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Robotics in the Small

Part Il: Nanorobotics

n Part I of this tutorial, we focused on the exciting field of

microrobotics [1]. As dimensions go below the micrometer

range, we enter the realm of nanorobotics. At this scale, tech-

nology has been moving toward greater control of the struc-

ture of matter, suggesting the feasibility of achieving thorough
control of molecular structures atom by atom, as Richard Feyn-
man first proposed in 1959 in his prophetic speech on miniatur-
ization [2]: “What I want to talk about is the problem of
manipulating 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 arrange 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 pos-
sibilities, 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.”

Of course, this technology Feynman envisioned is now
labeled nanotechnology. It received its biggest boost in the early
1980s with the invention of the scanning tunneling micro-
scope (STM) at IBM Zurich by Gerd Binnig and Heinrich
Rohrer, an alumnus of our department here at ETH Zurich
[3]. Their invention has radically changed the way in which
we interact with and even regard single atoms and molecules,
and it earned them both a Nobel Prize in 1986. A more gen-
eralized form of the STM called the scanning probe micro-
scope (SPM) now allows us to perform engineering
operations on single molecules, atoms, and bonds, thereby
providing a tool that operates at the ultimate limits of fabrica-
tion. The SPM enables exploration of molecular properties on
an individual nonstatistical basis, and is itself the primary tool
that enabled the field of nanorobotics to emerge.

Nanorobotics (Figure 1) is the study of robotics at the
nanometer scale, and includes robots that are nanoscale in size,
i.e., nanorobots (which have yet to be realized), and large
robots capable of manipulating objects that have dimensions in
the nanoscale range with nanometer resolution, i.e., nanoro-
botic manipulators. Knowledge from mesoscopic physics,
mesoscopic/supramolecular chemistry, and molecular biology
at the nanometer scale converges to form the field (Figure 2).
Various disciplines contribute to nanorobotics, including nano-
material synthesis, nanobiotechnology, and microscopy for
imaging and characterization. Such topics as self-assembly [4],
nanorobotic assembly, and hybrid nanomanufacturing
approaches for assembling nano building blocks into structures,
tools, sensors, and actuators are considered areas of nanorobotic
study. A current focus of nanorobotics is on the fabrication of
nanoelectromechanical systems (NEMS), which may serve as
components for future nanorobots. The main goals of nanoro-
botics are to provide effective tools for the experimental explo-
ration of the nanoworld, and to push the boundaries of this
exploration from a robotics research perspective.

Scaling to the Nanoworld

When studying nanorobotics, we must first develop an under-
standing of the physics that underlies interactions at this scale.
At the microscale, we have seen how the volume effects associ-
ated with inertia, weight, heat capacity, and body forces are
dominated by surface effects associated with friction, heat trans-
fer, and adhesion forces (see the first part of our tutorial on
microrobotics [1]). While most of these scaling laws are still
valid at the nanometer scale, the additional three orders of mag-
nitude in size reduction we need to get into the nanoworld
introduces other effects [5], [6] that in many ways are far more
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Figure 1. A roadmap for nanorobotics.

dramatic. For handling an object at this scale, we not only deal
with intermolecular physical interactions, but also with much
stronger intramolecular/interatomic chemical bonding forces.
Intramolecular and intermolecular forces can dominate the sur-
face forces that we see at the microscale. Although the laws of
classic Newtonian physics may well suffice to describe changes
in behavior down to about 10 nm [7], the change in magnitude
of many important physical properties, such as resonant fre-
quencies, are so great, that completely new applications may
appear. Physical effects and chemical reactions can be induced
on an individual atomic/molecular basis rather than a statistic
one. The most challenging question for nanoroboticists is to
understand and exploit those changes in physical behavior that
occur at the end of the classical scaling range.

Intermolecular and Interatomic Forces

We begin by referring to some characteristic length L. If we
consider the van der Waals force between two molecules with
a separation 7, then the generalized interaction between mole-
cules is given by the Mie pair potential [8]

B

A
E(n=——+ e

. (1)

Note that a repulsive term (positive) as well as an attractive

term (negative) is included. A specific case of the Mie poten-
tial is the Lennard-Jones potential
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where A and B are constants, e.g., for solid argon, A =
8.0 x 10777 Jm® and B = 1.12 x 10713 Jm!'? [9]. In this
potential the attractive contribution is the van der Waals inter-
action potential which varies with the inverse-sixth power of
the distance. The repulsive item is sometimes called the repul-
sive van der Waals potential. The net van der Waals force is
given by

dE
Foow = ——. (3)
dr
If ris scaled as ~ L, the attractive force scales as ~ L7,
and thus its importance dramatically increases at the nanoscale
(Figure 3). The repulsive force scales as ~ L™'3, which is
important only at subnanometer scales. This provides the fun-
damentals physics for atomic force microscopy (AFM). Recall
that for the sphere-halfspace surface pair presented in the
microrobotics tutorial [1], we ignored this term and showed
that the net van der Waals forces scale with separation distance
as ~ L2 when keeping the sphere radius unchanged.
The interatomic equilibrium separation r; can be solved
by setting Fyqw = 0. For solid argon, ry = 0.375 nm. The
potential energy is at a minimum and corresponds to bond

energy —Epong = 1.43 X 10_20J or 0.09eV (electron volts,
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1eV = 1.6022 x 107"]). The maximum value of Fygy is
obtained when d?E/d7” =0, or r= (26B/74)"° = 0.416
nm, as Fyqw, max = 102 pN.

The bond energy of van der Waals induced dipoles (such as
argon solid shown here) is much smaller than electrostatic
interaction based intramolecular ionic bonds (e.g., 3.2 eV for
NaCl rock salt), metallic bonds (e.g., 3.1 €V for metal Cu) or
covalent bonds (e.g., 4 eV for Si and 7.4 ¢V for C (diamond)),
which scale as ~ L2,

When understanding the interactions among small nanome-
ter sized structures, it is important to be aware of the complexi-
ty of the forces with which these objects may interact.

Optics
Optics is used for imaging, characterization and fabrication of
nanorobotic systems. The limitations of optical methods arise
from wave optics, in particular diffraction [6]. When a wave of
wavelength A projects onto an element of linear dimension L,
the reflected wave diverges. The divergence angle is
B~ /L. 4)
Hence, B oc L™!. In microscopy and lithography, when
one irradiates elements with lenses of a fixed numerical aper-
ture (NA = psin B, w is the index of refraction), the resolu-
tion is determined by the minimum diameter of the irradiated
zone, which is given by the classic Rayleigh criterion

21

znusinﬁ. )

Hence, the wavelength required to resolve structures scales
with A. For the sake of simplicity we can approximate i sin 8
by unity and the resolution becomes approximately equal to
about half the wavelength of the incoming light. For green
light in the middle of the visible spectrum, A is about 550 nm,
so the resolution of a good optical microscope (OM) is about
300 nm. This is obviously not small enough for nanoscale
objects. If one wishes to attain L < 100 nm, it becomes nec-
essary to use other radiation sources with shorter wavelengths
such as electron beams.

Based on de Broglie’s wave-particle duality, we relate parti-
cle momentum p to wavelength A of an electron through
Planck’s constant h

A= —.
p

If an electron (rest mass: m) is accelerated by an electrosta-

(6)

tic potential drop eV, the electron wavelength can be

described as [10]
h
2mpe V(1 4+ £

2 2

A=

@)

If we ignore relativistic effects, we can show that the
wavelength of electrons is approximately related to their
energy E by
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where E isin eV and A in nm.

So for a 100-keV electron, we find that A ~4 pm
(0.004 nm), much smaller than an atomic radius. However,
we are nowhere near building microscopes that approach this
wavelength limit of resolution, because we cannot make per-
fect electron lenses, though, many commercially available
transmission electron microscopes (TEMs) have been capable
of resolving individual columns of atoms in crystals since the
mid-1970s [10]. Today, these instruments are routinely used
for nanotechnology.

Quantum Effects

When the size of elements decreases to the nanometer scale,
quantum effects can become important. In most situations
they arise in electronic properties. Quantum effects must be
taken into account as the size of an element L, approaches

mm ——
R Solid State
Physics
pm -
T Molecular Biology
— Physical Chemistry Nanorobotics
| |

f f
1950

Figure 2. A convergence of technologies.
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Figure 3. Intermolecular forces.
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the wavelength associated with electrons A (6)—(8). Under
these conditions, certain nanoparticles, called quantum dots
(QDs), behave as if they were large atoms. Such a system is
sometimes referred to as a zero-dimensional (0-D) system.
Quantum mechanical calculations indicate that the electronic
levels are discrete, just as in an atom (and contrary to a solid in
which the levels are grouped in energy bands). The spacing of
the discrete electronic levels of the quantum dots, Eqp, scale
as Eqp ~ L% [6].

When elements come close together, on the order of
nanometers or below, electrons can hop from one element to
the other by tunneling. The tunnel current density ju,, varies
with distance L as

Jran ™ efaL’ )

where a depends on the height of the electronic barrier. This
effect is important when L is on the order of a few tenths of a
nanometer. This small value determines the rapid decay of the
current with L, which also explains the excellent resolution
of the STM.

Imaging at the Nanoscale

OMs have enhanced our knowledge in biology, biomedical
research, medical diagnostics and materials science. OMs can
magnify objects up to ~1,000 times but cannot provide a res-
olution better than 200 nm due to diffraction limits. This is
far beyond the most features of interest at the nanoscale, such
as the distance between two atoms in a solid (around 0.2 nm).
Recently developed scanning near-field OMs (SNOM) use
fiber-optic scattering probes and have achieved spatial resolu-

tions in the 20-nm range. Recently reported far-field
approaches for optical microscopy have enabled theoretically
unlimited spatial resolution of fluorescent biomolecular com-
plexes. However, imaging tools commonly used in nanoro-
botics are mainly electron and scanning probe microscopes
(SPM), shown schematically in Figure 4.

TEMs [Figure 4(b)], like all electron microscopes, use high
energy electrons as a radiation source. Because electrons are
much more strongly scattered by a gas than light, optical paths
must be evacuated to a pressure better than 107" Pa. Typical
resolution for a TEM can reach the atomic scale down to
about 1 A (0.1 nm). The TEM detects electrons that pass
through a given sample, resembling an OM [Figure 4(a)]. The
electron gun of the TEM operates at high energy levels of
between 50 and 1,000 kV. In order for proper imaging to take
place, the sample must be very thin so that electrons from the
beam can pass through the specimen. Electrons that do not
pass through the sample cannot be detected, so sample prepa-
ration is a critical part of the imaging process. TEMs produce
images that are two-dimensional (2-D) in appearance.

The first scanning electron microscope (SEM) [Figure 4(c)]
became commercially available in 1966, 34 years after the
invention of the TEM by Knoll and Ruska. SEMs do not
require thin samples and can observe a much larger area of the
specimen surface. SEMs have been a valuable resource for
viewing samples at a much higher resolution and depth of
field than typical OMs. Conventional SEMs can resolve fea-
tures to the nanometer scale (~1 nm). Unlike conventional
OMs, SEMs have a high depth of field which gives imaged
samples a three-dimensional (3-D) appearance. Early SEMs
were limited to viewing conductive samples. However, many
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Figure 4. Imaging at the nanometer scale, (a) Optical Microscope, (b) Transmission Electron Microscope, (c) Scanning Electron
Microscope, (d) Scanning Tunneling Microscopy, and (e) Atomic Force Microscope.
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of today’s SEMs can image nonconductive samples in addition
to conductive samples using variable pressure chambers.

Similar to the TEM, the STM [3] can also resolve speci-
mens down to the atomic scale. The scanning probe of the
STM is comprised of a noble metal sharpened to an atomic
sized tip, which is mounted on a piezoelectrically driven lin-
ear stage [Figure 4(d)]. The STM makes use of the above-
mentioned quantum mechanical effect, tunneling, and has
Angstrom-scale resolution [3].

One shortcoming of the STM is that it requires conductive
probe tips and samples to work properly. The AFM [Figure
4(e)] was developed in order to view nonconductive samples,
giving it a wider applicability than the STM. In addition to
imaging nonconductive samples, the AFM can also image sam-
ples immersed in liquid, which is useful for biological applica-
tions. The AFM has three main modes of operation known as
contact mode, noncontact mode, and tapping mode.

Unlike the SEM and TEM, both the STM and AFM do
not require a vacuum environment in order to function.
However, a high vacuum is advantageous in order to keep the
samples from becoming contaminated from the surrounding
environment as well as for controlling humidity. In addition,
atomic resolution in air is not possible with an AFM due to
humidity. As a result of humidity, a water film is formed and
creates capillary forces. This can be solved by operating in a
vacuum or completely immersed in a liquid solution.

Nanorobotic Manipulation

Robotic manipulation at the nanometer scale is a promising
technology for handling, structuring, characterizing, and
assembling nano building blocks into NEMS.

Strategies for Nanomanipulation

The first nanomanipulation experiment was performed by
Eigler and Schweizer in 1990 [11]. They used an STM
operating at low temperatures (4 K) to position individual
xenon atoms on a single-crystal nickel surface with atomic
precision. The manipulation enabled them to fabricate rudi-
mentary structures of their own design, atom by atom. The
result is the famous set of images showing how 35 atoms
were moved to form the three-letter logo IBM, demonstrat-
ing that matter could indeed be maneuvered atom by atom
as Feynman suggested [2].

A nanomanipulation system generally includes nanomanip-
ulators as the positioning device, microscopes 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 properties of the objects. Key technologies for nanoma-
nipulation include observation, actuation, measurement, sys-
tem design and fabrication, calibration and control,
communication, and human-machine interface.

Strategies for nanomanipulation are determined by the
necessary environment—air, liquid or vacuum—which is fur-
ther determined by the properties and size of the objects. In
order to observe objects, STMs can provide subangstrom
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Nanorobotics is the study of
robotics at the nanometer scale.

imaging resolution, whereas AFMs can provide atomic resolu-
tions. Both can obtain 3-D surface topology. Because AFMs
can be used in an ambient environment, they provide a pow-
erful tool for biomanipulation in a liquid environment. The
resolution of SEMs is limited to about 1 nm, whereas field-
emission SEMs (FESEM) can achieve higher resolutions.
SEM/FESEM can be used for 2-D real-time observation for
both the objects and end-effectors of manipulators, and large
ultra high vacuum (UHV) sample chambers provide enough
space to contain an nanorobotica manipulator (NRM) with
many degrees-of-freedom (DoF) for 3-D nanomanipulation.
However, the 2-D nature of the SEM image makes position-
ing along the electron-beam direction difficult. High-resolu-
tion TEM (HRTEM) can provide atomic resolution.
However, the narrow UHV specimen chamber makes it diffi-
cult to incorporate large manipulators.

Nanomanipulation processes can be broadly classified into
three types: 1) lateral noncontact, 2) lateral contact, and 3) verti-
cal manipulation. Generally, lateral noncontact nanomanipula-
tion is applied for atoms and molecules in UHV with an STM
or bio-objects in liquid using optical or magnetic tweezers.
Contact nanomanipulation can be used in almost any environ-
ment, generally with an AFM, but is difficult for atomic manip-
ulation. Vertical manipulation can be performed by NRMs.
Figure 5 shows the processes of the three basic strategies.

A lateral noncontact manipulation process is shown in
Figure 5(a). Motion can be caused by long-range van der
Waals forces (attractive) generated by the proximity of the tip
to the sample [11], [12], by electric field trapping from the
voltage bias between the tip and the sample [13], by tunnel-
ing current induced heating or by inelastic tunneling vibra-
tion [12]. With these methods, nano devices and molecules
have been assembled [14]. Noncontact manipulation com-
bined with STMs has demonstrated the manipulation of
atoms and molecules.

Pushing or pulling nanometer objects on a surface with an
AFM is a typical manipulation strategy as shown in Figure
5(b). Early work demonstrated the effectiveness of this method
for the manipulation of nanoparticles [15]. This method has
also been shown for nanofabrication [16] and biomanipulation.
A virtual reality interface may facilitate such manipulation
[17]-[20]. Similar manipulation strategies can yield differernt
results on different objects, e.g., for a nanotube, pushing can
induce bending, breaking, rolling, or sliding [17].

The pick-and-place task as shown in Figure 5(c) is especial-
ly significant for 3-D nanomanipulation since its main purpose
is to assemble pre-fabricated building blocks into devices. The
main difficulty is in achieving sufficient control of the interac-
tion between the tool and object and between the object and
the substrate [21].
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When studying nanorobotics,

we must first develop an
understanding of the physics that
underlies interactions at this scale.

Nanorobotic Manipulation Systems

Nanorobotic manipulators are the core components of nanoro-
botic manipulation systems. The basic requirements for a
nanorobotic manipulation system for 3-D manipulation

include nano-scale positioning resolution, a relative large
working space, enough DoF including rotational ones for 3-D
positioning and orientation control of the end effectors, and
usually multiple end-eftectors for complex operations.

A commercially available nanomanipulator (MM3A™
from Kleindiek) for SEMs is shown in Figure 6(a). The
manipulator has three DoF, and nanometer to subnanometer
scale resolution. Figure 6(b) shows a home-made nanorobotic
manipulation system that has 16 DoF in total and can be
equipped with 3—4 AFM cantilevers as end effectors for both
manipulation and measurement. The positioning resolution is
sub-nm over cm range. Such manipulation systems are used
not only for nanomanipulation, but also for nanoassembly,

nanoinstrumentation and nanofabrication. Four

probe semiconductor measurements are perhaps
) the most complex manipulation this system can
Tip Tip .o
A 3 , D perform, because it is necessary to actuate four
\r/ Mo probes independently by four manipulators.
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Figure 5. Fundamental nanomanipulation strategies. In the figure, A, B, C,
...represent the positions of end-effector (e.g., a tip), A, B’, C',... the posi-
tions of objects, 1, 2, 3, ...the motions of end-effector, and 1°, 2°, 3',... 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
noncontact nanomanipulation (sliding). (b) Lateral contact nanomanipulation
(pushing/pulling). (c) Vertical nanomanipulation (picking and placing).
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characteristics, among other outstanding physical
properties, make CNTs attractive for many
potential applications, especially in nanoelectron-
ics, NEMS, and other nanodevices. For NEMS,
some of the most important characteristics of
nanotubes include their nanometer diameter,
large aspect ratio (10-1,000), TPa scale Young’s
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Figure 6. Nanomanipulators. (a) MM3A (Kleindiek) and
(b) custom built multi-probe nanorobotic manipulators
for an SEM. (c) ST1000 STM-TEM holder
(Nanofactory Instruments AB).

modulus, excellent elasticity, ultra-small interlayer friction,
excellent capability for field emission, various electric conduc-
tivities, high thermal conductivity, high current carrying capa-
bility with essentially no heating, sensitivity of conductance to
various physical or chemical changes, and charge-induced
bond-length change.

Helical 3-D nanostructures, or nanocoils, have been syn-
thesized from different materials including helical carbon
nanotubes [27] and zinc oxide nanobelts [28]. A new method
of creating structures with precise nanometer-scale dimen-
sions has recently been developed [29] for fabricating
nanocoils in a controllable way [30]. These structures are cre-
ated 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 geome-
tries and tubes with diameters between 10 nm and 10 pum
have been achieved. Because of their interesting morphology,
mechanical, electrical, and electromagnetic properties, poten-
tial applications of these nanostructures in NEMS [31]
include nanosprings, electromechanical sensors, magnetic
field detectors, chemical or biological sensors, generators of
magnetic beams, inductors, actuators, and high-performance
electromagnetic wave absorbers.

One basic nanomanipulation procedure is to pick up a sin-
gle tube from nanotube soot (Figure 7). This was first demon-
strated using dielectrophoresis [21] through nanorobotic
manipulation. The interaction between a tube and the atomic
flat surface of an AFM cantilever tip has been shown to be
strong enough for picking up a tube onto the tip [32]. By
using electron-beam-induced deposition (EBID) [22], it is
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Figure 7. Nanorobotic manipulation of CNTs. The basic tech-
nique 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 van der Waals forces between the probe and the
tube, the tube was transferred to another probe (c); (d) and (e)
show larger magnification images of attaching the tube to a
second probe; comparing (c) and (d), it can be seen that an
SEM provides a large field of view at low magnification (c),
which can be increased (e) for more precise tasks.

possible to pick up and fix a nanotube onto a probe [23]. For
placing a tube being picked up, a weak connection between
the tube and the probe is desired.

Bending and buckling a CNT as shown in Figure 8 are
important for in situ property characterization of a nanotube
[33], which is a simple way to obtain the Young’s modulus of
a nanotube. Stretching is another technique for characterizing
a nanostructure. Figure 9 shows an example of measuring the
spring constant of a helical nanobelt by stretching it.

Nanorobotic Assembly

Nanomanipulation is a promising approach for nanoassembly
[21]. Key techniques include the control of the position and
orientation of the building blocks with nanometer scale reso-
lution combined with connection techniques.

Random spreading, direct growth, fluidic self-assembly
[34], and dielectrophoretic assembly [35] have been demon-
strated for positioning as-grown nanotubes or other nanostruc-
tures on electrodes for the construction of electronic devices or
NEMS generally into some type of regular array. Nanorobotic
assembly allows for the construction of more complex struc-
tures into prototype NEMS. Nanotube intermolecular and
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Figure 8. Nanorobotic characterization of CNTs inside a
FESEM (a) and a TEM (b-d). Notice that the TEM can resolve
more structural details such as ripples and internal structures
such as the inner diameter of a CNT, which is unattainable
using a SEM.

intramolecular junctions are basic elements for such assem-
blies. Although some types of junctions have been synthesized
with chemical methods, there is no evidence yet that a self-
assembly based approach can provide more complex struc-
tures. SPMs have also been used to fabricate junctions, but
they are limited to a 2-D plane.

In Figure 10 we show some examples of the nanorobotic
assembly of CNT junctions by emphasizing connection meth-
ods. CNT-junctions created using van der Waals forces (a),
electron-beam-induced deposition (EBID) (b), bonding
through mechanochemistry (c), and spot welding via copper
encapsulated inside CNTs (d) are shown.

CNT junctions connected with van der Waals forces are
currently the most common junction. Figure 10(a) shows a T-
junction connected with van der Waals forces fabricated by
positioning the tip of a CNT onto another CNT until they
form a bond. The contact quality is determined by measuring
the shear connection force.

EBID provides a soldering method to obtain stronger junc-
tions than those connect-
ed through van der Waals
forces as shown in Figure
10(a). Hence, if the
strength of nanostruc-
tures is important, EBID
can be applied. Figure
10(b) shows a CNT junc-
tion connected through
EBID [23]. The develop-
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ment of conventional EBID has been limited by the expensive
electron filament used and low productivity. We have presented
a parallel EBID system by using CNTs as emitters because of
their excellent field emission properties. As its macro counter-
part, EBID works by adding material to obtain stronger con-
nections, but in some cases, the additional material could
influence the device function. Therefore, EBID is mainly
applied to nanostructures rather than nanomechanisms.

To construct stronger junctions without adding additional
materials, mechanochemical nanorobotic assembly is an
important strategy. Mechanochemical nanorobotic assembly is
based on solid-phase chemical reactions, or mechanosynthesis,
which is defined as chemical synthesis controlled by mechani-
cal systems operating with atomic-scale precision, enabling
direct positional selection of reaction sites [5]. By picking up
atoms with dangling bonds rather than stable atoms, it is easier
to form primary bonds, which provides a simple but strong
connection. Destructive fabrication provides a way to form
dangling bonds at the ends of broken tubes. Some of the dan-
gling bonds may close with neighboring atoms, but generally
a few bonds will remain reactive. A nanotube with dangling
bonds at its end will bind easier to another to form intramole-
cular junctions. Figure 10(c) shows such a junction [36].

EBID involves high-energy electron beams and needs
external precursors for getting conductive deposits, which
limited its applications. Mechanochemical bonding is promis-
ing, but not yet mature. Recently, we developed a nanoro-
botic spot welding technique [37] using copper filled CNTSs
for welding CNTs. The solder was encapsulated inside the
hollow cores of CNTs during their synthesis, so no external
precursors are needed. A bias of just a few volts can induce
the migration of the copper, making it a cost-effective
approach. Figure 10(d) shows a junction welding using this
technique. The quality of the weld is partly determined by
the ability to control the mass flow rate from the tube. An
ultrahigh precision deposition of 120 ag/s (1ag = 10""% g),
has been realized in our experimental investigation based on
electromigration (Figure 11).

Nanorobotic manipulation in 3-D has opened a new route
for nanoassembly. However, nanomanipulation is still per-
formed in a serial manner with master-slave control, certainly
not a large-scale production technique. Nevertheless, with
advances in the exploration of mesoscopic physics, better con-
trol on the material synthesis, more accurate actuators, and
effective tools for manipulation, high-speed, parallel, and
automatic nanoassembly will be possible.

NEMS

The next step along the
road to fabricating
nanorobots is to first fabri-
cate simpler nanoelectro-

Y
o~

mechanical systems.
NEMS make it possible
to manipulate nanosized

Figure 9. Nanorobotic characterization of a helical nanobelt. The char-
acterization revealed the spring constant to be 0.003 N/m. Such vertical

manipulation remains a challenge for an AFM.

objects with nanosized
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tools, measure mass in femto-gram ranges, sense
force at pico-Newton scales, and induce GHz
motion, among other amazing advancements.
Top-down and bottom-up strategies for man-
ufacturing such nanodevices have been indepen-
dently investigated by a variety of researchers.
Top-down strategies are based on nanofabrication
and include technologies such as nanolithogra-
phy, nano-imprinting, and chemical etching.
Presently, these are 2-D fabrication processes
with relatively low resolution. Bottom-up strate-
gies are assembly-based techniques. At present,
these strategies include such techniques as self-
assembly, dip-pen lithography, and directed self-
assembly. These techniques can generate regular
nano patterns at large scales. With the ability to
position and orient nanometer scale objects,
nanorobotic manipulation is an enabling technol-
ogy for structuring, characterizing and assem-
bling many types of nanosystems [21]. By
combining bottom-up and top-down processes,

a hybrid nanorobotic approach based on

nanorobotic manipulation provides a third way
to fabricate NEMS by structuring as-grown
nanomaterials or nanostructures. This new
nanomanufacturing technique can be used to cre-
ate complex 3-D nanodevices with such building blocks.
Nanomaterial science, bionanotechnology, and nanoelectron-
ics will also benefit from advances in nanorobotic assembly.

The configurations of nanotools, sensors, and actuators
based on individual nanotubes that have been experimental-
ly demonstrated are summarized as shown in Figure 12. For
detecting deep and narrow features on a surface, can-
tilevered nanotubes [Figure 12(a)], [23] have been demon-
strated as probe tips for AFMs [38], STMs and other types
of SPMs. Nanotubes provide ultra-small diameters, ultra-
large aspect ratios, and have excellent mechanical properties.
Cantilevered nanotubes have also been demonstrated as
probes for the measurement of ultra-small physical quanti-
ties, such as femto-gram mass [39], pico-Newton order
force sensors, and mass flow sensors [21] 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 limit the
application of this kind of sensor. Inter-electrode distance
changes cause emission current variation of a nanotube
emitter and may serve as a candidate to replace microscope
images. Bridged individual nanotubes (Figure 12(b), [35])
have been the basis for electric characterization. Opened
nanotubes (Figure 12(c), [40]) can serve as an atomic or
molecular container, or spot welder (Figure 10(d), Figure
11) [37].

Controlled exposure of the core of a nanotube [Figure
12(d)] by mechanical breaking or electric breakdown [41] is a
typical top-down process for fabricating a new family of nan-
otube devices by taking advantage of the ultra-low inter-layer
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Figure 10. CNT junctions. (a) CNTs connected with van der Waals. (b) CNTs
Jjoined with EBID. (c) CNTs bonded with mechanochemical reaction. (d)
CNTs welded with copper.

0s 10s| 20s 30s| 40s| 50s 60s| 70s
100 nm

Figure 11. Attogram precision mass delivery for nanorobotic
spot welder.

friction. Linear bearings based on telescoping nanotubes have
been demonstrated [41]. A micro actuator with a nanotube as
a rotation bearing has been demonstrated [42]. The first
demonstration of 3-D nanomanipulation of nanotubes took
this as an example to show the breaking mechanism of a
MWNT, and to measure the tensile strength of CNTs [22]. A
preliminary experiment on a promising nanotube linear
motor with field emission current serving as position feedback
has been shown with nanorobotic manipulation (Figure 12(d),
[40]). Cantilevered dual nanotubes have been demonstrated as
nanotweezers [43] and nanoscissors [Figure 12(e)] [21] by
manual and nanorobotic assembly, respectively.

Based on electric resistance change under different tempera-
tures, nanotube thermal probes [Figure 12(f)] have been
demonstrated for measuring the temperature at precise loca-
tions. Gas sensors and hot-wire based mass/flow sensors can also
be constructed in this configuration rather than a bridged one.
The integration of the above mentioned devices can be realized
using the configurations shown in Figure 12(g) and (h) [35].
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The most challenging question
for nanoroboticists is to
understand and exploit those
changes in physical behavior that
occur at the end of the classical
scaling range.

The Future of Nanorobotics

Despite the claims of many futurists, the form nanorobots of
the future will take and what tasks they will actually perform
remain unclear. However, it is clear that nanotechnology is
progressing towards the construction of intelligent sensors,
actuators, and systems that are smaller than 100 nm. These
NEMS will serve as both the tools to be used for fabricating
future nanorobots as well as the components from which these
nanorobots may be developed. Shrinking device size to these
dimensions presents many fascinating challenges and opportu-
nities such as manipulating nanoobjects with nanotools, mea-
suring mass in femto-gram ranges, sensing forces at
pico-Newton scales, and inducing GHz motion, among other

new possibilities waiting to be discovered. The capabilities
developed will, of course, drive the tasks that future nanoro-
bots constructed by and with NEMS will perform. On the
road to developing nanorobots, it is clear that the field of
nanorobotics will continue to evolve in exciting ways impossi-
ble to predict.

Keywords
Nanorobotics, nanorobotic manipulation, scaling, nanofabri-
cation, nanorobotic assembly, NEMS.
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