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In the past decades, in situ scanning electron microscopy
(SEM) has become a powerful technique for the experimental
study of nanomaterials, since it can provide unprecedented
details for individual nanostructures upon mechanical and
electrical stimulus, uncovering the fundamental deformation
and failure mechanisms for their device applications, such
as nanoelectronics, solar cells, and sensors. This special issue
aims at exhibiting the latest research achievements, findings,
and ideas in the field of in situ SEM nanomanipulation,
nanomechanical/electrical characterization, and nanoassem-
bly. In order to give clear introduction and guideline to
researchers new to this field, C. Jiang et al. firstly offered an
overview about some recent progresses from the literature.
They have classified the recent advances of in situ SEM
mechanical characterization techniques into tensile, com-
pression, indentation, and bending tests. The state-of-the-
art electromechanical coupling analysis was also discussed.
Finally, the history of micro/nanomanipulation techniques
was also presented, including the critical challenges for the
development and design of robust in situ SEM characteriza-
tion.

Among the original researches reported in this special
issue, N. Yu et al. characterized both the resistance and the
force at a CNT/Au side-contact interface inside SEM by
nanomanipulation technique before and after electron beam
induced deposition (EBID). Their robotic system could be
expanded to investigate the contact between CNTs and other
metals and to fabricate nanodevices such as CNT-FETs in

combination with EBID. On the other hand, C. Jiang et al.
investigated the torsion fracture behavior of La

50
Al

30
Ni

20
MG

microwire under in situ SEM and compared the fracture
surface with tensile loading test based on a self-developed
micro robotic mechanical testing system.The fracture mech-
anism of the microwire under torsional loading was also
proposed.They believed this micro robotic system could also
be used inmany other applications in the future, for example,
microassembly of nanoelectronic devices and nanomanufac-
turing of hierarchical low-dimensional nanomaterials.

Another important application of in situ manipulation
techniques is about nanoassembly with high degree of
automation, which could speed up the fabrication of the
nanodevices in the future. C. Zhou et al. proposed an
automated axis alignment method for a nanomanipulator
inside the SEM by recognizing the position of a closed-loop
controlled end-effector. Over these years, carbon nanotube
(CNT) was proved to have potential applications in the inte-
gration of large-scale interconnections, a key component in
the manufacturing of nanodevices. A method of multiwalled
carbon nanotubes (MWCNTs) fusion by electronic beam
irradiation inside SEM was reported and proved reliable by
D. Shen and coworkers.

So far there are less reports on the applications of
in situ SEM techniques for biomedical research because
of the challenges in high vacuum operating environment
and complicated bio-sample preparation steps. Here, M. A.
Rad et al. performed in situ local direct observation and
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manipulation of a biological sample by controlling the envi-
ronmental conditions, demonstrating the ability to observe
spheroplast cells under electronmicroscope without the need
of sample coating for the first time, which could open great
opportunities for in situ SEM-aid biomedical research.

Overall, the objectives of the special issue have been
reached in terms of advancing the current state of the art of in
situ SEM nanomanipulation and nanomechanical/electrical
characterization techniques. Several basic problems in these
areas were well addressed and most of the proposed con-
tributions exhibited very promising results that outperform
existing studies in the community. Some results were even
firstly reported in these areas, such as in situ torsion testing
of microwires.
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In the past decades, in situ scanning electron microscopy (SEM) has become a powerful technique for the experimental study of
low-dimensional (1D/2D) nanomaterials, since it can provide unprecedented details for individual nanostructures uponmechanical
and electrical stimulus and thus uncover the fundamental deformation and failure mechanisms for their device applications. In
this overview, we summarized recent developments on in situ SEM-based mechanical and electrical characterization techniques
including tensile, compression, bending, and electrical property probing on individual nanostructures, as well as the state-of-the-
art electromechanical coupling analysis. In addition, the advantages and disadvantages of in situ SEM tests were also discussed with
some possible solutions to address the challenges. Furthermore, critical challenges were also discussed for the development and
design of robust in situ SEMcharacterization platformwith higher resolution andwider range of samples.These experimental efforts
have offered in-depth understanding on themechanical and electrical properties of low-dimensional nanomaterial components and
given guidelines for their further structural and functional applications.

1. Introduction

Due to their excellent mechanical and electrical properties,
low-dimensional (1D/2D) nanomaterials, such as metal-
lic/polymer/semiconductor nanowires, graphene, and MoS

2
,

have become important building blocks in applications like
nanoelectronics, solar cells, and sensors, and so on [1–4].
Therefore, it is necessary to get a thorough understanding
of their mechanical behaviors and electrical properties for
the purposes of exploring their full potential functions
and promoting the development of the advanced micro/
nanoelectronics applications andmechatronic systems. How-
ever, due to their exceedingly small sample sizes at micro-
and nanoscales, people can merely observe their general
morphologies under optical microscopes [5] before, while
they cannot directly manipulate and characterize them until
the recent breakthroughs in scanning electron microscopy
(SEM).

With the recent development of scanning electron mi-
croscopy and small scale micro/nanomanipulation and

mechanical/electrical testing techniques, interrogating the
unique and wide-spectrum properties of individual nanos-
tructures directly inside scanning electron microscopes
(SEM) became possible. Various kinds of characterization
methods for different types of nanomaterials, such as tensile
tests, compression tests, and bending tests, have come forth.
Particularly, as to the metallic or semiconductor nanomateri-
als, investigating their electrical properties is alsomeaningful.
Traditionally, these tests can only be done outside SEM given
to the limited chamber size of the testing instruments and
controlling mechanisms. Although people can acquire data
such as strength and Young’s modulus of these nanoma-
terials and derive their failure mechanism by performing
postmortem SEM study, they lose the opportunity to know
how the samples behave upon mechanical/electrical stim-
ulus which may contain abundant interesting phenomena.
Therefore, people have spent years of efforts on developing
small testing platforms which were suitable for in situ
SEM mechanical or electrical characterizations. In recent
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Figure 1: Typical tensile testing configurations on nanostructures. (a) shows that the sample can be stretched by a custom-milled diamond
tension grip in SEM [17]. (b) Push-to-pull micromechanical device which can convert the compression force of the nanoindenter into tensile
force [18].

years, with the help of commercialized nanoindentation sys-
tem, atomic forcemicroscope (AFM),micro/nanofabrication
method, and micromechanical and microelectromechanical
system (MEMS) devices, these testing methods can be grad-
ually combined together for the desired “in situ characteriza-
tion” inside SEM.

On the other hand, in order to give researchers more
freedom and higher precision ability to manipulate the nano-
materials inside SEM during in situ experiments, advanced
robotic systems have also been developed. Besides the func-
tion in nanomaterial sample manipulation and transferring,
these systems also can exert force and electricity stimuli on
samples directly during tests. Therefore, in this review paper,
wemainly focus on the latest development on the in situ SEM
techniques for individual nanomaterial testing including
the recent micro/nanorobotics advances in this application
field, as well as the related nanomaterial manipulation and
transferring techniques with the corresponding challenges
discussed.

2. In Situ SEM Mechanical Tests of
Micro/Nanomaterials

2.1. Tensile Testing of 1D or 2D Nanostructures. Among all
the mechanical testing techniques, tensile test is the most
straightforward manner which can provide a wide-spectrum
of mechanical properties, such as elasticity, plasticity, and
fracture strength, in a direct way. Since in situ SEM tensile
test has been developed by Dingley [6], large amount of
efforts has been devoted to this field [7–9]. The size effects
of nanomaterials have been demonstrated by in situ tensile
mechanical test for many materials, such as Ag nanowire
[10] and ZnO nanowire [11]. In most of the cases, the frac-
ture strength increases as the diameter of the nanowires
decreases. Recently, a new concept of “ultra-strength” has
been proposed [12, 13] and further demonstrated in many
nanomaterials. Tian et al. [14] approached the elastic strain
limit of the submicron-sizedmetallic glass specimens and the
corresponding strength of them was about twice as high as
the already impressive elastic limit observed in bulk metallic

glass samples. Zhang et al. [15] have found that vapor-liquid-
solid–grown single-crystalline Si nanowires with diameters
of ∼100 nm could be repeatedly stretched above 10% elastic
strain at room temperature, approaching the theoretical elas-
tic limit of silicon (17 to 20%). However, not every nanomate-
rial will display such “smaller is stronger” size effect; Zhang et
al. [16] conducted in situ uniaxial quasi-static tensile tests on
individual nanocrystalline Co nanowires and observed that
Young’s modulus is (75.3 ± 14.6) GPa with a tensile strength
of (1.6±0.4) GPa, which are significantly lower than their bulk
counterparts and the theoretical value of monocrystalline
samples, therefore, deviated from the traditional theory.

Understanding the failure mechanism in micro/nano-
materials is demanding for the design of reliable structural
materials and micro- and nanoscale devices. Gu et al.
[17] investigated the fracture behavior of nanocrystalline Pt
nanocylinders with prefabricated surface notches as shown
in Figure 1(a) and demonstrated that most of these samples
fractured at the notches. Fatigue fracture mechanism of
nanomaterials also can be done with in situ tensile loading;
Lu et al. [18, 19] have demonstrated the first quantitative low-
cycle in situ SEM tensile fatigue testing of Ni nanowires based
on the nanoindenter-assisted “push-to-pullMEMS” dynamic
tensile straining system, as shown in Figure 1(b). Also based
on MEMS device, Jiang et al. [20] developed a high cycle
nanowire fatigue tensile and torsion platform which reduced
the time to investigate the fatigue behavior of nanostructures.

In situ SEM tensile test can also fulfill the mechanical
investigation of 2D nanostructures. Therefore, metal thin
films, which are key components inmicroelectronics devices,
have been studied extensively. Haque and Saif [24] presented
a novel tensile testing technique utilizing MEMS force sen-
sors for in situ mechanical characterization of submicron
scale freestanding thin films in SEM decade ago. Sim and
Vlassak [25] studied the mechanical properties of thin Au
films at various temperature and strain rates during in situ
SEM tensile tests. An inverse size effect where the yield
strength at elevated temperature decreases with decreasing
temperature was also observed. Zhang et al. [26] reported
the first in situ tensile testing of suspended graphene using a
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Figure 2: The typical postcompression test of niobium nanopillar
which fractured with pronounced slip offsets [21].

nanomechanical device in a SEM and found that the cracked
graphene samples exhibit a fast brittle fracture behavior with
the breaking stress much lower than the intrinsic strength
of graphene. Recently, we also investigated the 2D MoS

2

membranes under in situ SEM tensile loading and provided
some critical insights into the mechanical properties and
fracture behavior of them [27].

2.2. Compression Testing of Micro/Nanopillars. Compression
tests on micro/nanomaterials are similar to that applied
on the macroscopic samples, but with some modifications
facilitating both the fabrication of the diminutive samples
and the subsequent manipulation via the testing system.
Commercial nanoindentation systems are always regarded
as the mechanical test frame of compression experiments,
except that the sharp indentation tip is accordingly replaced
with a flat-punch tip. The load and displacement reso-
lutions of most nanoindentation systems are well suited
for micro/nanocompression testing because they typically
produce stress-strain curves with nanoscale resolution for
micro/nanoscale samples. Figure 2 shows the typical com-
pression test of a nanopillar which was fabricated by FIB.

Asmanymicro/nanomaterials behave significantly differ-
ent in compression tests from the way they perform under
tension [28], the compression testing of micromachined
micro/nanopillars is currently an active research area since
Gane and Bowden [29] firstly reported the in situ compres-
sion test inside SEM. The failure mechanism of materials
under compression may be the most attracting point to
the researchers because of the particular stress state in it,
which is usually not entirely uniaxial. This approach has
sparked a number of studies and the traditional laws of
plasticity at small scales were challenged because the overall
sample dimensions limited the length scales available for
plastic processes [30–33]. Particularly, for amorphous MG
(metallic glass) materials, which usually have high strength,
low inhomogeneous plasticity ofmicro/nanopillars have been
found under compression tests [34].

Similar to the in situ tensile test of micro/nanomaterials,
size effects were also observed in compression tests in
both bcc and fcc single-crystalline micro/nanopillars [35].
Kim and Greer [36] even conducted a contrastive in situ
tensile and compression tests on fcc (Au) and bcc (Mo)
nanopillars and found that the size dependence between the
two loading directions in Au nanopillar was identical while
there was a pronounced tension-compression asymmetry in
Mo nanopillars.

Recently, compression tests at different circumstances or
on special materials were also conducted.Wheeler andMich-
ler [37] investigated the transitions in deformation mech-
anism of silicon nanopillars with increasing temperature
undermicrocompression test. Raghavan et al. [38] studied the
failure mechanism of Cu/TiN multilayered thin filmmicrop-
illars at elevated temperature and found that the yielding of
the multilayers was governed by the stress-assisted diffusion
of the Cu interlayers, which coalesce into microcrystals and
grow into larger faceted crystals at elevated temperatures
of 200 and 400∘C. Zhang et al. [21] systematically investi-
gated theCoCrCuFeNi high-entropy alloymicro/nanopillars,
which has equi- or near equiatomic compositions and found
the less sensitive size effect of its yield strength. Traditionally,
the semiconductor materials are usually brittle at room
temperature; however,Michler et al. [39] found that the GaAs
micropillars have very large plastic strain even comparable to
that of metal single crystal micropillars.

2.3. Nanoindentation onThin Films. Nanoindentation system
is not only suitable for micro/nanopillars compression test,
but also useful in the quantitative characterization of thin
films [40] and microbeams with custom made tips. As
some ceramic thin films are widely used as a protective
coating in tribological applications [41], it became necessary
to investigate the microhardness, Young’s modulus, and
fracture toughness of them. With the decreasing size of the
actuators and sensors, the in situ SEM nanoindentation can
give more information on the formation and propagation
of mechanically induced dislocations and defects during the
experiment so as to correlate the load-displacement data with
the in situ microstructural changes. For example, the Rabe et
al. [42] found that the sudden increases of the displacement
at constant load on Si-DLC film were due to the chipping out
of materials with the help of the SEM video. Rzepiejewska-
Malyska et al. [43] studied the deformation mechanisms of
TiN, CrN, and multilayer TiN/CrN thin films on silicon
substrate. The TiN thin film showed short radial cracks,
whereas CrN deformed through pileup and densification
of the material. For TiN/CrN, multilayer pileup and cracks
were found. Heiroth et al. [44] compared the deformation
mechanism of amorphous yttria-stabilized zirconia films
with crystallineY

2
O
3
films under nanoindentation and found

that the amorphous films deform plastically by shear bands,
while the crystalline films reveal a brittle behavior and
accommodate the load by the formation of hoop and surface
cracks.

As those thin films were directly deposited or grown on
a substrate, the experiments yield mechanical properties of a
composite structure not of the thin film itself, especially for
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Figure 3: Schematic illustration of nanoindentation on freestanding
graphene film [22].

increasingly thinner films. In order to get rid of the influence
from the substrate, some researchers have conducted tests on
freestanding thin films. However, the in situ SEM indentation
of freestanding thin films was little reported. Lee et al. [22]
measured the elastic properties and intrinsic strength of
monolayer graphene with the help of AFM, as shown in
Figure 3. Similar to Lee, Frank et al. [45] and Suk et al.
[46] also conducted the mechanical testing on free standing
thin film of graphene sheets and monolayer graphene oxide,
respectively, by AFM. Leseman and Mackin [47] developed
a new indentation system to investigate the freestanding Au
thin films with a ball-like indentation tip. Although it was not
performed inside SEM, it has the ability to record the applied
load and membrane displacement simultaneously.

2.4. Micro/Nanoscale Bending Test. Another useful test
geometry under the scope of indentation measurement is the
micro/nanobending test, which can be categorized into single
point bending test, three-point double-clamped bending test,
and the four-point double-clamped bending test. Figure 4
shows the typical configurations of bending test. With the
help of focused ion beam (FIB) technique it is relatively
easy to machinemicrometer-sized bending test samples.This
attracted many researchers to study the material fracture
mechanism under bending test.

In single point bending test, the freestanding beam or
wire is always named as cantilever. Allison et al. [48] per-
formed in situ SEM microcantilever beam experiments on
bioinspired nanocomposites and the deformation mecha-
nismwas similar to nacre. Howard et al. [49] even studied the
cyclic deformation of metal microbeam under in situ SEM
bending test and found that dislocation pileup within these
microbeams occurs exactly as it would in a macroscopic
fatigue specimen. The in situ single point bending test can
also be used in the bending of nanoscale materials; for exam-
ple, Vlassov et al. [50] measured Young’s modulus and yield
point of the Ag nanowires and even observed their plastically
deformation before fracture. With the aim of providing the

characterization of cracking process of metallic thin films,
Hintsala et al. [51] reported the in situ doubly clamped three-
point bending test of microscale and nanoscale specimens.
The crack tip behavior was not kept out of view by the
indenter as usual, allowing for further EBSD characterization.

What is more, with the help of newly self-developed
bending test methods, some interesting phenomenon has
been found by researchers. Elhebeary and Saif [52] investi-
gated the cofabricated single crystal silicon (SCS)microbeam
by a newly designed system, which eliminated any misalign-
ment error. With the advantage of high temperature testing
ability, the study revealed significant reduction in the Brittle
to Ductile temperature (BDT) of SCS microbeams compared
to their bulk counterparts.

3. In Situ SEM
Electrical/Electromechanical Probing

3.1. In Situ Electrical Property Probing of Nanostructure.
Electrical property is also an important factor that affects the
reliability of metallic and semiconductor nanowires beside
their mechanical properties when serving as interconnect-
ing leads and functional building blocks in applications
of nanodevices and nanoelectronics [53–56]. Although it
is difficult to measure the various electrical properties of
nanomaterials, with the newly developed techniques, such
as nanomanipulators and nanoindentation system, a lot of
interesting results have been obtained, as shown in Figure 5.

Firstly, as to the fundamental 𝐼-𝑉 behaviors of nanowire,
Noyong et al. [57] developed a nanomanipulation systemwith
four manipulators and demonstrated the setup by measuring
the average resistance of the platinum wire. Similar to
Michael Noyong, the Au [58], GaAs [59], and CoPt/Pt [60]
multilayer nanowires’ resistance also have been accurately
measured. Furthermore, the linear relationship between
resistance and sample length [58, 60] also have been obtained
which indicated that the contact resistance between tips
and nanowires was largely reproducible. Another interesting
phenomenon related to the current density and Joule heating
of nanowires was the electromigration, which was a major
reliability issue in themetallic interconnects. Huang et al. [61]
studied the in situ SEM electromigration of the Cu nanowires
and the relationship between the failure lifetimes and applied
current densities was measured.

3.2. Electromechanical Coupling Analysis of Nanostructure.
Electromechanical coupling effect is also a topic worth
investigating in the nanomaterials. Understanding the elec-
tromechanical properties of nanomaterials is essential for
further implementation of the fascinating applications in
metallic and semiconducting systems. For example, increased
attention has been paid to semiconducting nanowires, whose
piezoresistivity [62] or piezoelectricity [63] property can
be used as sensors, energy harvesting, and transistors. In
electromechanical studies of nanowires, the most common
approach was deforming the sample and measuring the
specimen’s electrical response (resistivity, generated charge,
etc.) by using two or four electrical contacts same as Figure 5
shows, except that the tips of the manipulators should be



Scanning 5

F

Sample

Substrate

(a)

F

L

hw

(b)
L

d

F/2 F/2

Li

(c)

Figure 4: The schematic illustration of different bending tests of thin films. (a) Single point bending test. (b) Three-point double-clamped
bending test and (c) four-point double-clamped bending test.

Probe 1 Probe 2

Current

Sample

Figure 5: Schematic illustration of in situ electrical probing of an
individual nanowire inside SEM.

Figure 6: Optical image of an electrical push-to-pull micromechan-
ical device for electromechanical coupling analysis of individual
nanowires.

bonded with the nanowires and the movement of the tips
will exert tensile force and current simultaneously on the
nanowire.

However, this kind of method often involves contact
resistance and may introduce Schottky barriers. In order
to avoid these problems, devices dedicated for electrome-
chanical characterization have been developed. For example,
by using a commercially available E-PTP (electrical push-
to-pull) device with four electrodes, as Figure 6 shows,
Bhowmick et al. [64] studied the ZnO nanowire under
tensile stress and found that, at constant applied voltage, the
current will increase with the increasing of the load force.
Based on the self-designed MEMS device, Bernal et al. [65]
investigated the relationship between resistance and strain of
Ag and Si nanowires which have shown opposite behaviors
which could be very interesting to further investigate such
electromechanical coupled effect. Although the commercial

devices were beneficial for speeding up the process of the
measurement, self-developed devices could satisfy the differ-
ent requirements of materials and structures.

4. The Pros and Cons Analysis of
In Situ SEM Testing

Based on these above fascinating researches, the advantages
of in situ SEM were very obvious. The most important one
was that the comparison of the fracture process videos and the
real-time data curves, such as stress-strain and 𝐼-𝑉 curves,
could provide much useful information to understand the
fracture mechanism of micro/nanoscale materials. It also
ensured that no accidents happen, for example, debonding
of the sample. Therefore, the precise and convincing results
data could be guaranteed. These relatively precise results
benefited with not only the advance testing platforms, but
also the nanoscale resolution of the SEM images, which
can provide precise measurement of the sample dimensions.
Some software types, such as DIC (digital image correlation),
also have lots of functions for image analysis and processing,
deformation, shape, and motion measurement, which could
help the researchers obtain more convincing data [66, 67].

However, the in situ SEM technique was not faultless,
such as the complexity of the process and the high price of
the instruments. According to our own experience, the time
consumed for in situ SEM experiments was much longer
than that of in situ optical ones, such as the installation of
instruments in SEM, the connection between the controller
outside SEM and the device through a port, and the vacuum-
pumping process. Particularly, as to the sample preparation
process, there are two methods to bond the materials. The
first one is the FIB (focus ion beam) coating technique, which
could ensure a strong and precise bonding of samples inside
SEM, for example, the tensile test of Co nanowire [16]. But
the manipulation of FIB is difficult to operate and the cost is
high. Usually some researchers prefer to bond the materials
with glue by a micromanipulator under optical microscope
[18]. Although the cost is low, we need much time to practice
to achieve the precise and quick bonding.

Nevertheless, for small scale samples, many tests have
to be done in order to have a statistically convincing result.
Few researchers paid much attention to the high-throughput
problems, which were more like technique issues than sci-
entific ones. With this aim, we have tried to speed up the
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process of studying the fatigue behavior of nanowires under
torsion loading based on aDMD (digitalmicromirror device)
chip, which havemillions ofmovablemicromirrors and could
test many samples at one experiment [20]. As to the in situ
SEM compression tests, lots of micropillars could be made
on single chip at the same time, which could speed up the
systematic study of the materials; for example, Moser et al.
made an array of microsilicon pillars with different size [68].

5. Robotic In Situ SEM
Micro/Nanomanipulation

As we have reviewed various in situ SEMmechanical/electri-
cal testing progress of micro/nanomaterials above, it is worth
reviewing this field from another aspect, which is about the
technological manipulation components or the robotic-aid
manipulation/testing instrument used in these experiments.
Without the help of advanced micro/nanomanipulation
instrument, it is hard to accomplish the in situ SEM charac-
terization of nanomaterials. Owing to the precise techniques
for positioning, sensing, and nanometer resolution manip-
ulation, more and more nanorobotic manipulation systems
have been installed in SEM to explorematerial characteristics
with small scale [8, 10, 13, 18, 25, 32]. Meanwhile, a large
number of researchers have engaged in developing in situ
SEM nanorobotic manipulation systems for material field for
several decades [45, 47, 50], since the manipulators are useful
for picking, placing, bonding nanosized components, and
even exerting tensile, bending, and kinking force on them.
These systems can be categorized into two different types,
traditional robotic manipulation systems and advanced in
situ nanorobotic manipulation systems.

5.1. Traditional Robotic Manipulation Systems. Traditionally,
the manipulation systems within in situ SEM characteri-
zation are mainly about nanoindentation system. Gane et
al. have been engaged in in situ SEM material test since
1966; they developed a nanorobotic indentation system to
realize in situ indentation test. In this system, the stylus is
installed on a nanorobotic manipulator, which can be moved
through a moving-coil device with a permanent magnet [15].
Bangert and Wagendristel have developed another kind of
ultralow-load hardness tester, which is composed of elastic
cantilever, electromagnet, indenter, and a double leaf spring
[69]. Hedenqvist and Hogmark developed a kind of 2DOF
nanorobotic manipulation system with a friction force detec-
tor and realized in situ SEM indentation test in 1997 [70].
In situ SEM tensile test helped by manipulation system first
accomplished in 1999; Yu et al. developed a nanorobotic
manipulation system with four degrees of freedom (DOF),
which has the ability to manipulate small scale objects with
one rotational DOF and three linear DOF [71]. Rzepiejewska-
Malyska et al. developed a kind of nanorobotic manipulation
system with three slip-stick actuators installed perpendicular
to each other, which can realize in situ SEM mechanical
observations during nanoindentation with high magnifi-
cation [72]. Romeis et al. developed a novel nanorobotic
manipulation system with two main assembly groups: an
upper part which was utilized for moving the employed

probe and a lower part which was composed of a force
sensor and a sample support [73]. These pioneers have paved
the way for fundamental material research and practical
characterization.

With the popularity of the position techniques, a number
of commercial in situ SEMmaterial characteristic test systems
have been developed by companies, such as Hysitron, Alem-
nis, Nanomechanics, ASMEC, Kammrath & Weiss, Deben,
and MTI Instruments as Figure 7 shows. With the help of
these mentioned commercial in situ SEM material charac-
teristic test systems, scientists have made a great process in
material research field [15, 18, 73–75].

5.2. Advanced In Situ Nanorobotic Manipulation System.
Compared with traditional material test nanorobotic manip-
ulation system, scholars have developed nanorobotic manip-
ulation platforms with multiple DOF and piezoelectric actu-
ators to realize manipulating micro/nanoscale objects, not
only for material test [76–79] but also for nanoelectrome-
chanical systems assembly [80–82], biological cell character-
ization, and manipulation [83–86].

Among all kinds of advanced nanorobotic manipula-
tion systems, actuation is one of the main challenges for
scholars to control the nanorobotic manipulator precisely
due to high vacuum environment inside SEM. Compared
with thermal actuators, electric motors, and voice coil actu-
ators, piezoelectric actuators are widely utilized in recent
advanced nanorobotic manipulation systems because this
kind of actuator does not need dissipate heat effectively and
will not interfere with electron optics [87, 88]. Meanwhile,
the piezoelectric actuators can generate large forces with a
high bandwidth [89]. Normally, the advanced nanorobotic
manipulation systems are composed of several piezoelec-
tric actuators to realize multiple direction manipulation,
as shown in Figure 8, which have both coarse positioning
function and fine positioning function for working effectively
[23].

Thanks to the increasingly larger chamber of model
SEMs, scientists now can even combine scanning electron
microscopy and atomic force microscopy (AFM) facility or
nanomanipulation instruments into a single system, among
which AFM/SEM hybrid systems are widely used [90].
When an AFM is integrated inside an SEM, it can realize
topography analysis with high resolution and force feedback
due to the real-timemanipulation and imaging [91, 92]. With
the help of this kind of hybrid system, manipulation and
characterization of nanomaterials can be realized [10, 93–95],
as well as assembly of nanodevices [96, 97] and cell charac-
terization and manipulation [98, 99]. Owing to the advanced
nanorobotic manipulation systems’ development towards the
direction of programmability, automation, and specificity,
they will continue paving the way for micro/nanomaterial
characterizations.

6. Summary and Outlook

This paper mainly reviewed the recent experimental efforts
on in situ SEM mechanical and electrical characterization
of the nanomaterials as well as the technical advances of
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Figure 7: Some commercialized in situ testing systems: (a) Hysitron PI95, (b) Alemnis nanoindenter, (c) Deben Microtest, and (d) MTI
Instruments tensile stage.

 RM (x-y-z)

Basement 
stageLM

Left holder
Rotation

axis

Right holder

Sample

RM

Nanorobotic manipulation system

Connection port

LM driver

RM driver

PC controller

PC 
controller

CCD camera

(a) (b)

(c)

Vision 
feedback

RM driver

LM driver
LM

RM

SEM lens

In situ torsion
test inside SEM

SEM

LM (x-y-)



fx2

fy2

fz2

f

fx1

fy1

x1
y1

x2
y2

z2
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different testing and manipulation platforms. These exper-
iments not only manifested the unique properties of the
nanomaterials but also supplied useful images or videos to
help researchers in analyzing themechanism involved, which
may give beneficial guidance on their applications. Despite
the significant progress, challenges still remained in the in
situ SEM characterization field, such as reducing the time
consumed and complexity of the experiments to produce
more convincing statistical data, transferring the 2D thin
films onto the testing platform effectively even with high
automation, developing platforms suitable for high cycle
fatigue testing, and integrating different external factors like
force, electricity, and even heating into the testing platforms
to study the sample’s responses simultaneously. We believe
further advances in both hardware and software develop-
ments will produce even smaller, delicate, more precise, and
versatile testing techniques for in situ SEM characterization
andmake well preparation for the device applications of low-
dimensional micro/nanomaterials in our daily life.
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This paper reported a method of multiwalled carbon nanotubes (MWCNTs) fusion inside a scanning electron microscope (SEM).
A CNT was picked up by nanorobotics manipulator system which was constructed in SEM with 21DOFs and 1 nm resolution. The
CNT was picked up and placed on two manipulators. The tensile force was 140 nN when the CNT was pulled into two parts. Then,
two parts of the CNT were connected to each other by two manipulators.The adhered force between two parts was measured to be
about 20 nN.When the two parts of CNTwere connected again, the contact area was fused by focused electron beam irradiation for
3 minutes.The tensile force of the junction was measured to be about 100 nN. However, after fusion, the tensile force was five times
larger than the tensile force connected only by van der Waals force. This force was 70 percent of the tensile force before pulling out
of CNTs.The results revealed that the electron beam irradiation was a promising method for CNT fusion.We hope this technology
will be applied to nanoelectronics in the near future.

1. Introduction

The gate scale of the transistor of integrated circuit (IC)
chip is down to 10 nm. With the introduction of sub-
10 nm transistor, the scaling trend of transistor with silicon
eventually reaches its physical limitation [1]. The quantum
chipping effects become more prominent as the length of
channel between source and drain was reduced to several
nanometers. With photolithography and advanced ultravi-
olet etching processing technology, central processing unit
(CPU) and graphic processing unit (GPU) were integrated
within hundreds of billions of transistors. They reduced
the processor’s thermal power consumption and enhanced
the processor frequency significantly [2]. In recent years,
carbon nanotube, which was discovered by Raghavan in 1991
[3], attracted great interest of not only researcher but also
manufacturing engineer on a conductive channel for the
transistor less than 10 nm. The multiwalled carbon nanotube
consisted of rotation of individual graphene sheets with

respect to the needle axes [4]. Carbonnanotubeswere noticed
greatly because of their exceptional electrical, mechanical
properties and unique electronic transport characteristics
[5, 6]. It is expected that these properties will be used
by employing carbon nanotubes as structural or electrical
components. Some major companies in the world such as
IBM Corporation [7] and Intel Corporation [8] proposed
a new process of carbon nanotube. CNT had a similar
molecular structure to the graphene, which consisted of a
hexagonal lattice of carbon atoms [9]. The carriers in the
CNT can move freely in each graphene sheet because of
ballistic transport [10]. It is on the order of 109 A/cm2, which
is three orders of magnitude larger than Cu [11]. The current
density of CNT field-effect transistor (FET) was four times
more than that of the best silicon devices. In addition, it
was performed at a low operating voltage. With the scale
of transistors becoming smaller, the switching speed will
be improved significantly [12]. Copper as the traditional
conductingmaterial wasmore vulnerable to electromigration
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damage [13]. Copper resistivity increases due to electron
scattering at the surface. By this transport form of electrons,
the current density of carbon nanotube was two or three
orders ofmagnitude higher than that of Cu [14], makingCNT
an ideal material for nanodevice and electronic circuits.

The carbon nanotube interconnection technology is a
crucial part for structure manufacture and functional device
preparation and assembly. The quality of the connection
directly determines the reliability of the functional device.
The existing interconnection methods include chemical
vapor deposition (CVD), high energy beam irradiation tech-
nology, arc discharge, and ultrasonic vibration interconnect-
ing technology [15]. During the conventional processing, it
was not possible to realize valid pick-up and alignment of
carbonnanotube in three-dimensional space. Besides, carbon
nanotubes were not interconnected by appropriate meth-
ods. To solve these problems, some scholars have designed
and developed the nano operating system. Fukuda et al.
constructed a nanorobotic manipulation system consisting
of 4 operation units with 16DOFs [16]. This system can
be used for nanomanipulation and nanoassembly. Ru et
al. demonstrated a 4-probe automated nanomanipulation
system inside an SEM for a nanomanipulation task [17]. In
IC manufacturing, CNT can be placed through boom-up
technology [18]. It can effectively solve the problemwhich the
top-down fabrication processing is faced with.

Over these years, CNT was proven to have poten-
tial application in large-scale integration interconnection.
Nanometer-scale electronic device has been realized and
widely applied in computer chips, tiny wires, and so on
by many interconnection methods of carbon nanotubes
[19]. Over the decades, the nanodevices [20–22] have made
great breakthrough due to interconnection technology. The
interconnecting technology has become the key component
in nanodevicesmanufacture.Wu’s Group successfully welded
double-walled CNTs inside the vacuum tube by vacuum
brazing of CNTs with a eutectic alloy (AgxCuy) doped
with Ti. The interconnection process needed low cost and
the contact resistance was low [23]. Krasheninnikov et al.
performed MD simulations of ion irradiation induced CNT
welding [24] and showed how this approach could be used
to solder CNTs. However, the energy was consumed with
time going on. Chen and Zhang showed that the focused
electron beam in a scanning electron microscope (SEM)
can be used to deposit a small amount of hydrocarbon
contamination so as to attach the tubes on an AFM tip [25].
The adhesion was large enough that the CNT was attached
on the AFM tip firmly. However, the experimental devices
were contaminated during the interconnection process. Peng
et al. synthesized branching structures of H-junctions and
multiple Y-junctions CNT using a thermal chemical vapor
depositionmethod [26].The spatial resolution, flexibility, and
controllability of welds between individual nanowires and
nanoobjects were improved radically by this method.

Fedorov et al. applied focused-electron-beam-induced
capabilities to fuse CNT with electrode [27]. It would have a
direct positive impact on enhancing functionality, improving
quality, and reducing fabrication costs for electronic devices.
These methods destructed the properties of CNTs to some

Manipulator I

Electron Beam

Manipulator II

CNT

Figure 1:The schematic diagramof fusionmethod by electron beam
irradiation.

degree. It is introduced that the nanotubes are connected by
the fusion C-C bonds and the interconnection was stronger
than the previous CNTs connected without fusion. What is
more, this method has some advantages over any othermeth-
ods [28]. The carbon nanotube interconnecting technology
has no contamination. Nanodevices can be in mass produc-
tion with interconnecting carbon nanotubes [29]. There is
no need of other materials during the process of fusing the
C-C bond with electron beam [30]. Study has shown that
the carbon nanotubes can be connected at any angle and
integrated into complex constructions by nanomanipulation
[31]. This carbon nanotube interconnection technology can
advance the development of small-scale device. However, the
carbon nanotubes were not interconnected precisely. These
methods changed the surface resistance of interconnected
carbon nanotubes. These involved issues were not solved
effectively by the above-mentioned interconnectionmethods.

This paper presented a method to interconnect carbon
nanotube with electron beam to fuse the C-C bond. The
carbon nanotubes were picked up and aligned effectively by
nanomanipulators. With the development of semiconductor
technology, the size of nanodevices is getting smaller and
smaller. Effective interconnection of semiconductors has
become a major challenge. In future industrial application,
large quantities of carbon nanotubes can be fused by electron
beam irradiation. The mass production will be achieved by
this method. The whole operations were finished in the
scanning electron microscope (SEM). We designed three
experimental categories to compare fusion effect. In order
to study the influences of the irradiation time and the
magnification of observation on fusion, the deflection of the
AFM should be observed and recorded seriously during the
experiment. The effects of these factors were figured out,
respectively, through the curves obtained in the experiment.
Figure 1 shows a schematic diagram of fusion method by
electron beam irradiation of the MWCNTs.

2. Experimental Set-Up

The experimental system was designed to study these issues
in the SEM. Figure 2 shows the configuration of the system
set-up for nanorobotics manipulation with 21DOFs. The
SEM (Zeiss, MERLIN Compact, resolution: 1.5 nm) was
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Table 1: Parameters of each nanorobotics manipulator.

Parameters Unit 1 Unit 2 Unit 3 Unit 4
Model SLC-1720-s/8301-UHV SLC-1720-s/8301-UHV TSDS-255C/8301-UHV TSDS-255C/8301-UHV

Dimensions (mm) 33 ∗ 33 ∗ 30.5/63.5 ∗
32.2 ∗ 56.5

33 ∗ 33 ∗ 30.5/63.5 ∗
32.2 ∗ 56.5

66 ∗ 66 ∗ 45/63.5 ∗
32.2 ∗ 56.5 66∗66∗45/63.5∗32.2∗56.5

Travel (mm) 𝑋 ± 6, 𝑌 ± 6, 𝑍 ± 6 𝑋 ± 6, 𝑌 ± 6, 𝑍 ± 6 𝑋𝑌 ± 3, 𝑍 ± 3 𝑋𝑌 ± 3, 𝑍 ± 3
Rotate −360∘∼+360∘ −360∘∼+360∘ −360∘∼+360∘ −360∘∼+360∘
Linear resolution 1 nm 1 nm 30 nm 30 nm
Rotate resolution <1 microrad <1 microrad <1 microrad <1 microrad

Unit 1 

Unit 2 Unit 3 

Unit 4 

Figure 2: An image of the nanorobotics manipulation system.

introduced to observe the whole nanomanipulation process
that was conducted in the vacuum chamber of the SEM
(Table 1). In this system, Unit 1, Unit 2, and Unit 3 were used
to operate the nanomanipulation.Unit 1 andUnit 2 (SmarAct,
SLC-1720-s) with a resolution of 1 nm shown in Figure 2
were four-axe micromanipulators. Unit 3 consisted of the
Picomotor (New Focus, 8301-UHV) and a three-dimensional
micromotion stage (Sigma, TSDS-255C) with a resolution of
30 nm to move the CNT bulk. The grippers were designed to
fix the AFM cantilever (Olympus, OMCL-TR400PB-1). The
AFM was applied to pick up carbon nanotubes from CNT
bulk. The carbon nanotubes that were fixed on the AFM
cantilever tip were driven by a manipulator. And the moving
step of the AFM was set at 5 nm step.

The procedure of the experiment was shown as follows.
The first step was to pick up a MWCNT. The picked

up carbon nanotube was fixed on cantilever 2 as shown in
Figure 3(a) and the distance between the two ends of the
carbon nanotube was measured.

The second step was to connect theMWCNTs. Cantilever
2 was driven rightwards. The MWCNT was pulled into two
parts. The two ends of the distance were recorded when the
MWCNT was broken into two parts as shown in Figure 3(b).
During the pulling process, the MWCNT was separated into
two parts. After the pulling, the total length of the two parts
was beyond the previous MWCNT.

The third step was to fuse the MWCNTs. Cantilever 2
was moved with 10 nm step to connect two parts of the CNT.
The manipulators stopped moving when the two breaking
points of the CNT touched each other. The joint was fused
by electron beam irradiation as shown in Figure 3(c). The

accelerating voltage was applied to 5 kV and the beam current
was 30 pA. The C-C bond of the two MWCNTs where
they were in contact together was fused by the electron
beam. Two MWCNTs were irradiated for 3 minutes and the
magnificationwas kept at 5000. Before breaking, we recorded
the distance of the two joints on the AFMs.

The fourth step was to pull the MWCNTs again. The
deflection of cantilever 1 was recorded when the fused
MWCNTs broke up as shown in Figure 3(d).

The fifth step was to connect again. The connection force
was van der Waals force as shown in Figure 3(e). As soon as
they connected, the extra high tension (EHT) was set off for
3 minutes for comparison with the CNT which was fused by
electron beam irradiation.

In the following procedure, the connected MWCNTs
were pulled again and the deflection of cantilever 1 was
recorded when the MWCNTs separated apart.

3. Experimental Result

As shown in Figure 4(a), the MWCNT picked up from
the bulk was set on the two manipulators (cantilever 1 and
cantilever 2). In the SEM, the length of the MWCNT in the
beginning of the experiment was measured at 11.81 𝜇m and
the diameter was 39.46 nm. The original distance of the two
joints was 11.24𝜇m. In Figure 4(b), theMWCNTwas dragged
into two parts and the lengths of the parts were 3 𝜇m and
13.7 𝜇m, respectively. The distance between the two joints
was 18.16 𝜇m. The tensile force was calculated to be 140 nN.
As Figures 4(c) and 4(d) show, the MWCNT was fused by
electron beam irradiation. After that, the fusedMWCNTwas
pulled off again and van der Waals force was calculated to
be 12.6 nN. In Figures 4(e) and 4(f), the dragged MWCNT
was interconnected and dragged again. When the CNT was
interconnected and dragged, the distances of the two ends
were 14.22 𝜇m and 18.29 𝜇m, respectively. It was found that
the tensile force after fusion was 81.4 nN, which was clearly
larger than van der Waals force.

4. Discussion

The electron beam was emitted by the electron gun in the
SEM irradiated at the joint of MWCNTs. This synthesis
was controlled by the systems operating with atomic-scale
precision which enabled positional selection at the desired
place precisely. The dragged C-C bonds were at the end of
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Figure 3: (a)The original position of the CNT. (b) Pulling the CNT until the nanotube breaks. (c) Fusing the CNT. (d) Pulling the CNT into
two parts. (e) Connecting CNTs again without fusion. (f) Pulling the CNTs separated apart.

the MWCNTs. Because of the existence of the interatomic
repulsive force, the fractured C-C bonds could not recover,
when the dragged MWCNTs were interconnected. However,
the electronic beam transferred to the orbital electrons of the
carbon atoms. When the emitted electrons strike the joint,
quantum photons generated from the electrons transferred
energy to the low-energy orbit electrons. The low-energy
orbit electrons would transit to the high-energy orbit; then
their vibration frequency and range of the motion were
increased. Under this circumstance, the possibility of C-
C bonds formation was increasing which promoted lattice
reconstruction of carbon atoms, so the properties would be
the same as initial CNTs. Before this experiment, van der
Waals force was calculated theoretically according to the
following formula [28]:

𝑊 = 𝐴 𝑠𝜋𝐶𝜌1𝜌2
12𝐷2 , (1)

where 𝐶 is the coefficient in the atom-atom pair potential;
𝜌
1
and 𝜌

2
are the numbers of atoms per unit volume in

the interaction material. 𝐷 is 0.34 nm, which is the vertical

distance of the attractive van der Waals force. 𝐴 is the
Hamaker constant between nanotubes [28]:

𝐴 = 𝜋2𝐶𝑝2 = 2.842 × 10−20 J. (2)

According to the tensile force formula, the force was
calculated by Hooke’s law [32]:

𝐹 = 𝑘𝑑. (3)

By comparing tensile force and van der Waals force, the
tensile force was evidently larger. This result showed clearly
that the fusion of carbon nanotubes could increase the tensile
force significantly.

Assuming that the carbon nanotube was a multilayered
cylinder, there were two interconnection ways. One was
head to head configuration and the other was side to side
configuration, as shown in Figures 5(a) and 5(b).

Figure 5(a) shows the head to head configuration. In this
case, the centres of the two carbon nanotubes were connected
and van der Waals force was the largest. The layers of the
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Figure 4: (a) The original distance of two ends of the CNT. (b) The distance when the CNT was dragged. (c) The distance of two ends of
the fused CNT. (d)The distance when the fused CNT was dragged. (e) The distance of interconnecting the dragged CNT. (f) The distance of
dragging the interconnected CNT.

Main view Side view
(a)

Main view Side view
(b)

Figure 5: (a) Cross-sectional view and overhead view of head to head configuration of two carbon nanotubes. (b) Cross-sectional view and
overhead view of side to side configuration of two carbon nanotubes.

carbon nanotubes were 58. The cross-sectional area can be
calculated by the following relation equations [33]:

𝐴
𝑆
=
𝑛=58

∑
𝑛=1

= [𝜋 (0.34 + 0.035 + 0.34𝑛)2

− 𝜋 (0.34 − 0.035 + 0.34𝑛)2] = 138 nm2.
(4)

According to the calculation, the area is 138 nm2.The value of
the force was calculated to be 5.3 nN.

The other way of carbon nanotubes interconnection
was side to side configuration. The strongest connection
force was contained by the following equation [34]. The
distance between two outer walls was 0.34 nm, 𝑠 was the
interfacial shear stress of nanotubes, which was 2MPa,
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Figure 6: (a) 𝐹-𝑇 scatter diagram of actual tensile force and van der Waals force. (b) 𝐹-𝑇 curve of actual tensile force of different diameters
of CNTs.

and 𝑤 was the contact width of the MWCNTs, which was
100 nm.

𝐹V = 𝑠𝑤𝑒𝑥 = 6.8 nN. (5)

First, the two ends of MWCNTs were irradiated for some
time.Thedeflection of the cantileverwas tested after dragging
the connected nanotube until the new joint broke. After
connection, the extra high tension was shut down. When
dragging the connected MWCNT, the extra high tension
was turned on. The relationship between the forces and time
was presented by the 𝐹-𝑇 scatter diagram in Figure 6(a). As
irradiating time passed by, van der Waals force changed a
little, demonstrating that the actual van der Waals force had
nothing to do with the irradiating time.

After fusion, the actual tensile force was recorded. It
obviously reflected the fusion effect by the 𝐹-𝑇 scatter
diagram that was shown in Figure 6(a). The tensile force
was significantly larger than van der Waals force. What is
more, the longer the irradiation timewas, the larger the actual
tensile force was.

In order to rule out the fortuity, the experiment was
divided into several groups by manipulating different diam-
eters of CNTs to repeat the fusion and measure the fusion
effect by deflection ofAFM.The𝐹-𝑇 scatter diagramof fusion
tensile force was shown in Figure 6(b).The fusion effects were
almost similar in three different MWCNTs. The electronic
beam irradiation methods possessed universality in fusing
graphene structure.

Another experiment was designed to verify the effects of
different magnification on fusion. The irradiation time was
set to 2 minutes under different magnification. The 𝐹- 𝑀
curve was obtained by experiment. From Figure 7, the force
became larger with the increase of magnification. When the
magnification increased, the region of observation became
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Figure 7: Force and magnification relationship curve of actual
tensile force at different magnification times.

small with more electrons gathering. In this condition,
more electrons emitted by electronic gun hit extranuclear
electrons of carbon atom.The experiment demonstrated that
a larger magnification had a better effect on fusion of carbon
nanotubes.

It was observed that the force becomes larger with the
magnification increasing. This phenomenon may be caused
by the electric field imaging force. Thus, we calculated the
force according to the formula and made the following chart
[35]:

lg (𝐹ei) = lg( 𝜋
4𝜀
0

𝜀 − 𝜀
0

𝜀 + 𝜀
0

𝑑2𝜎2) , (6)
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where 𝑑 is the diameter of the sphere, 𝜀
0
is dielectric coeffi-

cient of circumstance, 𝐹ei is the electrostatic force by electric
imaging, and 𝜀 is the dielectric coefficient of the nanotube.
𝜀
0
= 8.85 × 10−12 [F/m]; 𝜀 = 5𝜀

0
, 𝜎 = 26.5 [𝜇C/m2]. Figure 8

indicates the relationship between the electrostatic force and
the diameter of carbon nanotube.The logarithmwas adopted
here so that linear calculations of the force were convenient.
The electrostatic force of carbon nanotube with dozens of
nanometers could be calculated by this graph of a function
“lg(𝐹) = 1.98lg(𝑑)−2.10.” After calculation, we found that the
diameter of the CNTwas dozens of nanometers and the force
was about 11 nN, while the fusion force was about 100 nN.The
scale of the force was not an order of magnitude with the
fusion force.Therefore, the force could be ignored. When the
magnification time increased, the observation region became
small with more electrons gathering. In summary, the force
was the fusion force.

The fusion method of electronic beam irradiation was
reliable. The fusion effect achieved 70 percent which was
stronger than other methods and did not damage the
original structure. The electron beam will indeed induce
hydrocarbon. However, our experimental vacuum order
was 10−4 Pa. At that point, the free path of hydrocarbon
molecules was very large. The distance was calculated at
several hundred meters theoretically. But the diameter of
carbon nanotube was tens of nanometers. The amount of
hydrocarbon accumulation absorbed on the surface of carbon
nanotube was very small [36]. Therefore, we think that the
hydrocarbon absorbed on the surface of carbon nanotubes
can be neglected. The fusion point and location would be
controlled.

5. Conclusion

This paper proposed a new method of the interconnec-
tion of carbon nanotubes. The tensile force of the fused
carbon nanotubes was larger than van der Waals force.
A C-C bond was newly generated because of the fusion
by electron beam irradiation. This interconnection method
can connect different-scale carbon nanotubes. Some small-
scale electronic devices can be built by nanomanipulation
with the development of technology. This method used to
interconnect MWCNTs is sturdy because the actual tensile
force increased only from20 nN to 100 nN. In the futurework,
more efforts will be devoted to interconnect theMWCNTs by
arbitrary angles to fabricate nanotransistor.
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Microwires, such as metallic, semiconductor, and polymer microwires and carbon fibers, have stimulated great interest due to
their importance in various structural and functional applications. Particularly, metallic glass (MG) microwires, because of their
amorphous atoms arrangement, have some unique mechanical properties compared with traditional metals. Despite the fact that
substantial research efforts have been made on the mechanical characterizations of metallic glass microwires under tension or
flexural bending, the mechanical properties of microwires under torsional loading have not been well studied, mainly due to the
experimental difficulties, such as the detection of torsion angle, quantitative measurement of the torsional load, and the alignment
between the specimen and torque meter. In this work, we implemented the in situ SEM torsion tests of individual La50Al30Ni20
metallic glass (MG) microwires successfully based on a self-developed micro robotic mechanical testing system. Unprecedented
details, such as the revolving vein-pattern along the torsion direction on MG microwires fracture surface, were revealed. Our
platform could provide critical insights into understanding the deformation mechanisms of other microwires under torsional
loading and can even be further used for robotic micromanufacturing.

1. Introduction

Microwires, such as metallic [1, 2], semiconducting [3, 4],
and composite microwire [5, 6], biomaterial fiber [7], and
carbon fiber [8, 9], have unusual mechanical and physical
properties, making them promising for various mechatronic
applications in micro electronics devices [10] or solar cells
[11]. For example, polymer microwires with high elasticity
even can function as a spring element to produce jumping
or flapping motions in microrobots [12]. ZnO microwires,
on the other hand, which have unique piezoelectric property,
have been demonstrated to act as microsensor or field
effect transistor [13]. Among those crystalline and non-
crystalline microstructured materials, BMG (bulk metallic
glass) has received tremendous research attention because
of its unique physical and mechanical properties such as
ultrahigh strength, high hardness, and large elastic strain
[14, 15] due to the amorphous state of the atoms. Compared

with the normal metals having crystalline lattice structures,
which can facilitate dislocation movement under stress,
making them soft and ductile, MGs, on the other hand,
are normally hard and brittle at bulk scales [16]. Recently,
MG microwires have received increased interests due to
their different properties compared to their bulk coun-
terparts; for instance, magnetic metallic glass microwires
exhibit extremely soft magnetic behavior because of the
absence of magnetocrystalline anisotropy, grain boundaries,
and crystalline structure defects [17–20]. However, in-depth
understanding of the mechanical properties of these novel
MG micromaterials is still necessary for developing new
applications, such as micro/nanoelectromechanical system
(MEMS/NEMS) devices [21], heterogeneous catalysts [22],
and magnetic sensors [23]. What is more, as the various
microwires’ applications circumstances have become compli-
cated, themechanical property of these materials has become
a bottleneck constraint for long service time.
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Although there have been extensive studies on the
mechanical behavior of microwire materials in the past two
decades, such as static tensile test [24–27], micro/nanoinden-
tation measurement [28–30], bending measurement [31–33],
and dynamic resonance frequency fatigue test [34, 35], little
was reported on the behavior of microwire under the tor-
sional loading [36–38]. Torsion of thin wires is a fundamental
and excellent approach to explore the mechanical behavior,
from elastic deformation, through yielding, to the strain-
hardening regime. The reason for the rareness of torsion
test of microwire was the great challenge involved in the
experiment, such as the alignment between the specimen
and the rotation axis, the detection of torsion angle, and the
sensibility and calibration of torque meter. In this paper, we
investigated the torsion fracture behavior of the La50Al30Ni20
MGmicrowire under in situ SEM and compared the fracture
surface with tensile loading test [24–26] based on a self-
developed micro robotic mechanical testing system. After
analyzing the pattern on the fracture surface, the fracture
mechanism of the microwire under torsion loading was
proposed. The fracture resulted from the fact that the local
temperature became very high to themelting point of theMG
material and a fluid layer was generated; then the nucleated
nano/microvoid caused the failure. The interesting revolved
vein-pattern microstructures were firstly observed by the
robot system we developed which we believe can be used
in many other applications in the future, for example, micro
assembly of nanoelectronic devices.

2. Sample and Experimental Procedures

2.1. MG Microwire Preparation. The metallic glass (MG)
microwire samples (dia. 70 𝜇m) used in this work are fab-
ricated by rapid quenching of alloy proportions from their
liquid mixture. As the mechanical or magnetic property of
the microwire is highly related to the microstructure of the
materials [39, 40], the structure and composition should be
confirmed before experiment. The chemical composition of
the metallic glass is evaluated through the energy dispersive
X-ray spectroscopy (EDS) studies carried out on the MG
microwires, which reaffirmed the composition to be approx-
imately La50Al30Ni20 (in atomic%). X-ray diffraction (XRD)
studies on the MG microwires were carried out to confirm
the amorphous nature of the material.

2.2. Micro Robotic Mechanical Testing System. The self-
developed micro robotic mechanical testing system is illus-
trated in Figure 1(a). The robot mainly comprised two parts
[41–43]. The left motion part includes a rotary positioner
and two linear positioners. If we set the world coordinate as
Figure 1(a) shows, the rotation axis is along the 𝑍 direction.
Upon the rotary positioner (RP), the linear positioner (LP 1)
which moves in 𝑌 direction is joined. Then another linear
positioner (LP 2) that moves in 𝑋 direction is connected
to the first one. LP 1 and LP 2’s movement directions are
mutually perpendicular. Each nanopositioner of the robot is
responsible for one independent movement; thereby the left
part of the robot has three degrees of freedom (DOFs) in
total: two mutually perpendicular translational movements

(along 𝑋 and 𝑌 directions, resp.) and one rotation (the
rotation axis is along 𝑧-axis). The right part includes three
linear positioners, which can move independently in 𝑋, 𝑌,
𝑍 directions, as Figure 1(a) shows. A metal basement is used
to fix the two parts. Additionally, two T-shape stages were
fabricated to clamp the sample at each side as the inset image
shows. With the small footprint of the robot setup, it is
suitable for SEM chamber for in situ experiment, as shown
by Figure 1(b).

As to the parameters of the positioners, the travel range,
resolution, and repeatability for the rotary positioner RP are
360∘ endless, (1 × 10−6)∘ and 5% over the full range, respec-
tively. The travel range, resolution, and repeatability of the
linear positioners are 20mm, 1 nm, and 50 nm, respectively.
Due to their high accuracy, the compact drive units can
achieve the challenging positioning task of precise alignment
in torsion test.

2.3. Experimental Setup. At first, the MG microwire sample
was fixed between the T-shape stage on the left part and
the metal plate by screwing. Then the robot was put in the
SEM chamber and connected with the control box through
the port. Because the SEM imaging system can only provide
the 2D image information, it is very difficult to obtain the
position of the sample directly based on the SEM images.
An automatic forward-backward alignment strategy was
proposed to address this challenge.

As shown in Figure 2(a), first microscope image is
captured. Then rotate rotary positioner by 𝛼 degrees so that
the second microscope image can be captured. After that,
rotate rotary positioner by 2𝛼 degrees so that the third
microscope image can be captured. After these procedures,
all the information for the sample alignment strategy has
been obtained. Simplified coordinate diagram shows the
calculation process of the proposed alignment principle. The
detailed alignment strategy is illustrated in our previous work
[44, 45]. After calculation, the movement of LP 1 and LP 2 is
given as follows:

𝑥𝑜 =
Δ𝑥𝑝 + Δ𝑥𝑛

2 (cos𝛼 − 1)

𝑦𝑜 =
Δ𝑥𝑝 − Δ𝑥𝑛

2 sin𝛼
.

(1)

Before the sample alignment, when the micro robotic
mechanical testing system rotates with angles −15∘, 0∘, and
+15∘, as shown in Figure 2(b), the maximum position dif-
ference between the three images is 1009.089 𝜇m. After the
sample alignment, when themicro roboticmechanical testing
system rotates with angles −90∘, 0∘, and +90∘, as depicted in
Figure 2(c), the sample almost remains at the same position.

After aligning the sample along the axis of the rotation
positioner, we control the T-shape stage on the right part of
the robot to approach the freestanding side of the sample
slowly.We can set the gap between the two stages as needed by
using linear positioner at𝑍 direction.Then we open the SEM
chamber and fix the sample on the right T-shape stage also by
screwing a metal plate for subsequent in situ SEM testing.
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Figure 1: (a) is the photography of the robot and the illustration of the different key parts. The rotation axis is along the 𝑍 direction of the
world coordinate. (b) shows that the small footprint of the robot is suitable for the in situ SEM experiment. The inset image is magnification
of the T-shape stage with screws used to clamp the sample.
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Figure 2: (a) Illustration of the alignment process. (b) The images captured from SEM at different angles can be used to calculate how much
LP 1 and LP 2 have to move. (c) The alignment result shows that no matter how many rotations there are, the sample remains almost at the
same position.

2.4. Torsion Process inside SEM. After the alignment and
fixation process, we closed the SEM chamber and the robot
pose in SEM was horizontal at the beginning as Figure 3(a)
shows. The original whole sample configuration is shown
in Figure 3(b). There was no preload to the sample. The
gauge length was about 190 𝜇m. In order to judge whether the
sample was being twisted, we selected two obvious markers
(red rectangles A and B) on its surface. Then we twisted the
sample through rotary positioner with rotation speed kept

unchanged at 5 deg/s and the twisting direction was anti-
clockwise from the left side of view as shown in Figure 3(b).
Figure 3(c) shows the robot setup during the torsion loading
with torsion angle about 45∘. From Figure 3(d), captured
from the supplementary video (see Supplementary Material
available online at https://doi.org/10.1155/2017/6215691), it is
easy to find that part of the maker (A) rotated outside of the
view and marker (B) almost stayed at the same place. The
movement of the markers on the sample can indicate that

https://doi.org/10.1155/2017/6215691
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(a)
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(b)

(c)

(A)

(B)
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(e)

(A)

(B)

(C)

50 m
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Figure 3: Images selected during the experiment. (a) is the robot pose at the beginning of the experiment. (b) is the sample configuration at
the time of (a). The effective length of the sample was about 190𝜇m. Two markers were selected on the surface to judge whether the rotation
happened. The rotation direction was anticlockwise from the left side of view. (c) shows the robot pose during the torsion loading and the
displacement of marker (A) was much more obvious than marker (B) as (d) shows. The sample fractured at about 55 degrees of rotation as
shown in (e). (f) is the final morphology of the sample, which shows that the marker (A) moved a lot and the fracture happened at the middle
part of the sample, partly because of the nonuniformity of the sample diameter or internal defects inside the microwire. The scale bar for the
(b), (c), and (d) was 50𝜇m.

the clamping was firm enough. Figures 3(e) and 3(f) were
images to show the robot pose and sample morphology when
fracture happened at 55∘.

3. Results and Discussions

The shear strain can be calculated by 𝛾 = 𝜑 ∗ 𝑅/𝐿, in
which 𝜑 indicates the rotation angle;𝑅 and 𝐿 are the diameter
and effective length of the microwire. According to the
images captured during the experiment, the MG microwire
(dia. 70 𝜇m) with length about 190𝜇m fractured at about 55
degrees of distortion, whichmeans themaximumshear strain
of the sample was about 17.6%. According to the rotation
theory, the maximum shear strain located at the rightmost
side of the sample between the clamp. However, the fracture
that happened at the middle part of the sample may be
because of the nonuniformity of the diameter or internal
defects inside the microwire.

The overall fracture surfaces of the two sides of MG
microwires are shown in Figures 4(a) and 4(c), from which
we can easily identify that the vein-pattern microstructures,
a typical fracture surface feature of glassy materials, revolved
along with the twisting direction. They were different from
themicrostructure of the fracture surface after tensile loading
(as shown in [24]), which means that the fracture was indeed
caused by torsion loading. These vein-patterns bear the
signature of liquid-like flow occurring inside MG materials.
Upon magnification (Figures 4(b) and 4(d)), we also found
that there were almost no localized shear bands on the sample
fracture surfaces.

At the start period of torque exertion, the plastic deforma-
tion was prevented because of lacking structural dislocation,
and the stress was usually confined to elastic regime. With
the increase of stress, the plastic deformation was usually
confined to extremely localized areas (plastic zones) in the
material, which caused a rapid temperature rise while the
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Figure 4: Microstructure of the fracture surface. (a) and (c) are the two corresponding sides at the fracture point. There are revolving vein-
patterns on both of them. The magnification images of (b) and (d) show that the area between the corrugations is very flat and clean, which
may be because the plastic deformation was confined to extremely small space inside metallic glass.

adiabatic heating leads to extremely fast events within a few
hundred nanoseconds. The absence of necking in or around
the fracture location as Figure 3(f) proved that the plastic
deformation was localized at the fracture point. During this
time, the material melted and a fluid layer was produced.The
local density (as well as the viscosity) of the fluid layer was
also changed, and intermixing of two liquids with different
densities was responsible for producing such fractal-like
patterns, possibly due to Rayleigh-Taylor instability [46].

With the increase of the torsion angle, the nano/
microvoid nucleated, and the catastrophic failure happened at
the final stage. The rapid cooling of viscous fluid layers leads
to the formation of the revolving vein-patterns because of the
torsion stress. Obviously, the revolving vein-pattern usually
occurred near the edge of the microwire cross-section, as
shown in Figure 4, which corresponded to the largest stress
at that area. Because the torsion stress decreased towards the
center of the microwire, the vein-pattern near it was similar
to that of tensile loading.

Compared with the previous mechanical testing of the
MG microwires, the presented micro robotic system can
speed up the in situ sample alignment process and exert a
controllable twist angle on themicrowire.The small footprint
of the setup is very suitable for in situ SEM mechanical test-
ing, which can give more microstructural information about
the fracture mechanism at real time than traditional tests.
The robot system utilized the image processing algorithm to
ensure the microwire can rotate along the rotary axis and the
precise movement of the robot makes it possible to control
the effective length of the microwire.

4. Conclusion

In this work, in situ SEM torsional tests on the La50Al30Ni20
MG microwires were implemented by self-developed micro
robotic mechanical testing system. Firstly, this platform not
only reduced the time of alignment involved in microwire
torsion test but also increased the precision of it. Sec-
ondly, the SEM imaging provided unprecedented details
on their fracture state during loading and there was no
obvious brittle torsion failure at the cross-section area
during the experiment. The vein-pattern microstructure
on the fracture cross-section area was very different from
that of tensile loading. What is more, the fracture mech-
anism where the occurrence of the fluid area resulting
from adiabatic heating leads to the fracture was revealed.
Finally, because of the 6DOFs and precise movement of
our platform, it may also be used for micro assembly and
micromanufacturing of composite materials at microscale,
such as carbon fiber yarns, or mixed protein microfibers
[47].
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In the motion of probing nanostructures, repeating position and movement is frequently happing and tolerance for position error
is stringent. The consistency between the axis of manipulators and image is very significant since the visual servo is the most
important tool in the automated manipulation. This paper proposed an automated axis alignment method for a nanomanipulator
inside the SEM by recognizing the position of a closed-loop controlling the end-effector, which can characterize the relationship
of these two axes, and then the rotation matrix can be calculated accordingly. The error of this method and its transfer function
are also calculated to compare the iteration method and average method. The method in this paper can accelerate the process of
axis alignment to avoid the electron beam induced deposition effect on the end tips. Experiment demonstration shows that it can
achieve a 0.1-degree precision in 90 seconds.

1. Introduction

Nanoscale manipulations inside scanning electron micro-
scope (SEM) have found many uses in various fields
[1]. Examples include nanomaterial characterizations [2–
9], nanoelectronic probing [10–12], nanodevices prototyping
[13], photonics [14, 15], and biological researches [16–18].
The most common setup involves installing piezo-based
manipulator into an SEM. A joystick is used to control the
motion of the manipulator, and the SEM provides the real-
time image feedback. This combination provides an intuitive
hand-eye coordinatedmethod to interact with objectives and
in micrometer and nanometer scale.

Several SEM based nanomanipulation systems have been
reported in the literature [19–23].There are also commercially
available systems from Kleindiek, DCG Systems (Previously
Zyvex), SmarAct, Klocke, and Attocube. The majority of
these systems do not have position sensor integrated, thus
repeatable motions cannot be made, and the manipulation
efficiency relies heavily on the skill of the human operator.
Other systems contain optical encoders for position feedback,
but the heat generated by the laser diode is difficult to

dissipate inside vacuum, leading to high position drift rate.
The use ofmechanical sliding rails for guiding the piezo stick-
slip motion is not repeatable due to frictions in the interfaces
and the deformation in the mechanical rails. The stick-slip
motion also creates mechanical vibration while in motion,
which can cause end-effector (the device at the end of a
robotic arm, such as claws and needles) or sample damage.

We have previously reported a new load-lock compatible
nanomanipulation system that tackles limitations with exist-
ing nanomanipulation systems. The system utilizes unique
in-vacuum, low-power electronics for sensing strain gauge
deformation, and flexure based positioner design.The system
is capable of producing nanometer resolution closed-loop
positioning, subnanometer perminute drift, and friction free,
vibration free motion inside SEM. The compact system can
be mounted onto most SEM using the standard SEM sample
holder, thus allowing the system to be added or removed from
an SEM within seconds.

In the applications, the manipulations can be guided
by SEM’s real-time vision and handled by operators, or
computer generating the motion targets according to the
presupposed tasks. Since all the position information is
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calculated based on the images, this requires the consis-
tency between the image’s and manipulator’s axis. However,
there are always install errors, and the two set axes cannot
be aligned perfectly. The end-effectors will not match the
expected position on images with these errors, and subtle
differenceswill cause large deviation in the nanoscalemotion.

There are three key sources of error that demand a full
system recalibration prior to use every time. (1) While han-
dling the system, the force exerted by the human hand causes
tiny changes to the mechanical assembly of the system.These
changes lead to performance variation of the system in the
micronanometer scale. (2) When the system is installed onto
the SEM, there exists small misalignment between the SEM
and nanomanipulation system. Even when the installation
is carefully conducted, it is impossible to align the system
onto SEM stage with nanometer precision. (3) The internal
temperature of the SEM can vary by a few degrees after
each setup, which affects the positioner sensor accuracy. All
of these factors contribute to inaccuracy in position sensor,
which demands recalibration prior to operation each time.

Manually performing the calibrations is time consuming
and poor in repeatability. The extended electron beam expo-
sure to the end-effector and sample also leads to significant
amount of electron beam induced deposition (EBID) [24].
The rotation of SEM’s image can only align one of the image’s
and manipulator’s axes, 𝑋 or 𝑌. This rotation cannot deal
with the situation that the manipulator’s axes are not vertical.
So an automated calibration process is necessary for quickly
measuring the angle and calculating the rotation matrix to
align the axes of nanomanipulation robot inside SEM.

This paper developed an automated approach for calibra-
tion.The performance of the calibration method is evaluated
in terms of speed, calibration repeatability, and positioning
accuracy. Compared with our conference paper [25], this
paper provides additional details on the error optimization
and 𝑍-axis misalignment compensation; furthermore, more
experimental data are presented. The nanomanipulation
system is briefly introduced in Section 2. Section 3 presents
the automated alignment method based on the SEM image
processing. Section 4 analyzed the system’s error transfer and
optimization. Finally, Section 5 concludes the paper.

2. System Overview

The nanomanipulation system used for this study consists of
four manipulators mounted on a vacuum load-lock compati-
ble carrier [26]. Eachmanipulator consists of three long range
coarse positioners with three high precision fine positioners
stacked on top. Coarse positioners are composed of three
stick-slip based piezo positioners for 𝑋𝑌𝑍 positioning. No
sensory feedback is implemented in the coarse positioners
to minimize heat generation sources. The fine positioners
are three flexure guided, preloaded piezo positioners with
one strain gauge mounted on each piezo stack. The position
sensing principle involves the use of strain gauges mounted
on piezo and utilizes time-to-digital convertor (TDC) for
strain sensing.

On-board electronics are placed within the aluminum
housing of the nanomanipulation system carrier inside the

SEM. The external electronics consist of an MCU and arrays
of operational amplifiers for driving the piezo stack. After
receiving sensor readout from the on-board electronics, the
MCU computes the required piezo stack driving voltages
based on the PID control law and sends driving voltages to
the on-board electronics.

The nanomanipulation system is mounted on a standard
SEM sample holder, allowing the system to be added or
removed from the SEM stage within seconds.

When manipulating sample inside SEM, the nanomanip-
ulation system is transferred inside SEM through the vacuum
load-lock.Then, the sample is transferred inside, too.The axis
needs to be aligned to insure the position accuracy.The region
of interest can be located manually, and a series of preset
operation will be carried out.

Manual calibrations of each fine positioner were con-
ducted under SEM imaging. It involves moving each of the
fine positioners back and forth to determine its motion
path, followed by raster rotating the SEM image to adjust
positioner-image misalignment. The process is completed
through manual trial and error. It takes approximately 2
minutes to determine the misalignment angle for one single
fine positioner axis. For a 4-manipulator system with 12 axes,
the total calibration takes∼24minutes. After collecting all the
misalignment angles between the fine positioners and SEM
images, a rotation matrix is used. This calibration process
needs to be repeated if the system is removed/added back into
the SEM or made physical contact with a human hand. Since
the operations are manually performed, the repeatability and
accuracy are not stable.

3. Methods

An automated alignment method is proposed in this paper
to calculate the rotation matrix. The system moved the end-
effector automated and recognized the end-effector’s position
based on template matching method. The basic idea is the
rotation matrix 𝑇 to transform the expected motion in image
coordinate to the motion of every axis:

[[
[
𝑥
𝑦
𝑧
]]
]axis

= 𝑇[[
[
𝑥
𝑦
𝑧
]]
]img

, (1)

where [𝑥 𝑦 𝑧]axis are the axes’ extension of the manipulator
and [𝑥 𝑦 𝑧]img is the end-effector’s expected motion on the
image. Since the 𝑍-axis’ motion cannot be observed because
the SEM’s feedback is 2D image, only 𝑋- and 𝑌-axes can be
calibrated.

3.1. The Filter and Recognition of Image. High SEM image
frame rate is desirable for real-time nanomanipulation, but
it leads to degraded image quality. A low accelerating voltage
is used to minimize electron induced damage on the sample,
but the image signal-to-noise ratio is poor. A filter method is
necessary to reduce the image noise real-time.

GPU accelerated nonlocal means (NL-means) method
[10, 27] was shown to be effective in reducing SEM image
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Figure 1: The SEM image of (a) end-effector (tungsten probes), (b) its denoising result, and (c) manually selected template.

noise in real-time. It is based on globally averaging all the
pixels in an image and produces images with lower noise and
withmore details retained.The algorithmwhen implemented
on graphics processing unit (GPUs) can satisfy the real-
time SEM image denoising/processing. Figure 1 is one of
the image frames, its denoising result and manually selected
template.

After denoising the image, the position of the end-
effector can be accurately recognized. In the calibration stage,
the background of SEM’s image can be adjusted to almost
black, so its difference to the foreground is apparent. Temple
matching method is adopted to recognize the position of the
end-effector [28]. Considering the noise level of the SEM
image, the templatematching based on FFT is adopted, which
have good performance in rapidity and robustness. As to
template 𝑇 = 𝑇(𝑀𝑇, 𝑁𝑇), the matching function in image𝐼 = 𝐼(𝑀𝐼, 𝑁𝐼) is

cov = FFT−1 (FFT (𝑇) ∙ FFT (𝐼)) , (2)

where 𝑇 = rot(𝑇) is the rotation and expansion of 𝑇. 𝐼
is the transposition of 𝐼. The point with maxim cov is the
registration point. Figure 2 is the recognition results of stable
target (Figure 2(a)) and moving target (Figure 2(b)).

3.2. The Rotation Matrix. The key to calculate the rotation
matrix is to obtain the angles between the manipulator’s
motion axes and image’s axes.The end-effectorwas controlled
to move a series of positions, followed by image registration
and record the position.These serial position coordinates can
be fitted and the angles then were obtained. Firstly, define the
coordinate system as Figure 3.

As shown in Figure 3, 𝑋Img, 𝑌Img, and 𝑍Img are the axes
of image. 𝑋axis, 𝑌axis, 𝑍axis, and 𝑂 are the terminate frame of
manipulator. 𝑋axis, 𝑌axis, and 𝑍axis are the terminate frame’s
projection on 𝑋Img-𝑌Img plane. 𝛼, 𝛽, 𝜃, and 𝜓 are the angle
between 𝑋axis and 𝑋Img, 𝑌axis and 𝑌Img, 𝑍axis and 𝑍Img, and𝑍axis and 𝑍Img, respectively.

Specific algorithm is as follows:
(1) Adjust magnification of SEM to 13,000x. Adjust the

SEM imaging parameters to maximize the focus and contrast
of the SEM image. Manually select template.

(2) Control the end-effect to certain position and wait
until the error is less than 5 nm.

(3) Filter the image and reorganize the end-effector’s
position (𝑥𝑋𝑖 , 𝑦𝑋𝑖 ).

(4) Repeat steps (2) and (3), with a serial equidistant
position, and record the positions as 𝑋𝐴 = [𝑥𝑋𝑖 ], 𝑌𝑋𝐴 =[𝑦𝑋𝑖 ], 𝑖 = 1, 2, . . . , 𝑛.
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(a) (b)

Figure 2: The recognition results. (a) Stable target and (b) moving target.
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Figure 3: The coordinate system and the angle definition.

(5) Consider (𝑥𝑋𝑖 , 𝑦𝑋𝑖 ) is in a straight line to two-
dimensional data where both variables are measured with
error. Fit the line by Deming Regression and line is 𝑙𝑥 : 𝑦𝑌 =𝑎𝑥𝑥𝑋 + 𝑏𝑥, where

𝑎𝑥 = 𝑠𝑦𝑦 − 𝛿𝑠𝑥𝑥 + √(𝑠𝑦𝑦 − 𝛿𝑠𝑥𝑥)2 + 4𝛿𝑠2𝑥𝑦
2𝑠𝑥𝑦

𝑏𝑥 = 𝑦 − 𝑎𝑥𝑥,
𝑥 = ∑𝑥𝑋𝑖 ,
𝑦 = ∑𝑦𝑋𝑖 .

𝑠𝑥𝑥 = 1𝑛 − 1 ∑(𝑥𝑋𝑖 − 𝑥)2

𝑠𝑥𝑦 = 1𝑛 − 1 ∑(𝑥𝑋𝑖 − 𝑥) (𝑦𝑋𝑖 − 𝑦)
𝑠𝑦𝑦 = 1𝑛 − 1 ∑(𝑦𝑋𝑖 − 𝑦)2

(3)

(6) Move it along 𝑦-axis, and recognize the position(𝑥𝑌𝑗 , 𝑦𝑌𝑗 ) automatedly, 𝑗 = 1, 2, . . . , 𝑚. Fit them and get the
line 𝑙𝑦 with slope 𝑎𝑦.

(7)Then 𝑡𝑔𝛼 = 𝑎𝑥, 𝑡𝑔𝛽 = 𝑎𝑦, and according to the rotation
matrix (1), 𝑇 can be calculated as

𝑇 = 𝐴−1 = [[
[
cos𝛼 − sin𝛽 0
sin𝛼 cos𝛽 0
0 0 1

]]
]

−1

. (4)

So we have

𝑇 = 𝐴−1 =
[[[[[[[
[

±1
√𝑎2𝑥 + 1 − ±1

√𝑎−2𝑦 + 1 0
±1

√𝑎−2𝑥 + 1
±1

√𝑎2𝑦 + 1 0
0 0 1

]]]]]]]
]

−1

. (5)

In the visual servo, if the position expected on image
is 𝑃img = [𝑥 𝑦 𝑧]img, the target of the manipulator’s axis
motion is 𝑃axis = [𝑥 𝑦 𝑧]axis = 𝑇 [𝑥 𝑦 𝑧]img.

3.3. 𝑍-Axis Misalignment Compensation. As to the manipu-
lator’s 𝑍-axis, the target image is 2D image according to the
SEM’s image-forming principle and cannot reflect the depth
information. Many depth predicting methods are developed
[12, 29] to gather useful information on 𝑍-direction. In the
application, the movement on 𝑍-axis often causes the extra
movement on the 𝑋- and 𝑌-axes due to the install error,
which is harmful in operation because it may cause the
sample damage while 𝑍 is moved to sample surface. So it
needs to be compensated. The new rotation matrix is

𝑇1 = 𝐴−11 = [[
[
cos𝛼 − sin𝛽 cos 𝜃 ∗ cos𝜓
sin𝛼 cos𝛽 sin 𝜃 cos𝜓
0 0 1

]]
]

−1

, (6)

where 𝑡𝑔𝛼 = 𝑎𝑥 and 𝑡𝑔𝛽 = 𝑎𝑦.
However, 𝜃 and 𝜓 are both immeasurable, so we firstly

moved 𝑍-axis with a large distance 𝐷𝑧 and record the
movement on image as 𝐷𝑥 and 𝐷𝑦; then we have cos 𝜃 ∗
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cos𝜓 = 𝐷𝑥/𝐷𝑧, sin 𝜃 cos𝜓 = 𝐷𝑦/𝐷𝑧, so the rotation matrix𝑇1 is

𝑇1 = 𝐴−11 =
[[[[[[[
[

±1
√𝑎2𝑥 + 1 − ±1

√𝑎−2𝑦 + 1
𝐷𝑥𝐷𝑧

±1
√𝑎−2𝑥 + 1

±1
√𝑎2𝑦 + 1

𝐷𝑦𝐷𝑧
0 0 1

]]]]]]]
]

−1

. (7)

In some other occasions, such that the end-effector is far
from the sample, the motion of 𝑍-axis can be embodied in
some way to help indicating its motion. When 𝑍 is moving,
we can move 𝑋 and 𝑌 a little, so the end-effector seems like
moving forward.Thismode covers the shortage that𝑍 cannot
be observed directly in SEM’s image. To realize this, we can
change the position after alignment:

𝑃axis = [[
[
𝑥
𝑦
𝑧
]]
]axis

= 𝑇1 [[
[
𝑥 + Δ𝑧
𝑦 + Δ𝑧

𝑧
]]
]img

= 𝑇1 [[
[
1 0 𝑘

1 𝑘
1
]]
]
[[
[
𝑥
𝑦
𝑧
]]
]img

≜ 𝑇𝑘 [[
[
𝑥
𝑦
𝑧
]]
]img

,
(8)

where 𝑘 = Δ𝑧/𝑧 and 𝑇𝑘 is the new rotation matrix.𝑘 is very small normally, and the small displacement in𝑋-
and 𝑌-direction can indicate the movement of 𝑍-axis, which
allow the operator to clearly sense it and improve the control
accuracy. Switching 𝑇𝑘 and 𝑇1 in different occasion can make
the operation conveniently.

4. Error Analysis

For nanoscale motion, small error on positioner axis may
cause large difference in the end. Since tolerance for position
error is stringent during the data collection process, the
method for reducing the error in axis alignment needs
to be researched. The alignment method in this paper is
to utilize the target registration and slope calculation. The
random error mainly comes from the anamorphose, image
noise, recognition error, fitting error, and shape variation
of end-effector (due to EBID). For the purpose of reducing
positioning error, several means can be adopted, such as
unbiased filter and recognition algorithm, the independent
variable choice in fitting to improve the precision of the slope.

Besides, multiple alignments can also reduce the error.
The SEM’s image is different to the physical object and the
resulting error can be reduced by iterative method. Realign
the axes after the rotation matrix is used in the manipulator
system, and multiply the two rotation matrixes; we can get
a new matrix. Repeat this process until the error is lower
than a certain threshold. On the other hand, the image
noise, the error on recognition, and fitting can be reduced by
making this samemeasurementmultiple times and taking the
average. These two methods both can improve the precision.

However, the process of alignment has to be as quick as
it can to reduce the EBID’s effects on end-effector. If one
time alignment cannot satisfy the required precision, the
alignment method needs to be further optimized. So the
error’s propagation in this algorithm is researched to compare
iteration method and average method under the condition of
limited times. The confidence interval of position is adopted
to indicate the error.

4.1. The Confidence Interval of Position. Denote the error of
the end-effector 𝑃axis as 𝜀𝑃axis, where 𝑃axis = [𝑥 𝑦 𝑧]axis =
𝑇 [𝑥 𝑦 𝑧]img. The error comes from the rotation matrix 𝑇,
which is obtained by a series of transformation. Without loss
of generality, we can analyze the error’s propagation of the
unit displacement of all axes (𝑃img = [1 1 1]). The main
error sources of 𝑇 are the two parameters 𝑎𝑥 and 𝑎𝑦. 𝐷𝑥 and𝐷𝑦’s contribution on final result are too small. Denote the
error of 𝑎𝑥 and 𝑎𝑦 as 𝜀𝑎𝑥 and 𝜀𝑎𝑦; then we have

𝜀𝑃axis = 𝜕𝑃axis𝜕𝑎𝑥 𝜀𝑎𝑥 + 𝜕𝑃axis𝜕𝑎𝑦 𝜀𝑎𝑦 (9)

Considering the experiments of 𝑋- and 𝑌-axes are inde-
pendent, their errors are independent, too. So the variance𝑉𝑃axis is

𝑉𝑃axis = (𝜕𝑃axis𝜕𝑎𝑥 )𝑇 (𝜕𝑃axis𝜕𝑎𝑥 )𝑉𝑎𝑥
+ (𝜕𝑃axis𝜕𝑎𝑦 )𝑇(𝜕𝑃axis𝜕𝑎𝑦 )𝑉𝑎𝑦,

(10)

where 𝑉𝑎𝑥 and 𝑉𝑎𝑦 are the variance of 𝑎𝑥 and 𝑎𝑦, and
they can be calculated by jackknife estimate, which is a
resampling technique especially useful for variance and bias
estimation. The basic idea is to estimate the parameter for
each subsample omitting the 𝑖th observation to estimate the
previously unknown value of 𝑎𝑖𝑥 by average. The variance of𝑎𝑥 is

𝑉𝑎𝑥 = ∑𝑁𝑖=1 (𝑎𝑖𝑥 − 𝑎𝑥)2(𝑁 − 1) , (11)

where 𝑎𝑥 = (1/𝑁)∑𝑁𝑗=1 𝑎𝑗𝑥 and𝑁 is sample size.
Since 𝑋 and 𝑌 are symmetric, we calculate 𝑋-axis firstly.

According to the Deming Regression, the parameter 𝑎𝑥’s con-
fidence interval is 𝑎𝑥 ± 𝑡1−𝜐/2,𝑁−1SE𝑎𝑥, where 𝜐 is confidence
level, and SE𝑎𝑥 is standard error of 𝑎𝑥. The variance of 𝑎𝑦 can
be got in the same way. So, the confidence interval of 𝑃axis is

�̂�axis = 𝑃axis ± 𝑡1−𝜐/2,𝑁−1√𝑁 ((𝜕𝑃axis𝜕𝑎𝑥 )𝑇 (𝜕𝑃axis𝜕𝑎𝑥 )𝑉𝑎𝑥

+ (𝜕𝑃axis𝜕𝑎𝑦 )𝑇(𝜕𝑃axis𝜕𝑎𝑦 )𝑉𝑎𝑦)
1/2

.
(12)
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Figure 4:The results of recognition and fitting of𝑋- and 𝑌-axis, where blue dots are the data extracted from SEM images, and red line is the
linearly fitted line.

4.2. The Error Optimizing. Equation (12) is too complicated
for analysis, so it should be simplified. In the application, the
angle between axes of image and manipulator is very small,
that is, 𝛼, 𝛽 → 0, and using second-order Taylor expansion,
we can get cos𝛼 → 1 − 𝛼2/2 and sin𝛼 → 𝛼. After dropping
higher-order infinitesimal, we have

�̂�axis ≈ 𝑃axis
± 𝑡1−𝜐/2,𝑁−1√𝑁 (1 + 2𝑎𝑦 + 𝑎2𝑦 + 2𝑎2𝑥 − 2𝑎𝑥𝑎𝑦1 − 2𝑎2𝑥 − 2𝑎2𝑦 + 4𝑎𝑥𝑎𝑦 𝑉𝑎𝑥

+ 1 − 2𝑎𝑥 + 2𝑎2𝑦 + 𝑎2𝑥 − 2𝑎𝑥𝑎𝑦1 − 2𝑎2𝑥 − 2𝑎2𝑦 + 4𝑎𝑥𝑎𝑦 𝑉𝑎𝑦)
1/2

.
(13)

It can be summarized that the confidence interval of end-
effector’s position 𝑃axis is determined by 𝑉𝑎𝑥 and 𝑉𝑎𝑦. When𝑎𝑥 and 𝑎𝑦 are small enough, �̂�axis ≈ 𝑃axis ± 𝑡1−𝜐/2,𝑁𝑥−1(𝑉𝑎𝑥 +𝑉𝑎𝑦)1/2/√𝑁. So obviously, decreasing 𝑉𝑎𝑥 and 𝑉𝑎𝑦 improves
the precision of 𝑃axis. As to the method in this paper, multiple
times alignment and taking the average of 𝑎𝑥 and 𝑎𝑦 is the
optimized choice.When 𝑎𝑥 and 𝑎𝑦 are not small enough, such
that the manipulator was installed incorrectly or it needs to
be rotated, the coefficients of 𝑉𝑎𝑥 and 𝑉𝑎𝑦 in propagation are
greater than 1 significantly, and the systemneeds to be iterated
for a few times until 𝑎𝑥 and 𝑎𝑦 are small enough and then
optimize it with average method.

5. The Experiments

Tominimize the thermally induced drift of our systemwithin
the vacuum environment, the nanomanipulation system was
installed into the SEM for 3 hours prior to the experiment
to ensure that the system had reached thermal equilibrium
within the SEM. A magnification of 13,000x is selected,
which has a field of view (FOV) of 9.7 um × 7.3 um, and
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Figure 5: The movement on 𝑋- and 𝑌-direction when 𝑍 is moved
on range of 3 um.

each pixel is 12.2 nm in size. Selecting a high image mag-
nification can improve image resolution, but only a smaller
nanopositioner motion can be observed within the FOV.
The method described in Section 3 is implemented to align
the 𝑋𝑌𝑍-axis, and the result of 𝑋- and 𝑌-axis is shown in
Figure 4.

In this experiment, the 𝑋-axis of manipulator has rela-
tively large difference to the image, and the 𝑌-axis is smaller.
The slopes of these two lines are 𝑎𝑥 = −0.0400 and 𝑎𝑦 =−0.0132, which mean 𝛼 = −4.58∘ and 𝛽 = −1.51∘

As to 𝑍-axis, only its effect on 𝑋- and 𝑌-axis can
be observed, and we adjust the 𝑋- and 𝑌-axis’s motion
according to (7). 𝑍-axis is moved in larger range, and the
displacement on 𝑋- and 𝑌-direction is recoded to calculate𝑇1 to compensate𝑋- and𝑌-axis’s motion.The result is shown
in Figure 5. The 𝑍-axis’s motion range is 3 um, and the effect
on𝑋- and 𝑌-axis is −42.51 nm and −21.25 nm.
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Figure 6: The motion trail of𝑋- and 𝑌-axis when it is controlled alone.

And the rotation matrix is

𝑇1 = [[
[
1.0006 0.0401 0.0145
0.0133 1.0013 0.0073

0 0 1
]]
]
. (14)

After this alignment, the movement of 𝑋- and 𝑌-axis is
shown in Figure 6.

Please refer to the Supplementary Video for the details
(see Supplementary Material available online at https://doi
.org/10.1155/2017/3982503). The motion of manipulator fits
the image’s axis very well after the automated alignment. The
whole process takes 90 seconds, and the slope was 𝑎𝑥 =−0.0012 and 𝑎𝑦 = −0.0013, meaning that the error of angle
is less than 0.1∘.

6. Conclusion

This paper discussed the automated axis alignment method
for a manipulator system inside SEM. An end-effector recog-
nition and Deming Regression were adopted to calculate the
angle deviation and multiple rotation matrixes are proposed
to correct the motion in different condition. The error
propagation of this method is analyzed. The average method
and iteration method are compared to find out a faster
methodwhenmore than one time alignment is necessary.The
method can speed up the process of alignment and avoid the
damage on end-effect due to EBID.

Conflicts of Interest

The authors declare that they have no conflicts of interest.

Acknowledgments

This work was supported in part by the National Natural Sci-
ence Foundation ofChina (61528304, 71401189, and 61473295)
and by Beijing Natural Science Foundation (4152054).

References

[1] C. Shi, K. D. Luu, Q. Yang et al., “Recent advances in
nanorobotic manipulation inside scanning electron micro-
scopes,”Microsystems & Nanoengineering, vol. 2, 16024, 2016.

[2] L. Dong, K. Shou,D. R. Frutiger et al., “Engineeringmultiwalled
carbon nanotubes inside a transmission electron microscope
using nanorobotic manipulation,” IEEE Transactions on Nan-
otechnology, vol. 7, no. 4, pp. 508–517, 2008.

[3] T. Fukuda, F. Arai, and L. Dong, “Assembly of nanodevices
with carbon nanotubes through nanorobotic manipulations,”
Proceedings of the IEEE, vol. 91, no. 11, pp. 1803–1818, 2003.

[4] D. J. Bell, L. Dong, B. J. Nelson, M. Golling, L. Zhang, and
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The preparation and observations of spheroplast W303 cells are described with Environmental Scanning Electron Microscope
(ESEM). The spheroplasting conversion was successfully confirmed qualitatively, by the evaluation of the morphological change
between the normal W303 cells and the spheroplast W303 cells, and quantitatively, by determining the spheroplast conversion
percentage based on the OD

800
absorbance data. From the optical microscope observations as expected, the normal cells had an

oval shape whereas spheroplast cells resemble a spherical shape. This was also confirmed under four different mediums, that is,
yeast peptone-dextrose (YPD), sterile water, sorbitol-EDTA-sodium citrate buffer (SCE), and sorbitol-Tris-Hcl-CaCl

2
(CaS). It was

also observed that the SCE and CaS mediums had a higher number of spheroplast cells as compared to the YPD and sterile water
mediums. The OD

800
absorbance data also showed that the whole W303 cells were fully converted to the spheroplast cells after

about 15 minutes. The observations of the normal and the spheroplast W303 cells were then performed under an environmental
scanning electron microscope (ESEM).The normal cells showed a smooth cell surface whereas the spheroplast cells had a bleb-like
surface after the loss of its integrity when removing the cell wall.

1. Introduction

Over the years, traditional scanning electron microscope
(SEM)made a lot of contributions in the imaging ofmaterials
with a detailed description of their structure and surfaces [1–
4]. However, the need for high vacuum operating environ-
ment and complex sample preparation steps made the appli-
cation on biological samples and specimen unfavorable [5–
7]. Environmental Scanning Electron Microscope (ESEM)
has overcome many of the drawbacks found in SEM and
introduced a new advantage in biological research [8–11].The
ability of this tool to operate in wet and gaseous atmospheres
made the nonconductive samples conductive, thus overcom-
ing the need for coating samples prior to characterization and

preserving samples original features for further testing and
manipulation [12–14]. In addition, the capability to control
water vapor pressure inside the microscope while operating
keeps the samples hydrated, which increases the chances of
survival [15, 16].

One of the earliest experiments on biological specimens
was done by Collins et al. [17].They explained the application
and advantages of using ESEM on microorganisms. ESEM
has found its potentials in tissue engineering and biomaterials
studies, because it supports the observation of cell and their
topography in hydrated atmospheres [18]. Furthermore, the
reduced sample preparation steps are useful for investigating
mammalian cells and biomaterial interactions [5, 19–23]. Kirk
et al. have imagedmammalian cells using ESEMshowing very
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Figure 1: Nanorobotic manipulator of ESEM.

fine detail of delicate features such as filopodia andmembrane
ruffles [24].They also showed that the cells survived the initial
stages of sample preparation but experienced some damage
during the dehydration stage. They have suggested cells with
stronger cell wall could be imaged in their living states.

One of the main criteria of ESEM is the real life obser-
vation and monitoring of biological cells. This could be an
advantage by integrating tools such as nanomanipulators
or patch clamp to analyze cells and their characteristics
while performing experiments. From our previous work, a
nanomanipulator was successfully incorporated inside ESEM
(Figure 1) for various single cell manipulation and character-
ization [25, 26].

One potential application of ESEM is to study the ion
channel current measurement of cells by combining it with
a patch-clamp system. The conventional planar patch-clamp
system requires a bath solution to perform the measurement.
However, this could result in having come errors in the
measurement because of the differences between the bath
solution chemical properties and the cytoplasm inside the cell
[27]. To overcome that, instead of using the bath solution, the
electrodes could be injected into the cell and the cytoplasm
could be used as the medium for the current to flow during
the current recording. Spheroplasting is one of the early steps
required in the ion channel measurements experiments [28].
Thus, in order to perform the patch-clamp experiment inside
ESEM, it is important to confirm the ability of ESEM to
observe spheroplast cells successfully before further manip-
ulation could be carried out.

Nanomanipulation is an effective strategy for the charac-
terization of basic properties of individual nanoscale objects
and to construct nanoscale devices quickly and effectively.We
have constructed a hybrid nanorobotic manipulation system
integrated with a transmission electron microscope- (TEM-)
nanoroboticmanipulator (TEMmanipulator) and a scanning
electronmicroscope- (SEM-) nanoroboticmanipulator (SEM
manipulator) [29].This system allows effective sample prepa-
ration inside SEM with wide working area and many degrees
of freedom (DOFs) of manipulation. It has high resolution

measurement and evaluation of samples inside a TEM capa-
bility. The sample chambers of these electron microscopes
are set under the high vacuum (HV) condition to reduce
the disturbance of electron beam for observation. To observe
the water-containing samples, for example, biocells, drying
treatment processes are additionally needed. Hence, direct
observations of water-containing samples are normally quite
difficult in these electron microscopes.

In the present study, we used the nanorobotic manipu-
lators inside an ESEM [30]. It has been constructed with 3
units and 7 degrees of freedom (DOFs) in total (Figure 1).
The ESEM enables direct observation of water-containing
samples with nanometer high resolution by a specially built
secondly electron detector. The evaporation of water is
controlled by both the sample temperature (0–40∘C) and
sample chamber pressure (10−2600 Pa). The temperature of
the sample is controlled by the cooling stage unit (Unit
3). The detailed specifications of the manipulator and the
ESEM can be obtained from our previous paper [31]. The
following experiments have been conducted through this
system. The observation and comparison of W303 cells and
spheroplast W303 were successfully performed using ESEM.
SpheroplastW303 cells were obtained by enzymatic digestion
which were confirmed qualitatively by the comparison of
cell morphology between the cells and spheroplast cells, and
quantitatively, by the OD

800
absorbance data. The successful

observation of spheroplast cells opens the possibility for a
new way in the single ion channel current measurement.

2. Materials and Methods

2.1. Cell Cultures. Wild type yeast cells (W303 strains) were
used for the observations and measurements under optical
microscope and ESEM system.TheW303 cells were cultured
on aYPDplate (1% yeast extract, 2%peptone, 2% glucose, and
2% agar) in a 37∘C incubator for 48 hours. A single colony
was then picked from the cultured plate and then dipped into
a tube containing 10mL of YPD media. The tube was then
incubated overnight in 30∘C at 200 rpm. The OD600 values
of the samples were measured by a spectrophotometer and
samples that had OD600 values between 0.2 and 0.3 were
used for spheroplasting.

2.2. Preparation of W303 Spheroplasts. Spheroplasts were
prepared using Pichia spheroplast kit. In brief, logarithmic
growingW303 wild type yeast cells (OD

600
value between 0.2

and 0.3 in 1mL of culture) were harvested by centrifugation
at 6000 rpm for 5 minutes at 30∘C and then washed with
1mL of sterile water. Cells were pelleted by centrifugation at
6000 rpm for 5 minutes at 30∘C.

The cell pellets were washed by resuspending in 1mL of
SED buffer containing 1M sorbitol, 25mM EDTA pH 8.0,
and 1M dithiothreitol and then centrifuged at 6000 rpm for
5 minutes at 30∘C. The cells then were washed with 1mL of
1M sorbitol and centrifuged at 6000 rpm for 5 minutes at
30∘C.Then, theywere resuspended by swirling in 1mL of SCE
medium. A 3 𝜇L of cell wall hydrolyzing enzyme, Zymolyase,
was added to the cells. The cells were then incubated at 30∘C
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Figure 2: Schematic diagram illustration of the two phases in spheroplast formation. (a)–(d), Cell turns into prospheroplast.The appearance
of spheroplast can be seen when the prospheroplast changes into a spherical shape ((e), (f)).

for about 1 hour. The spheroplasts were washed with 1mL of
1M sorbitol and collected by centrifugation at 6000 rpm for 5
minutes at 30∘C.They were then resuspended in 1mL of CaS.

A schematic diagram illustrating the spheroplast conver-
sion is presented in Figure 2. In the first phase, theW303 cells
were transformed into prospheroplasts. The prospheroplasts
were extruded at one end where partial digestion of the cell
wall occurred (Figures 2(a)–2(d)), retaining its shape despite
the apparent loss of a supporting wall. In the second phase,
the prospheroplasts rapidly transformed into spheroplasts
where a spherical shape became dominant (Figures 2(e) and
2(f)).

2.3. W303 Spheroplast Observation by an Optical Microscope.
The spheroplast cells were observed in four different medi-
ums: YPD, sterile water, SCE, and CaS using Olympus IX-71
optical microscope at room temperature (20–25∘C) in 100×
oil immersion objective lens. The initial 1mL spheroplast
cells inside CaS medium were aliquoted into four microcen-
trifuge tubes. The first aliquot was the spheroplasts inside
CaS medium. The other three aliquots were centrifuged at
6000 rpm for 5 minutes in 30∘C and the CaS supernatant was
discarded completely. The spheroplast pellets inside each of
the three tubes were then resuspended with 250 𝜇L of YPD
medium, 250 𝜇L of sterile water, and 250𝜇L of SCE medium,
respectively.

2.4. W303 Spheroplasts Observations by ESEM. The ESEM
system can perform direct observation of water-containing
samples with nanometer high resolution by specially built
secondary electron detector.The evaporation of water is con-
trolled by adjusting the sample’s temperature (∼0–∼40∘C) and
sample’s chamber pressure (10–2600 Pa). The temperature of
the sample is controlled by the cooling stage unit, that is,
Unit3, as shown in Figure 1. ESEM system has a capability to
control the chamber’s pressure from high vacuum (∼10−4 Pa)
to high humidity (10–2600 Pa). The detailed specifications of
the manipulator and the ESEM can be obtained from our
previous paper [26]. The nanomanipulator has a tungsten
probe, which has been used to transfer the single cell using
the adhesion force. This force is produced between the micro
probe and cell. In fact, the nanomanipulator system can
control the position of a single cell.

3. Results and Discussion

3.1. Cells Morphology under Optical Microscope. Figures 3
and 4 show a comparison between the morphology of W303
cells before and after spheroplasting inside four different
mediums: YPD, sterile water, SCE, and CaS. From the
observations, themorphology of theW303 cells inside all four
mediums had an oval shape.

YPD medium provided the best living medium for the
cells, followed by sterile water, SCE, and CaS mediums
(Figures 3(a)–3(d)). The reduction in number of the W303
cells in SCE and CaS media compared to the YPD (1% yeast
extract, 2% peptone, 2% glucose, and 2% agar) is due to
the absence of yeast extract. The yeast extract will typically
contain all the amino acids necessary for growth. Figure 4
shows the morphology of spheroplast cells inside four the
four mediums. It is clear that the spheroplast cells displayed
a spherical shape inside all mediums. However, the condition
and visibility of cells inside YPD and sterile water mediums
were poor as compared to the SCE and CaSmedium (Figures
4(a)–4(d)).The spherical shape for the spheroplast yeast cells
was also reported by [32].

3.2. Spheroplast Conversion Percentage Based on the OD800
Absorbance Data. The percentage of the spheroplast cells
conversion can be determined from the following equation:

% Spheroplast = 100 − [( (OD800
time=𝑡)(OD

800

time=0)) × 100] . (1)

Figure 5 shows the values of OD
800

absorbance data for
50 minutes and its corresponding spheroplast conversion
percentage. From the graph, it is shown that the cells rapidly
changed into spheroplast cells; 85% of the cells converted
into spheroplasts in 2 minutes after the addition of the
digestion enzyme. The whole W303 cells completely adapted
the spheroplast cells conditions in 15 minutes. From this
data, it is concluded that the spheroplasting experiment was
successfully achieved.

3.3. Surface Characteristic of W303 Cells and Spheroplast
W303 Cells under ESEM. Figure 6 shows the surface topol-
ogy of the cells under ESEM. The observations were per-
formed at 30 kV and 100𝜇A. The environmental parameters
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(a) (b)

(c) (d)

Figure 3:Themorphology of theW303 cells inside four different mediums: (a) YPD, (b) sterile water, (c) SCE, and (d) CaS. Bar scale is 5 𝜇m.

(a) (b)

(c) (d)

Figure 4: The morphology of the spheroplast W303 cells inside four different mediums: (a) YPD, (b) sterile water, (c) SCE, and (d) CaS.
Arrow marks are added to indicate the position of the spheroplast cells inside the first two mediums, that is, YPD and sterile water. Bar scale
is 5 𝜇m.

settings were 600 Pa and 0∘C.Thewhole cells were kept inside
the YPD medium and diluted with distilled water. From the
observation, the surfaces of theW303 cells were very smooth
as can be seen (top view (Figure 6(a)), side view (Figure 6(b)),
and closed-up side view (Figure 6(c))).This is also confirmed
in previous literature [25, 26].

Figure 7 represents the surface topology of the sphero-
plast cells under an ESEM. For the first time, the observations

of spheroplast cells were performed without the need of
complex sample preparation and sample coating. This will
ensure the viability of the spheroplast cells that will enable
further characterization and analysis to be carried out. As
expected, the surface topology of the spheroplast cells was
not smooth as cells having a cell wall. The significance of
the cell wall as a cell shaper was highly acknowledged from
these observations. In addition to the nonsmooth surface
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absorbance data and its corresponding spheroplast conversion percentage for 50 minutes of treatment using digestion
enzyme; Zymolyase, on W303 cells.
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Figure 6:The surface topology of theW303 cells under an ESEM from different views: (a) top view, (b) side view, and (c) closed-up side view.

4m

(a)

2m

(b)

500nm

(c)

Figure 7:The surface topology of the spheroplastW303 cells under an ESEM fromdifferent views: (a) top view, (b) side view, and (c) closed-up
side view.

topology, the spheroplast cells experienced some reduction
in size as can be seen in top view image of spheroplast cell
(Figure 7(a)). From the side view images (Figures 7(b) and
7(c)), it is noticed that the surface had several bleb structures.

4. Conclusion

The advantages of the integrated ESEM-nanomanipulation
system rely on its capability to perform in situ local direct

observation and manipulation of biological sample and
the ability to control the environmental conditions. The
observations of the spheroplast without prior coating for
an electron microcopy observation have been highlighted
in this work. To the best of our knowledge, this work
is the first to attempt to observe spheroplast cells under
electron microscope without the need of sample coating.The
spheroplasting was verified qualitatively and quantitatively
by observing the cell’s morphological change under optical
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microscope observations and the spheroplast conversion per-
centage based on the OD

800
absorbance data.The spheroplast

cells showed a spherical shape as compared to the oval shape
for the normal cells. The electron microscope observation
revealed the bleb-like surface of the spheroplasts as compared
to the very smooth surface of the normal cells. This work
could be extended to perform single ion channel current
measurements on the spheroplast W303 cells inside the
ESEM-nanomanipulation system.
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A high contact resistance restricts the application of carbon nanotubes (CNTs) in fabrication of field-effect transistors (FETs).Thus,
it is important to decrease the contact resistance and investigate the critical influence factors such as the contact length and contact
force.This study uses nanomanipulation to characterize both the resistance and the force at a CNT/Au side-contact interface inside
a scanning electron microscopy (SEM). Two-terminal CNT manipulation methods, and models for calculating the resistance and
force at contact area, are proposed to guide themeasurement experiments of a total resistance and a cantilever’s elastic deformation.
The experimental results suggest that the contact resistance of CNT/Au interface is large (189.5 kΩ) when the van der Waals force
(282.1 nN) dominates the contact force at the interface. Electron-beam-induced deposition (EBID) is then carried out to decrease
the contact resistance. After depositing seven EBID points, the resistance is decreased to 7.5 kΩ, and the force increases to 1339.8 nN
at least. The resistance and force at the contact area where CNT was fixed exhibit a negative exponential correlation before and
after EBID. The good agreement of this correlation with previous reports validates the proposed robotic system and methods for
characterizing the contact resistance and force.

1. Introduction

The era of scaling silicon field-effect transistors (FETs) to
ever-smaller dimensions is coming to a close. As an alterna-
tive to silicon, carbon nanotubes (CNTs) have received much
interest because of their excellent mechanical [1, 2], electrical
[3, 4], and thermal properties [5]. Many kinds of CNT-FETs
have been fabricated, such as back-gated [6], top-gated [7],
and gate-all-around [8]. However, high contact resistance
between CNTs and drain/source metal electrodes limits the
performance of CNT-FETs due to different work function. It
is a challenge to decrease the contact resistance and to clarify
the influence factors such as contact length and contact force
at the interface.

The contact resistance was usually extracted from a total
resistance between the CNTs and electrodes, rather than
being directly measured experimentally. A typical measure-
ment of total resistance [9] initially involved dispersing CNT

solution on a Si wafer containing an electrode pair. Once
CNTs bridged on the electrode pair, the total resistance
across the two terminals was then measured. This method
was easily carried out, but the likelihood of a CNT bridging
the electrode pair was highly uncertain. Dielectrophoresis
(DEP) technology improved the controllability of the CNT
bridging process [10]. Bridging could be achieved using a tiny
number of CNTs, and CNTs with specific properties could
even be selected prior to assembly. However, the DEP process
required many parameters to be regulated, such as the inten-
sity, frequency, and duration of the applied electrostatic field
[11, 12]. It was difficult to sufficiently control these parameters
to achieve the specifically desired contact conditions, for
example, a specific contact length. Micronanomanipulators
have achieved a wide range of applications on electronic
industry and biomedicine in recent decades, such as a unique
microgripper with dual-axis force sensor [13] and nanoma-
nipulators based on anAtomic ForceMicroscope (AFM) [14].
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They are promising for good controllability of the targets.
In our previous work, we successfully used nanorobotic
manipulators inside a SEM to develop individual-CNT-
based nanoposition sensors for the detection of approaching,
touching, and sliding positions [15]. The controllability of
nanorobotic manipulation provides an effective method to
flexibly adjust the contact length of individual CNT.

For reducing the contact resistance, many techniques
have been investigated. Joule heatingwas reported to be effec-
tive by Wang et al. [16]. They obtained a low ohmic contact
resistance of 700Ω between a multiwalled CNT (MWCNT)
and tungsten (W) surface. Rapid thermal annealing at 600–
800∘C for 30 s was used by Lee et al. [17]. They obtained the
contact resistance of 0.5–50 kΩ between a CNT and Au. Such
progress was significant, but these techniques were limited
by intense heat release at the contact junction, which leaded
to poor control of the contact area/geometry. Focused ion-
beam-induced deposition (IBID) could provide good spatial
and time-domain control of the chemical vapor deposition of
various materials [18]. It was used to form in situ contacts in
CNT devices [19], and IBID with tungsten yielded an ohmic
contact with CNTs [20, 21]. However, the focused ion beam
damaged CNTs during long observation durations. Electron-
beam-induced deposition (EBID) was similarly applied, but
with minimal damage to the CNT. For example, Kim et al.
used EBID with carbon to decrease the contact resistance
[22], and Brintlinger et al. used EBID with gold to achieve
a contact resistance of 10 kΩ [23].

Much progress has beenmade onmeasuring and decreas-
ing the contact resistance. However, it is important to also
investigate critical influence factors such as the metal work
function and wettability, the contact length, or contact area,
as well as the contact force. The effect of work function and
wettability was studied by using fourteen different metals for
CNT interconnections [24]. The effect of contact length was
investigated by laser ablation with fixed CNT diameters [25]
and by silicon-compatible test structures with a small range of
CNTdiameters [26]. As for the contact force, Greenwood and
Williamson investigated the contact between nominally flat
metal/metal surfaces [27], and experimental results implied
a simple law 𝑅 ∝ 𝐹−0.9, where 𝑅 was the contact resistance
and 𝐹 was the contact force. Based on our previous study,
the connection force between CNT/CNT junctions was
confirmed to be composed of van der Waals force, EBID
fixing force, and chemical bonding force, respectively [28,
29]. Furthermore, we quantized the van der Waals force at
a CNT/metal end-contact interface by measuring a probe
deflection [30]. However, a clear understanding of contact
force at the CNT/metal side-contact interface still remains
elusive. Additionally, to the best of our knowledge, there is
no study to find its relationship with contact resistance.

In this paper, we present two-terminal methods to
characterize the contact resistance at a CNT/metal side-
contact interface and to investigate the contact force by
using a nanorobotic system inside a field emission scanning
electron microscopy (FE-SEM).This method allows CNTs to
be individually manipulated, and its superiority in varying
the arbitrary contact length in situ compared to the typical
four-probe measurement [17, 31] shows a controllable CNT

bridging process for the measurement of total resistance.
EBID is carried out here to further control the contact area
with tungsten deposits one by one and significantly decrease
the contact resistance, which yields a strong CNT support
with potential application on semiconductor nanodevices.
Furthermore, the nanorobotic system is used to measure and
analyze the force of a MWCNT/Au side-contact interface
before and after EBID. It provides insight into the relationship
between the contact force and the contact resistance.

2. System Configuration and Methods
A robotic system with two nanomanipulators was used here
within a FE-SEM apparatus to measure a total resistance and
characterize the force of a CNT/Au side-contact interface.
Two-terminal CNT manipulation methods and calculation
models were then developed to obtain the contact resistance
and contact force.

2.1. System Configuration. A two-terminal method was used
to obtain the contact resistance at the CNT/Au interface,
so the robotic system was configured with two manipula-
tors based on a FE-SEM apparatus (JSM-6500F, JEOL), as
shown schematically in Figure 1. Both of the manipulators
were driven by picomotors (8301-UHV, Newport) in 𝑥-𝑦-𝑧
directions with a resolution of 30 nm. Two AFM cantilevers
covered with layers of Au (OMCL-TR400PB-1, OLYMPUS)
were mounted on the manipulators as the end effectors. A
MWCNT forest prepared by Arc charge method was placed
on top of the sample stage. Tungsten hexacarbonyl (W(CO)6,
MKBR3026V, SIGMA-ALDRICH) was introduced into the
specimen chamber as the precursor for EBID with tungsten.
A visual-based force feedback system was developed with
the robotic system for real-time manipulation (not shown in
Figure 1).

TheAFM cantilevers were able to bemounted in different
orientations to achieve different tasks. Horizontally fixing
the two AFM cantilevers allowed the total resistance to be
measured, as shown in Figure 2. Changing the orientation of
one cantilever to vertical orientation allowed the contact force
to be characterized, as shown in Figure 3(a).

2.2. Calculation Model of Contact Resistance. Figure 2 shows
that a single CNT bridging two AFM cantilevers is used to
obtain the side-contact resistance between the MWCNT and
Au electrodes. The total resistance is measured between the
two cantilevers by connecting with a source measure unit
(Model 6430, Keithley) outside the FE-SEM apparatus.

To form the bridge with a single CNT, a CNT is initially
picked up by manipulator 1 (M1) assisted by EBID [32]. This
CNT is carried towards cantilever 2 (C2) on manipulator 2
(M2) and overlapped with cantilever C2 by some arbitrary
length aswewish. AsM1 slowlymoves downward, sufficiently
small distance between the CNT and cantilever C2 results in
the CNT being attracted to the Au surface of cantilever C2
by van der Waals forces. The total resistance between the two
cantilevers is then measured by Model 6430, Keithley. EBID
with tungsten (W) can then be deposited at the CNT/Au
interface to reduce the contact resistance at contact area 2
(A2).
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Figure 2: Schematic of the experimental setup used to measure the total resistance. 𝑅𝑡 is the total resistance between cantilevers C1 and C2.
𝑅𝑐1 and 𝑅𝑐2 are the preliminary resistance of the CNT/Au side contact before EBID at contact areas 1 (A1) and 2 (A2), respectively. 𝑥(𝑛1) and
𝑥(𝑛2) are coefficients of the resistance variation before and after EBID; 𝑛1 and 𝑛2 are the numbers of EBID deposits at A1 and A2. 𝑅CNT is the
resistance of CNT. 𝑙1 and 𝑙2 are the contact lengths at A1 and A2. 𝐿 is the gap length of the selected CNT.

As shown in Figure 2, the total resistance 𝑅𝑡 between the
two cantilevers is derived from the following equation:

𝑅𝑡 = 𝑥 (𝑛1) ⋅ 𝑅𝑐1 + 𝑅CNT + 𝑥 (𝑛2) ⋅ 𝑅𝑐2, (1)

where 𝑅𝑐1 and 𝑅𝑐2 are the preliminary resistances of the
CNT/Au side contact before EBID at contact areas A1 andA2,
respectively, 𝑥(𝑛1)⋅𝑅𝑐1, and 𝑥(𝑛2)⋅𝑅𝑐2 are the resistances at A1
and A2 after EBID, 𝑥(𝑛1), and 𝑥(𝑛2) are the coefficients of the
resistance variation after EBID, 𝑛1 and 𝑛2 are the numbers of
EBID deposits at A1 and A2, and 𝑅CNT is the CNT resistance.
𝑅𝑡 is able to be obtained directly from the source measure

unit. 𝑥(𝑛1) ⋅ 𝑅𝑐1 is a constant resistance, since the contact
condition at A1 is constant as long as CNT is selected and
picked up. In this case, we define 𝑅𝑛𝑐1 = 𝑥(𝑛1) ⋅ 𝑅𝑐1. 𝑅CNT
is equal to a product of the resistivity 𝑟CNT and length 𝐿. 𝑅𝑐2
is derived from dividing the preliminary contact resistivity
before EBID (𝜌𝑐2) by the contact length between CNT and C2
(𝑙2) [25]. After EBID with tungsten deposition, the resistance
at A2 can be expressed by 𝑥(𝑛2) ⋅ 𝑅𝑐2. Specifically, 𝑥(𝑛2) ⋅ 𝑅𝑐2
is composed of the contact resistances of CNT/Au, Au/W,
and W/CNT interfaces and the resistances of W deposits
[33]. Despite an increased resistance caused by newly added
contact resistances of Au/W and W/CNT interfaces and the

resistances of W deposits, W deposition ensures electrical
rigid contact benefitting for electron transport. As a result,
the total resistance 𝑥(𝑛2) ⋅ 𝑅𝑐2 at A2 is decreased. 𝑥(𝑛2) and
𝑥(𝑛2)⋅𝑅𝑐2 can be changed by controlling 𝑙2 and 𝑛2.Thus, in the
current study, the contact resistance refers only to that at A2.

Assuming that the CNT sample is defect-free and that
𝑟CNT and 𝜌𝑐2 are uniform along the CNT axis, then the
following can be derived from (1):

𝑅𝑡 = 𝑅𝑛𝑐1 + 𝑟CNT ⋅ 𝐿 + 𝑥 (𝑛2) ⋅
𝜌𝑐2
𝑙2
. (2)

When 𝑛2 = 0, arbitrarily changing 𝑙2 by controlling
M1 or M2 will lead to different values of 𝑅𝑡. Analyzing 𝑅𝑡
under different situations yields 𝜌𝑐2 and 𝑅𝑐2 before EBID.
Furthermore, 𝑥(𝑛2) and 𝑥(𝑛2) ⋅ 𝑅𝑐2 after EBID can be
calculated by analyzing different values of 𝑅𝑡 measured with
increasing 𝑛2 when 𝑙2 is fixed.

2.3. Calculation Model of Contact Force. Themechanical and
electrical contact condition is affected by the applied contact
force.Therefore, monitoring the force of the CNT/Au contact
is necessary. Based on the method of measuring the total
resistance in Section 2.2, the force of theCNT/Au side contact
includes contributions from two kinds of force. One is the
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Figure 3: Schematic of the experimental setup used tomeasure the contact force. (a) CNT on cantilever 3 (C3) approaching cantilever 4 (C4).
(b) The CNT attracted to the side of C4 with contact length 𝑙𝑐. (c) Elastic deformation of C4. (d) CNT release and recovery of C4.

attractive van derWaals force at the CNT/Au interface before
EBID. The other force is the fixing force of EBID deposits.
Electrostatic forces are omitted since the CNT and AFM
cantilevers are well grounded.

To quantify the contact force, elastic deformation of
cantilever 4 (C4) is intended to measure, which is derived
from the two kinds of force at the CNT/Au interface. The
principle and manipulation strategy are shown schematically
in Figure 3. The robotic system still contains two cantilevers
C3 and C4. C3 is horizontally bounded on M1, while C4
is vertically orientated on M2, shown in Figure 3(a). C3 is
used to pick up a single MWCNT from the CNT forest. The
picked CNT is then allowed to contact with the side of C4
by van der Waals forces (𝐹vdw), as shown in Figure 3(b).
After good contact, C3 is moved in the 𝑥-axis, and C4
thereby experiences an elastic deformation 𝛿, as shown in
Figure 3(c).With increasing of 𝛿, the elastic restoring force on
C4 becomes larger than 𝐹vdw, and it leads to the CNT release
and C4 in situ recovery, as shown in Figure 3(d).

Obviously, cantilever C4 is acted by two forces: one is the
van der Waals force at the CNT/Au contact interface, and
the other is the elastic resilience force resulting from elastic
deformation. According to the law of force balance, the van
der Waals force per unit contact length (𝑓vdw) is obtained as
follows:

𝑓vdw =
𝐹vdw
𝑙𝑐
=
𝑘𝛿max
𝑙𝑐
, (3)

where 𝐹vdw is the van der Waals force, 𝑙𝑐 is the CNT/Au
contact length on C4, 𝑘 is the spring constant of C4, and 𝛿max
is the maximum deformation at the moment of CNT release.

Similarly, when EBID deposits are formed at the CNT/Au
interface on C4, the total force (𝐹𝑡) including contributions
from 𝐹vdw and a fixing force of EBID (𝐹EBID) is expressed as

𝐹𝑡 = 𝐹vdw + 𝐹EBID = 𝑘𝛿max. (4)

The fixing force per EBID deposit (𝑓EBID) is

𝑓EBID =
𝑘𝛿max − 𝐹vdw
𝑛
, (5)

where 𝑛 is the number of EBID deposits.

3. Experimental Results and Discussion

In this section, the total resistancewasmeasuredwith varying
the contact length (𝑙2) and increasing the number of EBID
deposits (𝑛2). The contact resistance at A2 was calculated by
analyzing these measured total resistances using the above
proposed calculation model. The van der Waals force and
the EBID fixing force at the CNT/Au interface were also
investigated by measuring the deformation of C4.

3.1. Experimental Materials. The MWCNT forest used in
these experiments was synthetized by Arc charge method.
Their length was ∼20𝜇m, and the diameter was 20–50 nm.
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Figure 4: The MWCNT samples. (a) SEM image. (b) TEM image.

Figure 4 shows the SEM and TEM images of these MWCNT
samples.

Each cantilever chip (OMCL-TR400PB-1) consisted of
two different length levels.The 100 and 200𝜇m-long level had
spring constant of 0.09 and 0.02N/m, respectively. The Au
coating thickness was 40–50 nm.

3.2. Experimental Conditions

(1) The SEM chamber pressure was approximately
10−4 Pa.

(2) The beam current was 0.01 nA.
(3) The acceleration voltage was 10 kV.
(4) The mean deposited length per minute of a EBID

point was 37 nm/min when using W(CO)6, and its
maximum diameter was about 100 nm.

3.3. Results of Contact Resistance. A longer, straight CNTwas
targeted from the CNT forest. Cantilever C1 was controlled
to contact the CNT fixed by EBID and then to pick the
CNT up. This process was shown in Figures 5(a) and 5(b).
The diameter of the picked CNT was 28 nm, and the contact
length 𝑙1 was 940 nm. Five EBID points were deposited, each
with deposition time of 3min. Then, we bridged the selected
CNT to C2 with a contact length 𝑙2 of 0.43 𝜇m, as shown
in Figure 5(c). The contact length was a visually determined
length after we confirmed the CNT was firmly contacted
with the Au surface at A2. After bridging the CNT, electron
beam was turned off to avoid the irradiation on the electrical
contact of CNT/Au interface [33], and three minutes later,
we measured the total resistance of the two cantilevers by
using the source measure unit. The unit generated a sweep
voltage, and a PC recorded the current passing through
the CNT. To avoid unwanted heating effects, the voltage
was constrained to 0–0.2V, and its step size was 0.002V.
Figure 5(d) showed the measured 𝐼-𝑉 curve, from which
an average total resistance of 1010 ± 104 kΩ was obtained.
After this test, electron beam was turned on, and C1 was
moved such that the CNT was released from C2 and then
allowed to form a new contact with a contact length 𝑙2.
The total resistance was then measured once more. This

procedure was carried out four times. In the four tests, each
value of contact length 𝑙2 yielded a different total resistance,
respectively, whereas the CNT resistivity 𝑟CNT and the contact
resistivity 𝜌𝑐2 were constants. Based on (2), we could obtain
these parameters as listed in Table 1. Table 1 showed that a
larger contact length resulted in a lower contact resistance.
The contact length of 1.34 𝜇m resulted in a contact resistance
of 189.5 kΩ. However, this result was still much higher than
ideal value. Theoretically, the contact resistance is governed
by the quantum limit, and in the case of ideal contacts, it is
6.45 kΩ accounting for two conduction channels per CNT
shell [9]. EBID technique was then applied to decrease the
resistance.

Fixing the contact length 𝑙2 at 1.34 𝜇m, EBID points (each
with a 3min deposition time) were deposited on the CNT/Au
interface at A2. The number of deposited points ranged
from one to seven, and the corresponding total resistance
was measured with electron beam being off after each EBID
deposit. The experimental results were shown in Figure 6.
Since imageswith increasing the number of EBIDpoints were
very similar, images from 2–6 EBID points were not shown
in Figure 6. The 𝐼-𝑉 curves in Figures 6(b), 6(d), and 6(f)
were linear, indicating an ohmic contact in each test. Total
resistances were obtained from these 𝐼-𝑉 curves and were
listed in Table 2. Resistances after EBID at A2 were then
calculated using (2), and a contact resistance of 7.5 kΩ was
obtained finally after seven EBID deposits, whichwas in good
agreement with the theoretical value and previously reported
experimental values demonstrated in [17, 23]. Comparedwith
the preliminary contact resistance of 189.5 kΩ (𝑛 = 0), the
resistance at A2 was decreased by 96.0% (𝑥(𝑛2) = 4.0).

3.4. Results of Contact Force. Wefirst tested the van derWaals
force 𝐹vdw of a CNT and Au side contact before EBID in this
section. After a single MWCNT (outer diameter of 25 nm)
pick-up by C3, it was moved to gradually approach C4 in a
vertical orientation, as shown in Figure 7(a). The CNT then
attractively contacts the side of the Au surface by 𝐹vdw with
contact length 𝑙𝑐 shown in Figure 7(b), andM1 began tomove
to the left. C4 also moved following C3 and generated an
elastic deformation 𝛿 shown in Figure 7(c). Finally, the CNT
was released when the van der Waals force became less than
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Table 1: The total resistance and contact resistance before EBID.

Tests Contact length 𝑙2 (𝜇m) Total resistance 𝑅𝑡 (kΩ) Contact resistivity 𝜌𝑐2 (kΩ ⋅ 𝜇m) Contact resistance 𝑅𝑐2 (kΩ)
1 0.43 1010 ± 104 254.0 590.7
2 0.70 755 ± 35.4 254.0 362.9
3 1.12 598 ± 26.7 254.0 226.8
4 1.34 387 ± 26.1 254.0 189.5
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Figure 5: Measurement of total resistance of the CNT/Au side contact before EBID. (a) CNT selection and pick-up. (b) Magnification of the
picked CNT and EBID deposits on C1. (c) Bridging of the CNT to C2. (d) Measured 𝐼-𝑉 curve from which total resistance was obtained.

the recovery force of C4, as shown in Figure 7(d). A video
recording of this process was used to measure 𝛿max. Four
measurements of 𝛿max were carried out and the resulting data
were summarized in Table 3. Using (3), the van der Waals
force per unit contact length (𝑓vdw) was then calculated. The
𝑓vdw values for the four 𝛿max measurements were 208.9, 209.7,
222.4, and 200.8 nN/𝜇m, and the average was 210.5 nN/𝜇m.
To verify this result, a theoretical value was calculated from
𝑓vdw = 𝐻√𝐷/16𝑑

5/2, where Hamaker constant 𝐻 was 12.46
× 10−20 J [34], outer diameter of the CNT 𝐷 was 25 nm, and
the distance between the CNT and Au surface was assumed
to be 0.5 nm. The calculated result 𝑓vdw was 220.1 nN/𝜇m,
which was comparable to the above experimental result. This
validates the proposed method for measuring the force of the
CNT/Au contact.

The total force with one EBID deposit was measured
similarly. A picked CNT from cantilever C3 was bridged to
the pyramidal tip of cantilever C4, as shown in Figure 8(a).
One EBID point was then deposited on the interface to fix
the CNT. The original state of the two cantilevers after CNT
bridging was shown in Figure 8(b). Cantilever C3 was moved
and formed a resulting deformation at C4 in Figure 8(c). The
CNT was under tension in this process and finally broke in
the middle in Figure 8(d) when its stress limit was surpassed.
Four testswere carried outwith recording of the experimental
data and the measured 𝛿max in Table 4, in which test 1 and
test 2 used the same CNT sample, and tests 3 and 4 used
two further samples. Additionally, contact length in test 2
was approximated to be zero in Table 4 because only the
CNT end-point touched the Au surface of the cantilever.
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Table 2: The total resistance and the resistance at A2 after EBID.

Number of EBID points 𝑛2
The total resistance 𝑅𝑡

(kΩ)
The resistance at A2 𝑥(𝑛2) ⋅ 𝑅𝑐2

(kΩ)
𝑥(𝑛2)
(%)

0 387 ± 26.1 189.5 100
1 219 ± 10.1 21.5 11.3
2 215 ± 6.6 17.5 9.2
3 209 ± 2.5 11.5 6.1
4 216 ± 9.0 18.5 9.8
5 209 ± 8.5 11.5 6.1
6 208 ± 17.0 10.5 5.5
7 205 ± 10.5 7.5 4.0
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Figure 6: Measurement of total resistances with increasing number of EBID deposits. (a), (c), and (e) show SEM images of the bridged CNT
with 0, 1, and 7 EBID deposits at A2, respectively. (b), (d), and (f) show the corresponding 𝐼-𝑉 curves recorded by a Keithley 6430 source
measure unit. Scale bar indicates 1 𝜇m.
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Table 3: Measurement of the van der Waals force at the CNT/Au interface before EBID.

Tests Contact length 𝑙𝑐 (𝜇m) Spring constant 𝑘 (N/m) Deformation 𝛿max (𝜇m) Van der Waals force per unit
contact length 𝑓vdw (nN/𝜇m)

1 0.18 0.02 1.88 208.9
2 0.29 0.02 3.04 209.7
3 0.49 0.02 5.45 222.4
4 1.08 0.09 2.41 200.8

C4

C3

The picked
CNT lc

𝛿

(a) (b)

(c)(d)

Figure 7: Measurement of van der Waals force at the CNT/Au interface. (a) A picked CNT approaching cantilever C4. (b) Attracted contact
of CNT/Au side surface with C4. (c) Coordinated motion of C4 following C3. (d) CNT release from C4. Scale bar indicates 1 𝜇m.

All of the CNT samples were broken in the experiment,
so we could only estimate the value of the total contact
force within a range instead of obtaining an exact value.
Actually, the contact force after EBID was strong enough
to enhance the electrical rigid contact at CNT/Au interface
and to decrease the resistance by improving the electron
transport. Considering the cantilever tip angle of 70∘, the
total force in these four tests was more than 96.2, 151.1, 183.1,
and 179.4 nN, respectively. The resulting 𝑓EBID values were
calculated using (5) and were more than 66.7, 151.1, 130.5, and
80.5 nN, respectively.

The EBID that used to decrease contact resistance in
this study not merely well controlled the size of the contact
area but also increased the contact force. The contact area
and contact force were closely related to the size and shape
of EBID deposits, which were in turn influenced by many
factors such as the electron beam energy and the location
of incidence. This study focused on investigating a valid

method for measuring the contact resistance and contact
force and the relationship between them. Thus, all of the
factors affecting the size and shape of EBID deposits were
kept constant in these experiments. In terms of this point,
the 𝑓EBID values for the four tests should in theory have been
comparable. The larger deviation in these values was caused
by the different break positions and varying tensile stresses of
the CNT samples. We concluded that 𝑓EBID was >151.1 nN.

Additionally, based on our previous work, the fixing force
at the CNT/Au contact area was increased with more than
30 s electron irradiation when the contact area wasmagnified
to be 30,000 times [30]. Therefore, all of the tests on the
force measurement in this study were carried out with a
smaller magnification (less than 10,000 times). In case of
larger magnification for confirming the contact condition
between CNT and Au surface, the observation usually took
less than 30 s to reduce the electron irradiation as much as
possible.
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Table 4: Measurement of EBID fixing force at the CNT/Au interface.

Tests 1 2 3 4
Number of EBID points 1 1 1 1
Contact length 𝑙𝑐 (𝜇m) 0.14 ≈0 0.25 0.47
Spring constant 𝑘 (N/m) 0.02 0.09 0.09 0.09
Deformation 𝛿max (𝜇m) 14.06 4.91 5.95 5.83
𝑘𝛿max (nN) 281.2 441.9 535.5 524.7
Total contact force (nN) >96.2 >151.1 >183.1 >179.4
Calculated 𝐹vdw (nN) 29.5 ≈0 52.6 98.9
The fixing force of EBID 𝑓EBID (nN) >66.7 >151.1 >130.5 >80.5

A tip

C4
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C3

C4

CNT broken

(a) (b)
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Figure 8: Measurement of EBID fixing force. (a) A picked CNT bridging to the tip of cantilever C4 with one EBID point from cantilever C3.
(b) The original state of the two cantilevers after CNT bridging. (c) Coordinated motion of C4 following C3. (d) Stretched CNT broken in
the middle and C4 recovered. Scale bar indicates 1 𝜇m.

3.5. Relationship between the Resistance and the Force of the
CNT/Au Side Contact. Table 1 showed the contact resistance
for different contact lengths before EBID, inwhich the vander
Waals force per unit contact length (𝑓vdw) was 210.5 nN/𝜇m.
Thus, the contact force before EBID (i.e., the van der Waals
force) in the four tests was calculated to be 90.5, 147.4, 235.8,
and 282.1 nN. Furthermore, since 𝑓EBID was >151.1 nN, the
total force at the CNT/Au contact area after seven EBID
deposits was >1339.8 nN. Other cases are summarized in
Table 5. The contact resistance 𝑥(𝑛2) ⋅ 𝑅𝑐2 and the force 𝐹𝑡
before/after EBID in Table 5 were fitted to a very simple

proportion 𝑥(𝑛2) ⋅ 𝑅𝑐2 ∝ 𝐹
−1.26
𝑡 , as shown in Figure 9.

From Figure 9, the contact resistance became smaller with an
increased contact force. This was explained by the fact that
the contact resistance is inversely proportional to the contact
area, while the contact area becomes larger with the increased
contact force. Additionally, Figure 9 was obtained by setting
𝑓EBID = 151.1 nN for the convenience of fitting. This setting
affected the fitting index of 𝐹𝑡, and 𝑥(𝑛2) ⋅ 𝑅𝑐2 ∝ 𝐹

−1.15
𝑡

would be obtained if𝑓EBID was set to 300 nN. Increasing𝑓EBID
to 1500 nN yielded 𝑥(𝑛2) ⋅ 𝑅𝑐2 ∝ 𝐹

−1.00
𝑡 . Thus, the contact

resistance was negative-exponentially related to the contact
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Table 5: Resistance and force of the CNT/Au contact before and after EBID.

Tests Contact length 𝑙2
(𝜇m)

Number of EBID
deposits

Resistance at A2
(kΩ)

The force 𝐹𝑡 before
EBID (nN)

Total force 𝐹𝑡 after
EBID (nN)

1 0.43 0 590.7 90.5
2 0.70 0 362.9 147.4
3 1.12 0 226.8 235.8
4 1.34 0 189.5 282.1
5 1.34 1 21.5 >433.2
6 1.34 2 17.5 >584.3
7 1.34 3 11.5 >735.4
8 1.34 4 18.5 >886.5
9 1.34 5 11.5 >1037.6
10 1.34 6 10.5 >1188.7
11 1.34 7 7.5 >1339.8
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Figure 9: Relationship between the force and the resistance of the
CNT/Au contact before and after EBID. Hollow triangles represent
the contact resistance under the different contact force, whereas the
solid line represents a fitting of these experimental data.

force. This negative-exponentially relationship was similar to
the reported 𝑅 ∝ 𝐹−0.90 [27] and 𝑅 ∝ 𝐹−0.94 [35], which
proved the validity of our method.

4. Conclusions

This paper reported a nanorobotic system containing two
manipulators within a SEM apparatus. This system allowed
both the contact resistance and the force between aMWCNT
and Au-coated cantilevers to be measured before and after
EBID. Experimental results showed a contact resistance of
189.5 kΩ before EBID and a decreased resistance of 7.5 kΩ
after 7 EBID deposits. Contact force at the CNT/Au interface
before EBID was measured to be 210.5 nN/𝜇m and increased
by >151.1 nN per EBID point. Fitting the experimental data
yielded a negative exponential relationship between the resis-
tance and force of the contact area, and good agreement of
the relationship with previous reports validated the proposed
method. In future, our robotic system will be expanded to
investigate the contact between CNTs and other metals and

to fabricate nanodevices such as CNT-FETs in combination
with EBID.
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