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ABSTRACT

Closed-loop nanorobot control performance is
a key challenge on the way to high-throughput
nanohandling. Currently, the limited update rate,
long latency and unpredictable jitter of tracking
based on scanning electron microscope images are
a major bottleneck for such closed-loop control. A
new approach for high-speed position sensing rely-
ing on line scans of a scanning electron microscope is
adapted into the control loop of a mobile nanorobot.
Several evaluation measurements show the system’s
unprecedented performance in terms of speed, reso-
lution and accuracy. In only 60 ms, the employed
mobile nanorobot can be positioned with a precision
of 20nm in multiple degrees of freedom.

Keywords: Electron microscope, Nanorobot, Con-
trol

1. INTRODUCTION

Nanoobjects such as carbon nanotubes (CNTs)
and other nanowires have become of significant in-
terest for both the research community and industrial
applications. In order to characterize these structures
and in order to build nanocomponent-based devices,
nanorobotic systems have been successfully applied
[14]. For simplicity, such systems are called nanohan-
dling robots or nanorobots throughout this paper as
they can move and manipulate objects with nano-
metric precision. The size of the nanorobots them-
selves however is a few cm®. Sensory feedback is a
major challenge on the way to high throughput in-
dustrial application, as the exact relative position of
tools and nanoobjects is hard to measure. Practi-
cally, the scanning electron microscope (SEM) is the
only device that can be used to derive the required
feedback. Optical microscopes have insufficient reso-
lution. Atomic force microscopes as well as transmis-
sion electron microscopes have sufficient resolution,
but they have a limited working range making the
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Fig.1: Nanorobotic handling cell consisting of two
mobile robots. Left: tool robot carrying a microgrip-
per, right: stage robot with two sample stubs.

coarse approach tedious. Furthermore, they provide
limited space to integrate nanorobotic systems. It is
infeasible to control the relative position between a
tool and an object only using sensors that are local
to a single nanopositioner. Even with significant cali-
bration effort, such sensors cannot be used for relative
positioning because of multiple adverse effects on the
nanoscale, e.g. drift.

Using the SEM as feedback for nanohandling has
been applied successfully in a variety of different
handling setups [5, 6]. Recently, mobile nanorobots
have become a versatile and reliable tool in such se-
tups [7] and are thus used as the basis for this pa-
per. Section 2 investigates some key characteristics of
these robots with respect to closed-loop control per-
formance. In particular, it is shown that the available
force and thus the acceleration are not limiting factors
for closed-loop nanopositioning. In combination with
sophisticated image processing algorithms, the SEM
can be used to obtain positions [8], forces [9], qual-
ity control [10], ete. For closed-loop control, however,
the combination of SEM-imaging and image process-
ing is inefficient due to several downsides described in
Section 3. Section 4 then describes a new approach to
position measurements which is then integrated into
a closed-loop control algorithm in Section 5. A de-
tailed evaluation of both sensor and closed-loop con-
trol system is done in Section 6. Section 7 contains
conclusions and an outlook on future works.
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2. NANOROBOTS

A basic nanohandling robot cell can be composed
using two mobile robots - a tool robot and a stage
robot (see Fig. 1). The mobile nanohandling robots
used in this paper have been extensively described in
several publications [7], [11], [12]. Mobile robots have
several advantages over Cartesian systems with mul-
tiple linear positioners. They offer multiple degrees
of freedom (DoF, seven in this robot cell) and can be
employed under minimal space and infrastructure re-
quirements. The two robots in Fig. 1 can operate on
any at surface and occupy only a few cm3. Further-
more, in comparison to Cartesian systems, they other
a short and direct force ow, because of the compact
design and the multi-DoF in-plane actuator. This
reduces vibrations and drift effects. The stick-slip
actuation described below provides a high position-
ing resolution and smooth, almost vibration-free mo-
tion. This is in contrast to other existing nanohan-
dling robot systems. Three of such systems are brie
y described to outline the performance of our ap-
proach: The Nanowalker, the robot based on the Mi-
cron project and the Arripede robot. The Nanowalker
is a robot with dimensions of approximately 1 cubic
inch using three piezotubes as legs [13, 14]. Each tube
can be actuated using four electrodes. Thus, motions
in three DoF of each foot are possible. This allows
for several types of Stick-Slip motion. One type of
motion can be the actuation of just a single foot fol-
lowed by the other feet. This results in comparatively
slow motion with good repeatability. Another type of
motion is to actuate all legs at the same time. This
results in high velocities. However, repeatability de-
creases. Generally, working conditions are critical.
Minor changes e.g. in the robot’s weight or the foot
geometry can result in unpredictable results. For this
reason the system is not robust enough for reliable op-
eration in a closed loop control. The robot based on
the Micron project is based on actuation of piezoelec-
tric plates to shift hemispheres, which are in contact
with the working surface [1517]. The dimensions are
in the range of 1 cubic inch. A large benefit compared
to the Nanowalker is that it can be fabricated more
easily. In combination with a rotatory lifting axis,
the system exhibits four DoF. Velocities up to several
mms can be achieved. A large drawback is the op-
eration directly on the working surface, which causes
wear and can make many operations performed in the
same place dificult. A completely different approach
is the Arripede robot [18, 19]. It is built using very
fragile structures etched from silicon. The dimen-
sions are in the range of single cubic millimeters with
a weight of several grams. The motion principle is
similar to the Stick-Slip principle (crawling motion).
Six legs are in contact with the working surface. The
legs are actuated electrothermally one after another.
A steering motion to the sides could be achived yet.
Thus, two DoF are realized. The approach is interest-

ing in terms of miniaturization. However, high-speed
closed loop control is still a challenge.

2.1 Stick-slip actuation

The actuators are based on the stick-slip princi-
ple. Stick-slip steps are generated by a sawtooth-
shaped control signal, where a stick-phase is followed
by a short slip-phase [7]. Practically, a stick-slip-step
starts at zero voltage and the actuator is slowly de
ected (piezoactuator with ruby hemispheres in Fig
2b and 2c¢). When reaching the full amplitude, the
inverse voltage is applied rapidly and the slip is per-
formed. The ruby hemispheres will slip over the steel
sphere which is held in place by inertia. Finally, the
control voltage decreases to zero and the second half
of the stick-phase is executed. This procedure has the
advantages that the voltages are zero after each step
and that the actuator conditions before each step are
virtually equal.

With the sketched stick-slip principle and piezoac-
tuators made of PZT-5H, the step size of the device
can be 130nm with 300 Vpp, or smaller. In combina-
tion with control frequencies up to 40 kHz and more,
velocities of 6 mm/s can be reached. Although the
repeatability of e.g. the step size is in the range of
less than 2%, friction conditions have a great in uence
on the stick-slip characteristics. Generally, these con-
ditions include:

« Materials of the friction pair,

» surface roughness, lubrication, hardness, etc.,
o normal force in the friction contact,

« dependency on the lateral velocity (Stribeck),
o dwell times and

e Wwear.

Due to the fact that ruby hemispheres and hardened
spheres from ball bearings are used, wear is negligible.
This is the main motivation for the robot’s design
[11]. Notice that most of the mentioned effects are
of nonlinear character. For understanding the stick-
slip drive, two types of friction contacts have to be
analyzed to be sure that the model of Fig. 2 is correct:

» steel sphere «» working surface and
o ruby hemispheres < steel sphere.

Unfortunately, the exact characteristics of these con-
tacts are unknown [12]. Measurements are hard to ac-
complish due to the high dynamics and the required
time and position resolutions. Furthermore, many
different parameters additional to friction in uence
the drive’s function: signal amplitude and frequency,
mass and inertia of the steel spheres and the robot,
attraction forces of the permanent magnets holding
the steel spheres in position, rigidity of the actuators
and vibrations.

According to [12], there is most likely no sliding
between steel sphere and working surface. Experi-
ments in which the robot moves widely independent
of the type of the working surface further indicate



High-Speed Nanorobot Position Control Inside A Scanning Electron Microscope 179

that the drive is mostly independent of this friction
coefficient.

Fig.2:  Sketch of the stick-slip actuation of the
mobile nanohandling robots. 1: robot platform, 2:
piezoactuators, 3: ruby hemispheres, 4: steel sphere,
5: working surface with arrow marker. From a) to
b), the first half of the stick is performed. From b) to
c), the slip happens. Although the ruby hemispheres
change their position, the robot remains in position.
The final stick transition is shown from ¢) to d) com-
pleting the step.

This can be explained by two considerations.
Firstly, the friction coefficient © between the ruby
hemispheres and the steel spheres is in the range of
0:1. This is assumed due to similar friction pairs with
hard and at surfaces. The friction coefficient on any
practical working surface is higher, e.g. approx. 0:5
on glass. Secondly, the inertia of the steel sphere
works against the friction contact between ruby hemi-
spheres and steel sphere but not against the friction
contact between steel sphere and working surface.
Thus, the friction contact between the ruby hemi-
spheres and the steel sphere limits the robot’s force.

2.2 Robot dynamics:
ment

Theory and measure-

Results of extensive tests have shown that the am-
plitude of the control signal and the normal force de-
termine the force which can be generated by a micro-
stickslip drive. For investigations in this paper, only
the force at full control amplitude is of interest to
calculate acceleration performance. Thus, the nor-
mal force is the most important parameter

From theory, the static robot’s force F.opor is

Frobot = HWstatic * Fnormal = W Myrobot * 9g- (1)

With the robot’s mass of 0.03 kg, Frobot can be cal-
culated to be approximately 300 mN. The magnet’s
force can be neglected in this calculation, because it
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Fig.3: Measurement of the force the mobile robot
can exert on an obstacle (load cell). From 0.15 s to
2.2 s, the sawtooth-signal is applied and a force of
20mN is generated. At 2.2 s, the control signal is
switched off. A force of 5.5mN remains due to the
elasticity of the load cell. At 4.1 s, the robot is moved
into the opposite direction and the force decreases to
zero.

is in the range of only 10 mN. The friction coefli-
cient is estimated to 0.1. Thus, the upper bound on
the generated force should be 30 mN. Due to the dy-
namic behavior of the stick-slip drive, the real force
is assumed to be on the same order but lower, e.g.
50%. However, this calculation involves, that all fric-
tion contacts of the robot - each with a low normal
force - can be modelled as a single friction contact
with full normal load. Other in uences such as the
cable are neglected. Thus, the final theoretic value
for the generated force is 15 mN. To validate the the-
oretic derivation, a measurement of the blocking force
of the robot was performed. A horizontally mounted
miniature load cell (Honeywell, model 11) was used to
measure the force. Fig 3 shows the result. While the
control signal is applied, the measured force uctuates
between 18 and 21 mN. With control switched off, a
“static” force remains, likely caused by the compli-
ance of the load cell. Finally, the force decreases to
zero when the robot is retracted. It can be concluded
that the mobile nanohandling robots can create forces
in the range of 20 mN. As will be seen in Section
5, the generated accelerations are currently sufficient
for high performance manipulation operations. The
robot can almost instantly reach any required veloc-

ity.

3. KEY CHALLENGE: SENSOR PERFOR-
MANCE

Over the past years, a variety of different object
recognition and object tracking algorithms have been
adapted for SEM image processing and thus tracking
of nanohandling robots. Widely applied are variants
of cross correlation and active contours (also known
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Fig.4: Chessy SEM-calibration pattern: a) station-
ary and b) moving right at a constant 100 pm/s.

as snakes) [9]. While these algorithms have differ-
ent advantages and disadvantages, their performance
with respect to the above-mentioned characteristics
are comparable, because they all work on images and
are executed on a computer. Thus, in this paper,
a normalized cross correlation algorithm is used as
comparison. Other image-based algorithms can have
slightly different characteristics, but as the SEM im-
age acquisition itself is the major bottleneck there is
no vastly superior algorithm. This is further assured
by choosing almost ideal image acquisition parame-
ters. A high specimen current (also known as spot
size) leads to a high signal-to-noise ratio despite the
25 Hz frame rate on a 512x256 pixel sized region of
interest (Rol). The pattern used for correlation can
be seen in Fig. 4a, has a high contrast and is signifi-
cantly different from other objects. Image processing
was performed on a quad-core computer with no other
significant CPU load.

For cross correlation, the maximum movement
speed is limited by two factors. Firstly, the tracked
pattern must not leave the scanned Rol. During a
tracked motion, the Rol can be repositioned after
each frame, but there is still a speed limit, as the pat-
tern must not leave the Rol between two consecutive
image updates. Secondly, because of the sequential
line-wise scanning, the motion distorts the object as
can be seen in Fig. 4b. For obvious reasons, this dis-
tortion makes recognizing an object hard and in this
case lowers the correlation score. Fig. 5 shows the
correlation score for different movement velocities. At
movements velocities {10 um/s, the correlation score
remains at an almost constant value of 0.9. It does
not reach 1.0 because of the noise in the SEM images
which were acquired with a relatively high update
rate. The score then drops linearly and falls below
0.7 at 60 pum/s. At this point, sometimes other ob-
jects in the distorted image have similar scores and
the tracking becomes unreliable. When moving with
100 pm/s as seen in Fig. 4b, tracking with cross cor-
relation becomes all but impossible. Also, it has to
be kept in mind, that image acquisition parameters
are chose to ideally suit the tracking and the pattern
is easily recognizable. In a real scenario, the usable
speeds are likely to be lower.
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Fig.5: Correlation score at different movement ve-
locities. At 60 pum/s, the score falls below 0.7 and
tracking becomes impossible.

Fig. 6 shows the update intervals between about
4000 samples. As expected from the 25 Hz update
rate, the interval averages to 40 ms. This is a slow
update rate which severely limits closed-loop control.
The update rate can be increased using different ap-
proaches. Firstly, the image acquisition time could
be reduced. This, however, also decreases the signal-
to-noise ratio, makes object recognition more difficult
and, in case of cross correlation, lowers the correla-
tion score. Secondly, a smaller Rol could be scanned
at the same pixel rate. With the approach of [20],
multiple small Rols are sufficient to determine the
object’s position. Small Rols on the other hand limit
the maximum movement speed, because the tracked
object is more likely to leave the Rol between two sen-
sor updates. The update rate permanently exhibits
jitter in the range of £4 ms. Around sample number
1000 and 2600, the computer seems to have executed
some other processes, as the jitter suddenly rises to
415 ms. With such a high jitter, precise PI- or PID-
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Fig.6: Sensor update interval of image-based po-

sition tracking. Around sample numbers 1000 and
2600, other tasks on the computer significantly in-
creased the already high jitter.
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Fig.7: Sensor update latency of image-based posi-
tion tracking. The latency is composed of the time
required for image acquisition, tracking calculation as
well as communication overheads.

PID-control become infeasible.

In order to characterize the update latency and
corresponding jitter, the delay between a rapid move-
ment of the robot and the corresponding sensor value
change was recorded. In order to clearly attribute the
jitter to the tracking algorithm, the movement was
synchronized with the image updates, i.e. the robot
performed a movement exactly at the end of a frame.
The results are shown in Fig. 7. The average latency
was approx. 55 ms, composed of 40 ms for the image
acquisition and 15 ms computation time of the cross
correlation. Because of the synchronous robot mo-
tion, the jitter is comparable to the update rate jitter.
As four sensor updates were recorded per movement,
the increased jitter around sample numbers 1000 and
2500 in Fig. 6 correspond to the increased jitter at
movement numbers 250 and 625 in Fig. 7. The long
55 ms latency is problematic for closed-loop control
as the controller uses obsolete data. The high jitter
again makes precise PI- or PID-control infeasible.

4. DIRECT SEM SENSING

As pointed out above, efficient SEM-based control
is not possible using image processing. Thus, a new
position tracking approach was developed [21], that
can determine the position of an object with high
precision using only a number of line scans. In [21],
a successful position tracking in x, y and rotation
was shown with an update rate of up to 1 kHz and
resolutions down to less than 5 nm.

For the control of the nanorobots presented in Sec-
tion 2, rotational position tracking is not necessary on
the small scale. If the robot moves only a few microm-
eters, the rotational deviation is entirely negligible.
If the robot needs to be brought to the working area
from another angle, the rotation itself has to be done
via coarse positioning and coarse position sensing as
also lateral movement of several mm or even cm is
required. Thus, a simplified pattern, i.e. a single
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Fig.8: Scanning pattern for point-shaped target: a)
stationary and b) moving.

point-shaped pattern, can be used (see Fig. 8). Such
a pattern can easily be created using electron beam-
induced deposition [22]. For this paper, a single 1u1
pm? square of an SEM calibration grid was used (see
Fig. 4). On this square-shaped pattern, a horizon-
tal and a vertical line-scan are conducted in order to
retrieve the x- and y-coordinate, respectively.

The two line scans are conducted exactly over the
last known position of the square’s center (see Fig.
8a). If it remains stationary, the detector shows a
square wave centered around the middle of the scan.
If the pattern moves, the line scans are no longer
conducted over the square’s center and a deviation of
the detector signal during the line scan is visible (Fig.
8b).

Using a special kind of quadrature interpolation,
the exact position offset Ax and Ay of the moved
square can be derived from the two line scans [21].
Thus, the next line scans can be conducted over the
new center and the square can be tracked continu-
ously over long distances. Because several measure-
ment points are recorded on each line scan (currently
512 points), the quadrature interpolation is linear
even if the square does not create an exact square
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Fig.9: Single pattern-scan taking approxr. 1 ms

recorded by an oscilloscope. The tracking works reli-
able, although the detector signal is not exactly sine-
shaped.
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wave detector signal. The square-pattern used for
this paper (see Fig. 4) leads to the signal shown in
Fig. 9 recorded with an oscilloscope. As the linear-
ity of the quadrature interpolation does not depend
on the exact signal shape, the tracking is immune
to changes in focus. Furthermore, the interpolation
is immune to changes in absolute value or scale, i.e.
changes in contrast and brightness [21].

The maximal movement speed that can be tracked
without losing the square’s position is an important
property for closed-loop positioning. The position
can be lost, if the square moves so far, that one of the
tracked lines entirely misses it. As each scan is per-
formed over the last known center point, this means
that the square must not move more than half of its
size between two position measurements. Because of
a hardware limitation of the currently used scan gen-
erator, the maximum update rate of the tracking ap-
proach is approximately 500 Hz. Thus, during the
2 ms between two scans, the robot must not move
more than half of the square’s size, i.e. 500nm for the
used 1 pm square. Thus, the theoretic limit for the
trackable movement speed is 250 pm/s.

5. NANOROBOT CONTROL

The basic open-loop control of the mobile robots is
derived in [7]. Each robot features six control chan-
nels as shown in Fig. 10a. As rotational movement is
not used during nanopositioning, the robot performs
purely translational movement. For this movement,
three actuation amplitudes u;, us and uz are used
(see Fig. 10b), enabling the robot to move into an
arbitrary direction:

ulzK-px
uy = —K - 60 -p, + K -sin60 - p, (2)
ug = —K -60-p, — K -sin60 - p,

K is a constant factor mapping the normalized de-
sired motion components p, and p, to the maximum
amplitude in Vpp. The value of K is limited by the
used high-voltage amplifiers and amounts to:

K = 300Vpp (3)

K3b

¥3a

Fig.10: Control channels of a mobile nanorobot: a)
All siz channels, b) three channels for translational
movement.

Characterization measurements have shown that a
net step length of 130nm is achieved with this ampli-
tude [7]. It has to be noted that the total normalized
length of the motion [ with

L=/p2+p; (4)

must not exceed 1. Otherwise, at least one of the
amplitudes exceed the maximum 150 Vpp.

Based on the open-loop control and the effective
tracking algorithm, a closed-loop nanorobot posi-
tioning algorithm can be implemented. There are
several differences between micro-scale and macro-
scaleclosed-loop control. Macro-scale control mostly
solves challenges due to the dynamic behavior of sys-
tems, e.g. inertia. On the micro- and nanoscale, these
effects become negligible. The mobile robot described
in Section 2 has a mass m of 30 g and can create a
force F of approximately 0.02N. Thus, its maximum
acceleration a is

I

With this acceleration, the robot can reach the track-
ing’s velocity limit v of 250 pm/s within

t = g = 0.375[ms). (6)

As t is significantly below the 2 ms update rate of
the sensor, acceleration effects can be neglected. The
robot can be assumed to instantly change its motion
behavior to any value regardless of the current state.
Thus, a simple proportional controller is sufficient to
perform efficient closed-loop control.

For closed-loop control, amplitude modulation is
used to control the movement direction whereas fre-
quency modulation is used to control the movement
speed. The values for p, and p, are calculated from
the control deviations e, and e, by calculating a nor-
malized vector towards the target position:

o =tan"!(e,/e,)
Py =sina (7)

Dy = COS

A simple proportional controller is then used in or-
der to control the movement speed, i.e. the actuation
frequency f is calculated based on the distance to the
target position and a proportional gain K:

=Ky e%—l—e%. (8)

In order to safely remain within the trackable ve-
locity range of 250 pm/s, the step frequency is limited
to 1.6 kHz which leads to a little over 200 pm/s move-
ment speed. The closed-loop control can directly be
done in the SEM’s coordinate system. However, a
scaling according to the SEM’s magnification, i.e.
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Fig.11: 242nm steps performed by linear axis with
capacitive readout. a) Overview, b) magnification of

a single step and c) difference between the two sensors
during all steps.

view field size, should be done, so that the same gain
K, can be used. K, was then chosen empirically to
obtain the settling behavior described in Section 6.

6. EVALUATION

The first step of the evaluation was the analysis of
the tracking system’s performance. Several charac-
terizations have already been conducted in [21] and
are not repeated here. It was proven, that the sensor
system has a high update rate and resolution while
it is immune to changes in contrast, brightness and
focus. Also, it was shown that the system can track
with nanometric resolution over long working ranges
(more than 200 pym). This evaluation thus tries to
measure the system’s absolute accuracy. For the mea-
surements, the chessy calibration grid was mounted
on a linear nanopositioner manufactured by Physik
Instrumente (PI), Germany. The positioner uses a
stacked piezoactuator and a exure hinge structure
to position with nanometer resolution over a 50 pm
working range. A calibrated, capacitive position sen-
sor is used for closed-loop position control and as a
reference for these measurements.

Such a sensor can offer high resolution and accu-
racy, but has several downsides when beeing used
for closed-loop nanohandling. First, a repeated re-
calibration is necessary because of long-term drift,
e.g. thermal drift. Second, the actual position of the
nanoobject can only be precisely derived from the
sensor, if the actuator’s machenical joints and hinges
can be assumed to be ideal. This is true for actuators
based on

exure hinges, but the working range of such actua-
tors is limited, in this case to 50 gm. Third, the SEM
coordinate system itself constantly changes. The elec-
tron column becomes magnetized and charged par-
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Fig.12: Linear ramp movements by axis with ca-
pacitive readout. The difference between tracking and
sensor value remains below 25 nm.

ticles within the chamber can slightly shift or dis-
tort the image. All these problems make closed-
loop nanohandling difficult if only internal sensors are
used.

For the first measurement, the positioner was set
to perform several 242 nm steps and the positions
calculated using the internal sensor and the SEM-
tracking were recorded simultaneously (see Fig. 11).
Fig. 11a shows, that all 10 steps were tracked pre-
cisely as the two curves are virtually identical. The
magnification of a single step (Fig. 11b) shows that
the SEM-tracking has a slightly higher noise level but
can precisely resolve the step, including the dynamic
settling behavior. Fig. 11lc shows the deviation be-
tween the two sensors which remains below 25 nm.

In order to fully evaluate the linearity of the posi-
tion sensing, the PI positioner was then set to execute
a 10 pm-long linear ramp (see Fig. 12). Again, the
ramp was precisely tracked and there is no discernible
difference between the two sensor outputs. The error
also remains below 25 nm. The shape of the error sig-
nal suggests a minute scaling offset between the two
sensors, but this offset is negligible.

After evaluating the sensor, the performance of the
entire control system has to be determined. As no ref-
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Fig.13: x- and y-coordinates while moving along a

10 um square with closed-loop control.
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Fig.14: Ramp during a 10 um closed-loop control
step. a) Entire ramp and b) magnification of the final
approach.

erence sensor is required, the handling cell shown in
Fig. 1 was used. The calibration grid was mounted
onto the stage nanorobot. The robot was then moved
along a 10 um square (see Fig. 13) using closed-loop
position control. The robot moves quickly and pre-
cisely to the designated target points at the corners of
the square. The entire movement with 50 ms pauses
at each corner was completed in less than 0.5 s. There
is a small deviation from the straight line during each
movement, i.e. a small x-movement during the 10
pm y-movements and vice versa. This is caused by
the imperfect open-loop control, which cannot fully
account for manufacturing differences and mounting
conditions such as the cable position. In order to com-
pensate for this effect, the control algorithm would
need to be changed from position control to path or
trajectory control.

Fig. 14 magnifies the last 10 pum control step.
As expected, the robot almost instantly reaches its
maximum velocity of approx. 200 pm/s which was
set as a save limit for the tracking (compare Sec-
tion 4). It then moves to the target position with
constant velocity (see Fig. 14a) and settles to the
destination quickly with a 100nm overshoot (see Fig.
14b). The entire movement is completed in approx.
60 ms. If the overshoot is problematic for a spe-
cific nanomanipulation step, it can be avoided using
a smaller proportional gain K, (see Section 5) which
prolongs the settling time to about 80 ms. The final
accuracy with the used tracking parameters is ap-
proximately £15nm which is equal to the (tungsten
cathode-based) SEM’s resolution limit and should be
sufficient for current nanohandling operations.

7. CONCLUSION AND OUTLOOK

This paper has shown that image-based position
detection is a major bottleneck on the way to high-
throughput nanomanipulation. Using a new position
detection approach that entirely omits the process of
image acquisition and image processing, a highspeed
position tracking was implemented. It was shown,
that the position of an object moving with up to 250
pum/s can be detected with an update rate of 500 Hz

and a precision better than 15 nm. With these sen-
sor characteristics, high-performance closedloop con-
trol could be implemented. Reaching a target point
with an accuracy of 15 nm, a robot could perform
controlled 10 pm steps with settling times of 60 ms.
This is a major step forward and paves the way to-
wards high-throughput nanomanipulation.

Table 1 shows a comparison of the different ap-
proaches that can be used for closed-loop position-
ing. Positioning based on internal sensors (IS) is the
fastest, but has limited accuracy because the value
due to the internal sensor’s time-variant relation to
the SEM’s image coordinate system. Visual servoing
(VS) based on SEM images is accurate but slow due
to the inherent bottleneck of image acquisition. The
line scan-based positioning (LS) combines a speed
similar to internal sensor with the accuracy of visual
servoing.

Table 1: Important tracking parameters.

type f Umaz ts accuracy
IS >1kHz %) 10ms -

VS | <50Hz | 60 pum/s | >0.5s +
LS 1kHz | 250 ym/s | 60ms +

Using the work of this paper as a basis, the po-
sition control can be taken further. First, the maxi-
mum movement speed can be increased if the sensor
and the controller are coupled more tightly. As the
15nm accuracy is not needed during fast movements,
the controller could temporarily set the tracking al-
gorithm to an even higher update rate. With the
higher update rate, faster movements can be tracked
with the downside of increased noise. For the fi-
nal approach, the tracking is then changed back to
a slower update rate with higher precision. Second,
first tests on time-shared tracking of two objects have
been conducted, i.e. two patterns are scanned sequen-
tially. As expected, only half the update rate could be
achieved, but all other characteristics remained un-
changed. Third, tracking in the third dimension will
be the key to a versatile application of nanohandling
in SEMs. Due to their large depth of sharpness, SEMs
cannot precisely determine the position of objects in
the out-of-plane direction. Several image-based ap-
proaches have been implemented, e.g. deriving depth
information from focus or adding a beam-deflection
system for stereoscopic images. The combination of
these approaches with the direct SEM-tracking is cur-
rently being analyzed.
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