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Abstract: Micro/nano-manipulation is the fabrication of particular constructs on devices at the
micro/nano-scale. Precise manipulation of microparticles is one of the key technological difficulties
in manufacturing micro/nano-scale components. Based on scanning electron microscopy and
nanomanipulator, this paper adopts a direct push method to operate randomly distributed
microparticles into ordered structures. A two-probe interaction strategy is proposed to enable
microparticle movements in all directions efficiently and avoid scratching the substrate surface.
To overcome the uncertainties in micromanipulation, a virtual nano-hand strategy was also
implemented: long-range advance of each microparticle is realized by multiple single-step pushes,
whose trajectory is theoretically analyzed. The pushes are well programmed to imitate effects of
a more powerful and determined hand. Experimental results show that the theoretical single-step
motion trajectory is in line with actual operation, and the proposed strategy can ensure precise
operation of the microparticles in all directions and improve reliability and effectiveness of operation.

Keywords: scanning electron microscope (SEM); interactive micromanipulation; nonconductive
microparticle; virtual nano-hand strategy

1. Introduction

Micro/nano-operation refers to the measurement of physical, chemical and biological properties
of objects at micro/nano-scales, and manufacturing micro/nano-systems/devices with new functions by
pushing-pulling, extracting, handling and placing of micro/nanoobjects, such as micro/nanoparticles
and nanowires. The new micro/nano-systems/devices provide new opportunities and technological
approaches for developments of electronics, information science, materials, advanced manufacturing
and biomedical fields [1,2].

At present, atomic force microscopes (AFM) and scanning electron microscopes (SEM) have
become the most popular equipment for micro/nano-operations. AFM has high resolution and motion
precision, controllable tools mode, good repeatability and various applicable environments. AFM
has been able to perform precise operations and the assembly of carbon nanotubes, single-molecule
viruses, etc. [3–8]. However, AFM cannot image and operate simultaneously, as its control strategy of
acting after observation and limited scanning range both limit the operating efficiency, as scanning of
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each frame takes a relative long time [9]. SEM has a large, built-in vacuum operating environment
and real-time imaging capability, and can be equipped with a nanomanipulator, which works with
piezoelectric drive and multi-degree freedom. It can carry on mechanical and electrical property
measurement on nanomaterials, nano-electromechanical system (NEMS), assembly, cell characterization
and manipulation [9–17]. SEM can also be combined with AFM, focused ion beam (FIB), etc. to
achieve a more powerful ‘nano-laboratory’ for imaging, automated operation and characterization,
simultaneously [18–20].

In order to improve operation reliability and efficiency, researchers have proposed many algorithms
and techniques, such as augmented reality in AFM [21], local scanning [22,23], feature-based
tip localization and planning in nanomanipulations [24], random positioning [24,25] tc. Various
nanomanipulation protocols have also been proposed, which are mainly categorized into two types:
push and pick-and-place [9,26]. As for pushing with AFM tips, Kim et al. developed a tapping protocol,
where a nanoparticle is kicked to reduce the static friction, and then the nanoparticle is dribbled to a
target position in tapping mode [27]. Zhao et al. implemented a successive directional push protocol [28].
Xu et al. proposed a sequential parallel pushing (SPP) algorithm for AFM [29]. Those methods were
designed to work without precise information about the particle position. Although these methods
have improved the operation efficiency, particle loss occurs inevitably during operation. J. Hou et al.
proposed a ‘virtual nano-hand’ protocol, where a single-tip mimics the manipulation effect that
multi-AFM tips can achieve, by planned high speed sequential tip pushing [7,30]. The manipulation
yield was much improved.

The pick-and-place manner is another manipulation technique, and is good for long-distance
movement, whose operation scale is only limited by the manipulator travel limit [31,32]. Decossas et al.
successfully used AFM tips to pick up silicon nanocrystals from a Si surface and move to the target
location and release them by a series of pulses [33]. Cao et al. used the pick-and-place strategy to
manipulate microparticles by one nanomanipulator tip inside SEM [34]. E-beam irradiation was
utilized to glue and pick up microparticles, and releasing was accomplished by adjusting the end tilt
angle. However, the success rate of the pick-and-place protocol still needs to be improved, as the
repeatability of E-beam irradiation pick-up is not very reliable.

In this paper, a direct push protocol based on SEM and nanomanipulator was implemented, which
is tunable in real-time, and able to transport microparticles to a target position reliably. In order to
enable precise movement of microparticles in all directions, and avoid substrate scratching, a more
efficient double-tip operation skill was proposed. In addition, the virtual nano-hand strategy was
adopted to improve reliability: the long-distance movement was decomposed to multiple short pushes,
and a single-tip was planned to mimic the manipulation effect of a ‘hand’ by designed sequential
pushing. During the motion, operation parameters, such as the interaction position was adjusted in
time, and the motion error was kept in an allowed limit. We demonstrated, by experiments, that this
new method is efficient and convergent. Two example patterns were fabricated using our system, and
the entire operation process can be observed in real-time.

2. Theoretical Modeling Analysis

During the tip–microparticle interaction, poses of the tips are fixed. Push angle θ, i.e., the angle
between the probe center line and x-axis, is also set. As shown in Figure 1, probe 1 could push the
microparticle right, while probe 2 could push the microparticle left. Nevertheless, for cases in Figure 1b,
where the tips move microparticles in a ‘drag’ mode, the interaction will inevitably generate a normal
pressure on the microparticle and the substrate, probably causing stress or even damage to the substrate.
Our double-tip operation skill is that probe 1 pushes the microparticle to the right, and θ > 90◦; the
opposite probe 2 pushes the microparticle to the left, and θ < 90◦, as shown in Figure 1a. The two-probe
operation not only protects the substrate from damage by avoiding pressure on the substrate, but also
increases operation efficiency by reducing tip paths compared to a single-tip operation.
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Figure 1. Interactions between the probe tip and microparticles. θ is the angle between the tip 
centerline and x-axis. (a) The tips move microparticles in a push mode, where an upward force is 
applied on the microparticles. (b) The tip moves microparticles in a drag mode, where a downward 
force is applied on the microparticles. 

 

Figure 2. Different manipulation protocols. (a) The manipulation process of target-oriented push 
(TOP), where the microparticle is always pushed toward the target. (b) Virtual nano-hand strategy, 
where the push direction is always parallel to ܤܣሬሬሬሬሬറ. (c) Stable pushing of the microparticle with the 
nano-hand effect. 

2.1. Theoretical Single-step Trajectory of a Microparticle  

The single-step motion of the microparticle is defined as its movement between the initial 
contact and separation, as shown in Figure 3. If the interaction position of the tip–microparticle is 
different, the microparticle motion trajectory will also be different. 

If the microparticle center locates on the push path ܤܣሬሬሬሬሬറ (the probability is very low), the tip and 
microparticle will show a maximum displacement ∆ݔ௠௔௫ and ∆ݕ௠௔௫ (∆ݕ௠௔௫ = ܴ௣ +  ௣, Rp and rp areݎ
radius of the microparticle and tip horizontal section at the contact point), as shown in Figure 3a. If 

Figure 1. Interactions between the probe tip and microparticles. θ is the angle between the tip centerline
and x-axis. (a) The tips move microparticles in a push mode, where an upward force is applied on the
microparticles. (b) The tip moves microparticles in a drag mode, where a downward force is applied
on the microparticles.

In a SEM vacuum chamber, due to many uncertainties, such as creep, hysteresis, temperature
drift, etc., it is difficult to guarantee that the microparticle center locates on the pushing path. The tip can
only apply a point force to the microparticle, as its touch area is small. Therefore, microparticle losses
often occur, that is, the probe slides over the microparticle and the two separate. To this end, this paper
adopted a virtual nano-hand strategy to improve reliability and repeatability, as shown in Figure 2.
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(TOP), where the microparticle is always pushed toward the target. (b) Virtual nano-hand strategy,

where the push direction is always parallel to
⇀

AB. (c) Stable pushing of the microparticle with the
nano-hand effect.

2.1. Theoretical Single-Step Trajectory of a Microparticle

The single-step motion of the microparticle is defined as its movement between the initial contact
and separation, as shown in Figure 3. If the interaction position of the tip–microparticle is different, the
microparticle motion trajectory will also be different.
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Figure 3. Single-step microparticle trajectories with different contact positions. (a) The microparticle
center locates on the tip push path. (b) The microparticle center deviates from the tip push path. α is
the angle between the vertical direction and tip–microparticle link line, denoting the transient moving
direction of the microparticle. h is the initial vertical distance between the microparticle and tip push
path. Point Zero locates at the initial position of the microparticle.

If the microparticle center locates on the push path
⇀

AB (the probability is very low), the tip and
microparticle will show a maximum displacement ∆xmax and ∆ymax (∆ymax = Rp + rp, Rp and rp are
radius of the microparticle and tip horizontal section at the contact point), as shown in Figure 3a. If

the microparticle center deviates from the push path
⇀

AB by h (this probability is high), as shown in
Figure 3b, the one-step displacement in the x and y directions will become ∆x and ∆y (∆y = ∆Ymax − h).

Ignoring rotation movements, the transient push-in angle α (the angle between the y-axis and the
microparticle–tip center line, as shown in Figure 3b, in the single-step motion is:

α = arccos
(

h + y
∆Ymax

)
(1)

where y is present displacement of the microparticles in vertical direction. The whole single-step
motion could be divided into a combination of numerous micromotions. In each micromotion stage,
the microparticle moves along with the angle α, thus the micromotion dx and dy in x and y will be
related as [35]:

dx = tanα·dy (2)

Therefore, the microparticle motion trajectory can be integrated as:

x =

∫ y

0

√
∆Ymax2 − (y + h)2

y + h
dy (3)

where x is present displacement of the microparticles in horizontal direction, and can be solved
analytically as:

x =

√
∆Ymax2 − (y + h)2

−

√
∆Ymax2 − h2

−∆Ymax

atanh

√
∆Ymax2−(y+h)2

∆Ymax
− atanh

√
∆Ymax2−h2

∆Ymax

 (4)

With this equation, the microparticle motion trajectory (y ∈ (0 ∼ ∆y)), with different offset h, can
be calculated.

2.2. Virtual Nano-Hand Strategy

This paper adopts the virtual nano-hand strategy initially developed on AFM. The working
principle has been introduced in previous publications [6,27]. Specifically, the entire movement process
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is divided into a series of single pushes. The trajectories of each push can be predicted with Equation (4).
The current interaction position is chosen based on the relative position between the microparticle and

the theoretical push path
⇀

AB. The push direction is always parallel to
⇀

AB.
As shown in Figure 2, different from the target-oriented push (TOP) strategy, the virtual nano-hand

approach is: if the microparticle center is over
⇀

AB, the next interactive position will be selected over
⇀

AB;

if the microparticle is below
⇀

AB, the next interactive position will be set below
⇀

AB. The previous error
could be amended by next movements. By contacting multiple contact points, a virtual nano-hand is
formed, which kept the microparticle within allowed error. Correspondingly long-range microparticle
movement would be realized under uncertain conditions. In the whole intermediate process, no
precision location information is needed, and the operation time is greatly reduced.

3. Experiments

The experimental setup is shown in Figure 4a. The nanomanipulator (Toronto Nano
Instrumentation Inc, NB202-SEM, Toronto, Canada) was installed in the vacuum chamber of SEM
(SU3500, Hitachi, Japan). The manipulator had a coarse and fine three-degree-of-freedom (DOF) mode
that could be switched in real time according to operational tasks. The coarse positioner (SL0610,
SmarAct, Oldenburg, Germany) had a 10 mm stroke and a resolution of 100 nm; the fine piezoelectric
grade positioner (AE0203D04F, Thorlabs, Newton, NI, USA) had a stroke of 20 mm and a resolution of
1nm. The probe model was ST-20-0.5 from GGB Industries Inc, with a tip diameter of 0.5 µm and taper
of 10◦. Glass microparticles with a diameter of 10 ± 2 µm were used as experimental samples.

1 
 

  

 

b) 

Figure 4. (a) Experimental setup, consisting of a nanomanipulator clamping two probes, embedded
into scanning electron microscope (SEM) vacuum chamber. (b) A random distribution of microparticles
on the substrate.

Several tests of manipulating microparticles were carried out to verify the effectiveness of the
double-tip and virtual nano-hand strategy, also shown in supplementary videos (Videos S1 and S2).
First, the microparticles were diluted with pure ethanol solution, and 1 mL of the solution was pipetted
onto the silicon substrate and dried for one hour in a clean chamber. The substrate was then placed
on the nanomanipulator stage. Two probes were mounted on the nanomanipulator before placed in
SEM. Tip pushing speeds were set as 2 µm/s, and the contact angle, θ, was set as 5π/6 (as shown in
Figure 1). Since SEM lacks depth information in the Z direction, to avoid possible collision between
the nanomanipulator tip and the substrate, their image sharpness and relative motion were combined
for effective contact detection.

A specific contact interaction process is shown in Figure 5. As an example, in Figure 4b, the
microparticles were randomly distributed after drying. A series of manipulation steps were needed to
organize them into ordered patterns. The manipulation process is briefly described below:

Step 1: Identify microparticle center.
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Step 2: Move the probe tip to the initial position where the vertical distance on the center is 0.5 µm
and the horizontal position is 1 µm, and then push the particle forward; when the microparticle slides
away from the tip, the single-step push ends. When the microparticle is far away from the target
position, the tip is put as close as possible to the microparticle center, thereby achieving maximum

single-step distance and reducing the operations cycles. The push direction is always parallel to
⇀

AB.
Step 3: Move the tip backward and downward to locate the second pushing position. The tip

must move back to avoid contact with the particle in the process of the downward movement. The set
of pushing steps must be considered within the upper limit of error. When the microparticle gets
close to its target, the offset, h, should be adjusted to tune the push direction, ensuring precise
microparticle release.

Step 4: Check if the particle has reached the target. Otherwise, go to Step 3.
Three experimental pushes of microparticles, obtained with the proposed push strategy, are

shown in Figure 6. The y displacements of the three results were 1.67 µm, 1.33 µm, and 3.93 µm.
The x displacements of the three results were 8.83 µm, 15.33 µm, and 26 µm, respectively. The results
show that the strategy of nano-hand is efficient and can obtain stable manipulation, especially for
manipulation of microparticles over long distances. The current error could be reduced by next pushes.
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Figure 7 shows two organized patterns. During the whole process, no particle loss happened, and
all the experimental results were finished in a very smooth way, which in turn proved the efficiency
and effectiveness of the proposed strategy. For those two cases, average manipulation time was about
1 min per microparticle. The pushing speeds were kept at 2 µm/s, and manipulation time was variable
depending on the distances between the initial particle locations and their destinations.
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4. Discussion

Since the microparticles do not need to be attached to the tip like previous publications [34],
the e-beam irradiation time is limited and the microparticles are well protected. At the same time,
the proposed two-probe strategy can better protect the substrate and microparticles by reducing the
pressure between the microparticles and the substrate. As a result, the original properties of the
microparticles can be well maintained throughout the experiment because the microparticles are
well protected.

4.1. h vs. Microparticle Single-Step Trajectory

The long-distance is finished by multiple single-step pushes. The tip poses are fixed, as the contact
angle, θ, is fixed, and the microparticle trajectory will be dependent on h, according to Equation (4).
As the microparticle sizes are variable, an initial relative offset, ∆h = h/Rp is defined for normalization.
Trajectories of the microparticle center can be drawn by Matlab based on Equation 4, shown in Figure 8a.Micromachines 2019, 10, 670 8 of 11 
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In this experiment, the selected microparticles have a radius of 5 µm and a probe tip radius of
1 µm, so ∆Ymax = 6 µm. The cut line in Figure 8a represents the separation position of the tip from
the microparticle.

To verify the theoretical microparticle trajectory, offsets, h, were set to 0.5 µm, 2 µm, and 4 µm,
respectively. Experimental results show that the actual motion trajectory of the microparticles is in
good agreement with theoretical predictions, which indicates that the model can predict the motion
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trajectory of the microparticles well, as shown in Figure 8. It can be seen from the actual trajectory
that, the smaller offset h is, the larger displacement x is, consistent with the theory. Experiments have
shown that when the microparticle center locates on the push path, the single-step displacement of the
microparticle in the x direction will be 2–3 microparticle diameters.

4.2. Virtual Nano-Hand Strategy

It is known from the above single-step movement analysis that in most cases, the microparticle
would deviate from the push path. By virtual nano-hand strategy, the motion error will be controlled
in allowed limit, as shown in Figure 6. As no precise location is needed, as long as the displacement
error is within control, the microparticle would be pushed on the same way.

Since the virtual nano-hand strategy divides the long-distance path into multiple short paths,
lengths of the whole path do not affect final release accuracy ideally. The final push step before
settlement will determine the release precision of microparticles. Twenty sets of experiments were
designed and implemented to prove release precision of the proposed strategies. The microparticles
were pushed in the range of 100 µm in limited time respectively, and the final release position of
each experimental microparticle was recorded, as shown in Figure 9, where final microparticle release
positions and their target positions were shown.
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Experimental results show that the probability of microparticle falling within 2 µm from the target
is 80%, and the largest offset in the x direction is 2.51 µm, and the largest offset in the y direction is
2.69 µm. A total of 100% of the microparticles fell within 3 µm of the target. The release resolution
could be improved by increasing push numbers, which would, however, increase operation time
and cost. Though the yield has yet to improve, the experimental results proved the reliability and
repeatability of the direct push protocol.

4.3. Influencing Factors

In general, e-beam irradiation increases the adhesion of the microparticle during its movement.
Accordingly, it was found that as the operation time increased, the probability of microparticles
attaching to the tip increased. However, in cases of limited operation time, by reducing the SEM
acceleration voltage and adjusting the interaction angle θ, the adsorption phenomenon could be
minimized, and long-distance movement would be achievable. As the interaction between the
microparticle and tip was reduced as much as possible, the tip wear was also reduced, and its life span
was prolonged.

Pushing speed has yet to be optimized. In the nanomanipulator, the probe movement speed
changes with SEM magnification, that is, the pushing speed is high as the magnification is small, and it
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is low as the magnification is high. The purpose is to allow the observer to observe the probe movement
clearly. Increasing the pushing speed can speed up the manipulation; however, higher speed and clear
observation require lower the magnification, which will increase the probe location error, and slow
down manipulation. In addition, the microparticles may ‘fly’ away if the push speed is too high.

It was found in the experiment, that as operation duration and SEM acceleration voltage increases,
the tip and microparticles occasionally appear mutually exclusive, which greatly affects the accuracy
and efficiency of microparticle operation. How to avoid the charging of the microparticles in the
vacuum chamber is also one of the subsequent research topics.

5. Conclusions

Micro/nano-precise operation is still one of the most important issues in building micro/nano-blocks.
This paper presents a new protocol for tip-based manipulation in SEM, which is based on the iterative
use of successive directional push with two opposite probes.

Aiming at position uncertainties during operation, the single-step trajectory of the microparticle
is theoretically derived and verified by experimental results. The uncertainty of the microparticle is
also overcome by a virtual nano-hand strategy. Tip parameters were adjusted in real-time according
to the trajectory of the microparticles, and mimicked the effect of a more powerful and deterministic
‘hand’. The position error was always in control. To protect the substrate and improve efficiency,
a double-tip operation strategy was also implemented. The advantage of these strategies was that
the e-beam irradiation time was much reduced and the substrate and microparticles were better
protected. Experimental results demonstrated that the proposed strategy is effective for tip-based
nanomanipulation. Future work will extend the nanomanipulation to automated fabrication of
designed patterns by adding automated push path planning.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-666X/10/10/670/s1,
Video S1: Two-probe strategy (playing speed × 4), Video S2: Virtual nano-hand strategy (playing speed × 8).

Author Contributions: Conceptualization, M.L. and J.R.; Data curation, K.C. and X.Q.; Formal analysis, Z.W. and
W.S.; Methodology, Z.W.; Supervision, J.C. and T.W.; Validation, J.C., Y.F., T.W. and J.R.; Writing—original draft,
K.C. and X.Q.; Writing—review & editing, M.L., B.B. and T.W.

Funding: This work was supported by the National Natural Science Foundation of China (No. 51205245, 61573236);
the Scientific Research Foundation for the Returned Overseas Chinese Scholars, State Education Ministry, and
Shanghai Science and Technology Committee of China (No. 14JC1491500).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Yuan, S.; Wang, Y.C.; Xi, N.; Yu, H.B.; Jiao, N.D.; Yu, P.; Liu, L.Q. Research progress of robotics based
micro/nano-manipulation (in Chinese). Chin. Sci. Bull. 2013, 58, 28–39.

2. He, B.; Wang, S.; Liu, Y.J. Underactuated robotics: A review. Int. J. Adv. Robot. Syst. 2019, 16, 1–29. [CrossRef]
3. Junno, T.; Deppert, K.; Montelius, L. Controlled manipulation of nanoparticles with an atomic force

microscope. Appl. Phys. Lett. 1995, 66, 3627–3629. [CrossRef]
4. Guthold, M.; Falvo, M.R.; Matthews, W.G.; Paulson, S.; Washburn, S.; Erie, D.A.; Superfine, R.;

Brooks, F.P.; Taylor, R.M. Controlled manipulation of molecular samples with the nanomanipulator.
IEEE-ASME Trans. Mech. 2000, 5, 189–198. [CrossRef]

5. Xie, H.; Régnier, S. High-efficiency automated nanomanipulation with parallel imaging/manipulation force
microscopy. IEEE Trans. Nanotechnol. 2012, 11, 21–33. [CrossRef]

6. Zhang, C.L.; Liu, L.Q.; Wang, Y.C.; Wang, W.X.; Dong, Z.L.; Li, G.Y. Method of controllable 3D manipulation
for single virus (in Chinese). Chin. Sci. Bull. 2013, 58, 1456–1462. [CrossRef]

7. Hou, J.; Liu, L.; Wang, Z.; Wang, Z.; Xi, N.; Wang, Y.; Wu, C.; Dong, Z.; Yuan, S. AFM-based robotic nano-hand
for stable manipulation at nanoscale. IEEE Trans. Autom. Sci. Eng. 2013, 10, 285–295. [CrossRef]

8. Garza, H.H.P.; Ghatkesar, M.K.; Basak, S.; Löthman, P.; Staufer, U. Nano-workbench: A combined hollow
AFM cantilever and robotic manipulator. Micromachines 2015, 6, 600–610. [CrossRef]

http://www.mdpi.com/2072-666X/10/10/670/s1
http://dx.doi.org/10.1177/1729881419862164
http://dx.doi.org/10.1063/1.113809
http://dx.doi.org/10.1109/3516.847092
http://dx.doi.org/10.1109/TNANO.2010.2041359
http://dx.doi.org/10.1360/972012-1752
http://dx.doi.org/10.1109/TASE.2012.2215853
http://dx.doi.org/10.3390/mi6050600


Micromachines 2019, 10, 670 10 of 11

9. Shi, C.Y.; Luu, D.K.; Yang, Q.M.; Liu, J.; Chen, J.; Ru, C.H.; Xie, S.R.; Luo, J.; Ge, J.; Sun, Y. Recent advances
in nanorobotic manipulation inside scanning electron microscopes. Microsyst. Nanoeng. 2016, 2, 16024.
[CrossRef]

10. Zimmermann, S.; Barragan, S.A.G.; Fatikow, S. Nanorobotic processing of graphene: A platform tailored for
rapid prototyping of graphene-based devices. IEEE Nanotechnol. Mag. 2014, 8, 14–19. [CrossRef]

11. Zhang, Y.L.; Li, J.; To, S.; Zhang, Y.; Ye, X.T.; You, L.D.; Sun, Y. Automated nanomanipulation for nanodevice
construction. Nanotechnology 2012, 23, 065304. [CrossRef] [PubMed]

12. Shen, Y.; Fukuda, T. State of the art: Micro-nanorobotic manipulation in single cell analysis. Robot. Biomim.
2014, 1, 21. [CrossRef]

13. Ru, C.H.; Zhang, Y.; Sun, Y.; Zhong, Y.; Sun, X.L.; Hoyle, D.; Cotton, I. Automated four-point probe
measurement of nanowires inside a scanning electron microscope. IEEE Trans. Nanotechnol. 2011, 10, 674–681.

14. Lu, H.; Shang, W.; Hui, X.; Shen, Y. Ultrahigh-precision rotational positioning under a microscope: nanorobotic
system, modeling, control, and applications. IEEE Trans. Robot. 2018, 34, 497–507. [CrossRef]

15. Gong, Z.; Chen, B.K.; Liu, J.; Sun, Y. Robotic probing of nanostructures inside scanning electron microscopy.
IEEE Trans. Robot. 2014, 30, 758–765. [CrossRef]

16. Chen, B.K.; David, A.; Zheng, G.; Rachel, C.; Ren, L.; Yu, S.; Bazett-Jones, D.P. Gene organization:
Nano-dissection and sequencing of DNA at single sub-nuclear structures (small 16/2014). Small
2015, 10, 3267–3274. [CrossRef]

17. Luu, D.K.; Shi, C.; Sun, Y. A Review of nanomanipulation in scanning electron microscopes. In Nanopositioning
Technologies; Ru, C., Liu, X., Sun, Y., Eds.; Springer: Berlin, Germany, 2016.

18. Zhang, Y.L.; Zhang, Y.; Ru, C.H.; Chen, B.K.; Sun, Y. A load-lock-compatible nanomanipulation system for
scanning electron microscope. IEEE-ASME Trans. Mech. 2013, 18, 230–237. [CrossRef]

19. Mick, U.; Eichhorn, V.; Wortmann, T.; Diederichs, C.; Fatikow, S. Combined Nanorobotic AFM/SEM System
as Novel Toolbox for Automated Hybrid Analysis and Manipulation of Nanoscale Objects. In Proceedings
of the 2010 IEEE International Conference on Robotics and Automation, Anchorage, AK, USA, 3–7 May 2010;
pp. 4088–4093.

20. Yong, Y.K.; Moheimani, S.O.; Kenton, B.J.; Leang, K.K. High-speed flexure-guided nanopositioning:
Mechanical design and control issues. Rev. Sci. Instrum. 2012, 83, 121101. [CrossRef]

21. Li, G.Y.; Xi, N.; Chen, H.P.; Pomeroy, C.; Prokos, M. “Videolized” atomic force microscopy for interactive
nanomanipulation and nanoassembly. IEEE Trans. Nanotechnol. 2005, 4, 605–615. [CrossRef]

22. Liu, L.Q.; Luo, Y.L.; Xi, N.; Wang, Y.C.; Zhang, J.B.; Li, G.Y. Sensor referenced real-time videolization of
atomic force microscopy for nanomanipulations. IEEE-ASME Trans. Mech 2008, 13, 76–85. [CrossRef]

23. Song, B.; Sun, Z.Y.; Xi, N.; Yang, R.G.; Cheng, Y.; Chen, L.L.; Dong, L.X. Enhanced non-vector space approach
for nanoscale motion control. IEEE Trans. Nanotechnol. 2018, 17, 994–1005. [CrossRef]

24. Yuan, S.; Wang, Z.D.; Liu, L.Q.; Xi, N.; Wang, Y.C. Stochastic approach for feature-based tip localization and
planning in nanomanipulations. IEEE Trans. Autom. Sci. Eng. 2017, 14, 1643–1654. [CrossRef]

25. Kong, D.D.; Chen, Y.J.; Li, N.; Duan, C.Q.; Lu, L.X.; Chen, D.X. Relevance vector machine for tool wear
prediction. Mech. Syst. Signal. Pr. 2019, 127, 573–594. [CrossRef]

26. Ari, R. Nanomanipulation with the Atomic Force Microscope. In Nanotechnology; Wiley: Hoboken, NJ, USA, 2010.
27. Kim, S.; Ratchford, D.C.; Li, X.Q. Atomic force microscope nanomanipulation with simultaneous visual

guidance. ACS Nano 2009, 3, 2989–2994. [CrossRef]
28. Zhao, W.; Xu, K.M.; Qian, X.P.; Wang, R. Tip based nanomanipulation through successive directional push.

J. Manuf. Sci. E-T. Asme 2010, 132, 030909. [CrossRef]
29. Xu, K.M.; Kalantari, A.; Qian, X.P. Efficient AFM-based nanoparticle manipulation via sequential parallel

pushing. IEEE.Trans. Nanotechnol. 2012, 11, 666–675. [CrossRef]
30. Yuan, S.; Liu, L.Q.; Wang, Z.D.; Wang, Z.Y.; Hou, J. Atomic force microscope nano-operation virtual fixture

implementation based on probe positioning. J. Mech. Eng. 2014, 50, 142–147. [CrossRef]
31. Ye, X.T.; Zhang, Y.; Ru, C.H.; Luo, J.; Xie, S.R.; Sun, Y. Automated pick-place of silicon nanowires. IEEE Trans.

Autom. Sci. Eng. 2013, 10, 554–561. [CrossRef]
32. Yang, Q.; Ma, L.; Yang, B.; Ding, H.Y.; Chen, T.; Yang, Z.; Sun, L.N.; Fukuda, T. Method of picking up carbon

nanotubes inside scanning electron microscope. Acta Phys. Sin. 2018, 67, 136801.
33. Decossas, S.; Mazen, F.; Baron, T.; Bremond, G.; Souifi, A. Atomic force microscopy nanomanipulation of

silicon nanocrystals for nanodevice fabrication. Nanotechnology 2003, 14, 1272–1278. [CrossRef]

http://dx.doi.org/10.1038/micronano.2016.24
http://dx.doi.org/10.1109/MNANO.2014.2326969
http://dx.doi.org/10.1088/0957-4484/23/6/065304
http://www.ncbi.nlm.nih.gov/pubmed/22248586
http://dx.doi.org/10.1186/s40638-014-0021-4
http://dx.doi.org/10.1109/TRO.2017.2783937
http://dx.doi.org/10.1109/TRO.2014.2298551
http://dx.doi.org/10.1002/smll.201400075
http://dx.doi.org/10.1109/TMECH.2011.2166162
http://dx.doi.org/10.1063/1.4765048
http://dx.doi.org/10.1109/TNANO.2005.851430
http://dx.doi.org/10.1109/TMECH.2008.917859
http://dx.doi.org/10.1109/TNANO.2018.2849404
http://dx.doi.org/10.1109/TASE.2017.2698003
http://dx.doi.org/10.1016/j.ymssp.2019.03.023
http://dx.doi.org/10.1021/nn900606s
http://dx.doi.org/10.1115/1.4001676
http://dx.doi.org/10.1109/TNANO.2011.2162157
http://dx.doi.org/10.3901/JME.2014.13.142
http://dx.doi.org/10.1109/TASE.2013.2244082
http://dx.doi.org/10.1088/0957-4484/14/12/008


Micromachines 2019, 10, 670 11 of 11

34. Cao, N.; Xie, S.R.; Wu, Z.Z.; Liu, M.; Li, H.Y.; Pu, H.Y.; Luo, J.; Gong, Z.B. Interactive micromanipulation
of picking and placement of nonconductive microsphere in scanning electron microscope. Micromachines
2017, 8, 257. [CrossRef] [PubMed]

35. Dietzel, D.; Feldmann, M.; Herding, C.; Schwarz, U.D.; Schirmeisen, A. Quantifying pathways and friction
of nanoparticles during controlled manipulation by contact-mode atomic force microscopy. Tribol. Lett
2010, 39, 273–281. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.3390/mi8080257
http://www.ncbi.nlm.nih.gov/pubmed/30400446
http://dx.doi.org/10.1007/s11249-010-9643-z
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Theoretical Modeling Analysis 
	Theoretical Single-Step Trajectory of a Microparticle 
	Virtual Nano-Hand Strategy 

	Experiments 
	Discussion 
	h vs. Microparticle Single-Step Trajectory 
	Virtual Nano-Hand Strategy 
	Influencing Factors 

	Conclusions 
	References

