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High-Efficiency Automated Nanomanipulation with
Parallel Imaging/Manipulation Force Microscopy
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Abstract—The atomic force microscope (AFM) has been
widely used to manipulate nanoparticles, nanowires and nan-
otubes for applications, such as, nano-structure building, nano-
characterization and bio-manipulation. However, conventional
AFM-based nanomanipulation is inefficient because of the serial
scan-manipulation-scan process involved. In this paper, high-
efficiency automated nanomanipulation with a parallel imag-
ing/manipulation force microscope (PIMM) is presented. With
the PIMM, image scan and nanomanipulation can be performed
in parallel through the collaboration between two cantilevers:
one cantilever acts as an imaging sensor and the other is used
as a manipulating tool. Two automated manipulation schemes
were introduced for normal- and high-speed image scanning,
respectively. An automated parallel manipulation task is man-
aged by system control software with multi-thread through a
procedure of dynamic image processing, task planning, two-tip
collaboration, and a controlled pushing manipulation with ampli-
tude feedback from the cantilevers. The efficiency of automated
parallel nanomanipulation with normal-speed image scanning
was validated by building nanoparticle patterns.

Index Terms—Atomic force microscope, parallel nano manip-
ulation, automated, high efficiency, nano particle push.

I. INTRODUCTION

THE invention of the atomic force microscope (AFM)
has brought nanotechnology with a significant boost by

providing it with a powerful tool for understanding physical
and chemical phenomena at the nanoscale to atomic scale,
as well as for performing engineering operations on nano-
objects, molecules and atoms. After the first manipulation
of atoms was accomplished using STM about two decades
ago [1], various nanomanipulation and nanoassembly schemes
and systems have been introduced. Conventional AFM has
been by far the most widely applied for the manipulation or
characterization of nanomaterials [2]–[6] and biology samples
[7], [8]. Moreover, AFM has also been used to explore
nanoscale characterization, e.g., nanotribology [9], [10] and
nanowire shear stress measurement [11]. However, AFM-
based manipulation has an inherent limitation, namely, the
imaging and manipulation processes are performed in series. In
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other words, AFM-based nanomanipulation generally involves
an insufficient scan-manipulation-scan process, which makes
mass production impossible. The reasons for this can generally
be attributed to insufficient AFM-based nanomanipulation:
first, unlike manipulation carried out in a electron microscope
[12], the AFM has no real-time visual feedback, and, second,
low-speed image scanning using conventional AFMs also
involves a time-consuming nanomanipulation process.

To facilitate nanomanipulation with interactive feedback,
haptic devices and virtual reality interfaces were introduced
into AFM-based nanomanipulation systems [13], [14], thereby
enabling an operator to directly interact with the real nano
world to control the manipulation process. Nevertheless, for
haptic interface initialization and for validation of the manip-
ulation, the pre-manipulation and post-manipulation images
are still required. On the other hand, in order to enhance
image-scanning efficiency, several researches have provided
impressive demonstrations of high-speed AFMs [15]–[17].
Many applications in materials science, life science and pro-
cess control have benefited from the AFM with higher speed
scanning. However, high-speed AFM applications are limited,
since only a small number of dedicated research labs have
high-speed AFMs that are highly specialized. Moreover, the
excellent potential for imaging will be greatly reduced if the
high-speed AFM is used for nanomanipulation when a serial
scan-manipulation-scan process is still involved.

The central problem in speeding up AFM-based nanoma-
nipulation revolves around how to develop sufficient harmony
between the image scan and manipulation processes of AFM-
based nanomanipulation. As manipulation performed under
optical microscopes or electron microscopes, the standard
parallel imaging/manipulation method still offers promise for
improving the efficiency of AFM-based nanomanipulation if
the image scan and manipulation can be carried out in parallel.

In this paper, a modified two-tip AFM, called parallel
imaging/manipulation force microscope (PIMM) is introduced
to improve the efficiency of AFM-based nanomanipulation.
A key component of the PIMM is that two individually
actuated cantilevers are used independently for imaging and
nanomanipulation, thereby enabling parallel nanomanipulation
and making high-efficiency nanofabrication feasible. This re-
search, based on our previous work on the development of
the PIMM [18], focuses on: (i) Automating parallel imag-
ing/nanomanipulation by introducing effective manipulation
strategies and control schemes, including image processing
and feature recognition, tasking planning for both the normal-
and high-speed image scan, and nanorobotic control for two
tips coordination with coordinate transformations and detailed
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control flows; (ii) Introducing a dynamic pushing method for
automated particle loss detection using amplitude feedback
rather than the weak lateral force signal and the unstable
normal force signal of the optical lever; (iii) Comparing
efficiencies of automated serial and parallel nanomanipulation
with experimental results; (iv) Performing a more complicated
parallel nanomanipulation task with presented manipulation
strategies and control schemes to validate the proposed parallel
nanomanipulation method.

This paper is organized as follows: Section II briefly intro-
duces the prototype and experimental setup of the PIMM. Two
parallel manipulation schemes respectively with normal- and
high-speed image scanning are presented in section III. Control
flow and methods are introduced in section IV. In section V,
we use one-tip and two-tip configurations of the PIMM to
respectively complete serial and parallel nanomanipulation of
nanoparticles to form nano-patterns with normal-speed image
scanning. Section VII concludes the paper.

II. SYSTEM SET-UP OF THE PIMM

A. System Architecture

Figure 1 shows a schematic diagram of the developed
PIMM. Cantilever I (tip I) and cantilever II (tip II), facing
each other, are individually actuated by an open-loop X-Y -
Z piezoscanner (PI P-153.10H) and an X-Y -Z closed-loop
nanostage (MCL Nano-Bio2M on the X-Y axes, PI P-732.ZC
on the Z-axis), respectively. An X-Y -Z motorized stage and
an X-Y -Z manual stage are used for coarse positioning of tip
I and tip II, respectively. The sample platform is immovable
during manipulation that is fixed on the system base.

A data acquisition (DAQ) (NI 6289) card is used for high-
speed capturing of photodiode voltage output from a lock-in
to estimate deflections on both cantilevers induced by force
load or resonant oscillation. The DAQ card is also used
to actuate the piezoscanner by providing voltage signals to
three independent amplifiers for each axis. A multi-thread
planning and control system is developed to independently
manage the AFM image scan and its dynamic display and
processing, as well as two-tip coordination during parallel
imaging/manipulation. Scanning data, a topographic image
including nano-objects to be manipulated and the end of tip
II, are shared by each of the threads for manipulation planning
and system control.

B. Two-Tip Interactions

A key component of the PIMM is that the cantilever used
has a protruding tip, which makes interactions between both
cantilevers feasible. As shown in Fig. 2(a), the protruding
tip enables image scan on the end of tip II using tip I. An
AFM image of the end of tip II is shown in Fig. 2(b), in
which the left inset shows a simulated scanning height when
tip I is scanned tip II along the line a–a. By this means, the
relative positions between the nano-objects and the end of tip
II that is indispensable for AFM-based nanomanipulation can
be obtained from the image scan. The tilted angle of the tip
is approximately 63◦ on the side view. In the PIMM, the final
tilted angle of each tip is about 68◦ to the substrate with a
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Fig. 1. System setup of the PIMM and a schematic diagram of the
architecture of the control system.

Fig. 2. Two tip interaction during the image scan. (a) An SEM image of
tip’s side and front view, in which a–a is a trace scanned at the end of tip II
by tip I. (b) A topographic AFM image of the tip end. The left inset shows
a simulated height of tip end on the scan line a–a, and the right inset shows
the tip has a tilted angle of 68◦ with a mounting angle of 5◦.

mounting angle of 5◦, as seen in the right inset of Fig. 2(b).
Thus, the scanning height of tip II can be estimated as:

Ht = Lt tan 68
◦ ≈ 2.48Lt (1)

where Ht and Lt are the scan height and the scan length on
tip II, respectively. Excellent image quality can be achieved
even though Lt is more than 300 nm, which is sufficient for
tip positioning during the manipulation.

C. Coordinate Frames

Figure 3(a) shows coordinate frames of the PIMM that
are summarized in Table II, including image scan frame s,
manipulation frame m and image frame i. A point P =
(X,Y, Z) in the system coordinate X-Y -Z is mapped to a
point p = (u, v) in the image plane Xi-Oi-Yi via a scaled
orthographic projection:[

px 0
0 py

] [u
v

]
=

[
X
Y

]
(2)

where px and py are scale factors, which are physical di-
mensions of pixels in the horizontal and vertical directions,
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Fig. 3. (a) Coordinate frames of the system. (b) The coordinate frame of
the image plane.

TABLE I
SPECIFICATIONS OF COORDINATE FRAMES

Symbol Coordinate frame definition

s
Imaging cantilever (tip I) coordinate frame Xs-Ys-Zs attached
to the piezoscanner

m
Manipulating cantilever (tip II) coordinate frame Xm-Ym-Zm

attached to the nanostage
o Coordinate frame Xo-Oo-Yoof the system
i Coordinate frame Xi-Oi-Yi of the scanned image plane

respectively. Each scale factor is equal to the step length
(sx, sy) of the image scan on the corresponding axis. The
step lengths are determined by the resolution (rx, ry) and the
length (lx, ly) of the scanned image:[

sx
sy

]
=

[
1/rx 0
0 1/ry

] [
lx
ly

]
. (3)

Therefore, the point P = (X,Y, Z) in the system coordinate
X-Y -Z can be determined by the point p = (u, v) in the
image plane Xi-Oi-Yi via:[

X
Y

]
=

[
1/rx 0
0 1/ry

] [
lx 0
0 ly

] [
u
v

]
. (4)

III. STRATEGIES FOR AUTOMATED PARALLEL
MANIPULATION

As mentioned above, image scanning with the cantilever’s
protruding tip makes it possible to locate the nano-objects as
well as the tip end of the manipulating cantilever, providing
positioning information for the further task planning. A manip-
ulation protocol and two schemes are introduced respectively
for parallel nanoparticle push with normal- and high-speed
image scanning. Task planning based on the shortest path
solution is proposed for linear trajectory planning on nano-
pattern formations.

A. Parallel Imaging/Manipulation Protocol

A manipulation protocol is used to perform the image scan
and the nanomanipulation in parallel. This protocol mainly
includes the following steps,

1) System Initialization: In this step, both tips are aligned
near the starting point of the selected scan area under the
optical microscope. Each axis of the motion module is set
on a proper position in the frames defined in Fig. 3. The
initialization should provide enough motion travel for both
the image scan and the manipulation.

2) Local Scanning on Tip II: Before the task, local image
scan with tapping mode of tip I is used to locate the end of tip
II. As seen in (1), the scanning length on tip II is determined
by its scanning height, which should have a maximum image
height roughly equals to the nano-objects to be manipulated.

3) Parallel Nanomanipulation: Once the local scanning of
tip II is completed, tip I is activated to fully scan the region
of interest, obtaining a topographic image that contains nano-
objects to be manipulated and the end of tip II. Simultaneously,
tip II is also managed by the manipulation control thread.
After image processing and task planning, the nano-objects
are manipulated with a controlled pushing operation. This step
will be discussed in detail in the following sections.

B. Image Processing

Image processing is for task planning and the coarse po-
sitioning of each nanoparticle. Two steps are involved in
the image processing: recognize nanoparticle distribution and
calculate their central positions. Fig. 4(a) shows an AFM
image, which contains the end of tip II and ten nanoparticles
with a diameter of about 80 nm.

1) Recognition Nanoparticles and the End of Tip II: A
feature in the scanned image may be a nanoparticle or the end
of tip II. In order to recognize and classify these features, the
template-matching method via correction coefficient γ(x, y) is
used [19]:

γ(x, y) =

∑
s

∑
t

[
(f − f̄)

]
[(w(x+ s, y + t)− w̄)]√∑

s

∑
t

[
(f − f̄)

]2 ∑
s

∑
t
[(w(x+ s, y + t)− w̄)]

2

(5)
where x and y are the width and height of the scanner image,
w̄ is the average gray value of the template window w, and f̄ is
the average gray value of the image f in the region coincident
with the current location w. Using pre-defined templates, the
nanoparticles and the end of tip II can be easily identified.

2) Positioning Nanoparticles and the End of Tip II: The
AFM image is first convolved with a low-pass Gaussian filter
for noise suppression, and then segmented to a binary image
using the optimal global and adaptive thresholding method
[19]. For further processing, the binary image is eroded to
remove overly small or large areas that represent spurious or
connected features with several nanoparticles stuck together.

Then the region-growing method [19] is used to label
each feature and calculate its central position. After region-
growing, each of the regions has certain gray values for feature
identification. For each labeled feature, its center position
(x̄k, ȳk) can be calculated as:

x̄k =

mk∑
j=1

xj

mk
, ȳk =

mk∑
j=1

yj

mk
(6)

where xj is the x-coordinate and yj is the y-coordinate of pixel
j of the kth region that contains mk pixels. Fig. 4(b) shows
an image after region growing. Eleven features, including
ten nanoparticles and the tip II end, are labeled from 1 to
10 by gray value 74 to 254 with an interval of 20 for the
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Fig. 4. An example of image processing. (a) An original gray-lever image
with a scan area 5 µm × 5µm. (b) A binary image by global and adaptive
thresholding; features are labeled and their centers are located.

nanoparticles and gray value 255 for the end of tip II. If the
number of nanoparticles is more than 255, feature labeling is
performed within each sub-region of the image grid.

Once the features are characterized and their center posi-
tions are calculated, nanoparticles pk(k = 1, 2, . . . ,n), assum-
ing k is a unique ID for each nanoparticle and its position in
the image plane is denoted as pk = (x̄k, ȳk) for task planning
of nano-pattern formation.

C. Manipulation Scheme with Normal-Speed Image Scan

The AFM tapping mode is required for nanoparticle scan-
ning in ambient conditions, to avoid the tip from moving or
removing the nanoparticle as it scans them. Several minutes
should then be taken for a full image scan using normal-speed
scanning. In this case, the image display is updated pixel-
by-pixel with the data sampling frequency, tracking the scan
motion of tip I.

1) Manipulation Scheme: Figure 5 is a diagram of paral-
lel imaging/manipulation with normal-speed image scanning.
As for the parallel imaging/manipulation protocol mentioned
above, once tip II locating is ready, two parallel threads are
started to perform a parallel imaging/manipulation task. One
is used to control tip I to complete a full scan of the pertinent
area selected under the optical microscope, resulting in a topo-
graphic image containing nanoparticles to be manipulated as
well as the end of tip II (as a simulated image on position P 0

II).
The second thread is assigned to dominate the performance of
tip II, which is in idle process until a particle emerges on the
dynamic image display. As the predetermined target positions
t1 and t2 as well as at least one nanoparticle are entirely
scanned as tip I reaches position P 1

I , the first manipulation is
started after the approximate position of particle I is estimated
by processing the dynamic image.

In order to accurately position nanoparticle p1, tip II locally
scans the nanoparticle horizontally and vertically along a line
marked to locate the precise center of the nanoparticle and
estimate a pushing point. As tip II reaches P s1

II , that is on
the line connecting centers of p1 and t1, the manipulation is
started until tip II reaches P g1

II where particle p1 has been
pushed to the target position. After the first manipulation, tip
II is started again to manipulate particle p2 to its target position
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Fig. 5. Parallel imaging/nanomanipulation scheme with normal-speed image
scan.

t2. When the second manipulation is completed, tip II is set to
idle process again until new target positions and nanoparticles
for manipulation emerge.

2) Task Planning: With normal-speed image scanning,
global task planning is unavailable during manipulation due
to the very low imaging rate. However, parallel imag-
ing/nanomanipulation can certainly be performed if a manip-
ulation objective is defined before the operation. As shown
in Fig. 5, prior to the nanomanipulation, a regular hexagon
pattern is predetermined within the image plane Xi–Yi. As
corners of the regular hexagon emerge on the dynamic image
display and nanoparticles are present, the shortest path solution
is used to plan the linear trajectory of the nanoparticle’s
motion.

As seen in inset I, the nanoparticle p1, which has the
shortest distance to t1, is chosen as the first to be manipulated.
The target position sequences are determined along the y-axis
of the image coordinate frame when more than one target
position emerges on the same effective image area, e.g. t1
and t2. During the whole process of parallel nanomanipulation,
previously manipulated nanoparticles, which are in their target
positions, are at times probably viewed as obstacles. As shown
in inset II of Fig. 5, the manipulated nanoparticle pn′, on
its target position tn, is within the obstacle zone of the
nanoparticle pm′ and its target position tm. In this case, if
no other nanoparticles exist within the currently scanned area,
these two nanoparticles should exchange their target positions
by removing pn′ to tm and pm′ to tn. The width of the obstacle
zone is set at twice the diameter of the nanoparticle because
of the possibility of the nanoparticle rotating around the AFM
tip during the pushing operation.

D. Manipulation Scheme with High-Speed Image Scan

Unlike normal-speed image scanning, high-speed image
scanning is expected to provide an image rate from several
frames per second to video rate. In this case, image display
can be updated rapidly. For task planning, image processing
is performed for every frame of the image scan from the
beginning.
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Fig. 6. Strategies for parallel nanomanipulation with high-speed image scan. (a) Simulated trajectory planning using the first frame of high-speed image
scan. (b) Parallel imaging/nanomanipulation scheme with high-speed image scan.

1) Task Planning: With high-speed image scanning, global
task planning is available that is performed and can be the first
of scan frame. Fig. 6(a) shows the first frame of simulated
topographic image that contains nanoparticles and the end of
tip II. After image processing of this frame, trajectory planning
is started to generate a manipulation sequence for each target
position and the corresponding nanoparticle to be manipulated.
The trajectory-planning algorithm is summarized as follow:

1) Share one frame of image from the imaging thread.
2) Detect the central position of each nanoparticle in the

image space using the method mentioned above.
3) Determine an equal number of particles with the target

positions.
4) Generate a manipulation sequence for the target posi-

tions.
5) for k = 1 to N (number of targets)

a) Generate all possible linear trajectories between
each particle and the target position tk(xi, yi) in
the image space.

b) Select the particle with a central position on
(xi, yi)(n = 1, 2, . . . , N) that has the shortest path
to the target position tk.

end for
6) Transform the position sequences tk(xi, yi)/pn(xi, yi)

from the image coordinate frame Xi-Oi-Yi into manip-
ulation coordinate frame Xm-Ym-Zm for actual motion
planning of the nanomanipulation.

Since linear trajectory is more convenient than nonlinear for
pushing nanomanipulation with a single nanotip, an efficient
strategy was proposed for 2-D micro manipulation with a
single probe [20]. In order to avoid losing the least problematic
particles those have the shortest paths to the target positions,
a strategy is introduced to combine distance planning with the
method mentioned above. With this strategy, the shortest path
method is used first to generate an equal number of particles
with the reference target positions for trajectory planning only
if there are more particles than target positions, as shown in
inset I. Then by counting the number of the blockages of

each target position to every previously selected particle, a
manipulation sequence of the target positions is determined.
Inset II shows an example for target position t1, with three
blockages counted with a possible trajectory to particle p7.
Finally, the shortest path method is used to find a particle for
each target position with the generated sequence.

Once the trajectory planning is completed, for each of the
target positions in sequence, tip II is used to push the nearest
nanoparticle along the generated trajectories. Fig. 6(a) shows a
predetermined nano-pattern formed by a regular hexagon with
a central particle. Six nanoparticles labeled p1 to p6 are chosen
to build this nano-pattern.

2) Manipulation Scheme: Figure 6(b) shows a diagram of
the parallel manipulation with high-speed image scan. Tip I
is used for high-speed image scanning of the nanoparticles
and the end of tip II, producing a high-speed topographic
image display, which consists of tip II and nanoparticles to be
manipulated. After task planning, tip II is started to approach
nanoparticle p1 for the first manipulation after the first frame
of the dynamic image display. Simultaneously, the scan area is
dynamically shifted by tracking the motion of tip II to keep a
fixed scan length δt on tip II for to avoid blocking the image
scan due to excessive scan height on the end of tip II. The
scan area is shifted from P 0

II to Pn
II until tip II reaches P s1

II , at
which point the manipulation is started to push nanoparticle
p1 to its target t1 while tip II travels to P g1

II . After the first
manipulation, tip II is moved on to the next nanoparticle.

E. Comparing Manipulation with Different Scan Rates

Obvious differences between the parallel nanomanipulation
with normal- and high-speed scanning are summarized as:

1) Different Task Planning Methods: Task planning with
normal-speed scanning is limited in local areas due to its low
imaging rate. In contrast, with high-speed image scanning, the
global task planning is available and, if necessary, dynamic
task planning is feasible with high-speed visual feedback that
provides more accurate and efficient trajectory planning for
pattern formation.
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Fig. 7. The timing model of serial conventional AFM-based nanomanip-
ulation, and parallel nanomanipulation with normal- and high-speed image
scanning.

2) Incomparable Manipulation Robustness: High-speed
imaging rate make the parallel nanomanipulation more con-
trollable due to its visual feedback, which can be used to track
the nanoparticle’s motion, monitor the tip-nanoparticle inter-
actions, and compensate for system error induced by thermal
drift. Combining visual feedback with force and amplitude
feedback from the oscillating tip, the parallel manipulation
control with high-speed image scan is undoubtedly more stable
and robust.

3) Dissimilar Task Time: The comparison between the
manipulation with normal- and high-speed image scanning
centers around the manipulation efficiency. As shown in Fig.
7, task time tptask of the parallel imaging/manipulation can be
given as:

tptask = max(ts, tm) + ts (7)

where ts is the scanning time of one image frame and tm is the
total manipulation time estimated from the sum of manipula-
tion time of each single nano-object. For normal-speed AFM,
the task time is often equal to 2ts except for a complicated
manipulation task that cannot be completed within one frame
period, and so has task time of tm+ts.The task time with high-
speed AFM is approximately equal to the total manipulation
time tm due to the very high frame rate of the image scan.
The manipulation process in this scheme is monitored by the
high-speed visual feedback like the manipulation performed
in the SEM. The parallel nanomanipulation with high-speed
image scan is undoubtedly more efficient than normal-speed
image scanning.

In contrast, the task time tstask in the serial imag-
ing/manipulation operation:

tstask = tm + 2ts. (8)

From (7) and (8), it is found that with the normal-speed
image scan the parallel nanomanipulation can save a lot of
time, e.g., when tm = ts, task time of the serial nanoma-
nipulation will increase by 50% compared with the parallel
nanomanipulation.

IV. AUTOMATED CONTROL OF THE PARALLEL
NANOMANIPULATION

A. Nanorobotic Control on Both Tips

Once the manipulation thread is started, the motion control
of tip II is based on the position information from the image
scan, irrespective of normal- or high-speed image scanning.
There is the difference, however, that high-speed image scan-
ning provides dynamic image feedback to track the motion of
tip II and the nanoparticle being manipulated, compared with
normal-speed image scanning in which the positions of tip
II and the nanoparticles to be manipulated are just generated
once before the manipulation. As discussed in section III-B,
feature recognition from image processing is performed to
identify the nano-particle position Ti, in which case control
is in the form of manipulation under the optical microscope
using the “look-then-move” strategy. In order to determine
the kinematic parameters of tip II from image recognition,
coordinate transformations are performed between coordinate
frames of the image plane and the tips.

Denote oP ∈ ℜ2 the coordinate of point P with respect to
coordinate frame o; Denote m

o R ∈ ℜ2×2 the rotation matrix
that represents the orientation of frame o with respect to frame
m; Denote m

o T ∈ ℜ2 the origin location of frame o with
respect to frame m

mP = m
o RoP + m

o T,

sP = s
oR

oP + s
oT. (9)

Re-writing (4)
i
sP = oP (10)

where

s =

[
1/rx 0
0 1/ry

] [
lx 0
0 ly

]
.

From (9) and (10)

mP = m
o Ri

sP + m
o T,

sP = s
oR

i
sP + s

oT. (11)

According to the coordinate frames defined in Fig. 3

m
o R =

[
−1 0
0 1

]
, s

oR =

[
−1 0
0 −1

]
. (12)

With a known s, the transformations between frame i, frame
m and frame s are uniquely determined by s

oT and m
o T . m

o T
is solved from mP and iP , as tip II position is identified after
image processing. Similarly, s

oT is solved from sP and iP
with known dimensions of the image scan.

B. Control Flow

The control system is developed upon the platform C++,
in which two subsidiary threads are respectively established
for image scanning and manipulation. The main thread of the
task here is used to store the image data and provide the user
with an interface with dynamic image display and other real-
time data, e.g., force responses from both the cantilevers and
position feedback from each of the motion modules.
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Fig. 8. Control flow of automated parallel nanomanipulation with normal-
speed image scan. F ∗ = 0 presents a logic: no new target(s) and new
nanoparticle(s) emerge; F ∗∗ = 0 presents a logic: no target or no nanoparticle
remain. m img is a global variable used as a switch for image scan.

Figure 8 shows the control flow of the parallel nanoma-
nipulation with the normal-speed image scanning. In this
flow, before the next manipulation, task planning on a newly
updated scanned area is performed when new target(s) and
new nanoparticle(s) emerge. The image scan thread is ended
with the last scan point; meanwhile, m img is set to zero. The
manipulation thread is ended if all the target positions are filled
or there are no nanoparticle(s) for the remaining target(s).

Figure 9 shows the control flow with high-speed image
scanning, in which image processing is performed for each
frame of the scan and the pushing operation are control with
visual feedback. The manipulation task is ended if there are no
targets or any nanoparticles emerge. m map here is used as a
global switch to end the image scan thread, as it is set to zero
when the manipulation is ended. The last frame is scanned as
a post-manipulation image. Notice that the next frame of the
image scan shifts backwards a distance of δt−1 from the last
start point, where δt−1 is tip II’s displacement on the x-axis
of frame s during last frame period ts.

C. Force Sensing during the Nanoparticle Push

In experiments, for a cantilever with a beam length L, beam
width w, beam thickness t and tip height l, its normal stiffness
kn and lateral stiffness kl are calculated by:

kn =
Ewt3

6L2
(N/rad) (13)

kl =
Gwt3

3L(l + t/2)
(N/rad) (14)

where E and G are, respectively, Young’s and shear modulus
of the cantilever. Assuming the optical lever has the same
angular sensitivities on lateral and normal directions, the ratio
of the cantilever’s normal and lateral force sensitivities Sratio

Task

Y

N

N

YTarget
&& particle

remain

First
frame

m_map

m_map

m_map

Fig. 9. Control flow of automated parallel nanomanipulation with high-
speed image scan. m map is a global variable used as a switch for parallel
nanomanipulation.

can be obtained from (13) and (14):

Sratio =
kl
kn

=
2LG

E(l + t/2)
. (15)

With commercially provided dimensions of the cantilevers
used in our system: L = 240 µm, E = 160 GPa, G = 58 GPa,
l = 10 µm and t = 3 µm, a value of the ratio is calculated
as Sratio = 15.1. The result indicates that the lateral voltage
output, compared with the normal voltage output, is too weak
to monitor the nanoparticle pushing operation. That is the
reason why the normal voltage rather than the lateral voltage
of the optical lever has been commonly used to monitor the
pushing/pulling nanomanipulation [2]–[5], [9].

D. Controlled Push of Nanoparticles

In the literature, different types of nanoparticle push strate-
gies, including contact and noncontact (dynamic) force mi-
croscopy, have been proposed. The former, with pushing
control, is divided into the constant height and constant force
methods [2]. The noncontact (dynamic) force microscopy
utilizes the oscillating energy of the tip and tip-particle contact
interactions to achieve a nanoparticle pushing operation. The
main advantage of this method is the possibility of real-
time monitoring of the moving particle. However, this method
might be inefficient due to very the low power supply from the
oscillating tip, compared with the energy dissipation needed
to overcome the particle-substrate adhesion and friction [21],
and investigations have shown that soft cantilevers (< 3 N/m)
result in unsuccessful push [22].

In order to “see” the moving nanoparticle in real time
and simultaneously achieve high-efficiency and stable pushing
operations, as shown in Fig. 10, a dynamic pushing method
is used in experiments, utilizing the advantages of the contact
and noncontact pushing control methods. With this method,
a constant distance d0 between the tip and substrate is kept
during the push. The tip-substrate separation d0 is more
or less equal to the radius Rp of the nanoparticle, which
should provides enough maximum effective deflection D0 to
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Fig. 10. Dynamic pushing schemes and interaction forces of the AFM tip
apex and particle during pushing-sliding operation.

overcome strong static friction at the beginning of the push
while the tip slides up the nanoparticle. Once contact with the
nanoparticle is established, the amplitude of the oscillating
tip reduces form A0 to zero and the contact push is started.
During pushing operations, the tip-nanoparticle contact may be
lost, e.g. due to in-plane rotation/spinning of the nanoparticle
as the result of a positioning error on the contact point or
non-uniform interactions between the nanoparticle-substrate
contact. In this case, the tip returns to oscillating with the
same amplitude before contact; this, can be used to detect the
contact loss automatically to restart the manipulation. This will
be discussed in the following part.

During the pushing operation, possible nanoparticle motion
modes are sliding, in-plane rotating and out-plane rotating
(rolling). Fig. 10 shows an example of the interactive forces
involved in the pushing-sliding motion of the nanoparticle. For
other modes, detailed descriptions can be found in [9]. Let
tFf and tFn be the friction force and the normal force ap-
plied on the nanoparticle due to the tip-nanoparticle interface,
respectively. Therefore, to successfully push-slide the particle,
a threshold force F t

l along the push direction is needed:

F t
l = sFmax

f = tFf sin θ +
tFn cos θ, (16)

tFmax
f ≥ Fl sin θ − Fn cos θ (17)

where sFf and sFn are the friction force and the repulsive
force applied on the nanoparticle from the substrate, respec-
tively; θ is the contact angle and its minimum value θmin is
equal to tip’s half cone angle if tip-substrate separation d0
is small enough; Fl and Fn are the lateral and the normal
forces applied on the tip from the cantilever. For low speed
and quasi-static pushing, it can be deduced that Fl =

sFf and
Fn = sFn.

The friction force in nanoscale contact has been known to
be proportional to the contact area A. Therefore, sFf can be
described by [23]:

sFf = τA (18)

where the proportional constant τ is the so-called shear
strength. Consequently, the force needed to push the nanopar-
ticle is proportional to the particle-substrate contact area A.
The contact area depends on the interaction forces of the
nanoparticle-substrate contact. According to the JKR model,
the contact A of the nanoparticle with a radius Rp can be
estimated from [24]:

A = π
[
Rp

K (Fext + 3πRp∆γ+√
6πRp∆γFext + (3πRp∆γ)2)

]2/3 (19)

where K = (4/3)[(1 − v2p)/Ep + (1 − v2s)/Es]
−1 is the

reduced elastic modulus for the particle-substrate interface, in
which vp and vs are the Poisson’s coefficients, and Ep and
Es are the Young moduli of the nanoparticle and substrate,
respectively; ∆γ is the particle-substrate critical energy needed
to separate the nanoparticle from the substrate. Measuring
Fext =

s Fn = Fn and using the known values of Rp, K, ∆γ
and shear strength τ , the friction force sFf can be calculated
from (18).

When starting the push operation, the tip will slide up a
little along the surface of the nanoparticle to obtain a new
equilibrium. However, if the nanoparticle is too sticky to
push or the cantilever is not stiff enough, the tip will slide
up a lot, even slide over the nanoparticle, making the push
unsuccessful. As the tip slides on the nanoparticle surface, the
following inequality can be obtained:

tFmax
f < Fl sin θ − Fn cos θ. (20)

In order to successfully push the nanoparticle with the
proposed dynamic pushing method, a cantilever with enough
normal stiffness should be selected, and a proper contact angle
θ be carefully determined. The contact angle θ can be set at
its minimum value, i.e., the tip half cone angle, by reducing
the tip-substrate separation d0 to make a contact with the tip’s
cone surface providing that it does not result in a sticking
problem. In our experiments, kn = 2.82 N/m is used and the
tip-substrate separation d0 is set at less than the nanoparticle
radius Rp to get a small contact angle θ and enough effective
deflection D0.

E. Manage Abnormity Status

1) Sticking Problem: The commercial AFM tip is very
sharp (typically around 10 nm in radius), and that minimizes
the adhesion forces between the nanoparticle and the tip.
Nonetheless, unlike the nanoparticle push performed in liquid
or vacuum [3], [25], the problem of nanoparticle sticking to
the tip has been observed during nanoparticle push in ambient
conditions, even in image scan with the AFM tapping mode.
These phenomena are are mainly induced by the capillary
forces [26]. In order to greatly reduce the possibilities of
the particle sticking, it is necessary to modify the substrate
to increase adhesion to the nanoparticle or functionalize the
AFM tip, e.g., with hydrophobic interfaces that will strongly
reduce adhesion to the nanoparticle. Moreover, environment
control is also an effective method for changing the adhesion
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forces. In our experiments, the environment is controlled with
an ambient temperature of 20 ± 1◦C and relative humidity of
40 ± 1%. In addition, nanoparticles with a diameter of about
80 nm are used and in contrast, the diameter of the AFM
tip apex is much smaller. In this case, tip-particle adhesion
forces are relatively lower than the particle-substrate interface.
Therefore, the tip-particle sticking problem during the pushing
operation can be minimized. The experimental results verified
that sticking phenomena seldom occurred.

2) Particle Loss: A positioning error of the contact point
and non-uniform interactions of the nanoparticle-substrate
contact will result in in-plane rotation/spinning of the nanopar-
ticle, especially over a long-distance pushing operation.
Nanoparticle rotation/spinning leads to a push failure because
of the contact loss. Second, strong static sticking of some
nanoparticles to the substrate requires a stronger pushing
force. Otherwise, the tip will slip over the nanoparticle, losing
the push. In order to promptly detect the particle loss, as
seen in Fig. 10, the tip II is kept in oscillation during the
whole pushing procedure. By this means, not only can the
tip-nanoparticle contact be detected by amplitude fading of
the manipulating tip, but also the particle loss when the tip
amplitude suddenly increases from zero.

V. EXPERIMENTAL RESULTS

High-speed image scanning is not yet available on the
current system: that forms the basis of our future work on sub-
stantially improving nanomanipulation efficiency. However, a
parallel image/manipulation task was first performed in air
with normal-speed image scanning on the developed PIMM.

A. Sample Preparation

The manipulation samples were prepared by depositing 80
nm gold colloidal particles (Ted Pella, Inc) from an aqueous
solution on freshly cleaned silicon substrates using the boiling
method [27]. The Si substrate was placed on a hot plate that
was set at an appropriate temperature of 100 ∼ 110◦C. Drops
of the gold nanoparticle solution were released on the substrate
and were left to boil. The experiments were carried out in
air (an ambient temperature of 20◦C and relative humility of
40%) with AFM probes with a spring constant of 2.82 N/m
(ATEC-FM, Nanosensors).

B. Image Scanning Rate and Pushing Parameters

The imaging rate of the normal-speed scan and pushing
parameters are set as follows:

• A scan frequency of 0.4 Hz on Tip II in tapping mode
was used to fully scan the manipulation area of interest,
e.g., for an image resolution of 200 × 200, the overall
frame period of the image scan is about eight minutes
and twenty seconds.

• The scan length on the end of tip II is set as about 40
nm, which results in a maximum scan height of 94 nm
according to (1).

• Nanoparticle pushing velocity was set at about 200 nm/s
and a small velocity of 80 nm/s was used for local
nanoparticle scanning to achieve fine positioning.

• In the experiments, to improve the convergence rate
of the particle repositioning and increase manipulation
efficiency, a lower particle releasing accuracy is set at
step length of the image scan, representing one pixel on
the image plane.

• The tip-substrate separation d0 during push was kept
10 ∼ 20 nm that depends on the nanoparticle diameter
and snap-in boundary of the cantilever due to the adhe-
sion forces.

C. Particle Loss Detection

Figure 11 how normal force and amplitude responses in a
case of a successful gold nanoparticle (80 nm in diameter)
push. When the tip snaps in the nanoparticle at point A, the
oscillating amplitude disappears while starting the push. At
point B, motion is started when static friction is broken, where
the normal force on the cantilever is about Fn = 24 nN with a
voltage output 18 mV (amplified) of the optical lever and force
sensitivity 1.35 µN/V of the cantilever. From (18) and (19), the
friction force is estimated as sFf = 28 nN. For calculation,
∆γ = 0.248 J/m2 is computed for SiO2–Au contact in air
with γsiO2 = 0.16 J/m2, γAu = 1.5 J/m2 and γH2O = 0.073
J/m2; K = 56 GPa and τ ≈ G∗/29 = 30 MPa [28] with G∗ =
[(2−νAu)/GAu+(2−νSiO2)/GSiO2]

−1, where GSiO2 = 31.4
GPa, νSiO2 = 0.17, GAu = 30 GPa, and νAu = 0.42. With
this friction force, the calculated (from (15)) and measured
maximum lateral voltage output are both less than 3 mV, which
is insufficient to monitor the pushing operation.

Figure 12 shows a cases of a nanoparticle loss at C point.
Once the particle loss is detected, repositioning the nanopar-
ticle is necessary to restart the unfinished push. As at the
beginning of the push, a local scan on vertical and horizontal
directions is used to relocate the lost nanoparticle with a scan
distance of two to three times the nanoparticle’s diameter. In
the case of strong sticking friction from the substrate, tip-
substrate separation d0 is reduced to increase the maximum
re-pushing force, or d0 is even reduced to zero with normal
preloading on the tip II for rare strong sticking cases.
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Fig. 11. A experimental example of tip II responses during a particle push:
point A shows tip II snaps into contact with the nanoparticle, point B is where
motion occurs when the static friction is broken.
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Fig. 12. A experimental example of tip II responses during a particle push
then loss: point A shows tip II snaps into contact with the nanoparticle, point
B is where motion occurs and point C is where the particle loss occurs.

D. Comparisons of Nanoparticle Parallel and Serial Push

With the settings described above, as seen in Fig. 13,
the system was first tested by a lateral push of four gold
nanoparticles; each particle was moved back and forth for four
times between its original position and its target. The results
show that no particle loss occurred; this might be due to a
purely lateral push being used. In long-distance pushing, there
is a greater tendency to rotation around the tip, resulting in
larger pushing errors. The overall manipulation time, including
nanoparticle positioning and pushing, is about tm = 320 s, i.e,
tm < ts, here ts = 500 s. Thus, the task time of this work is
tptask = 2ts = 1000 s.

For comparison, a serial nanoparticle scan-manipulation-
scan task was performed by Tip II. As seen in Fig. 14, four
gold nanoparticles were also lateral pushed back and forth for
four time as the same task in the above experiment. The overall
manipulation time in this task is about tm = 280 s. Thus, the
task time tstask = 2ts + tm = 1280 s. By comparison, 28%
more task time needed in this case than the former parallel
nanomanipulation.

E. Parallel Manipulation Results

Figure 15 shows another parallel nanomanipulation result
in which seven gold nanoparticles with a diameter of 80 nm,
emerging in dynamic images I to IV in sequence, were pushed
onto corners and the center of a regular hexagon during the
period of the image scan. The frame period was about ten
minutes. In contrast, the total manipulation time of these seven
nanoparticles was less than seven minutes. The results indicate
that more complex tasks can be completed during the image
scanning thread, thereby greatly increasing the efficiency of
AFM-based nanomanipulation.

In the experiments, image processing and task planning
were first perform at the 95th (image I) and the 145th (image
II) scan lines, which are, respectively, middle lines between
the first and second, and second and third columns of the
regular hexagon. After the 210th scan line, which is close to

Fig. 13. Lateral push results with parallel manipulation (scan area 2.6 µm
× 2.6 µm). (a) Dynamic image I to IV display emergences of four gold
nanoparticles (with a diameter of 70 ∼ 80 nm). Image processing and task
planning were performed every 16 scan lines that present the particle size
on the image plane. (b) A post-manipulation image verifys the result. Each
particle was pushed back and forth for four cycles between its original position
and its target position before ultimately being placed on the target position
on the middle line.

Fig. 14. Lateral push results with serial manipulation (scan area 3 µm × 3
µm). (a) Pre-scanned image of gold nanoparticles (with a diameter around 70
nm). (b) A post-manipulation image verifys that each particle was laterally
pushed to its target position distributed on the middle line.

the left side of p6 (image III), task planning had been arranged
to perform once every 10 scan lines that present the particle
size on the image plane. Fortunately, particles p6 and p7 were
discovered in this frame. Thus, 3 times of image processing
and task planning were performed during the whole process
of manipulation.

From the experimental records, four particle losses occurred
during the whole manipulation procedure, among which one
for particle p5, one for particle p7 and two for particle p6.
It seems that the inward push along the long axis of the
cantilever is more subject to pushing loss by sliding over
the particle, which might to due to the large contact angle
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Fig. 15. A parallel imaging/manipulation result with normal-speed image scan with tip I (scan area 4.8 µm × 4 µm). (a) Emergences of three parts of target
positions and gold nanoparticles (with a diameter of 80 nm) are on three different dynamic displays, namely, image I to III. A full scan is shown in IV. (b)
A post-manipulation image shows a regular nano-hexagon with a central nanoparticle is built with seven nanoparticles.

of about 52◦ from the side view of the titled tip. However,
in this case, particle losses caused by in-plane rotation were
seldom observed, which might be due to the contact with the
backside of the cantilever’s tetrahedral-shape tip. In contrast,
the negative contact angle, which is about –22◦, makes the
forward push along the cantilever more vigorous. Additionally,
apart from the final position check, a repositioning operation
occurred five times to eliminate the final pushing error before
releasing the particles on the target positions, once for particles
p1, p2 and p5 to p7. A particle releasing accuracy is set at 20
nm, the step length of the image scan, representing one pixel
on the image plane.

VI. CONCLUSION AND DISCUSSIONS

In this paper, a high-efficiency automated parallel imag-
ing/manipulation microscopy was presented. Two automated
parallel manipulation schemes with normal- and the high-
speed image scanning were introduced. Experimental results
validated the automated parallel manipulation scheme with
normal-speed image scanning. Moreover, for the PIMM, many
surprising achievements will be possible if high-speed image
scanning is available and its potential applications are explored
in future work. The problems or improvements to the PIMM’s
current use and potential applications are as follows:

1) High-speed image scanning with AFM tapping mode
from several frames per second to video rate is not
yet available in the current PIMM. In order to achieve
such high-speed visual feedback of the parallel nanoma-
nipulation, a special scanner with excellent dynamic
performance, fast data acquisition facilities and smaller
cantilevers with high resonant frequency should be used.
The most significant step to meet these requirements
would be to design and develop a high-speed image
scanner able to promptly and accurately track the sur-
face of nano-samples without image distortion, probe-
induced nano-sample movement or damage.

2) The current system has been used for parallel manipu-
lation of nanoparticles with a diameter around 80 nm.

It has been shown that the system positioning errors,
e.g., system thermal drift, have no distinct influence
on the manipulation. However, the influence from the
positioning errors discussed cannot be omitted when
the samples are scaled down to the order of 10 nm or
less [29]. For the PIMM, with the two-tip configuration,
characterization of the thermal drift between the tips and
the nano-environment will be much more challenging
than with conventional AFM.

3) For biology applications, nanomanipulation should cru-
cially be performed in liquid. In this case, specific
modifications to the current PIMM will be addressed,
e.g., new scanner designs taking into account liquid flow
instability, especially for high-speed image scanning.

4) Use of the PIMM we developed can be extended to
other potential applications. For example, a new two-
tip configuration, with a soft and a stiff cantilevers and
minor modifications to the current system setup, can be
used for well-controlled nanoparticle manipulation by
the soft cantilever, allowing for the accurate extraction
of quantitative values for nanoscale friction in ambient
conditions, not just in vacuum [25]. This application will
be of considerable interest because the stiff cantilever is
generally needed in the commercial AFMs for nanopar-
ticle imaging.

5) In addition, by reconfiguring the PIMM, a two-tip
nanotweezer can be constructed for pick-and-place of
nanowires/tubes with force sensing [30]. However, pick-
and-place of nanoparticle is still a challenge using
current system due to system’s thermal drift that greatly
influences the tip alignment accuracy. Thus, thermal drift
characterization is a significant issue for future work.

As future work, high-speed image scan with the AFM
tapping mode will be developed for achieving fast visual feed-
back on parallel nanomanipulation and greatly increasing the
nanomanipulation efficiency based on the current configuration
of the PIMM developed. In addition, manipulation in liquid
will be addressed for biology applications.
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microscope for three-dimensional nanomanipulation and nanoassembly,”
Nanotechnology, vol, 20, no. 21, pp. 215301, 2009.

Hui Xie (S’05–M’07) received his B.S. degree in
Mechanical Engineering from the Harbin University
of Science and Technology, Harbin, China, in 2000,
the M.S. degree in Mechanical Engineering and the
Ph.D. degree in Mechatronics Engineering from the
Harbin Institute of Technology, Harbin, China, in
2002 and 2006, respectively.

He became a Research Assistant in 2003 and
Lecturer in 2005 at the State Key Laboratory of
Robotics and System, Harbin Institute of Technol-
ogy. He joined the Institut des Systèmes Intelligents
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