast processes when imaging relatively-large,
soft samples. For instance, AFM imaging of living cells takes 1-2 minutes (per image frame)
[4]. The resulting AFM images have substantial distortions if the sample properties change
rapidly in time because the initial pixel of the image and the final pixel of the image are acquired
at very different time instants (due to the low operating speed [1]). Therefore, current AFMs
are too slow to study biological processes that occur in seconds such as the rapid movement
of cells [4] or the fast dehydration and denaturation of collagen [5, 6]. This inability, to image
fast biological processes, motivates our current research to increase the operating speed of the
AFM. We apply an inversion-based control approach to overcome current positioning
problems that limit the operating speed of AFM systems. The efficacy of the method, to achieve
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high-speed AFM operation, is experimentally evaluated by applying it to image collagen
samples.

Precision positioning of the AFM-probe is critical to the investigation of biological samples
using AFMs. For example, precision control of the distance between the AFM probe and the
sample surface is needed to maintain the probe-sample force at very small values (e.g., less
than 1nN [7, 8]) to prevent damage and distortion of soft biological samples such as cells [9,
10]. (The probe-sample force changes if the distance between the AFM probe and the sample
surface changes.) Therefore, precision AFM-probe positioning is needed to control the applied
forces during imaging of soft biological samples. Precision positioning is also needed to apply
external perturbations (forces) at a specified location on a biological sample, e.g., to investigate
the transmission of surface forces to the substrate during cell locomotion [3]. Moreover, the
AFM-probe needs to be precisely positioned at specified locations over the sample when
investigating spatial and temporal changes in a sample’s visco-elastic properties. Thus,
precision positioning of the AFM-probe at a desired location over the sample surface is
important when investigating and manipulating biological samples.

Precisely positioning the AFM-probe is challenging during high-speed operation due to
movement-induced vibrations in the positioning system. Currently, AFM positioning systems
use piezo-scanners to position the AFM-probe over the sample surface; both parallel to the
sample surface (along the x and y axes) and perpendicular to the sample surface (z axis).
Therefore, precision positioning of the AFM-probe over the sample surface requires precision
positioning of the piezo-scanner. As a result, one of the main challenges, in precision
positioning of the AFM-probe over the sample surface, is to compensate for positioning errors
due to vibrations induced by the movement of the piezo-scanner. (Such movement-induced
positioning errors are different from those caused by vibrations transmitted to the AFM from
external sources; external-vibration-caused problems are relatively easy to address using
vibration-isolation schemes [1].) In particular, the scanning movement of the piezo-scanner in
the x axis tends to induce vibrations and cause positioning errors in the x, y and z axes. Errors
in the x and y axes (parallel to the sample surface) results in image distortion and prevent
manipulation of biological samples at the desired location. The image distortion can be
corrected using post-processing of the image, such as re-plotting the image against the
measured x and y positions; however, such an approach is not acceptable if the goal is to
manipulate a sample at pre-specified locations. Positioning errors are also not acceptable in
the z axis (perpendicular to the sample surface) because such errors cause a change in the tip-
sample force — excessive forces cause sample damage. These adverse positioning errors
caused by movement-induced vibrations become more significant during high-speed AFM
operation [11] and limit the maximum operating speed of the AFM [12, 13]. In practice, the
achievable AFM operating speed (scan frequency) in biological applications is substantially
smaller (100 times smaller) than the smallest, resonant-vibrational frequency of the AFM’s
piezo-scanner. Consequently, techniques are needed to reduce these movement-induced
vibrations for achieving precision positioning of the AFM-probe during high-speed imaging
and manipulation of biological samples.

High-bandwidth positioning in AFM can be achieved by using miniaturized or stiffened (plate-
type) piezoactuators [14, 15]. The high bandwidth of the piezos implies that the piezo-scanner’s
smallest, resonant-vibrational frequency is much higher than the desired scan frequencies.
Therefore, the relatively-low-frequency scanning movement does not significantly excite the
resonant vibrational modes of the scanner, and does not induce large vibrations in the AFM-
probe’s position. Thus, piezo-scanners with substantially high bandwidth can achieve precision
positioning during high-speed AFM operation; however, this approach requires the use of
smaller (or stiffer) piezos that tend to have smaller positioning range. For example, high-
bandwidth piezo-scanners has been used in Ref. [16] to enable AFM imaging at a high scan

Zou et al. Page 2

Asian J Control. Author manuscript; available in PMC 2006 January 31.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



frequency of 1.25KHz, which resulted in an imaging time of 80 milliseconds per frame.
However, the high-speed (80ms per frame) AFM imaging in Ref. [16] had a relatively small
scan-area of 0.24μm × 0.24μm. This small scan area is not sufficient to image relatively-large
features; for example, imaging of cell protrusions such as lamellipodia can require scan sizes
in the order of 20μm (see, e.g., Refs. [17, 18]). Therefore, increasing the operating speed by
using smaller (or stiffer) high-bandwidth piezos results in smaller scan size, which prevents
AFM imaging of biological samples with relatively-large features — in this article, we attempt
to increase the operating speed of the piezo without reducing the scan size of the piezo-scanner.

An alternate to using smaller piezos (for increasing operating speed) is to compensate for the
adverse movement-induced vibrations by using control techniques. In this area, our research
efforts have focused on the use of an inversion-based control approach to achieve high-speed
scanning [12, 19, 20, 21]. In this approach, we model the positioning dynamics of the piezo-
scanner and then invert it to find an input that achieves precise positioning of the AFM-probe;
this inverse input is applied to the piezo-scanner as a feedforward input. The feedforward input
can be used to account for positioning errors caused by predictable disturbances such as the
scanning movement of the AFM-probe across the sample. Additionally, positioning errors due
to unknown (unmodeled) disturbances can be accounted-for by integrating feedback
controllers with the feedforward input [22, 23]. It is noted that the addition of the inverse input
as feedforward can improve the tracking performance of any feedback controller — even in
the presence of computational errors in the inverse input due to modeling uncertainties (the
size of acceptable uncertainties has been quantified in Ref. [24]). The use of inverse
feedforward to increase the bandwidth of piezo-scanners has been experimentally verified in,
e.g., Refs. [12, 19, 20, 21].

An important issue in implementing the inversion-based approach is the computational
complexity of modeling and inverting the nonlinear hysteresis behavior of the piezo-scanner.
Positioning errors due to hysteresis effects become significant when the piezo-scanner is used
to position the AFM probe over relatively-large areas, for example, when imaging biological
samples with large features (such as cells). Previous works have used inversion-type
approaches to account for such hysteresis effects (e.g., [12, 25, 26, 27]). For example, in Ref.
[27], the inverse of the nonlinear hysteresis was modeled using polynomials. However, the
polynomial-based model does not account for variations in the amplitude of the applied input;
therefore, this approach cannot correct-for the hysteresis effects when the amplitude of the
input is not constant. (Variations in the input amplitude are needed to precisely track a general
output trajectory). These errors caused by variations in the input amplitude can be corrected
by using more detailed Preisach models of the nonlinear input-to-output hysteresis in the piezo
dynamics [25]; the inverse input is found in Ref. [25] by using an iterative method. Rather than
first model the input-to-output hysteresis model and then second use an iterative method to
find the inverse-hysteresis model [25], the inverse hysteresis was directly modeled using the
Preisach approach in Ref. [12]. Experimental results in Ref. [12] show that the inverse input
can effectively compensate for creep, hysteresis, and vibration effects in piezos, and thereby
enable high-speed AFM operation. However, implementing such model-based inversion
technique can be challenging because modeling the nonlinear hysteresis is time intensive,
requires the identification of a large number of parameters, and might need to be repeated if
the system parameters change due to piezo aging. Therefore, while the use of inverse
feedforward leads to increased precision in piezo-scanner positioning, techniques are needed
to reduce the complexity of computing the inverse feedforward input.

In this article, we account for hysteresis and vibrations in the AFM’s piezo-scanner by using
a recently-developed decoupled approach that reduces the complexity of computing the inverse
feedforward input [23]. In particular, (a) a high-gain feedback controller is used to compensate
for hysteresis, and (b) the inverse feedforward input is used to compensate for vibrations. It is
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noted that the use of higher feedback-gain makes the closed-loop input-to-output gain (at any
frequency) closer to one, i.e., the output of the system matches the desired-position waveform
(that is applied as a reference input to the system). Therefore, high-gain feedback can improve
the piezo-scanner’s ability to track a desired output (position) — provided the system is stable.
However, there are limits to the maximum feedback gains that can be used in the AFM’s
positioning system because piezo-scanners tend to have low gain margins, i.e., high-gain
feedback tends to destabilize the piezo-scanner [28, 29]. The tendency to become unstable at
high gains has limited the success of traditional AFM feedback techniques such as proportional,
integral and derivative (PID) controllers. We enable the use of high-gain feedback by increasing
the gain margin of the system using a notch-filter-based approach [30]). The resulting high-
gain controller is used to correct for nonlinear hysteresis effects. The use of feedback to control
hysteresis (and creep in the piezo [23]) implies that the inverse input only needs to account for
vibrational effects, which can be done by modeling and inverting the system using linear
models. Inversion of linear models is less computationally challenging than the inversion of
nonlinear piezo-dynamics models (studied in [12]). Thus, the use of high-gain feedback (to
correct for hysteresis effects) reduces the complexity of implementing the inversion-based
approach. In this article, we show that the integration of inverse feedforward with high-gain
feedback leads to substantial improvements in piezo-scanner positioning with the use of PID
controllers (that are commonly used in current AFM systems). Although we show substantial
improvement with a PID feedback controller, it is noted that the proposed inverse feedforward
can be integrated with any feedback controller. Therefore, the performance of the inversion-
based approach can be further improved if the inverse feedforward is integrated with more
advanced feedback controllers such as the robust controllers developed in, e.g., [11, 31, 32,
33, 34]. The improvement in the positioning performance with the inversion-based approach
and the resulting increase in AFM operating speed are verified using experimental results when
imaging collagen samples.

2 System Description and Modeling
2.1 AFM Operation

A critical component of the AFM is the piezo-scanner which is used to spatially position and
scan the AFM-probe relative to the sample surface as shown in Fig. 1(a). The piezo-scanner
enables sample-relative positioning of the AFM probe both parallel to the sample surface (along
the x and y-axis) and perpendicular to the sample surface (z-axis). The scanning motion of the
piezo-scanner is depicted schematically in Fig. 1(b). The imaging process is initiated by
gradually moving the sample close to the probe until a desired (nominal) probe-sample force
(force between the AFM-probe and the sample) is reached and then scanning the AFM-probe
across the sample. During AFM imaging, the effects of the probe-sample force is measured as
the probe is scanned across the sample’s surface. In particular, the displacement of the AFM-
probe (cantilever) is measured using an optical system — this displacement is proportional to
the probe-sample force and is used to form an image of the sample topography, e.g., [35].

In our experiments we first move the scanner from its nominal location (centered at (0, 0)) to
the top-left position of the imaging area (−a, b) (as shown in Fig. 1b). Next, the sample is
scanned through a rastering (back and forth) movement of the sample relative to the AFM-
probe tip in the x-direction. This periodic scan pattern is divided into two portions: (a) the
forward scan (from left-to-right) and (b) the return scan (from right-to-left). During the forward
scan portion, the cantilever deflection is measured at a constant sampling rate and the y-position
is held constant. Then the y-position is increased during the return scan while the cantilever
deflection is not measured. This process of rastering along the x-direction and incrementing
along the y-direction is repeated until the desired area is imaged. Finally, an image of the surface
topology is obtained by plotting the measured cantilever displacement versus the desired x and
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y-position of the AFM probe — this mode of operation is called the constant-height contact
mode (for other AFM modes of operation, see, e.g., [36]).

2.2 Positioning Problem Investigated in this Article
The inversion-based approach can be used to reduce the positioning errors caused by the
movement of the piezo-scanner as it moves the sample relative to the AFM-probe. In general,
movement along an axis of the piezo-scanner induces vibration-caused positioning errors in
all three axis. For example, the scanning movement of the piezo-scanner in the x axis induces
positioning errors in the same (x) axis ; additionally, coupling effects result in positioning errors
in the other two axes (y and z). The proposed inversion-based approach is a general method
that can be used to achieve precision control in multiple-input multiple-output systems (e.g.,
see Ref. [37]), and can therefore be used to account for positioning errors in all three axes (and
to account for coupling effects). However, to illustrate the application of inversion-based
approach to achieve precision high-speed positioning, we focus this article on the correction
of vibration-caused positioning errors in the x axis.

In this article, we show that the inversion-based approach can be used to compensate for the
main cause of movement-induced vibrations in the x axis — the scanning movement in the x
axis. Coupling effects, such as vibration in the x axis due to the scanning movement in the y
axis, tend to be less prominent. This is because the scan frequency in the y axis is Nl times
smaller than the scan frequency in the x axis, where Nl × Nl is the number pixels in each image.
Since the number of pixels along any row of the image, Nl, tends be 100 or more, the scan
frequency in the y direction tends to be at least 100 times slower than the scan frequency in the
x direction. This implies that the slower y axis movements do not cause significant positioning
errors in the x axis. Similarly, induced vibrations in the x axis due to coupling effects from the
z axis are not pronounced because the movement in the z axis tend to be small in magnitude
(typically at least ten times smaller than the x movements). Therefore, the most prominent
movement-induced vibration in AFM is caused in the x axis due to the scanning movement in
the x direction. Although the inversion-based approach can be used to correct for movement-
induced vibrations in all three axes, we focus this article on the reduction of the x axis
positioning errors to illustrate the technique.

2.3 Modeling the AFM-scanner Dynamics
The linear dynamics model for the piezo-scanner on an AFM (Burleigh Metris 2000NC) was
obtained by curve fitting the piezo-scanner’s measured frequency response that was measured
using a dynamic signal analyzer (DSA, Stanford Research Systems Model SR785). A
sinusoidal input voltage, u(t), generated by the DSA was applied to the piezo-scanner and the
resulting lateral displacement of the scanner (in the x-direction) was measured by an optical
sensor (which has a static gain of 18.9 μm/V). The resulting input-output frequency response
is shown in Fig. 2.

A linear dynamics model, represented as a transfer function in the Laplace domain, relating
the input, u (in volts), to the sensor output, x̂(in volts), was curve-fitted to the measured
frequency response. The linear single-input single-output (SISO) model Gx̂was found to be

Gx̂( jω) = kx̂
∏m=1

2 ( jω − 2πzm)

∏n=1
6 ( jω − 2πpn)

≜
nx̂( jω)

dx̂( jω) , (1)

where kx̂= 6.4056 × 1013, the zeros, z1, z2, are {−25 ± 1059j} Hz, and the poles, pn, are {−411,
−5 ± 486j, −70 ± 1200j, −1200} Hz. The frequency response of the linear SISO model is
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compared with the measured frequency response in Fig. 2 (left column plots). To quantify the
modeling error, we plot the relative modeling error in Fig. 2 (right column plots), where

Emag( jω) =
| | Gmea( jω) | − | Gx̂( jω) | |

| Gmea( jω) | , (2)

Epha( jω) =
∡ Gmea( jω) − ∡ Gx̂( jω)

∡ Gmea( jω) . (3)

The logarithm of the relative-magnitude error, L(Emag(jω)) = 20 * log10(Emag(jω)), is shown
in the upper right plot of Fig. 2, and the relative-phase error, Epha(jω), is shown in the lower
right plot of Fig. 2. It can be seen from Fig. 2 that the model Gx̂( jω)is a good fit of the measured
frequency response — for example, the magnitude error is less than 27% (L(Emag(jω)) = −11.4
dB) up to 1 kHz. Therefore, adding the model-based inverse input as a feedforward can improve
the tracking performance of a feedback controller for positioning trajectories with frequency
components up to 1 kHz, because the modeling error is less than the size of the model [24].
Finally, the dynamics model Gx(jω) relating the input voltage, u (in volts), to the actual piezo-
scanner displacement x (in microns, μm) is

Gx( jω) = 18.9 × Gx̂( jω). (4)

Remark 1—The frequency response reveals a sharp resonant peak (peak height equals to
28.8 dB, see Fig. 2) at 486 Hz which limits AFM-probe scanning to very low frequencies —
typically 10 – 100 times lower than the first resonance frequency during high-precision
applications. Therefore, open-loop scanning is limited to around 5 Hz for avoiding adverse
vibration effects.

3 High-speed Scanning: Precision Control
High-speed positioning of the piezo-scanner is achieved by integrating feedback and
feedforward control as shown in Fig. 3. Specifically, a high-gain feedback controller is used
to reduce creep and hysteresis effects in the piezo-scanner. Additionally, feedback control
provides robustness to modeling errors, and enables disturbance rejection. The feedback
control is augmented with an inversion-based feedforward input to improve tracking
performance during high-speed operations. In the following, we describe the design of the
feedback and feedforward components in the controller.

3.1 High-gain Feedback Control
Low Gain-Margin of Piezo-Scanner System—Feedback control can substantially
reduce positioning errors in piezo-scanners provided the feedback gain is sufficiently high.
However, piezo-scanners have low structural damping, and as a result these systems have a
sharp resonant peak in the frequency response where the magnitude response increases
dramatically. For the piezo-scanner studied in this article, the magnitude response increases
by 28 dB while the phase plummets by 180° (at the first vibrational resonance, see Fig. 2).
Such sharp resonance peaks with rapid drop in phase results in low gain margins — the open
loop gain margin of our piezo-scanner system Gx̂(s)is only −17.05 dB. This low gain margin
implies that the feedback gain has to be small to ensure stability; low-gain feedback controllers
do not yield sufficient precision when tracking a specified output (position) trajectory.
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Use of Notch-Filter to Increase the Gain Margin—The gain margin of the system was
increased by cascading a notch filter with the piezo-scanner system to remove the sharp
resonant peak in open-loop frequency response. The notch filter was chosen as [23]:

D(s) = kD
(s − 2πz1)(s − 2πz2)

(s − 2πp1)(s − 2πp2)
, (5)

where the gain is kD = 2.22, the zeros are z1,2 = −5 ± 475j (Hz), and the poles are p1 = −100
(Hz), p2 = −5000 (Hz). The open-loop frequency response of the composite system, i.e, the
notch filter D(s) cascaded with the piezo x-dynamics Gx̂(s), shows a significant increase in the
gain margin from −17.05 dB to 30.86 dB [23].

The PID Feedback Controller—A proportional-integral-derivative (PID) controller,
which is traditionally used in AFM systems, was chosen as:

C(s) = KC Kp +
Ki

s + 2πpi
+ (Kd s) (2πσ)2

(s + 2πσ)2
≜ KCC0(s), (6)

where the proportional gain is Kp = 20, the gain for the integral term is Ki = 1000, the (filter)
pole for the integral term is pi = 0.1 (Hz), the gain for the derivative term is Kd = 6.56 ×
10−3, the (filter) pole for the derivative term is σ = 5000 (Hz), and KC is the controller gain.

Tracking Performance Improvement with the High-gain Feedback—High-gain
feedback can be used if the open-loop system has sufficient gain margin. The use of the notch-
filter D(s) increases the gain margin of the composite system from −43.22 dB (without the
notch filter, i.e., G1(s) = C0(s)Gx̂(s))to 8.62 dB (with the notch filter, i.e., G2(s) = C0(s)D(s)Gx̂(s))

as shown in Fig. 4. Therefore, the allowable feedback gain (KC ≤ 2.70 ) with the notch filter
is much higher than the allowable feedback gain (KC ≤ 0.0069) without the notch filter. The
bode plots of the closed-loop system with the notch filter and feedback gain KC = 1 is compared
with the closed-loop system without the notch filter and a relatively low feedback gain of KC
= 0.00685 in Figure 4.

The use of high-gain feedback (KC = 1, with the notch filter) substantially improves the
system’s tracking performance when compared with the low-gain-feedback case (KC =
0.00685, without the notch filter). In particular, use of high gain feedback moves the system’s
DC gain closer to one (increases from 0.773 to 0.998) as shown in Figure 4, which implies that
the desired position will be tracked more precisely. Moreover, the bandwidth (at which the
closed-loop gain changes by 3 dB from the DC gain) increases from 0.46 Hz to 456.8 Hz, as
shown in Figure 4, which implies that the higher-gain (KC = 1) feedback controller can track
higher-frequency output trajectories. Additionally, such high-gain feedback controllers can
also be used to compensate for positioning errors due to creep and hysteresis effects [23].

3.2 Inversion-based feedforward control
The inversion-based feedforward approach exploits the known dynamics of the AFM’s piezo-
scanner to find inputs that reduce movement-induced positioning errors during high-speed
operation. An input that achieves exact positioning without vibration-caused errors can be
computed by inverting a model of the piezo-scanner dynamics as [38]:

uinv( jω) = Gx
−1( jω)xd( jω), (7)
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where xd(jω) is the Fourier transform of the desired x-position trajectory (in time), Gx
−1(jω) is

the inverse of the piezo-scanner dynamics Gx(jω) in Eq. (4).

Optimal Inversion Scheme—Although the exact inversion-based approach (in Eq. (7))
compensates for movement-induced vibrations, a major drawback with the exact inversion
approach is that the model needs to be known exactly to compute the inverse correctly.
Additionally, the desired output (position) trajectory might require inputs that violate actuator
limits such as bandwidth or available energy. To account for modeling uncertainties and
actuator limitations, we use the optimal inversion approach, which minimizes the following
cost functional [39]:

J (u) = ∫−∞
+∞{u*( jω)R( jω)u( jω) + x( jω) − xd( jω) *Q( jω) x( jω) − xd( jω) }dω. (8)

The resulting optimal inverse input uopt(jω) is given by

uopt( jω) =
Gx

*( jω)Q( jω)

R( jω) + Gx
*( jω)Q( jω)Gx( jω)

xd( jω) ≜ Gopt( jω)xd( jω). (9)

In Eqs. (8) and (9), ‘*’ denotes complex conjugate transpose, x(jω) − xd(jω) is the Fourier
transform of the tracking error, and R(jω) and Q(jω) are frequency dependent weights on the
input energy and tracking error, respectively. The weights R(jω) and Q(jω) are chosen to be
nonnegative functions of jω, such that [R(jω) + G*(jω)Q(jω)G(jω)] > 0 for all ω ∈ ℝ. The
corresponding optimal output trajectory xopt, is given by

xopt( jω) = Gx( jω)uopt( jω)

= Gx( jω)Gopt( jω)xd( jω) ≜ Gf ( jω)xd( jω),
(10)

which is applied to the control system (see Fig. 3) as the reference trajectory, i.e.,
x̂ref = 0.053xopt.

Remark 2—The frequency-dependent weights R(jω) and Q(jω) can be used to account for
modeling errors and input constraints. The optimal inversion technique gives a designer the
ability to only invert the model in the frequency range where the dynamics is known accurately
— the acceptable size of model uncertainty has been quantified in Ref. [24]. For example,
choosing the input-energy weight R(jω) = 0 and the tracking-error weight Q(jω) = I for all ω
∈ ℝ, we obtain uopt(jω) = Gx −1(jω)xd(jω) = uinv(jω), i.e., the optimal inverse input becomes
the exact inverse input. At frequencies where the uncertainty is large, the inversion-based
feedforward input can be set to zero by choosing R(jω) = I and Q(jω) = 0 leading to uopt(jω)
= 0. The above optimal inverse can be used to trade off the exact-output tracking requirement
to achieve other goals like reduction of input and vibration control or to meet actuator
bandwidth limitations as in Ref. [39]. Furthermore, the approach can be used to design output-
tracking controllers for non-square systems [40].

Comparison with Input-Shaping—Another approach to reduce movement-induced
vibrations is to use the input shaping technique [41, 42]. This approach requires prior
knowledge of the input to the system; however, this method cannot be applied if the output
trajectory is specified (and if the input is not known a-priori). In particular, for flexible
structures such as AFM piezo-scanners, finding the system input for a desired output requires

3A MATLAB code for optimal inversion can be obtained by e-mail todevasia@u.washington.edu.
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inversion of the system dynamics. The input has to be found before it can be redesigned. Thus,
if an output-maneuver is being designed, then input-modification based approaches (like input-
shaping) are not directly applicable. A resolution to this problem of unknown input is to: (a)
choose a feedback-based tracking controller – the desired trajectory is now a known reference
input to the closed-loop system; and then (b) redesign this reference input to the closed-loop
system. However, such redesign depends on the choice of the feedback controller [43] because
the controller optimization and trajectory redesign problems become coupled — this coupled
optimization is still an open problem. In contrast, the problem of unknown input does not arise
in the inversion-based approach, because the optimal-inversion technique allows the user to
directly re-design the desired output trajectory. As part of the process, the method also finds
the optimal inverse input uopt that exactly tracks the optimal output trajectory xopt.

4 Experiment: High-speed Imaging of Collagen
The optimal-inversion technique was applied to image a collagen (type I) sample. Imaging and
tracking results, with and without the movement-induced-vibration compensation, are
compared to quantify the efficacy of the proposed approach.

4.1 The need for high-speed imaging of collagen samples
High-speed AFM can be used to image rapid changes of structural and chemical properties of
cellular components such as collagen. For example, high-speed AFM can enable the real-time
investigation of collagen proteolysis [44], which is important in many physiological and
pathological processes [45] because collagen is the main structural component of the
extracellular matrix (ECM). Although current AFMs can be used to observe collagen
proteolysis, the low temporal resolution of current AFMs limit these studies to relatively slow
proteolysis reactions — the study of faster reactions requires an increase in AFM imaging
speed [44]. Another application of the high-speed AFM is in the study of rapid dehydration of
dentin collagen exposed by acid treatment [5]. The dehydration process plays a crucial role in
dental clinical applications because surface structural changes (caused by water-loss) can
significantly affect dentin bonding (e.g., [46]). Current AFMs enable the imaging of structural
changes in dentin collagen before and after dehydration, however, at current imaging speeds,
the AFM cannot be used to study the rapid dehydration process [5]. This interest in high-speed
AFM imaging of collagen motivates the use of collagen samples in the following experiments.

4.2 Experimental Methods
Sample Preparation and Imaging Method—Glass chamber slides were coated with
50mg/ml of rat tail collagen I (BD Biosciences), incubated for at least 20 minutes at 37°C,
blocked with 1% bovine serum albumin (BSA) for one hour, and then washed with phosphate-
buffered saline (PBS). Images acquired with the AFM are presented for samples that were air
dried for more than three days. Previous results indicate that low-stiffness AFM-probes can be
used to image soft samples such as cells with sufficiently small probe-sample forces to avoid
sample damage [7]). Such a low-stiffness AFM probe, with nominal stiffness of 0.03N/m
(MikroMasch Inc), was used in our experiments to keep probe-sample forces small.
Additionally, the smallest nominal AFM-probe deflection (which corresponds to the smallest
nominal probe-sample force) that enables successful imaging without distortions was used —
the smallest nominal AFM-probe deflection was found experimentally by comparatively
evaluating the visual quality of images acquired at different nominal value of the AFM-probe
deflection when operating in the constant-height, contact mode. Imaging was performed at
different scan rates, with and without the inversion-based control approach, during which the
actual x axis position of the piezo-scanner and the AFM-probe displacement were measured.
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Positioning With and Without Dynamics Compensation—Two methods were
applied to control the scanning of AFM in the x-direction: (a) control without compensating
for the AFM scanner dynamics, and (b) control with dynamics compensation. The experimental
output tracking and imaging results acquired with these two methods are used to illustrate (a)
that dynamics affects both the AFM-probe positioning and imaging results as the scan
frequency increases, and (b) that the proposed inversion-based feedback/feedforward
technique can be applied to significantly increase the scanning speed. Next, the two methods
are summarized.

1. Control without compensation of the piezo-dynamics (DC-Gain approach) In this
approach, which is prevalent in current industrial AFM systems, the input u is chosen
as the output of the system scaled by the DC-gain of the system, i.e.,

uDC(t) =
xopt(t)

k , (11)

where xopt(t) is the desired scanning trajectory and k is the DC-gain of the system.
The DC-gain can be measured as the ratio of the output’s amplitude to the input’s
amplitude (when the scan size and scan frequency are small). We note that the DC-
gain of the system changes due to operating conditions and piezo aging effects. To
account for such effects, we calibrate the DC-gain of the system at the start of each
experiment and accordingly adjust the gain of the system ( kx̂in Eq. 1).

2. Inversion-based control that accounts for the piezo-scanner dynamics High scan
frequencies can be achieved if the scanner dynamics is accounted for by using the
inversion-based feedback/feedforward approach, where the control input applied to
the piezo scanner is:

ux(t) = uff (t) + ufb(t), (12)

as shown in Fig. 3.

Controller Implementation—The feedback input ufb(t) was obtained using an analog
circuit (using operational amplifiers). The (optimal-inverse) feedforward input uff (t) was
computed o²ine. To compute the optimal inverse, the desired output was tracked perfectly at
low frequencies, i.e., the input energy weight was chosen as R(jω) = 0 and tracking error weight
was chosen as Q(jω) = 1 for ω ≤ 650 * 2π rad/sec. At higher frequencies, we did not invert the
system — we chose R(jω) = 1 and Q(jω) = 0. This frequency-dependent choice of weights R
and Q enabled us to smooth the triangular output trajectory and thereby to avoid unwanted
high-frequency components in the inverse input. The optimal input was computed offline using
MATLAB 3 because the desired scan trajectory was known. It is noted that even when the
desired trajectory is unknown, information from a previous scan line can be used to
approximate the desired trajectory when finding the feedforward input [31]. Moreover, the
optimal inverse can be implemented online if preview-information of the desired output is
available [21].

4.3 Experimental Results and Discussion
4.3.1 Inversion-based Approach Enables High-speed AFM Imaging—The collagen
images acquired in the experiments are shown in Figs. 5 and 6, where the images are presented
by plotting the normalized AFM-probe deflection, V̂ z(x, y), at each sampled location (x, y).
The normalized AFM-probe deflection V̂ z(x, y)is defined as
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V̂ z(x, y) =
Vz(x, y) − V̄ z(x, y)

maxx,y | Vz(x, y) | , (13)

where Vz(x, y) is the optical-sensor voltage output, which is proportional to the AFM-probe
deflection and represents the topography of the collagen sample. In the above Eq. (13), the
mean value V̄ z(x, y)and the absolute-maximum value maxx,y|Vz(x, y)| are computed across
all the images in Figs. 5 and 6. As shown in plot (a) in Fig. 5, collagen fibrils can be clearly
seen in the images obtained at slow scan frequency of 5 Hz. However, significant image
distortions occur if the piezo-dynamics is not compensated for. For example, images acquired
with the DC-Gain approach show increasing distortions as the scan frequency is increased; the
collagen fibrils are twisted and elongated in the fast x-scanning direction, as shown in Fig. 5
(plots (b), (c), (d)). Such distortions, while relatively small at the lower scan frequency of
30Hz, become significant at 50Hz scan frequency. On the contrary, these image distortions do
not appear when the collagen images are obtained with the inversion-based approach that
accounts for the piezo-dynamics (Fig. 6). Note that the image acquired with the inversion-
based approach even at 150Hz scan frequency (Fig. 6(d)) is similar to the image acquired with
the DC-Gain method at the relatively low scan frequency of 5 Hz shown in Fig. 5(a). Therefore,
the experimental images show that compensating for the piezo-dynamics enables high-speed
AFM imaging. This increase in AFM operating speed is due to precision positioning of the
AFM-probe at high scan frequencies. Next, we quantify the improvement in positioning
precision and bandwidth with the inversion-based approach.

4.3.2 Inversion-based Approach Reduces Positioning Errors During High-speed
Scanning
Quantifying Tracking Performance: To quantify the improvement in positioning precision
and bandwidth with the inversion-based approach, we comparatively evaluated the
experimental positioning results obtained at different scan frequencies (ωs equal to 5, 30, 90
and 150 Hz). The experimentally measured output (x) and the computed tracking error (ex)

ex(t) = xopt(t) − x(t)

are shown in Figs. 7 and 8 for the DC-Gain method and the inversion-based approach,
respectively. The positioning performance was quantified in terms of the maximum tracking
error emax(%) and the root-mean-square (RMS) error erms(%),

emax( % ) = max
t∈ 0,Ts)

| ex(t) |
Ax,opt

× 100 % , (14)

erms( % ) =
(∫0Ts ex(t) 2 dt) /Ts

Ax, opt
× 100 % , (15)

where Ts = 1/[ωs(Hz)] denotes the scan period and Ax,opt denotes the peak-to-peak amplitude
of the optimal desired trajectory. These tracking errors were computed for different scan
frequencies and are presented in Table 1. Additionally, the positioning errors caused by exciting
the piezo-scanner resonance was quantified by first expanding the tracking error ex(t) using
the Fourier series as

ex(t) = ∑
n=1

N
Ex ωn cos (ωnt + φn). (16)
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Second, the amplitude of the tracking error component Ex[ωn] for the frequency ωn closest to
the resonance frequency (484 Hz) of the piezo-scanner was computed, and used as a measure
to quantify the excitation of the piezo-scanner resonance. The results are presented in Table 1
along with the amplitude of the error-component Ex[ω1 = ωs] at the scan frequency (ωs).

Piezo-scanner Dynamics Causes Significant Positioning Errors During High-speed
Scanning: Positioning errors become significant as the scan frequency increases with the use
of the DC-gain approach (compare plots (b1) and (b5) in Fig. 7), In particular, the maximum
positioning error emax increases from 2.01% to 33% as the scan frequency is increased from
5Hz to 150Hz (see Table 1). It is noted that the DC-gain approach does not account for piezo-
scanner dynamics effects such as changes in amplitude gain and phase shift between the input
and the output. These gain-change and phase-shift effects become large near the resonance
frequency of the piezo-scanner dynamics and cause substantial tracking errors if the input has
significant components near the resonance frequency. In particular, substantial tracking errors
can be expected at the most significant frequency component of the triangular input that is
closest to the piezo-scanner’s resonance frequency (484Hz). For example, the frequency
component of the input that is close to the resonance frequency is 450Hz when the scan
frequency is 30Hz or higher. (For a triangular scan trajectory, this is the odd harmonic of the
scan frequency, ωs, that is closest to the resonance frequency.) As the scan frequency increases,
the magnitude of the high-frequency component (at 450Hz) also increases, resulting in
increased tracking errors as seen in Fig. 7, plots (b1)-(b5). It is noted that the frequency of the
large oscillatory part of the tracking error (Fig. 7, plots (b2)-(b5)) is 450Hz and this component
increases by more than 19 times from −33.42 dB to −7.74 dB as the scan frequency increases
from 30 Hz to 150 Hz (see Table 1). Thus, the frequency-dependent amplitude gain and phase
shift between the input and the output (due to piezo-scanner dynamics) cause substantial
positioning errors, if they are not accounted for. These positioning errors can be as large as
33% of the desired scan size (see Table 1).

Inversion-based Approach Increases Positioning Precision and Bandwidth: Dynamics-
caused positioning errors are substantially reduced by using the inversion-based approach,
which accounts for the piezo-scanner dynamics. Note that at the relatively slow scan frequency
of 5Hz, the amplitude of the output matches the amplitude of the desired optimal scan trajectory
(because we calibrate the system’s DC gain). However, the error with the inversion-based
approach (Fig. 8, plot (b1)) is still smaller (about 2 times smaller) than the error with the DC-
gain approach (compare Fig. 8, plot (b1) with Fig. 7, plot (b1)). The error with the DC-gain
approach is caused by a small phase shift between the input and output due to the piezo-scanner
dynamics. While the error caused by the piezo-scanner dynamics is small at low frequencies,
the errors become significant at high frequencies. For example, as the scan frequency was
increased from 30 Hz to 150 Hz, the tracking-error’s component at the scan frequency,
Ex[ωs], increased about 4.6-times (from −20.12 dB to −6.76 dB). In contrast the the tracking-
error’s component at 450Hz increased much more — over 19 times, from −33.42 dB to −7.74
dB (see the 6th and 9th columns of Table 1). The inversion-based approach compensates for
the high-frequency tracking errors; the error components at the lower scan frequency and at
the higher 450 Hz are both substantially reduced. For example, at the scan frequency of 150
Hz, components of the tracking error (at both the scan frequency and at 450 Hz) are reduced
by more than 20 times when compared with the results from the DC-gain approach (compare
6th and 7th columns with 9th, 10th columns in Table 1). Thus, the dynamics-caused positioning
errors are substantially reduced with the use of inversion-based control approach; the maximum
positioning errors are reduced by more than 16 times, from 33.0% (without dynamics
compensation) to 2.64% at scan frequency of 150 Hz. Additionally, the inversion-based
approach enables high-speed imaging (for the same acceptable precision in output tracking)
because the positioning error (0.062 μm) at the high-scan frequency of 150Hz with the
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inversion-based approach is similar to the positioning error (0.077 μm) at the relatively lower
5Hz without dynamics compensation.

4.3.3 Hysteresis compensation for large scan size—The hysteresis-caused
positioning errors, which become dominant for large scan size, can also be substantially
reduced by using the inversion-based feedback/feedforward approach. To evaluate the
reduction in hysteresis-caused positioning errors, we comparatively evaluated experimental
positioning results for a large scan size of 32 μm, which is over 13-times larger than the scan
size of 2.4 μm used to image the collagen. The experimental tracking results are shown in Fig.
9 and Table 2. Note that there are significant tracking errors even at the low scan frequency of
5Hz. This error is not caused by an error in the output amplitude; such error was removed by
calibrating the DC-gain of the system and as seen in plot (a1) of Fig. 9, the tracking errors at
the turn-arounds of the triangle scan signal are small. However, large tracking errors can be
seen in the middle of two successive turn-arounds (in the desired output position). These large
errors are caused by hysteresis in the piezo-scanner. By using the proposed inversion-based
control method, such hysteresis-caused positioning errors are reduced by about 6-times
(compare plot (b1) with plot (b2) in Fig. 9 and also see the 2th and 3rd columns of Table 2).
As the scan frequency increases, the vibration caused errors are also added to the hysteresis-
caused errors (see Fig. 9, plot (b3)).

The inversion-based feedback/feedforward method compensates for both hysteresis and
vibration effects; in particular, the feedforward input compensates for the vibrational effects,
while the modeling errors (including the unmodeled hysteresis effects) are compensated by the
high-gain PID feedback controller. For example, the inversion-based feedback/feedforward
method reduces the overall positioning errors to 1.46% for tracking a triangular desired output
at 50Hz scan frequency and 32 μm scan size (see Table 2). This improvement in tracking
precision (using the high-gain PID controller) compares well with the tracking performance
achieved by using more advanced feedback controllers such as robust feedback control in
[33], which achieved tracking with 1.6% error for a sinusoidal desired output at a scan
frequency of 50 Hz and scan size of 19 μm. Thus, the experimental results show that the
inversion-based feedback/feedforward method effectively compensates for both the linear
vibrational dynamics and nonlinear-hysteresis effects of the piezo-scanner. Moreover, the
inversion-based feedback/feedforward approach can be used to achieve high-speed high-
precision positioning of AFM-probe when imaging relatively large features. This ability to
image faster without reducing the scan size is important when imaging and manipulating
biological samples such as living cell with large features [7].

5 Conclusion
This article addressed a critical need in the development of high-speed AFMs for imaging
biological samples — the need to achieve precision AFM-probe positioning during high-speed
operations. High-precision positioning was achieved by using an inversion-based feedback/
feedforward technique to compensate for movement-induced errors in the piezo-scanner that
is used to position the AFM probe. The method was applied for precision AFM-probe
positioning when imaging collagen samples. The experimental results demonstrate the
following three points: (a) substantial positioning errors are caused by piezo-scanner dynamics
at high scan-frequencies; (b) piezo-scanner dynamics can be compensated for by using the
inversion-based feedback/feedforward approach; (c) the feedback/feedforward approach can
be used to reduce positioning errors when scanning at high scan frequencies without sacrificing
the achievable scan size. The ability to increase positioning speed without reduction in scan
size makes the approach suitable for fast AFM imaging of biological samples such as cells that
have relatively large features. Our current efforts are aimed at extending this method to achieve

Zou et al. Page 13

Asian J Control. Author manuscript; available in PMC 2006 January 31.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



precision high-speed positioning in all three axes of the AFM for enabling high-speed imaging
of soft biological samples.
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Figure 1.
(a) Schematic of Atomic Force Microscope (AFM) and (b) scan trajectory.
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Figure 2.
Bode plots of AFM system. The left column shows the measured frequency response Gmea;
(jω) (solid line), along with the linear model Gx̂( jω)obtained using curve fitting (dashed line).
The right column shows the relative-magnitude error, L (Emag( jω)) ≜ 20 * log10(Emag( jω))

with Emag(jω) given by Eq. (2), and the relative-phase error, Epha(jω) (Eq. (3)), between the
measured frequency response and the model.
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Figure 3.
The control scheme for the piezo-scanner in the x-direction, where uff and ufb are the
feedforward and feedback inputs, respectively; C(s) is the feedback controller; D(s) is the notch
filter used to improve the gain margin; x̂ref is the desired scan trajectory (scaled by the gain,
0.053, of the optical sensor); x is the actual piezo-scanner displacement in the x-direction; and
x̂is the output of the optical sensor.
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Figure 4.
Bode-Plots: left column shows the open-loop bode-plots of the system without the notch filter
(dashed line), G1(s) = C0( jω)Gx̂( jω), and with the notch filter (solid line),
G2(s) = C0( jω)D(s)Gx̂( jω), where Gm,1 and Gm,2 are the gain-margin of these two cases
respectively. Right column shows the closed-loop bode plot of the system without the notch
filter (dashed line, KC = 0.00685), and with the notch filter (solid line, KC = 1), where ωb
denotes the bandwidth of the corresponding system.
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Figure 5.
Experimental AFM images of collagen (type I) obtained when using the DC-Gain approach at
scan frequencies of: (a) 5 Hz; (b) 30 Hz; (c) 50 Hz; and (d) 90 Hz. The scan size is 2.4 μm ×
2.4 μm, and the z-Scale represents the normalized AFM-probe deflection, V̂ z(x, y), given by
Eq. (13).
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Figure 6.
Experimental AFM images of collagen (type I) obtained when using the inversion-based
feedback/feedforward approach at scan frequencies of: (a) 30 Hz; (b) 50 Hz; (c) 90 Hz; and
(d) 150 Hz. The scan size is 2.4 μm × 2.4 μm, and the z-Scale represents the normalized AFM-
probe deflection, V̂ z(x, y), given by Eq. (13).
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Figure 7.
Experimental Results: Tracking performance with the DC-Gain approach. The x-axis position
is shown in the left column and the positioning error is in the right column. In the left column
plots, the solid line is the measured position x(t), and the dashed line is the optimal desired
trajectory xopt(t).
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Figure 8.
Experimental results: Tracking performance with the inversion-based approach. The x-axis
position is shown in the left column and the positioning error is in the right column. In the left
column plots, the solid line is the measured position x(t), and the dashed line is the optimal
desired trajectory xopt(t).
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Figure 9.
Experimental results for large-range scanning (32 μm). Left column compares the tracking by
using the DC-Gain method at scan frequency of 5 Hz (plot (a1)) and 50 Hz (plot (a3)) with the
tracking by using the inversion-based approach at scan frequency of 5 Hz (plot (a2)) and 50
Hz (plot (a4)) respectively, where the solid lines is the measured tracking results x(t) and the
dashed lines are the optimal desired trajectories xopt(t). Right column shows the corresponding
tracking errors.
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Table 1
Tracking Performance: ‘DC’ denotes the DC-Gain approach, ‘INV’ denotes the inversion-based feedback/
feedforward approach. The error is quantified in terms of emax(%) and erms(%) defined in Eqs. (14, 15). Ex[ωs]
and Ex[ωn] are tracking-error components at ωs and ωn, respectively (see Eq. (16)).

emax (%) erms (%) Ex[ωs] (dB) Ex[ωn] (dB)
Scan
Rate
ωs

(Hz)

DC INV DC INV DC INV ωn(Hz) DC INV

5 2.01 0.95 1.07 0.26 −29.66 −48.17 485 −66.44 −83.8
30 5.65 1.00 3.41 0.31 −20.12 −43.92 450 −33.42 −57.91
50 9.20 1.14 5.60 0.35 −15.96 −42.79 450 −24.40 −52.52
90 18.7 1.45 11.2 0.56 −10.94 −39.64 450 −13.28 −40.38
150 33.0 2.64 18.7 0.98 −6.76 −33.41 450 −7.74 −35.77
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Table 2
Comparison of the tracking error for large-range scanning (32μm). DC denotes the DC-Gain method, INV denotes
the proposed inversion-based approach, and emax(%) and erms are the maximum tracking error and RMS tracking
error, respectively (see Eq. (15)).

emax (%) erms (%)
Scan Rate (Hz) DC INV DC INV

5 5.9 1.12 4.25 0.60
30 9.0 1.14 6.20 0.64
50 13.1 1.46 8.30 0.73
90 25.5 3.51 15.2 1.73
150 43.1 3.36 23.8 1.67
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