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18. Nanorobotics

Bradley J. Nelson, Lixin Dong

Nanorobotics is the study of robotics at the nano-
meter scale, and includes robots that are nanoscale
in size and large robots capable of manipulating
objects that have dimensions in the nanoscale
range with nanometer resolution. With the ability
to position and orient nanometer-scale objects,
nanorobotic manipulation is a promising way to
enable the assembly of nanosystems including
nanorobots.

This chapter overviews the state of the art of
nanorobotics, outlines nanoactuation, and fo-
cuses on nanorobotic manipulation systems and
their application in nanoassembly, biotechnol-
ogy and the construction and characterization of
nanoelectromechanical systems (NEMS) through
a hybrid approach.

Because of their exceptional properties and
unique structures, carbon nanotubes (CNTs) and
SiGe/Si nanocoils are used to show basic processes
of nanorobotic manipulation, structuring and as-
sembly, and for the fabrication of NEMS including
nano tools, sensors and actuators.

A series of processes of nanorobotic ma-
nipulation, structuring and assembly has been
demonstrated experimentally. Manipulation of
individual CNTs in three-dimensional (3-D) free
space has been shown by grasping using dielec-
trophoresis and placing with both position and
orientation control for mechanical and electrical
property characterization and assembly of na-
nostructures and devices. A variety of material
property investigations can be performed, includ-
ing bending, buckling, and pulling to investigate
elasticity as well as strength and tribological char-
acterization. Structuring of CNTs can be performed
including shape modification, the exposure of
nested cores, and connecting CNTs by van der
Waals forces, electron-beam-induced deposition
and mechanochemical bonding. Nanorobotics
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provides novel techniques for exploring the
biodomain by manipulation and characterization
of nanoscale objects such as cellular membranes,
DNA and other biomolecules. Nano tools, sensors
and actuators can provide measurements and/or
movements that are calculated in nanometers,
gigahertz, piconewtons, femtograms, etc., and
are promising for molecular machines and bio-
and nanorobotics applications. Efforts are focused
on developing enabling technologies for nano-
tubes and other nanomaterials and structures for
NEMS and nanorobotics. By combining bottom-
up nanorobotic manipulation and top-down
nanofabrication processes, a hybrid approach is
demonstrated for creating complex 3-D nanode-
vices. Nanomaterial science, bionanotechnology,
and nanoelectronics will benefit from advances in
nanorobotics.
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18.1 Overview of Nanorobotics

Progress in robotics over the past years has dramat-
ically extended our ability to explore the world from
perception, cognition and manipulation perspectives at
a variety of scales extending from the edges of the so-
lar system down to individual atoms (Fig. 18.1). At
the bottom of this scale, technology has been moving
toward greater control of the structure of matter, sug-
gesting the feasibility of achieving thorough control
of the molecular structure of matter atom by atom as
Richard Feynman first proposed in 1959 in his prophetic
article on miniaturization [18.1]:

What I want to talk about is the problem of manip-
ulating and controlling things on a small scale. . .
I am not afraid to consider the final question as to
whether, ultimately – in the great future – we can ar-
range the atoms the way we want: the very atoms,
all the way down!

He asserted that:

At the atomic level, we have new kinds of forces
and new kinds of possibilities, new kinds of effects.
The problems of manufacture and reproduction of
materials will be quite different. The principles of
physics, as far as I can see, do not speak against the
possibility of maneuvering things atom by atom.

This technology is now labeled nanotechnology.
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Fig. 18.1 Robotic
exploration

The great future of Feynman began to be realized
in the 1980s. Some of the capabilities he dreamed
of have been demonstrated, while others are being
developed. Nanorobotics represents the next stage in
miniaturization for maneuvering nanoscale objects.
Nanorobotics is the study of robotics at the nanome-
ter scale, and includes robots that are nanoscale in size,
i. e., nanorobots, and large robots capable of manip-
ulating objects that have dimensions in the nanoscale
range with nanometer resolution, i. e., nanorobotic ma-
nipulators. The field of nanorobotics brings together
several disciplines, including nanofabrication processes
used for producing nanoscale robots, nanoactuators,
nanosensors, and physical modeling at nanoscales.
Nanorobotic manipulation technologies, including the
assembly of nanometer-sized parts, the manipulation of
biological cells or molecules, and the types of robots
used to perform these types of tasks also form a com-
ponent of nanorobotics.

As the 21st century unfolds, the impact of nanotech-
nology on the health, wealth, and security of humankind
is expected to be at least as significant as the combined
influences in the 20th century of antibiotics, the inte-
grated circuit, and human-made polymers. For example,
Lane stated in 1998 [18.2]:

If I were asked for an area of science and engineer-
ing that will most likely produce the breakthroughs
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of tomorrow, I would point to nanoscale science and
engineering.

The great scientific and technological opportunities
nanotechnology presents have stimulated extensive ex-
ploration of the nanoworld and initiated an exciting
worldwide competition, which has been accelerated by
the publication of the National Nanotechnology Initia-
tive by the US government in 2000 [18.3]. Nanorobotics
will play a significant role as an enabling nanotechnol-
ogy and could ultimately be a core part of nanotechnol-
ogy if Drexler’s machine-phase nanosystems based on
self-replicative molecular assemblers via mechanosyn-
thesis can be realized [18.4].

By the early 1980s, scanning tunnelingmicroscopes
(STMs) [18.5] radically changed the ways in which
we interacted with and even regarded single atoms and
molecules. The very nature of proximal probe methods
encourages exploration of the nanoworld beyond con-
ventional microscopic imaging. Scanned probes now
allow us to perform engineering operations on single
molecules, atoms, and bonds, thereby providing a tool
that operates at the ultimate limits of fabrication. They
have also enabled exploration of molecular properties
on an individual nonstatistical basis.

STMs and other nanomanipulators are nonmolec-
ular machines but use bottom-up strategies. Although
performing only one molecular reaction at a time is ob-
viously impractical for making large amounts of a prod-
uct, it is a promising way to provide the next generation
of nanomanipulators. Most importantly, it is possible
to realize the directed assembly of molecules or su-
permolecules to build larger nanostructures through
nanomanipulation. The products produced by nanoma-
nipulation could be the first step of a bottom-up strategy
in which these assembled products are used to self-
assemble into nanomachines.

One of the most important applications of
nanorobotic manipulation will be nanorobotic assem-
bly. However, it appears that until assemblers capable
of replication can be built, the parallelism of chemical
synthesis and self-assembly are necessary when start-
ing from atoms; groups of molecules can self-assemble
quickly due to their thermal motion, enabling them to
explore their environments and find (and bind to) com-
plementary molecules. Given their key role in natural
molecular machines, proteins are obvious candidates
for early work in self-assembling artificial molecular
systems. Degrado [18.6] demonstrated the feasibility
of designing protein chains that predictably fold into
solid molecular objects. Progress is also being made in
artificial enzymes and other relatively small molecules
that perform functions like those of natural proteins; the
1987 Nobel prize for chemistry went to Cram and Lehn
for such work on supramolecular chemistry [18.7].
Several bottom-up strategies using self-assembly ap-
pear feasible [18.8]. Fujita et al.’s pioneering work has
shown that self-assembly can be directed by adroitly
exploiting the chemical and electrical bonds that hold
natural molecules together, and hence get molecules to
form desired nanometer-scale structures [18.9]. Chemi-
cal synthesis, self assembly, and supramolecular chem-
istry make it possible to provide building blocks at
relatively large sizes beginning from the nanometer
scale. Nanorobotic manipulation serves as the base for
a hybrid approach to construct nanodevices by struc-
turing these materials to obtain building blocks and
assembling them into more complex systems.

This chapter focuses on nanorobotics including ac-
tuation, manipulation and assembly at the nanoscale.
The main goal of nanorobotics is to provide an effec-
tive technology for the experimental exploration of the
nanoworld, and to push the boundaries of this explo-
ration from a robotics research perspective.

18.2 Actuation at Nanoscales

The positioning of nanorobots and nanorobotic manip-
ulators depends largely on nanoactuators. While nano-
sized actuators for nanorobots are still under explo-
ration and relatively far from implementation, micro-
electromechanical system (MEMS)-based efforts are
focused on shrinking their sizes [18.10]. Nanometer-
resolution motion has been extensively investigated and
can be generated using various actuation principles.
Electrostatics, electromagnetics, and piezoelectrics are
the most common ways to realize actuation at na-
noscales. For nanorobotic manipulation, besides na-
noresolution and compact sizes, actuators generating

large strokes and high forces are best suited for such
applications. The speed criteria are of less impor-
tance as long as the actuation speed is in the range
of a couple of hertz and above. Table 18.1 pro-
vides a small selection of early works on actuators
[18.11–16] suitable in actuation principle actuators suit-
able for nanorobotic applications (partially adapted
from [18.10]).

Several extensive reviews on various actuation prin-
ciples have been published [18.17–21]. During the
design of an actuator, the tradeoffs among range
of motion, force, speed (actuation frequency), power
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Table 18.1 Actuation with MEMS

Actuation Type of Volume Speed Force Stroke Resolution Power density Ref.
principle motion (mm3/ (s�1/ (N) (m) (m) (W=m3/

Electrostatic Linear 400 5000 1�10�7 6�10�6 n/a 200 [18.12]
Magnetic Linear 0:4� 0:4� 0:5 1000 2:6�10�6 1�10�4 n/a 3000 [18.13]
Piezoelectric Linear 25:4� 12:7� 1:6 4000 350 1�10�3 7�10�8 n/a [18.14]

Actuation Type of Volume Speed Torque Stroke Resolution Power density Ref.
principle motion (mm3/ (rad=s/ (Nm) (rad) (rad) (W=m3/

Electrostatic Rotational �=4� 0:52 � 3 40 2�10�7 2� n/a 900 [18.15]
Magnetic Rotational 2� 3:7� 0:5 150 1�10�6 2� 5=36� 3000 [18.16]
Piezoelectric Rotational �=4� 1:52 � 0:5 30 2�10�11 0:7 n/a n/a [18.17]

consumption, control accuracy, system reliability, ro-
bustness, load capacity, etc. must be taken into
consideration. This section reviews basic actuation
technologies and potential applications at nanometer
scales.

18.2.1 Electrostatics

Electrostatic charge arises from a build up or deficit of
free electrons in a material, which can exert an attractive
force on oppositely charged objects, or a repulsive force
on similarly charged objects. Since electrostatic fields
arise and disappear rapidly, such devices will likewise
demonstrate very fast operation speeds and be little af-
fected by ambient temperatures.

Recent investigations have produced many exam-
ples of miniature devices using electrostatic force for
actuation including silicon micro motors [18.22, 23],
microvalves [18.24], and microtweezers [18.25]. This
type of actuation is important for achieving nanosized
actuation.

Electrostatic fields can exert great forces, but gener-
ally across very short distances. When the electric field
must act over larger distances, a higher voltage will
be required to maintain a given force. The extremely
low-current consumption associated with electrostatic
devices makes for highly efficient actuation.

18.2.2 Electromagnetics

Electromagnetism arises from electric current moving
through a conducting material. Attractive or repulsive
forces are generated adjacent to the conductor and pro-
portional to the current flow. Structures can be built
which gather and focus electromagnetic forces, and har-
ness these forces to create motion.

Electromagnetic fields arise and disappear rapidly,
thus permitting devices with very fast operation speeds.
Since electromagnetic fields can exist over a wide range
of temperatures, performance is primarily limited by the
properties of the materials used in constructing the ac-
tuator.

One example of a microfabricated electromagnetic
actuator is a microvalve which uses a small electro-
magnetic coil wrapped around a silicon micromachined
valve structure [18.26]. However, the downward scala-
bility of electromagnetic actuators into the micro- and
nanorealm may be limited by the difficulty of fabri-
cating small electromagnetic coils. Furthermore, most
electromagnetic devices require perpendicularity be-
tween the current conductor and the moving element,
presenting a difficulty for planar fabrication techniques
commonly used to make silicon devices.

An important advantage of electromagnetic devices
is their high efficiency in converting electrical energy
into mechanical work. This translates into less current
consumption from the power source.

18.2.3 Piezoelectrics

Piezoelectric motion arises from the dimensional
changes generated in certain crystalline materials when
subjected to an electric field or to an electric charge.
Structures can be built which gather and focus the
force of the dimensional changes, and harness them to
create motion. Typical piezoelectric materials include
quartz (SiO2), lead zirconate titanate (PZT), lithium
niobate, and polymers such as polyvinyledene fluoride
(PVDF).

Piezoelectric materials respond very quickly to
changes in voltages and with great repeatability. They
can be used to generate precise motions with repeat-
able oscillations, as in quartz timing crystals used in
many electronic devices. Piezo materials can also act
as sensors, converting tension or compression strains to
voltages.

On the microscale, piezoelectric materials have
been used in linear inchworm drive devices [18.27], and
micropumps [18.28]. STMs and most nanomanipula-
tors use piezoelectric actuators.

Piezo materials operate with high force and speed,
and return to a neutral position when unpowered.
They exhibit very small strokes (under 1%). Alternat-
ing electric currents produce oscillations in the piezo
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Table 18.2 Comparison of nanoactuators

Method Efficiency Speed Power density
Electrostatic Very high Fast Low
Electromagnetic High Fast High
Piezoelectric Very high Fast High
Thermomechanical Very high Medium Medium
Phase change Very high Medium High
Shape memory Low Medium Very high
Magnetostrictive Medium Fast Very high
Electrorheological Medium Medium Medium
Electrohydrodynamic Medium Medium Low
Diamagnetism High Fast High

material, and operation at the sample’s fundamen-
tal resonant frequency produces the largest elongation
and highest power efficiency [18.29]. Piezo actuators
working in the stick–slip mode can provide millime-
ter to centimeter strokes. Most commercially available
nanomanipulators adopt this type of actuators, such
as Picomotors from New Focus and Nanomotors from
Klock.

18.2.4 Other Techniques

Other techniques include thermomechanical, phase
change, shape memory, magnetostrictive, electrorheo-
logical, electrohydrodynamic, diamagnetism, magneto-
hydrodynamic, shape changing, polymers, biological
methods (living tissues, muscle cells, etc.) and so on.
Table 18.2 lists a comparison of these.

18.3 Nanorobotic Manipulation Systems

18.3.1 Overview

Nanomanipulation, or positional and/or force control
at the nanometer scale, is a key enabling technol-
ogy for nanotechnology by filling the gap between
top-down and bottom-up strategies, and may lead to
the appearance of replication-based molecular assem-
blers [18.4]. These types of assemblers have been
proposed as general-purpose manufacturing devices for
building a wide range of useful products as well as
copies of themselves (self-replication).

Presently, nanomanipulation can be applied to the
scientific exploration of mesoscopic physical phenom-
ena, biology and the construction of prototype nano-
devices. It is a fundamental technology for property
characterization of nanomaterials, structures and mech-
anisms, for the preparation of nanobuilding blocks, and
for the assembly of nanodevices such as nanoelectro-
mechanical systems (NEMS).

Nanomanipulation was enabled by the inven-
tions of the STM [18.5], atomic force microscope
(AFM) [18.30], and other types of scanning probe mi-
croscope (SPM). Besides these, optical tweezers (laser
trapping) [18.31] and magnetic tweezers [18.32] are
also possible nanomanipulators. Nanorobotic manip-
ulators (NRMs) [18.33, 34] are characterized by the
capability of 3-D positioning, orientation control, in-
dependently actuated multiple end-effectors, and in-

dependent real-time observation systems, and can be
integrated with scanning probe microscopes. NRMs
largely extend the complexity of nanomanipulation.

A concise comparison of STM, AFM, and NRM
technology is shown in Fig. 18.2.With its incomparable
imaging resolution, an STM can be applied to parti-
cles as small as atoms with atomic resolution. However,
limited by its two-dimensional (2-D) positioning and
available strategies for manipulations, standard STMs
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Fig. 18.2 Comparison of nanomanipulators
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are ill-suited for complex manipulation and cannot be
used in 3-D space. An AFM is another important type
of nanomanipulator. There are three imaging modes
for AFMs, i. e., contact mode, tapping mode (periodic
contact mode), and non-contact mode. The latter two
are also called dynamic modes and can attain higher
imaging resolution than the contact mode. Atomic res-
olution is obtainable with non-contact mode. Manipu-
lation with an AFM can be done in either contact or
dynamic mode. Generally, manipulation with an AFM
involves moving an object by touching it with a tip.
A typical manipulation is like this: image a particle
first in non-contact mode, then remove the tip oscil-
lation voltage and sweep the tip across the particle in
contact with the surface and with the feedback dis-
abled. Mechanical pushing can exert larger forces on
objects and, hence, can be applied for the manipula-
tion of relatively larger objects. One-dimensional (1-D)
to 3-D objects can be manipulated on a 2-D substrate.
However, the manipulation of individual atoms with an
AFM remains a challenge. By separating the imaging
and manipulation functions, nanorobotic manipulators
can have many more degrees of freedom including rota-
tion for orientation control, and, hence, can be used for
the manipulation of zero-dimensional (0-D, symmetric
spheres) to 3-D objects in 3-D free space. Limited by
the relative lower resolution of electron microscopes,
NRMs are difficult to use for the manipulation of atoms.
However, their general robotic capabilities including 3-
D positioning, orientation control, independently actu-
ated multiple end-effectors, separate real-time observa-
tion system, and integrations with SPMs inside makes
NRMs quite promising for complex nanomanipulation.

The first nanomanipulation experiment was per-
formed by Eigler and Schweizer in 1990 [18.35]. They
used an STM and materials at low temperatures (4K)
to position individual xenon atoms on a single-crystal
nickel surface with atomic precision. The manipula-
tion enabled them to fabricate rudimentary structures
of their own design, atom by atom. The result is the fa-
mous set of images showing how 35 atoms were moved
to form the three-letter logo IBM, demonstrating that
matter could indeed be maneuvered atom by atom as
Feynman suggested [18.1].

A nanomanipulation system generally includes
nanomanipulators as the positioning device, micro-
scopes as eyes, various end-effectors including probes
and tweezers among others as its fingers, and types
of sensors (force, displacement, tactile, strain, etc.) to
facilitate the manipulation and/or to determine the prop-
erties of the objects. Key technologies for nanomanip-
ulation include observation, actuation, measurement,
system design and fabrication, calibration and control,
communication, and human–machine interface.

Strategies for nanomanipulation are basically deter-
mined by the environment – air, liquid or vacuum –
which is further decided by the properties and size
of the objects and observation methods. Figure 18.3
depicts the microscopes, environments and strategies
of nanomanipulation. In order to observe manipulated
objects, STMs can provide subangstrom imaging res-
olution, whereas AFMs can provide atomic resolution.
Both can obtain 3-D surface topology. Because AFMs
can be used in an ambient environment, they provide
a powerful tool for biomanipulation that may require
a liquid environment. The resolution of scanning elec-
tron microscopes (SEMs) is limited to about 1 nm,
whereas field-emission SEMs (FESEMs) can achieve
higher resolutions. SEMs/FESEMs can be used for 2-D
real-time observation for both the objects and end-
effectors of manipulators, and large ultrahigh-vacuum
(UHV) sample chambers provide enough space to con-
tain an NRM with many degrees of freedom (DOFs)
for 3-D nanomanipulation. However, the 2-D nature of
the observation makes positioning along the electron-
beam direction difficult. High-resolution transmission
electron microscopes (HRTEMs) can provide atomic
resolution. However, the narrow UHV specimen cham-
ber makes it difficult to incorporate large manipulators.
In principle, optical microscopes (OMs) cannot be used
for nanometer-scale (smaller than the wavelength of
visible lights) observation because of diffraction limits.
Scanning near-field OMs (SNOMs) break this limi-
tation and are promising as a real-time observation
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AFM (3-D observation)
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(2-D observation)
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(2-D observation)
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Fig. 18.3 Microscopes, environments and strategies of
nanomanipulation
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device for nanomanipulation, especially for ambient
environments. SNOMs can be combined with AFMs,
and potentially with NRMs for nanoscale biomanipula-
tion.

Nanomanipulation processes can be broadly classi-
fied into three types: (1) lateral non-contact, (2) lateral
contact, and (3) vertical manipulation. Generally, lat-
eral non-contact nanomanipulation is mainly applied
for atoms and molecules in UHV with an STM or bio-
object in liquid using optical or magnetic tweezers.
Contact nanomanipulation can be used in almost any
environment, generally with an AFM, but is difficult for
atomic manipulation. Vertical manipulation can be per-
formed by NRMs. Figure 18.4 shows the processes of
the three basic strategies.

Motion of the lateral noncontact manipulation
processes are shown in Fig. 18.4a. Applicable ef-
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Fig. 18.4a–c Basic strategies of nanomanipulation. In
the figure, A;B;C; : : : represent the positions of end-
effector (e.g., a tip), A0;B0;C0; : : : the positions of objects,
1; 2; 3; : : : the motions of end-effector, and 10; 20; 30; : : :

the motions of objects. Tweezers can be used in pick-
and-place to facilitate the picking-up, but are generally
not necessarily helpful for placing. (a) Lateral non-contact
nanomanipulation (sliding), (b) lateral contact nanoma-
nipulation (pushing/pulling), (c) vertical nanomanipulation
(picking and placing)

fects [18.36] able to cause the motion include long-
range van der Waals (vdW) forces (attractive) generated
by the proximity of the tip to the sample [18.37],
electric-field-induced fields caused by the voltage bias
between the tip and the sample [18.38, 39], tunnel-
ing current local heating or inelastic tunneling vibra-
tion [18.40, 41]. With these methods, some nanodevices
and molecules have been assembled [18.42, 43]. Laser
trapping (optical tweezers) and magnetic tweezers are
possible for non-contact manipulation of nanoorder
biosamples, e.g., DNA [18.44, 45].

Non-contact manipulation combined with STMs
has revealed many possible strategies for manipulating
atoms and molecules. However, for the manipulation of
CNTs no examples have been demonstrated.

Pushing or pulling nanometer objects on a sur-
face with an AFM is a typical manipulation using this
method as shown in Fig. 18.4b. Early work showed the
effectiveness of this method for the manipulation of
nanoparticles [18.46–49]. This method has also been
shown in nanoconstruction [18.50] and biomanipula-
tion [18.51]. A virtual-reality interface facilitates such
manipulation [18.52, 53] and may create an opportu-
nity for other types of manipulation. This technique has
been used in the manipulation of nanotubes on a sur-
face, and some examples will be introduced later in this
chapter.

The pick-and-place task as shown in Fig. 18.4c is
especially significant for 3-D nanomanipulation since
its main purpose is to assemble prefabricated building
blocks into devices. The main difficulty is in achiev-
ing sufficient control of the interaction between the tool
and object and between the object and the substrate.
Two strategies have been presented for micromanipu-
lation [18.54] and have also proven to be effective for
nanomanipulation [18.34, 55]. One strategy is to apply
a dielectrophoretic force between a tool and an object
as a controllable additional external force by applying
a bias between the tool and the substrate on which the
object is placed. Another strategy is to modify the van
der Waals and other intermolecular and surface forces
between the object and the substrate. For the former,
an AFM cantilever is ideal as one electrode to generate
a nonuniform electrical field between the cantilever and
the substrate.

18.3.2 Nanorobotic Manipulation Systems

Nanorobotic manipulators are the core components of
nanorobotic manipulation systems. The basic require-
ments for a nanorobotic manipulation system for 3-D
manipulation include nanoscale positioning resolution,
a relative large working space, enough DOFs includ-
ing rotational ones for 3-D positioning and orientation
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control of the end-effectors, and usually multiple end-
effectors for complex operations.

A commercially available nanomanipulator
(MM3A from Kleindiek) installed inside a SEM
(Carl Zeiss DSM962) is shown in Fig. 18.5. The
manipulator has three degrees of freedom, and nano-
meter to subnanometer-scale resolution (Table 18.3).
Calculations show that, when moving/scanning in A/B-
direction by joint q1=q2, the additional linear motion
in C is very small. For example, when the arm length
is 50mm, the additional motion in the C-direction is
only 0:25�1 nm when moving in the A-direction for
5�10�m; these errors can be ignored or compensated
with an additional motion of the prismatic joint p3,
which has a 0:25 nm resolution.

a) MM3A

c) Kinematic model

b) Installation

Z

B

C

A

C

1cm
X

Z

Z

q1

q1

q2

q2

p3

p3

X

Y

Y

Fig. 18.5a–c Nanomanipulator (MM3A from Kleindiek)
inside an SEM

Table 18.3 Specifications of MM3A

Item Specification
Operating range q1 and q2 240ı

Operating range Z 12mm
Resolution A (horizontal) 10�7 rad (5 nm)
Resolution B (vertical) 10�7 rad (3:5 nm)
Resolution C (linear) 0:25 nm
Fine (scan) range A 20�m
Fine (scan) range B 15�m
Fine (scan) range C 1�m
Speed A, B 10mm=s
Speed C 2mm=s

Figure 18.6a shows a nanorobotic manipulation sys-
tem that has 16 DOFs in total and can be equipped
with three to four AFM cantilevers as end-effectors
for both manipulation and measurement. Table 18.4
lists the specifications of the system. Table 18.5 shows
the functions of the nanorobotic manipulation system
for nanomanipulation, nanoinstrumentation, nanofabri-
cation and nanoassembly. The positioning resolution is
subnanometer order and strokes are centimeter scale.
The manipulation system is not only for nanomanipu-
lation, but also for nanoassembly, nanoinstrumentation
and nanofabrication. Four-probe semiconductor mea-
surements are perhaps the most complex manipulation
this system can perform, because it is necessary to ac-
tuate four probes independently by four manipulators.
Theoretically, 24 DOFs are needed for four manipu-
lators for general-purpose manipulations, i. e., 6 DOFs
for each manipulator for complete control of three lin-
ear DOFs and three rotation DOFs. However, 16 DOFs
are sufficient for this specific purpose. In general, two
manipulators are sufficient for most tasks. More probes

Unit 2

Unit 4

Unit 1

Unit 3

Z

Y

X

a)

b)

1 cm

Nanofabrication system
Nanoinstrumentation system
Nanorobotic manipulation system

Fig. 18.6a,b Nanorobotic system. (a) Nanorobotic manip-
ulators, (b) system setup
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Table 18.4 Specifications of a nanorobotic manipulation system

Item Specification
Nanorobotic manipulation system
DOFs Total: 16 DOFs

Unit 1: 3 DOFs (x, y and ˇ; coarse)

Unit 2: 1 DOF (z; coarse), 3-DOF (x, y and z; fine)

Unit 3: 6 DOFs (x, y, z, ˛, ˇ, 
 ; ultrafine)

Unit 4: 3 DOFs (z, ˛, ˇ; fine)

Actuators 4 Picomotors (Units 1& 2)

9 PZTs (Units 2& 3)

7 Nanomotors (Units 2& 4)

End-effectors 3 AFM cantilevers + 1 substrate or

4 AFM cantilevers

Working space 18mm� 18mm� 12mm� 360ı (coarse, fine),

26�m� 22�m� 35�m (ultrafine)

Positioning resolution 30 nm (coarse), 2mrad (coarse), 2 nm (fine), sub-nm (ultrafine)

Sensing system FESEM (imaging resolution: nm) and AFM cantilevers

Nanoinstrumentation system
FESEM Imaging resolution: 1:5 nm

AFM cantilever Stiffness constant: 0:03 nN=nm

Nanofabrication system
EBID FESEM emitter: T-FE

CNT emitter

Table 18.5 Functions of a nanorobotic manipulation system

Functions Manipulations involved
Nanomanipulation Picking up nanotubes by controlling intermolecular and surface forces, and position-

ing them together in 3-D space

Nanoinstrumentation Mechanical properties: buckling or stretching

Electrical properties: placing between two probes (electrodes)

Nanofabrication EBID with a CNT emitter and parallel EBID

Destructive fabrication: breaking

Shape modification: deforming by bending and buckling, and fixing with EBID

Nanoassembly Connecting with van der Waals

Soldering with EBID

Bonding through mechanochemical synthesis

provide for more potential applications. For example,
three manipulators can be used to assemble a nanotube
transistor, a third probe can be applied to cut a tube
supported on the other two probes, four probes can be
used for four-terminal measurements to characterize the
electric properties of a nanotube or a nanotube cross-
junction. There are many potential applications for the
manipulators if all four probes are used together. With
the advancement of nanotechnology, one could shrink

the size of nanomanipulators and insert more DOFs
inside the limited vacuum chamber of a microscope,
and, perhaps, the molecular version of manipulators
such as that dreamed of by Drexler could be real-
ized [18.4].

For the construction of multiwalled carbon na-
notubes (MWNT)-based nanostructures, manipulators
position and orient nanotubes for the fabrication of
nanotube probes and emitters, for performing na-
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nosoldering with electron-beam-induced deposition
(EBID) [18.56], for the property characterization of
single nanotubes for selection purposes and for char-
acterizing junctions to test connection strength.

A nanolaboratory is shown in Fig. 18.6b, and its
specifications are listed in Table 18.4. The nanolabora-
tory integrates a nanorobotic manipulation system with
a nano analytical system and a nanofabrication system,

and can be applied for manipulating nanomaterials, fab-
ricating nanobuilding blocks, assembling nanodevices,
and for in situ analysis of the properties of such ma-
terials, building blocks and devices. Nanorobotic ma-
nipulation within the nanolaboratory has opened a new
path for constructing nanosystems in 3-D space, and
will create opportunities for new nanoinstrumentation
and nanofabrication processes.

18.4 Nanorobotic Assembly

18.4.1 Overview

Nanomanipulation is a promising strategy for nano-
assembly. Key techniques for nanoassembly include
the structuring and characterization of nanobuilding
blocks, the positioning and orientation control of the
building blocks with nanometer-scale resolution, and
effective connection techniques. Nanorobotic manipu-
lation, which is characterized by multiple DOFs with
both position and orientation controls, independently
actuated multi-probes, and a real-time observation sys-
tem, have been shown to be effective for assembling
nanotube-based devices in 3-D space.

The well-defined geometries, exceptional mechan-
ical properties, and extraordinary electric characteris-
tics, among other outstanding physical properties (as
listed in Table 18.6), of CNTs [18.57] qualify them
for many potential applications (as concisely listed in
Table 18.7), especially in nanoelectronics [18.58–60],
NEMS, and other nanodevices [18.61]. For NEMS,
some of the most important characteristics of nano-
tubes include their nanometer diameter [18.62], large
aspect ratio (10�1000) [18.63, 64], TPa-scale Young’s
modulus [18.65–71], excellent elasticity [18.33, 72],
ultrasmall interlayer friction, excellent capability for

Table 18.6 Properties of carbon nanotubes

Property Item Data
Geometrical Layers Single/multiple

Aspect ratio 10�1000
Diameter � 0:4 nm to > 3 nm (SWNTs)

� 1:1 to > 100 nm (MWNTs)
Length Several �m (rope up to cm)

Mechanical Young’s modulus � 1 TPa (steel: 0:2 TPa)
Tensile strength 45GPa (steel: 2GPa)
Density 1:33�1:4 g=cm3 (Al: 2:7 g=cm3)

Electronic Conductivity Metallic/semiconductivity
Current carrying
Capacity � 1 TA=cm3 (Cu: 1GA=cm3)
Field emission Activate phosphorus at 1�3V

Thermal Heat transmission > 3 kW=.mK/ (diamond: 2 kW=.mK/)

field emission, various electric conductivities [18.73–
75], high thermal conductivity [18.76], high current-
carrying capability with essentially no heating [18.77,
78], sensitivity of conductance to various physical
or chemical changes, and charge-induced bond-length
change.

Helical 3-D nanostructures, or nanocoils, have
been synthesized from various materials, including
helical carbon nanotubes [18.79] and zinc oxide
nanobelts [18.80]. A new method of creating structures
with nanometer-scale dimensions has recently been
presented [18.81] and can be fabricated in a control-
lable way [18.82]. The structures are created through
a top-down fabrication process in which a strained
nanometer-thick heteroepitaxial bilayer curls up to form
3-D structures with nanoscale features. Helical ge-
ometries and tubes with diameters between 10 nm and
10�m have been achieved. Because of their inter-
esting morphology, mechanical, electrical, and elec-
tromagnetic properties, potential applications of these
nanostructures in NEMS include nanosprings [18.83],
electromechanical sensors [18.84], magnetic-field de-
tectors, chemical or biological sensors, generators
of magnetic beams, inductors, actuators, and high-
performance electromagnetic-wave absorbers.
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Table 18.7 Applications of carbon nanotubes

State Device Main properties applied
Bulk=array Composite High strength, conductivity, etc.

Field emission devices: flat display, lamp,
gas discharge tube, x-ray source, microwave
generator, etc.

Field emission: stable emission, long life-
times, and low emission threshold potentials,
high current densities

Electrochemical devices: supercapacitor, bat-
tery cathode, electromechanical actuator, etc.

Large surface area conductivity, high strength,
high reversible component of storage capacity

Fuel cell, hydrogen storage, etc. Large surface area

Individual Nanoelectronics: wire, diode, transistor,
switch memory, etc.

Small sizes, semiconducting/metallic

NEMS: probe, tweezers, scissors, sensor, actu-
ator, bearing, gear, etc.

Well-defined geometrics, exceptional mechan-
ical and electronic properties

NEMS based on individual single- or multi-
walled carbon nanotubes (SWNTs [18.85, 86] or
MWNTs [18.57]) and nanocoils are of increasing inter-
est, indicating that capabilities for incorporating these
individual building blocks at specific locations on a de-
vice must be developed. Random spreading [18.87],
direct growth [18.88], self-assembly [18.89], di-
electrophoretic assembly [18.90] and nanomanipula-
tion [18.91] have been demonstrated for positioning
as-grown nanotubes on electrodes for the construction
of these devices. However, for nanotube-based struc-
tures, nanorobotic assembly is still the only technique
capable of in situ structuring, characterization and as-
sembly. Because the as-fabricated nanocoils are not
free-standing from their substrate, nanorobotic assem-
bly is virtually the only way to incorporate them into
devices at present.

18.4.2 Carbon Nanotubes

Nanotube manipulation in two dimensions on a surface
was first performed with an AFM by contact pushing
on a substrate. Figure 18.7 shows the typical meth-
ods for 2-D pushing. Although similar to that shown
in Fig. 18.4b, the same manipulation caused various
results because nanotubes cannot be regarded as 0-D
points. The first demonstration was given by Lieber
and coworkers for measuring the mechanical properties
of a nanotube [18.66]. They used the method shown
in Fig. 18.7b, i. e., bending a nanotube by pushing on
one end of it and fixing the other end. The same strat-
egy was used for the investigation of the behaviors
of nanotubes under large strain [18.92]. Dekker and
coworkers applied the strategies shown in Fig. 18.7c,d
to get a kinked junction and crossed nanotubes [18.93,
94]. Avouris and coworkers combined this technique
with an inverse process, namely straightening by push-

ing along a bent tube, and realized the translation of
the tube to another location [18.95] and between two
electrodes to measure the conductivity [18.96], and
to form a field-effect transistor (FET) [18.97]. This
technique was also used to place a tube on another
tube to form a single electron transistor (SET) with
cross-junction of nanotubes [18.98]. Pushing-induced
breaking (Fig. 18.7d) has also been demonstrated for
an adsorbed nanotube [18.95] and a freely suspended
SWNT rope [18.72]. The simple assembly of two bent
tubes and a straight one formed the Greek letter � .

Probe

Probe

Probe

Probe

Substrate

Substrate

Substrate

SubstrateSubstrate

Substrate

a) b)

c) d)

e) f)

Fig. 18.7a–f 2-D manipulation of CNTs. Starting from the original
state shown in (a), pushing the tube at a different site with a different
force may cause the tube to deform as in (b) and (c), to break as
in (d), or to move as in (e) and (f). (a) Original state, (b) bending,
(c) kinking, (d) breaking, (e) rolling, (f) sliding
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To investigate the dynamics of rolling at the atomic
level, rolling and sliding of a nanotube (as shown in
Fig. 18.7e,f) are performed on graphite surfaces using
an AFM [18.99, 100].

Manipulation of CNTs in 3-D space is important for
assembling CNTs into structures and devices. The basic
techniques for the nanorobotic manipulation of carbon
nanotubes are shown in Fig. 18.8 [18.101]. These serve
as the basis for handling, structuring, characterizing and
assembling NEMS.

The basic procedure is to pick up a single tube from
nanotube soot, Fig. 18.8a. This has been shown first
by using dielectrophoresis [18.34] through nanorobotic

Probe Probe ProbeProbe

Probe

Probe Probe

1 μm
1 μm

1 μm

100 nm10 nm

100 nm1 μm 100 nm

Probe

Substrate Substrate Substrate Substrate

Substrate Substrate Substrate Substrate

CNT
soot

CNTs

a) Original state b) Picking up by dielectro-
     phoresis

c) Picking up by vdW
     forces

d) Picking up by EBID

e) Bending f) Buckling g) Stretching/breaking h) Connecting/bonding

Fig. 18.8a–h Nanorobotic manipulation of CNTs. The basic technique is to pick up an individual tube from CNT
soot (a) or from an oriented array; (b) shows a free-standing nanotube picked up by dielectrophoresis generated by
a nonuniform electric field between the probe and substrate, (c) (after [18.102]) and (d) show the same manipulation by
contacting a tube with the probe surface or fixing (e.g., with EBID) a tube to the tip (inset shows the EBID deposit). Ver-
tical manipulation of nanotubes includes bending (e), buckling (f), stretching/breaking (g), and connecting/bonding (h).
All examples with the exception of (c) are from the authors’ work

manipulation (Fig. 18.8b). By applying a bias between
a sharp tip and a plane substrate, a nonuniform electric
field can be generated between the tip and the substrate
with the strongest field near the tip. This field can cause
a tube to orient along the field or further jump to the
tip by electrophoresis or dielectrophoresis (determined
by the conductivity of the objective tubes). Removing
the bias, the tube can be placed at other locations at
will. This method can be used for free-standing tubes
on nanotube soot or on a rough surface on which sur-
face van der Waals forces are generally weak. A tube
strongly rooted in CNT soot or lying on a flat surface
cannot be picked up in this way. The interaction be-
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tween a tube and the atomically flat surface of the AFM
cantilever tip has been shown to be strong enough to
pick up a tube with the tip [18.102] (Fig. 18.8c). By us-
ing EBID, it is possible to pick up and fix a nanotube
onto a probe [18.103] (Fig. 18.8d). For handling a tube,
a weak connection between the tube and the probe is
desired.

Bending and buckling a CNT as shown in
Fig. 18.8e,f are important for in situ property charac-
terization of a nanotube [18.104, 105], which is a sim-
ple way to get the Young’s modulus of a nanotube
without damaging the tube (if performed within its
elastic range) and, hence, can be used for the selec-
tion of a tube with desired properties. The process is
shown in Fig. 18.9a. The left figure shows an indi-
vidual MWNT, whereas the right four show a bundle
of MWNTs being buckled. Figure 18.9b depicts the
property curve of the elastic and plastic deformations
of the MWNT (¿133 nm� 6:055�m), where d and F
are the axial deformation and buckling force, as shown
in Fig. 18.9a (top). By using the model and analysis
method presented in [18.55], the flexural rigidity of the
MWNT bundle shown in Fig. 18.9a (bottom) is found
to be EI D 2:086�10�19 ŒNm2�. This result suggests
that the diameter of the nanotube is 46:4 nm if the the-
oretical value of the Young’s modulus of the nanotube
E D 1:26 TPa is used. The SEM image shows that the
bundle of nanotubes includes at least three single ones
with diameters of 31, 34, and 41 nm. Hence, it can be
determined that there must be damaged parts in the bun-
dle because the stiffness is too low, and it is necessary
to select another one without defects. By buckling an
MWNT over its elastic limit, a kinked structure can
be obtained. After three loading/releasing rounds, as
shown in Fig. 18.9b, a kinked structure is obtained, as
shown in Fig. 18.10a [18.106]. To obtain any desired
angle for a kinked junction it is possible to fix the shape

Release 1
Release 2
Release 3

Compress 1
Compress 2
Compress 3

a) b)  Deformation d (nm)F

d

AFM
cantilever

Substrate

dp2 = 178 nm

dp3 = 329 nm

dp1 = 395 nm

Stable Instable

Force F (nN)

Elastic

0 3 6 9 12 15 18

Plastic
2500

2000

1500

1000

500

0

MWNT
∅ 133 nm ×
6.055 μm

Fig. 18.9a,b In-situ mechan-
ical property characterization
of a nanotube by buckling it
(scale bars: 1�m). (a) Pro-
cess of buckling, (b) elastic
and plastic properties of an
MWNT

of a buckled nanotube within its elastic limit by using
EBID (Fig. 18.10b) [18.107]. For a CNT, the maximum
angular displacement will appear at the fixed left end
under pure bending or at the middle point under pure
buckling. A combination of these two kinds of loads
will achieve a controllable position of the kink point
and a desired kink angle � . If the deformation is within
the elastic limit of the nanotube, it will recover as the
load is released. To avoid this, EBID can be applied at
the kink point to fix the shape.

Stretching a nanotube between two probes or
a probe and a substrate has generated several inter-
esting results (Fig. 18.8g). The first demonstration
of 3-D nanomanipulation of nanotubes took this as
an example to show the breaking mechanism of an
MWNT [18.33], and to measure the tensile strength of
CNTs [18.71]. By breaking an MWNT in a controlled
manner, interesting nanodevices have been fabricated.
This technique – destructive fabrication – has been
presented to get sharpened and layered structures of
nanotubes and to improve control of the length of nano-
tubes [18.108]. Typically, a layered and a sharpened
structure can be obtained from this process, similar
to that achieved from electric pulses [18.109]. Bear-
ing motion has also been observed in an incompletely
broken MWNT (Fig. 18.11). As shown in Fig. 18.11a,
an MWNT is supported between a substrate (left end)
and an AFM cantilever (right end). Figure 18.11b
shows a zoomed image of the centrally blocked part of
Fig. 18.11a, and the inset shows its structure schemat-
ically. It can be found that the nanotube has a thinner
neck (part B in Fig. 18.11b) that was formed by de-
structive fabrication, i. e., by moving the cantilever to
the right. To move it further in the same direction,
a motion like a linear bearing is observed, as shown
in Fig. 18.11c and schematically by the inset. By com-
paring Fig. 18.11b,c, we find that part B remained
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a) b)
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3.055 μm

3.000 μm 164°
138.42°
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d

d

θ

θ

Fx

Fy

100 nm

1 μm

Fig. 18.10a,b Shape modification. (a) Kinked structure of
a MWNT through plastic deformation, (b) shape modifications of
a MWNT by elastic bending and buckling deformation and shape
fixing through EBID

unchanged in its length and diameter, while its two ends
brought out two new parts I and II from parts A and B,
respectively. Part II has uniform diameter (¿ 22 nm),
while part I is a tapered structure with a smallest di-
ameter of ¿ 25 nm. The interlayer friction has been
predicted to be very small [18.110], but direct measure-
ment of the friction remains a challenging problem.

a)

b)

c)

100 nm

100 nm

A

1 μm

Cantilever

Substrate

494 nm

B ∅20 nm

B
∅20 nm

AII
∅22 nm

II
> ∅22 nm

C
∅32 nm

C
∅25
nm

320 nm

494 nm564 nm 555 nm

Fig. 18.11a–c Destructive fabrication
of a MWNT and its bearing-like
motion

The reverse process, namely the connection of bro-
ken tubes (Fig. 18.8h), has been demonstrated recently,
and the mechanism is revealed as rebonding of unclosed
dangling bonds at the ends of broken tubes [18.111].
Based on this interesting phenomenon, mechanochemi-
cal nanorobotic assembly has been performed [18.112].

Assembly of nanotubes is a fundamental technology
for enabling nanodevices. The most important tasks in-
clude the connection of nanotubes and placing of nano-
tubes onto electrodes. Pure nanotube circuits [18.113–
115] created by interconnecting nanotubes of differ-
ent diameters and chirality could lead to further size
reductions in devices. Nanotube intermolecular and
intramolecular junctions are basic elements for such
systems. An intramolecular kink junction behaving like
a rectifying diode has been reported [18.116]. Room-
temperature (RT) SETs [18.117] have been shown with
a short (� 20 nm) nanotube section that is created by
inducing local barriers into the tube with an AFM, and
Coulomb charging has been observed. With a cross-
junction of two SWNTs (semiconducting/metallic),
three- and four-terminal electronic devices have been
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made [18.118]. A suspended cross-junction can func-
tion as electromechanical nonvolatile memory [18.119].

Although some kinds of junctions have been synthe-
sized with chemical methods, there is no evidence yet
showing that a self-assembly-based approach can pro-
vide more complex structures. SPMs were also used to
fabricate junctions, but they are limited to a 2-D plane.
We have presented 3-D nanorobotic manipulation-
based nanoassembly, which is a promising strategy,
both for the fabrication of nanotube junctions and for
the construction of more complex nanodevices with
such junctions as well.

Nanotube junctions can be classified into differ-
ent types by: the kind of components – SWNTs or
MWNTs; geometric configuration – V (kink), I, X-
(cross), T-, Y- (branch), and 3-D junctions; conductiv-
ity – metallic or semiconducting; and connection meth-
ods – intermolecular (connected with van der Waals
force, EBID, etc.) or intramolecular (connected with
chemical bonds) junctions. Here we show the fabrica-
tion of several kinds of MWNT junctions by emphasiz-
ing the connection methods. These methods will also be
effective for SWNT junctions. Figure 18.12 shows CNT
junctions constructed by connecting with van der Waals
forces (a), joining by electron-beam-induced deposi-
tion (b), and bonding through mechanochemistry (c).

MWNT junctions connected with van der Waals
forces are the basic forms of junctions. To fabricate
such junctions, the main process is to position two or
more nanotubes together with nanometer resolution;
they will then be connected naturally by intermolecu-
lar van der Waals forces. Such junctions are mainly for
structures where contact rather than strength is empha-
sized. Placing them onto a surface can make them more
stable. In some cases, when lateral movement along the
surface of nanotubes is desired while keeping them in
contact, van der Waals-type connections are the only
ones that are suitable.

Figure 18.12a shows a T-junction connected with
van der Waals forces, which is fabricated by positioning

a) c)b)

100 nm × 27 000 1 μm

Push

×70 000  100 nm

EBID
deposit

R1 = 14 nm

R2 = 21 nm

L3 = 2343 nm

Bundle of
MWNTs

100 nm

MWNT (∅20 nm)

MWNT (∅30 nm)

Fig. 18.12a–c MWNT junctions. (a) MWNTs connected with van der Waals force. (b) MWNTs joined with EBID.
(c)MWNTs bonded with a mechanochemical reaction

the tip of an MWNT onto another MWNT until they
form a bond. The contact is checked by measuring the
shear connection force.

EBID provides a soldering method to obtain
stronger nanotube junctions than those connected
through van der Waals forces. Hence, if the strength
of nanostructures is emphasized, EBID can be applied.
Figure 18.12b shows an MWNT junction connected
through EBID, in which the upper MWNT is a sin-
gle one with a diameter of 20 nm and the lower one
is a bundle of MWNTs with an extruded single CNT
with ¿30 nm. The development of conventional EBID
has been limited by the expensive electron filament
used and low productivity. We have presented a paral-
lel EBID system by using CNTs as emitters because
of their excellent field-emission properties [18.120,
121]. The feasibility of parallel EBID is presented. It
is a promising strategy for large-scale fabrications of
nanotube junctions. Similar to its macro counterpart,
welding, EBID works by adding material to obtain
stronger connections, but in some cases, added material
might influence normal functions for nanosystems. So,
EBID is mainly applied to nanostructures rather than
nanomechanisms.

To construct stronger junctions without adding ad-
ditional material, mechanochemical nanorobotic as-
sembly is an important strategy. Mechanochemical
nanorobotic assembly is based on solid-phase chem-
ical reactions, or mechanosynthesis, which is defined
as chemical synthesis controlled by mechanical sys-
tems operating with atomic-scale precision, enabling
direct positional selection of reaction sites [18.4]. By
picking up atoms with dangling bonds rather than nat-
ural atoms only, it is easier to form primary bonds,
which provides a simple but strong connection. De-
structive fabrication provides a way to form dangling
bonds at the ends of broken tubes. Some of the dangling
bonds may close with neighboring atoms, but generally
a few bondswill remain dangling. A nanotubewith dan-
gling bonds at its end will bind more easily to another
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to form intramolecular junctions. Figure 18.12c shows
such a junction. An MWNT (length L1 D 1329nm, di-
ameter D1 D 42 nm) is placed between a substrate and
an AFM cantilever with a CNT tip, and the two ends are
fixed. By pulling the two ends of the MWNT, it is bro-
ken into two parts. By pushing the two nanotubes head
to head close enough, a new one is formed. To test the
strength of this nanotube, it was broken again. The fact
that the nanotube breaks at a different site suggests that
the tensile strength of the connected nanotubes is not
weaker than that of the original nanotube itself. We have
determined that no type of connection based on van der
Waals interactions can provide such a strong connec-
tion strength [18.112]. Also, we have shown that, from
the measured tensile strength (1:3 TPa), chemical bonds
must have been formed when the junction formed, and
that these are most likely to be covalent bonds (sp2-
hybrid type, as in a nanotube).

3-D nanorobotic manipulation has opened a new
route for structuring and assembly nanotubes into nano-
devices. However, at present nanomanipulation is still
performed in a serial manner with master–slave control,
which is not a large-scale production-oriented tech-
nique. Nevertheless, with advances in the exploration
of mesoscopic physics, better control of the synthe-
sis of nanotubes, more accurate actuators, and effective
tools for manipulation, high-speed and automatic nano-
assembly will be possible. Another approach might be
parallel assembly by positioning building blocks with
an array of probes [18.122] and joining them together
simultaneously, e.g., with the parallel EBID [18.103]
approach we presented. Further steps might progress
towards exponential assembly [18.123], and in the far
future to self-replicating assembly [18.4].

18.4.3 Nanocoils

The construction of nanocoil-based NEMS involves the
assembly of as-grown or as-fabricated nanocoils, which
is a significant challenge from a fabrication standpoint.
Focusing on the unique aspects of manipulating nano-
coils due to their helical geometry, high elasticity, single
end fixation, and strong adhesion to the substrate from
wet etching, a series of new processes is presented using
a manipulator (MM3A, Kleindiek) installed in an SEM
(Zeiss DSM962). As-fabricated SiGe/Si bilayer nano-
coils are shown in Fig. 18.13. Special tools have been
fabricated including a nanohook prepared by controlled
tip-crashing of a commercially available tungsten sharp
probe (Picoprobe T-4-10-1mm and T-4-10) onto a sub-
strate, and a sticky probe prepared by tip dipping into
a double-sided SEM silver conductive tape (Ted Pella,
Inc.). As shown in Fig. 18.14, experiments demon-
strate that nanocoils can be released from a chip by

a) Nanocoils

b) Model
t = 20 nm

200 μm 50 μm

D = 3.4 μm

Fig. 18.13a,b As-fabricated nanocoils with a thickness of
t D 20 nm (without Cr layer) or 41 nm (with Cr layer). Di-
ameter: D D 3:4�m

lateral pushing, picked up with a nanohook or a sticky
probe, and placed between the probe/hook and another
probe or an AFM cantilever (Nanoprobe, NP-S). Ax-
ial pulling/pushing, radial compressing/releasing, and
bending/buckling have also been demonstrated. These
processes have shown the effectiveness of manipulation
for the characterization of coil-shaped nanostructures
and their assembly for NEMS, which have been oth-
erwise unavailable.

Configurations of nanodevices based on individual
nanocoils are shown in Fig. 18.15. Cantilevered nano-
coils as shown in Fig. 18.15a can serve as nanosprings.
Nanoelectromagnets, chemical sensors and nanoinduc-
tors involve nanocoils bridged between two electrodes,
as shown in Fig. 18.15b. Electromechanical sensors
can use a similar configuration but with one end con-
nected to a moveable electrode, as shown in Fig. 18.15c.
Mechanical stiffness and electric conductivity are fun-
damental properties for these devices that must be
further investigated.

As shown in Fig. 18.14h, axial pulling is used to
measure the stiffness of a nanocoil. A series of SEM
images are analyzed to extract the AFM tip displace-
ment and the nanospring deformation, i. e., the relative
displacement of the probe from the AFM tip. From this
displacement data and the known stiffness of the AFM
cantilever, the tensile force acting on the nanospring
versus the nanospring deformation was plotted. The de-
formation of the nanospring was measured relative to
the first measurement point. This was necessary be-
cause proper attachment of the nanospring to the AFM
cantilever must be verified. Afterwards, it was not pos-
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a) b) c) d)

e) f) g) h)

F

F

F
FF

F

F

Fig. 18.14a–h Nanorobotic manipulation of nanocoils: (a) original state, (b) compressing/releasing, (c) hooking, (d) lat-
eral pushing/breaking, (e) picking, (f) placing/inserting, (g) bending, and (h) pushing and pulling

sible to return to the point of zero deformation. Instead,
the experimental data, as presented in Fig. 18.15d, has
been shifted such that, with the calculated linear elas-
tic spring stiffness, the line begins at zero force and
zero deformation. From Fig. 18.15d, the stiffness of the
spring was estimated to be 0:0233N=m. The linear elas-
tic region of the nanospring extends to a deformation
of 4:5�m. An exponential approximation was fitted to
the nonlinear region. When the applied force reached
0:176�N, the attachment between the nanospring and
the AFM cantilever broke. Finite element simulation
(ANSYS 9.0) was used to validate the experimen-
tal data [18.84]. Since the exact region of attachment
cannot be identified according to the SEM images, sim-
ulations were conducted for 4, 4.5, and 5 turns to get
an estimate of the possible range, given that the ap-
parent number of turns of the nanospring is between
4 and 5. The nanosprings in the simulations were fixed
on one end and had an axial load of 0:106�N applied
to the other end. The simulation results for the spring
with 4 turns yield a stiffness of 0:0302N=m; for the
nanospring with 5 turns it is 0:0191N=m. The mea-
sured stiffness falls into this range at 22:0% above the
minimum value and 22:8% below the maximum value,

and very close to the stiffness of a 4.5 turn nanospring,
which has a stiffness of 0:0230N=m according to the
simulation.

Figure 18.15e shows the results from electrical char-
acterization experiments on a nanospring with 11 turns
using the configuration as shown in Fig. 18.14g. The
I–V curve is nonlinear, which may be caused by the
resistance change of the semiconductive bilayer due
to ohmic heating. Another possible reason is the de-
crease in contact resistance caused by thermal stress.
The maximum current was found to be 0:159mA un-
der an 8:8V bias. Higher voltage causes the nanospring
to blow off. From the fast scanning screen of the SEM,
the extension of the nanospring on the probes was ob-
served around the peak current so that the current does
not drop abruptly. At 9:4V, the extended nanospring is
broken down, causing an abrupt drop in the I–V curve.

From fabrication and characterization results, the
helical nanostructures appear to be suitable to function
as inductors. They would allow further miniaturization
compared to state-of-the-art microinductors. For this
purpose, higher doping of the bilayer and an additional
metal layer would result in the required conductance.
Conductance, inductance, and quality factor can be
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b) Bridged (fixed)a) Cantilevered

Force (μN) Current (mA)
d) Stiffness characterization of nanocoils e) I–V curve of a 11turn nanocoil

c) Bridged (moveable)
ElectrodesElectrodeElectrode

Deformation (μm) Voltage (V)

0.18

0.16

0.14

0.12

0.1

0.08

0.06

0.04

0.02

0

0.16

0.14

0.12

0.1

0.08

0.06

0.04

0.02

0
0 0 2 4 6 8 101 2 3 4 5 6

F = 0.0233 d

F = 0.018 e0.3886d

Linear deformation
Nonlinear deformation
Linear curve fit
Exponential curve fit

Fig. 18.15a–e Nanocoil-based devices. Cantilevered nanocoils (a) can serve as nanosprings. Nanoelectromagnets, chem-
ical sensors, and nanoinductors involve nanocoils bridged between two electrodes (b). Electromechanical sensors can use
a similar configuration but with one end connected to a moveable electrode (c). Mechanical stiffness (d) and electric con-
ductivity (e) are basic properties of interest for these devices

further improved if, after curling up, additional metal
is electroplated onto the helical structures. Moreover,
a semiconductive helical structure, when functional-
ized with binding molecules, can be used for chemical
sensing using the same principle as demonstrated with

other types of nanostructures [18.124]. With bilayers
in the range of a few monolayers, the resulting struc-
tures would exhibit a very high surface-to-volume ratio
with the whole surface exposed to an incoming ana-
lyst.

18.5 Applications

Material science, biotechnology, electronics, and me-
chanical sensing and actuation will benefit from
advances in nanorobotics. Research topics in bio-
nanorobotics include the autonomous manipulation
of single cells or molecules, the characterization of
biomembrane mechanical properties using nanorobotic
systems with integrated vision and force-sensing mod-
ules, and more. The objective is to obtain a fundamental
understanding of single-cell biological systems and
provide characterized mechanical models of biomem-
branes for deformable cell tracking during biomanip-
ulation and cell injury studies. Robotic manipulation
at nanometer scales is a promising technology for
structuring, characterizing and assembling nanobuild-
ing blocks into NEMS. Combined with recently devel-
oped nanofabrication processes, a hybrid approach is
realized to build NEMS and other nanorobotic devices

from individual carbon nanotubes and SiGe/Si nano-
coils.

18.5.1 Robotic Biomanipulation

Biomanipulation – Autonomous Robotic
Pronuclei DNA Injection

To improve the low success rate of manual operation,
and to eliminate contamination, an autonomous robotic
system (shown in Fig. 18.16) has been developed to
deposit DNA into one of the two nuclei of a mouse
embryo without inducing cell lysis [18.125, 126]. The
laboratory’s experimental results show that the success
rate for the autonomous embryo pronuclei DNA injec-
tion is dramatically improved over manual conventional
injection methods. The autonomous robotic system fea-
tures a hybrid controller that combines visual servoing
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Inverted microscopeCell holding unit

35°

Readout circuit board with a wire bonded force sensor

3-DOF-microrobot

Fig. 18.16 Robotic biomanipulation system with vision
and force feedback

and precision position control, pattern recognition for
detecting nuclei, and a precise autofocusing scheme.
Figure 18.17 illustrates the injection process.

To realize large-scale injection operations, a MEMS
cell holder was fabricated using anodic wafer-bonding
techniques. Arrays of holes are aligned on the cell
holder, which are used to contain and fix individual cells
for injection. When well-calibrated, the system with the
cell holder makes it possible to inject large numbers of

a) b)

20 μm 20 μm Fig. 18.17a,b Cell injection process.
(a,b) Cell injection of a mouse oocyte

800 μm 35 ×

Curved spring

Movable structure

y x

5 μm

20 μm 1000 × 20 μm 1000 × Fig. 18.18 A cellular force sensor
with orthogonal comb drives detailed

cells using position control. The cell-injection operation
can be conducted in a move–inject–move manner.

Successful injection is determined greatly by in-
jection speed and trajectory, and the forces applied to
cells (Figure 18.17). To further improve the robotic
system’s performance, a multi-axial MEMS-based ca-
pacitive cellular force sensor is being designed and
fabricated to provide real-time force feedback to the
robotic system. The MEMS cellular force sensor also
aids our research in biomembrane mechanical property
characterization.

MEMS-Based Multi-Axis Capacitive Cellular
Force Sensor

The MEMS-based two-axis cellular force sen-
sor [18.127] shown in Fig. 18.18 is capable of resolving
normal forces applied to a cell as well as tangential
forces generated by improperly aligned cell probes.
A high-yield microfabrication process was developed
to form the 3-D high-aspect-ratio structure using deep
reactive ion etching (DRIE) on silicon-on-insulator
(SOI) wafers. The constrained outer frame and the
inner movable structure are connected by four curved
springs. A load applied to the probe causes the inner
structure to move, changing the gap between each pair
of interdigitated comb capacitors. Consequently, the
total capacitance change resolves the applied force. The
interdigitated capacitors are orthogonally configured to
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make the force sensor capable of resolving forces in
both the x- and y-directions. The cellular force sensors
used in the experiments are capable of resolving forces
up to 25�N with a resolution of 0:01�N.

Tip geometry affects the quantitative force mea-
surement results. A standard injection pipette (Cook
K-MPIP-1000-5) tip section with a tip diameter of 5�m
is attached to the probe of the cellular force sensors.

The robotic system and high-sensitivity cellular
force sensor are also applied to biomembrane mechan-
ical property studies [18.128]. The goal is to obtain
a general parameterized model describing cell mem-
brane deformation behavior when an external load is
applied. This parameterized model serves two chief
purposes. First, in robotic biomanipulation, it allows
online parameter recognition so that cell membrane
deformation behavior can be predicted. Second, for
a thermodynamic model of membrane damage in cell
injury and recovery studies, it is important to appreciate
the mechanical behavior of the membranes. This allows
the interpretation of such reported phenomena as me-
chanical resistance to cellular volume reduction during
dehydration, and its relationship to injury. The estab-
lishment of such a biomembrane model will greatly
facilitate cell injury studies.

Experiments demonstrate that robotics and MEMS
technology can play important roles in biological stud-
ies such as automating biomanipulation tasks. Aided
by robotics, the integration of vision and force-sensing
modules, andMEMS design and fabrication techniques,
investigations are being conducted in biomembraneme-
chanical property modeling, deformable cell tracking,
and single-cell and biomolecule manipulation.

18.5.2 Nanorobotic Devices

Nanorobotic devices involve tools, sensors, and actua-
tors at the nanometer scale. Shrinking device size makes
it possible to manipulate nanosized objects with nano-
sized tools, measure mass in femtogram ranges, sense
force at piconewton scales, and induce GHz motion,
among other amazing advancements.

Top-down and bottom-up strategies for manufactur-
ing such nanodevices have been independently investi-
gated by a variety of researchers. Top-down strategies
are based on nanofabrication and include technologies
such as nanolithography, nanoimprinting, and chemical
etching. Presently, these are 2-D fabrication processes
with relatively low resolution. Bottom-up strategies are
assembly-based techniques. At present, these strate-
gies include such techniques as self-assembly, dip-pen
lithography, and directed self-assembly. These tech-
niques can generate regular nanopatterns at large scales.
With the ability to position and orient nanometer-

scale objects, nanorobotic manipulation is an enabling
technology for structuring, characterizing and assem-
bling many types of nanosystems [18.101]. By com-
bining bottom-up and top-down processes, a hybrid
nanorobotic approach (as shown in Fig. 18.19) based
on nanorobotic manipulation provides a third way to
fabricate NEMS by structuring as-grown nanomaterials
or nanostructures. This new nanomanufacturing tech-
nique can be used to create complex 3-D nanodevices
with such building blocks. Nanomaterial science, bio-
nanotechnology, and nanoelectronics will also benefit
from advances in nanorobotic assembly.

The configurations of nanotools, sensors, and ac-
tuators based on individual nanotubes that have been
experimentally demonstrated are summarized as shown
in Fig. 18.20.

For detecting deep and narrow features on a surface,
cantilevered nanotubes (Fig. 18.20a, [18.103]) have
been demonstrated as probe tips for an AFM [18.129],
an STM and other types of SPM. Nanotubes pro-
vide ultrasmall diameters, ultralarge aspect ratios, and
excellent mechanical properties. Manual assembly, di-
rect growth [18.130] and nanoassembly [18.131] have
proven effective for their construction. Cantilevered na-
notubes have also been demonstrated as probes for the
measurement of ultrasmall physical quantities, such as
femtogram masses [18.67], mass flow sensors [18.132],
and piconewton-order force sensors [18.133] on the
basis of their static deflections or change of resonant
frequencies detected within an electron microscope.
Deflections cannot be measured from micrographs in
real time, which limits the application of this kind of
sensor. Interelectrode distance changes cause emission
current variation of a nanotube emitter and may serve
as a candidate to replace microscope images.

Bridged individual nanotubes (Fig. 18.20b,
[18.134]) have been the basis for electric character-
ization. A nanotube-based gas sensor adopted this
configuration [18.135].

Opened nanotubes (Fig. 18.20c, [18.136]) can serve
as an atomic or molecular container. A thermometer
based on this structure has been shown by monitor-
ing the height of the gallium inside the nanotube using
TEM [18.137].

Bulk nanotubes can be used to fabricate actu-
ators based on charge-injection-induced bond-length
change [18.138], and, theoretically, individual nano-
tubes also work on the same principle. Electrostatic
deflection of a nanotube has been used to construct
a relay [18.139]. A new family of nanotube actua-
tors can be constructed by taking advantage of the
ultralow inter-layer friction of a multiwalled nanotube.
Linear bearings based on telescoping nanotubes have
been demonstrated [18.110]. Recently, a micro actu-
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ator with a nanotube as a rotation bearing has been
demonstrated [18.140]. A preliminary experiment on
a promising nanotube linear motor with field emission
current serving as position feedback has been shown
with nanorobotic manipulation (Fig. 18.20d, [18.136]).

Cantilevered dual nanotubes have been demon-
strated as nanotweezers [18.141] and nanoscissors
(Fig. 18.20e, [18.91]) by manual and nanorobotic as-
sembly, respectively.

Based on electric resistance change under differ-
ent temperatures, nanotube thermal probes (Fig. 18.20f)
have been demonstrated for measuring the tempera-
ture at precise locations. These thermal probes are
more advantageous than nanotube-based thermome-
ters because the thermometers require TEM imaging.
The probes also have better reproducibility than de-
vices based on dielectrophoretically assembled bulk
nanotubes [18.142]. Gas sensors and hot-wire-based

a) Cantilevered b) Bridged c) Opened d) Telescoping

e) Parallel f) Crossed g) Vertical array h) Lateral array

Electrodes

Electrode(s)

CNTs

CNTs

Electrode(s)

Electrode(s)

Electrode

CNT

CNT

Electrode

Electrode

Electrode

Support/cathode Support/cathodeSupport/Cathode

CNTCNT

CNT

CNT

100 nm 1 μm 200 nm

1 μm1 μm 20 μm

100 nm

300 nm

1 μm

CNT MWNT

Fig. 18.20a–h Configurations of individual nanotube-based NEMS. Scale bars: (a) 1�m (inset: 100 nm), (b) 200 nm,
(c) 1�m, (d) 100 nm, (e) and (f) 1�m, (g) 20�m, and (h) 300 nm. All examples are from the authors’ work

NEMSNA/NFNF/NA
PC PCPC

Nanomaterials/
structures

Nanomanipulation

Hybrid approach

Fig. 18.19 Hybrid approach to NEMS (PC: property characteriza-
tion, NF: nanofabrication, NA: nanoassembly)

mass-flow sensors can also be constructed in this con-
figuration rather than a bridged one.

The integration of these devices can be realized us-
ing the configurations shown in Figs. 18.20g [18.143]
and 18.20h [18.90]. Arrays of individual nanotubes can
also be used to fabricate nanosensors, such as position
encoders [18.144].
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Nanotube-based NEMS remains a rich research
field with a large number of open problems. New ma-
terials and effects at the nanoscale will enable a new
family of sensors and actuators for the detection and ac-
tuation of ultrasmall quantities or objects with ultrahigh
precision and frequencies. Through random spreading,

direct growth, and nanorobotic manipulation, proto-
types have been demonstrated. However, for integration
into NEMS, self-assembly processes will become in-
creasingly important. Among them, we believe that
dielectrophoretic nanoassembly will play a significant
role for large-scale production of 2-D regular structures.
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