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Curve Tracking for Rapid Imaging in AFM
Sean B. Andersson, Member, IEEE

Abstract—A high-level feedback control approach for rapid
imaging in atomic force microscopy is presented. The algorithms
are designed for samples which are string-like, such as biopoly-
mers, and for boundaries. Rather than the simple raster-scan
pattern, data from the microscope are used in real-time to steer
the tip along the sample, drastically reducing the area to be im-
aged. An order-of-magnitude reduction in the time to acquire an
image is possible. The technique is illustrated through simulations
and through physical experiments.

Index Terms—Atomic force microscopy, biomedical microscopy.

I. INTRODUCTION

ATOMIC FORCE microscopes image samples by mea-
suring the interaction force between a very sharp tip

mounted at the end of a soft cantilever and the surface of the
sample. As with all scanning probe microscopies, the mea-
surement in atomic force microscopy (AFM) is a local one.
As a result an image is built pixel-by-pixel by raster-scanning
the tip with respect to the sample. Typical imaging times are
on the order of minutes, depending on the size, resolution,
and quality desired of the image. In this paper we present a
high-level control approach to replace the raster-scan pattern.
For string-like structures such as biopolymers (including DNA,
actin, and microtubules), carbon nanotubes, and boundaries
(including cell edges and crystal boundaries), our approach
greatly decreases the amount of area to be imaged and can result
in an order-of-magnitude reduction in the image acquisition
time.

Due to its subnanometer resolution and ability to image a
wide variety of samples, AFM has been remarkably effective at
exploring structure in systems with nanometer-scale features.
(See, for example, the survey papers [1]–[5].) There is growing
interest in using the technology to explore the dynamics in
systems at this scale [6]–[8]. The typical approach is time-lapse
imaging (also known as time-resolved AFM) wherein a se-
quence of images acquired using the microscope is analyzed
using image-processing techniques to detect motion in the
image frames. There have been many successful experiments,
including the study of protein-protein interactions [9], intercel-
lular trafficking [10], and the motion of influenza molecules in
planar bilayers [11].
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As an example of the limitations of this approach, consider
the assembly of RNA polymerase-DNA complexes. In [12],
[13], sequential AFM images, separated by between 37 s
to 2 min, were compared to determine the activity of RNA
polymerase. However, RNA polymerase has been shown to
translocate along natural double stranded DNA templates at a
maximal speed of between 12 and 19 bases per second during
transcription [14] and thus this approach is far from imaging the
transcription of a single base. While recent results using optical
trapping methods have achieved near base-pair resolution [15]
the measurements are indirect. In order to achieve the goal of
direct measurement of the transcription of a single base, new
control techniques are needed.

Motivated by such considerations, researchers are striving to
decrease the imaging time while maintaining image quality. Ef-
forts have included tuning the components of the microscope
[16], using cantilevers with very high natural frequency [17],
controlling the quality factor of the probe [18]–[20], applica-
tion of image tracking ideas to compensate for lateral drift [21],
model-based control [22], [23] and stroboscopic techniques for
periodic processes [24].

All of these approaches utilize the standard raster-scan
pattern. This pattern can be viewed as an open-loop control
scheme since no use is made of the data coming from the mi-
croscope. Often the sample of interest is string-like, including
examples such as nanowires, carbon nanotubes, DNA, actin,
microtubules, and the boundary of two-dimensional structures
such as cells and crystals. For this type of sample, under the
raster-scan approach most of the imaging time is wasted in
obtaining completely uninteresting data about the substrate.

In this work we take a new approach to steering the tip. Sim-
ilar to work on developing efficient sampling techniques for bit
error rate diagrams [25], the central idea is to reduce the area
to be sampled. For imaging string-like samples we utilize local
raster-scanning. The algorithm is inspired by curvature-based
control ideas for vehicle formations [26], [27] and models the
sample as a planar curve. Data acquired by the tip is used in
real-time to estimate the curve parameters. These estimates are
filtered using a Kalman filter and are used to track the path de-
fined by the sample with the tip. The approach and experimental
results are presented in Section II.

In Section III we present a boundary tracking algorithm.
The technique is related to work on contour tracking in image
processing [28] and contour following using multiple sensor
platforms [29], [30]. The algorithm begins with a closed curve
surrounding the sample of interest. The tip of the AFM is
scanned transverse to the curve and the data from the scan are
used to update the closed curve such that it converges to the
sample boundary. The algorithm is discussed and simulation
results using real data obtained from AFM images of DNA tiles
[31] are given.
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Fig. 1. AC-mode image of a DNA strand. Image courtesy of J. Park of the
Rowland Institute at Harvard.

II. LOCAL RASTER-SCAN

A string-like sample, such as the DNA strand in Fig. 1, can
be modeled as a planar curve. To describe the spatial evolution
of the curve, we utilize the Frenet-Serret frame. In the plane,
this frame is defined at each point on the curve by the tangent
vector and a (smooth) choice of normal vector to the curve. One
such frame is shown in Fig. 1 with the tangent vector denoted
as and the normal vector as . The frame evolves in space
according to

(1a)

(1b)

(1c)

where is the arclength parameter, is the curvature at , and
prime denotes the derivative with respect to arclength. To image
this sample we imitate the raster-scan pattern while ensuring
that each scan line crosses the string perpendicular to the curve.
Let denote the scan speed and let denote the width of the
scan. Given a point on the curve and the normal vector at
that point, the desired path of the tip is given by

(2)

where the overdot indicates derivative with respect to time. The
tip is then advanced units along the curve and another scan
taken. A sequence of such scan lines is shown in Fig. 1.

The path is not known a priori. However, given the frame
and curvature at the current point, the next position can be esti-
mated by appealing to the spatial evolution (1). We assume that
the curvature changes slowly with respect to and therefore
take it as constant along one step. Recognizing that the sample
is measured at discrete positions, we introduce the notation
for the th sample along the string. Applying the variation of
constants formula to solve (1) yields the update equations

(3a)

(3b)

where

A. Estimating the Position

Different types of data can be acquired by the microscope,
depending on the imaging mode. Let denote the number of
measurements obtained in a single scan along a scan line. These
measurements are modeled as

(4)

where is the measurement, is the true value of the informa-
tion at sample position , and are independent, identically dis-
tributed (iid) random variables. For simplicity, we assume that

is Gaussian with zero mean and variance , though other
noise models can be accommodated. Rewriting (4) in vector
form yields

(5)

The true data depends on the position of the sample in the scan.
For example, when moving from the substrate onto the sample,
the height signal undergoes a step up while the amplitude signal
undergoes a brief change in magnitude until the low-level con-
troller corrects for the change in height. In this paper we focus
on using the height data and thus model the true signal as a step
function. The extension to other signals is straightforward.

A variety of techniques may be used to estimate the position
of the sample in a single line scan. Here we present a maximum
likelihood approach. Let denote the first data point in the scan
which is of the sample rather than of the substrate. The shape of
the sample can be approximated by the function

else
(6)

Note that this is only a crude approximation to the true shape and
that it assumes no knowledge of the actual height. However, it
is sufficient to determine the point of transition from the sub-
strate and is thus adequate for the estimation problem. This is
related to a two-hypothesis problem wherein the detector must
determine whether the tip is on the sample or not. See [32] for
work along these lines.

The maximum likelihood (ML) estimator is given by

(7)

where is the conditional probability distribution func-
tion (pdf) for obtaining the measurement given that .
If the measurement noise is modeled as a zero mean Gaussian
process with variance then the conditional pdf for the mea-
surements is

(8)
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where is the normalizing factor and is the character-
istic function defined by

else
(9)

Using this in (7) and taking the log likelihood, the ML estimator
is

(10)

Due to the discontinuity of the characteristic function, a closed-
form solution cannot be found from differentiation. A smooth
model could be chosen in place of the step function to permit an
analytical expression. However, in practice the number of sam-
ples along the short scan lines is small and thus an exhaustive
search can be done rapidly. The estimate of the current position
of the sample curve, , is then the position corresponding to
sample point in the current scan.

B. Estimating the Curvature and Heading Direction

The tangent and normal vectors are given by

(11)

where the heading angle, , is the angle makes with the
axis of the global reference frame. Given position estimates

for two adjacent points on the string, the tangent vector can be
estimated using a simple finite difference approximation, that is

(12)

where denotes the standard Euclidean metric. Here
is a fixed integer that can be chosen to offset difficulties arising
from the small positional differences between points when the
step size along the string is small. The estimate for the heading
angle is then

atan (13)

where denotes the th component of .
The curvature can be estimated using a geometric approach

based on Heron’s formula [33]. Let be three succes-
sive and nearby points on a curve and let denote the Eu-
clidean distances between the points. The radius of curvature of
the circle is then

(14)

where is the semiperimeter of the triangle.
The estimate of the curvature of the string at the point is given
by (14) where the points correspond to ,
and respectively where again is a fixed integer. (See [34] for
more detailed comments on curvature estimation.) The sign is
positive if the cosine of the angle between the vector connecting
the points and and the normal vector is positive (so that
the normal vector points “inside” the curve).

Because the heading and curvature estimators are numerical
derivations of the position measurement, they amplify any noise

in the estimate of . We therefore apply a Kalman filter by
defining a linear system for the evolution of the curvature and
heading angle. Under the assumption of constant curvature in a
single step, the heading direction evolves according to

. The evolution of the curvature is modeled as a
random walk. Defining the vector , this yields

(15a)

(15b)

where

(16)

We assume that the input and measurement noises have means

(17)

and covariances and respectively. The Kalman filter equa-
tions for this system are

(18a)

(18b)

(18c)

(18d)

(18e)

where the notation indicates the estimate of at time
using data up to time .

C. Discussion

To consider the reduction in imaging time possible using
this algorithm, consider the DNA image in Fig. 1. The image is
approximately 500 nm square and thus, to obtain a 2 nm lateral
resolution, 250 scan lines are required using the traditional
raster-scan pattern. If the tip moves at 1 m/s (2 lines per
second) the image will require 125 s to obtain. To obtain a
similar resolution using the local raster-scan algorithm, assume
that the step size is 2 nm. The total length of the DNA strand
in the image is roughly 1 m and so 500 steps are required to
image the entire DNA. In solution, DNA is 2–3 nm in diameter
[35]. To ensure each scan line fully crosses the strand, a scan
line length of 10 nm is chosen. If the tip is moved at the same
(average) speed as during the traditional raster-scan then each
line will take 10 ms to complete and thus the entire DNA strand
will be imaged in only 5 s.

The algorithm relies on the assumption that the change in
the curvature of the sample between each scan line is small.
If this assumption does not hold then the next predicted scan
line may not cross the sample, resulting in a failure to track
the path. Thus, in order to track highly varying curves, the step
size must be small. However, a small step size is required to
produce high resolution images and therefore this assumption
is not overly restrictive. In addition, one can increase the length
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Fig. 2. Raster scan and local raster scan images of the same carbon nanotube.
Note that most of the raster scan image is of the substrate while the local raster
scan image is primarily of the nanotube. (Reprinted with permission from [36].

of the scan lines to ensure that the sample is crossed. However,
as the length of the scan line increases it becomes more likely
that other samples will be encountered and thus this approach
must be handled with some care.

D. Experiments

Physical experiments were performed on carbon nanotube
samples (provided by J. Park of the Rowland Institute at Har-
vard). Imaging was done using an AFM (Asylum Research
MFP-3D) operated in ac mode. The local raster-scan algorithm
was implemented in Igor Pro (WaveMetrics) and interfaced
to the high-level control software of the microscope. While
this allowed the algorithm to be implemented quickly, it intro-
duced lengthy communication delays (on the order of 0.5–1 s)
between each line scan. As a result the experiments achieved
only modest reductions in scan times. However they do serve
to illustrate the effectiveness of the technique.

In the left side of Fig. 2 we show an image of a carbon
nanotube obtained using the traditional raster-scan pattern.
The image is 4 m square with 200 scan lines and 512 points
along each line. The image resolution along the nanotube is
therefore 20 nm. The tip velocity during the scan was 5 m/s
and the image took 401 s to acquire. The same portion of the
nanotube was imaged using the local raster-scan algorithm. The
algorithm was initialized near the lower end of the nanotube.
The scan line length was set to 300 nm with a scan speed of
5 m/s, as in the traditional raster-scan image. The average step
size during imaging was 27.3 nm. The resulting image, shown
in the right side of Fig. 2, was acquired in 197 s. Because the
low-level controller was designed for the usual raster-scan pat-
tern, it had difficulties when scanning short, arbitrarily oriented
lines. As shown in Fig. 3, this resulted in uneven step sizes
and limited the minimum step size with this implementation to
approximately 10 nm. However, this difficulty is not innate to
the actuators and can be overcome through proper controller
design. In this example, the local raster-scan approach approx-
imately halved the imaging time, despite the presence of long
communication delays. Neglecting these delays, the image
would have been completed in less than 20 s.

While the nanotube in Fig. 2 is fairly straight, the algorithm is
not restricted to such straight paths. This is shown by the image

Fig. 3. Step sizes during the local raster-scan of the nanotube in Fig. 2.

Fig. 4. Local raster-scan image of a long, curved carbon nanotube.

Fig. 5. An example of a sample and an envelope curve. The envelope curve is
defined by a set of points. Associated to each point is a scan line. The AFM tip
is moved along each scan line consecutively.

of a long, curved nanotube in Fig. 4. The average step size in
this image was 17.4 nm.

III. TRACKING BOUNDARIES

The boundary to be tracked is assumed to form a continuous,
closed curve. It is not assumed to be smooth nor concave. We
surround the sample with a closed, piecewise linear curve re-
ferred to as the envelope curve. This curve is represented by a
finite set of points, . Associated to
each point is a scan line as shown in Fig. 5. (For clarity most of
the scan lines have been left off the image.) The direction of each
scan line is taken to be the bisector of the angle formed by the
points where we have adopted addition modulo
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for all subscripts. Let denote
these directions.

At the point , the tip of the AFM is scanned along the di-
rection towards the sample. The location of the edge of the
sample in the scan can be estimated using the ML estimator de-
scribed in Section II. Let denote the position of the
sample in the scan taken at point . This position varies over
time due to the motion of the boundary. This (slow) movement
is modeled as a collection of independent simple random walks,
i.e.,

(19)

where indexes the number of times the scan has completed
the envelope loop and is a zero mean stochastic process.
Under the assumption that the rate of change of the boundary of
the sample is much slower than the update rate of the controller,
the boundary may be viewed as fixed, that is, .

The control in this scheme is the position of the points .
We seek to maintain the envelope curve at a constant distance
away from the boundary. To achieve this, we want to drive the
position of the boundary in the scan to a desired distance
along the scan line. Let denote a unit vector pointing in the
scan direction, i.e.,

(20)

We define the update law

(21)

where is a gain. According to this law, the point
is moved along the scan direction either towards or away from
the boundary depending on the error. Since is the position of
the sample in the scan line, a shift in causes a corresponding
shift in . Using this in (19) yields

(22)

Define the error . Then

(23)

Since , this update law ensures that locally the enve-
lope curve contracts to a distance from the boundary. Under
the assumption that the boundary moves slowly with respect to
the update rate of the controller, the envelope curve will locally
follow the boundary.

For practical implementation, the length of each scan line is
fixed to a constant length . If the sample is not encountered
during the scan then is defined to be . The update law is
modified to be

(24)

Fig. 6. If two points cross during an update step then a second loop is created.
Because the next scan direction is directed away from the sample, the loop will
grow without bound. This can be avoided by reordering the points after each
update.

Fig. 7. Tapping-mode AFM image of DNA tiles.

to handle this. Note that in adopting this modified update law
we have assumed the sample lies in the positive scan direction,
that is along increasing . This in turn implies that the envelope
curve is simply connected and that the sample lies in the interior
of the curve. Because the update law for does not consider
the positions of neighboring points, it is possible that during an
update step, two adjacent points will cross, thereby creating a
second enclosed region. At the next iteration, the positive scan
direction will point away from the sample as shown in Fig. 6.
As a result the loop will grow without bound once it is formed.
This can be corrected by reordering the points after each update.

The spacing of the points determines the image resolution
along the boundary of the sample. As these points are updated,
this spacing changes. Thus, after every update of the position the
distance to the adjacent points must be checked. If the spacing
between two adjacent points is too large, then a new point is
added at the midpoint between the two. Similarly if the distance
between two adjacent points is too small, then they are merged
by defining a new point midway between them and deleting the
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(a) (b) (c)

Fig. 8. Results of the first simulation. (a) Tapping mode AFM image of DNA tiles. The initial envelope curve for the simulation is indicated. This curve surrounds a
crystal of DNA tiles. (b) The envelope curve after ten iterations of the algorithm (zoomed view). (c) The envelope curve after 20 iterations. The curve has converged
to the boundary of the crystal.

(a) (b) (c)

Fig. 9. Results of the second simulation. (a) The initial envelope curve was selected to surround a crystal in the upper right corner of the image. (b) The envelope
curve after 20 iterations of the algorithm (zoomed view). (c) The envelope curve after 50 iterations.

two original points. Let denote the desired spatial resolution.
To prevent a chattering effect in adding and deleting points, a
new point is added when the spacing is greater than
and points are merged when the spacing is less than .

To begin the algorithm, an initial envelope curve needs to be
defined by the user. This can be achieved by first performing a
low resolution, high-speed raster-scan with the microscope over
the area of interest. The user can then select the set of points
defining the initial curve based on the resulting image. A single
iteration of the algorithm is defined to be one cycle around the
envelope curve.

A. Discussion

Using the standard raster scan pattern, the time to image
grows with the area; that is, it grows approximately as the square
of a typical radius of the sample. The boundary, however, grows
only linearly with this radius. Consider, for example, a simple
triangular sample with a base of 900 nm and height of 900 nm.
If this sample is imaged using the raster-scan pattern over a
1 m square with 1 nm resolution at an average tip speed of
5 m/s (5 Hz scan rate), then each frame will take 200 s to
image. The perimeter of the triangle is nm long. If
the boundary-tracking algorithm is used with 1 nm steps along
the perimeter and with each scan line being 30 nm with the
average tip speed at 5 m/s, then the perimeter will be imaged
in only 21 s. Thus, the tracking algorithm promises a great
reduction in the imaging time for the boundary of a sample.

It should be noted that a boundary is a string-like structure and
therefore the local raster-scan algorithm described in Section II
could be used to steer the tip along it. However, the approach in
this section is guaranteed (for small enough gain) to converge
to the boundary enclosed by the original envelope curve. It is
possible, especially when the substrate is dense with samples
(as in Fig. 7), that the local raster-scan algorithm would wander
from boundary to boundary.

B. Simulations

Simulations were run using data from a sample of DNA tiles
provided by Erik Winfree [31]. A sample of the tiles was de-
posited on freshly-cleaved mica and imaged using ac mode. The
resulting image is shown in Fig. 7. The tip speed was set to
7 m/s and the resolution in the plane was 5 nm. The data were
imported into Matlab and the algorithm run in simulation on the
data. Measurements were simulated by sampling 32 data points
from the data set at equally spaced points along a given scan
line.

For the first simulation, the control parameters were set to
nm, nm, nm, and and

the initial envelope curve shown in Fig. 8(a) was chosen. No-
tice that the enclosed DNA crystal has many sharp edges on its
boundary. The envelope curve at 10 and 20 iterations is shown
in Fig. 8(b)–(c). After 20 iterations the envelope curve has con-
verged to the boundary of the crystal.

In Fig. 9(a) we show a second initial condition. For this sim-
ulation the gain was reduced to . The envelope curve at
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Fig. 10. A simulation with the gain set to a = 0:7. With this gain the algorithm
points cross each other. As a result new loops are spawned and begin to grow.
In this image two such loops have been created.

20 and 40 iterations is shown in Fig. 9(b)–(c). As before, the en-
velope curve converges to the boundary of the enclosed crystal.

Finally we show an example where the algorithm failed. The
same initial condition as in Fig. 9(a) was chosen but in this case
the gain was set to . The result after 14 iterations is
shown in Fig. 10. Note that two new loops were spawned. Ac-
cording to the discussion above, these loops would grow without
bound over subsequent iterations of the algorithm.

IV. CONCLUSION

In this paper we have presented two alternatives to the stan-
dard raster-scan pattern. Each algorithm takes advantage of data
from the AFM in real time to keep the tip in the vicinity of the
sample of interest. By reducing the area to be imaged, the time
to acquire an image can be improved by an order-of-magnitude.
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