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1. INTRODUCTION
Nanoelectromechanical systems (NEMS) are made of electromechanical devices that have
critical dimensions from hundreds to a few nanometers. By exploring nanoscale effects,
NEMS present interesting and unique characteristics, which deviate greatly from their pre-
decessor microelectromechanical systems (MEMS). For instance, NEMS-based devices can
have fundamental frequencies in microwave range (∼100 GHz) [1]; mechanical quality fac-
tors in the tens of thousands, meaning low-energy dissipation; active mass in the femtogram
range; force sensitivity at the attonewton level; mass sensitivity up to attogram [2] and sub-
attogram [3] levels; heat capacities far below a “yoctocalorie” [4]; power consumption in
the order of 10 attowatts [5]; extreme high integration level, approaching 1012 elements per
square centimeter [1]. All these distinguished properties of NEMS devices pave the way
to applications such as force sensors, chemical sensors, biological sensors, and ultrahigh-
frequency resonators.
The interesting properties of the NEMS devices typically arise from the behavior of the

active parts, which, in most cases, are in the forms of cantilevers or doubly clamped beams
with dimensions at nanometer scale. The materials for those active components include
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– 1µm

Figure 1. SEM Image of an undercut Si beam, with length of 7.7 �m, width of 0.33 �m and height of 0.8 �m.
Reprinted with permission from [6], A. N. Cleland and M. L. Roukes, Appl. Phys. Lett. 69, 2653 (1996). © 1996,
American Institute of Physics.

silicon and silicon carbide, carbon nanotubes, and gold and platinum, to name a few. Silicon
is the basic material for integrated circuit (IC) technology during the past few decades,
and MEMS and is widely used to build NEMS. Figure 1 is a scanning electron microscopy
(SEM) image of a double-clamped resonator fabricated from a bulk, single-crystal silicon
substrate [6]. However, ultrasmall silicon-based NEMS fail to achieve desired high-quality
factors because of the dominance of surface effects, such as surface oxidation and reconstruc-
tion, and thermoelastic damping. Limitations in strength and flexibility also compromise the
performance of silicon-based NEMS actuators. Instead, carbon nanotubes can well represent
the ideas of NEMS, given their nearly one-dimensional structures with high-aspect ratio,
perfect terminated surfaces, and excellent electrical and mechanical properties. Because of
significant advances in growth, manipulation, and knowledge of electrical and mechanical
properties, carbon nanotubes have become the most promising building blocks for the next
generation of NEMS. Several carbon nanotube–based functional NEMS devices have been
reported so far [1, 7–12]. Similar to carbon nanotubes, nanowires are another type of one-
dimensional novel nanostructure for building NEMS because of their size and controllable
electrical properties.
This chapter provides a comprehensive review of NEMS devices to date and summarizes

the modeling currently being pursued to gain insight into their performance. This chapter is
organized as follows: in the first part, we review the carbon nanotubes and carbon nanotube–
based NEMS. We also discuss nanowires-based NEMS. In the second part, we present the
modeling of NEMS, including multiscale modeling and continuum modeling.

2. NANOELECTROMECHANICAL SYSTEMS

2.1. Carbon Nanotubes

Carbon nanotubes exist as a macromolecule of carbon, analogous to a sheet of graphite
rolled into a cylinder. They were discovered by Sumio Iijima in 1991 and are a subset of the
family of fullerene structures [13]. The properties of the nanotubes depend on the atomic
arrangement (how sheets of graphite are rolled to form a cylinder), their diameter, and their
length. They are light, stiff, flexible, thermally stable, and chemically inert. They have the
ability to be either metallic or semiconducting depending on the “twist” of the tube, which
is called “chirality” or “helicity.” Nanotubes may exist as either single-walled or multiwalled
structures. Multiwalled carbon nanotubes (MWNTs) (Fig. 2(B)) are simply composed of
multiple concentric single-walled carbon nanotubes (SWNTs) (Fig. 2(A)) [14]. The spacing
between the neighboring graphite layers in MWNTs is ∼0.34 nm. These layers interact with
each other via van der Waals forces.
The methods to synthesize carbon nanotubes include electric arc-discharge [15, 16], laser

ablation [17], and catalytic chemical vapor deposition (CVD) methods [18]. During synthe-
sis, nanotubes are usually mixed with residues, including various types of carbon particles.
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Figure 2. High-resolution transmission electron microscopy image of typical single-walled carbon nanotubes
(SWNT) (A) and multi-walled carbon nanotubes (MWNT) (B). Reprinted with permission from [14], P. Ajayan,
Chem. Rev. 99, 1787 (1999). © 1999, American Chemical Society.

For most applications and tests, a purification process is required. In one of the most com-
mon approaches, nanotubes are ultrasonically dispersed in a liquid (e.g., isopropanol) and
the suspension is centrifuged to remove large particles. Other methods, including dielec-
trophoretic separation, are being developed to provide improved yield.
The mechanical and electrical properties of carbon nanotubes have been under intensive

study during the past decade. Qian et al. [19] contributed a comprehensive review article,
“Mechanics of Carbon Nanotube,” from the perspective of both experimentation and mod-
eling. The electronics of carbon nanotubes is extensively reviewed by McEuen et al. [20].
Besides, the study of the coupled electromechanical properties, which are essential to NEMS,
is rapidly progressing. Some interesting results have been reported regarding the fact that
the electrical properties of carbon nanotubes are sensitive to the structure variation and can
be changed dramatically because of the change of the atomic bonds induced by mechanical
deformations. It is known that carbon nanotubes can even change from metallic to semicon-
ducting when subjected to mechanical deformation [21–23].

2.2. Fabrication Methods

The fabrication processes of NEMS devices can be categorized according to two approaches.
Top-down approaches, that evolved from manufacturing of MEMS structures, use submicron
lithographic techniques, such as electron-beam lithography, to fabricate structures from bulk
materials, either thin films or bulk substrates. Bottom-up approaches fabricate the nanoscale
devices by sequentially assembling of atoms and molecules as building blocks. Top-down
fabrication is size limited by facts such as the resolution of the electron-beam lithography,
etching-induced roughness, and synthesis constraints in epitaxially grown substrates. Sig-
nificant interest has been shown in the integration of nanoscale materials such as carbon
nanotubes and nanowires, fabricated by bottom-up approaches, to build nanodevices. Most
of the nanodevices reported so far in the literature are obtained by “hybrid” approaches, that
is, combination of bottom-up (self assembly) and top-down (lithographic) approaches [24].
One of the key and most challenging issues of building carbon nanotubes–based or

nanowires-based NEMS is the positioning of nanotubes or nanowires at the desired locations
with high accuracy and high throughput. Reported methods of manipulation and positioning
of nanotubes are briefly summarized in the following section.

2.2.1. Random Dispersion Followed by E-Beam Lithography
After purification, a small aliquot of a nanotube suspension is deposited onto a substrate.
The result is nanotubes randomly dispersed on the substrate. Nanotubes on the substrate
are imaged inside a scanning electron microscope (SEM) and then this image is digitized
and imported to a mask-drawing software, where the mask for the subsequent electron-
beam lithography is designed. In the mask layout, pads are designed to superimpose over
the carbon nanotubes. Wet etching is employed to remove the material under the carbon
nanotubes to form freestanding nanotube structures. This process requires an alignment
capability in the lithographic step with an accuracy of 0.1 �m or better. This method was
firstly employed to make nanotube structures for mechanical testing [25, 26]. The reported
NEMS devices based on this method include nanotube–based rotational actuators [9] and
nanowire-based resonators [24].
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2.2.2. Nanomanipulation
Manipulation of individual carbon nanotubes using piezo-driven manipulators inside electron
microscope chambers is one of the most commonly used methods to build NEMS [8] and
structures for mechanical testing [27–32]. In general, the manipulation and positioning of
nanotubes is accomplished in the following manner: (1) a source of nanotubes is positioned
close to the manipulator inside the microscope; (2) the manipulator probe is moved close to
the nanotubes under visual surveillance of the microscope monitor until a protruding nano-
tube is attracted to the manipulator due to either van der Waals forces or electrostatic forces;
(3) the free end of the attracted nanotube is “spot welded” by the electron-beam-induced
deposition (EBID) of hydrocarbon [8, 31] or metals, like platinum [32] from adequate pre-
cursor gases.
Figure 3 shows a three-dimensional nanomanipulator (Klocke Nanotechnik Co.) having

the capability of moving in X, Y, and Z directions with nanometer displacement resolution.
The manipulation process of an individual carbon nanotube is illustrated in Fig. 4(A)–4(C).

2.2.3. External Field Alignment
DC/AC electric fields have been successfully used in the manipulation of nanowires [33],
nanotubes [34, 35], and bioparticles [36–39]. Microfabricated electrodes are typically used
to create an electric field in the gap between them. A droplet containing carbon nanotubes
in suspension is dispensed into the gap with a micropipette. The applied electric field aligns
the nanotubes, due to the dielectrophoretic effect, which results in the bridging of the elec-
trodes by a single nanotube. The voltage drop that arises when the circuit is closed (DC
component) ensures the manipulation of only one nanotube. Besides, AC dielectrophore-
sis has been employed to successfully separate metallic from semiconducting single-walled
carbon nanotubes in suspension [40]. NEMS devices fabricated using this method include
nanotube–based nanorelays [41].
Huang et al. [42] demonstrated another method for aligning nanowires. A laminar flow was

employed to achieve preferential orientation of nanowires on chemically patterned surfaces.
This method was successfully used in the alignment of silicon nanowires. Magnetic fields
have also been used to align carbon nanotubes [43].

2.2.4. Direct Growth
Instead of manipulating and aligning carbon nanotubes after their manufacturing,
researchers have also examined methods for controlled direct growth. Huang et al. [44] used
the microcontact printing technique to directly grow aligned nanotubes vertically. Dai et al.

Figure 3. Klocke Nanotechnik nanomanipulator possessing nanometer resolution in the x, y, and z axes.
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Figure 4. SEM images of the manipulation of carbon nanotubes using the three-dimensional Klocke Nanotechnik
nanomanipulator. (A) Manipulator probe is approaching a protruding nanotube. The sample is dried nanotube
solution on top of a TEM copper grid. (B) Manipulator probe makes contact with the free end of the nanotube
and the nanotube is welded to the probe by EBID of platinum. (C) A single nanotube mounted to the manipulator
probe.

[45–48] reported several patterned growth approaches developed in his group. The idea is
to pattern the catalyst in an arrayed fashion and control the growth of carbon nanotubes
from specific catalytic sites. The authors successfully carried out patterned growth of both
MWNTs and SWNTs and exploited methods including self-assembly and external electric-
field control. Figure 5 shows a SEM image of suspended single-walled nanotubes grown
by electric-field-directed CVD method [47]. The carbon nanotube–based tunable oscillators,
reported in Ref. [12], were fabricated using this method.

2.2.5. Self-Assembly
Self-assembly is a method of constructing nanostructures by forming stable bonds between
the organic or nonorganic molecules and substrates. Recently, Rao et al. [49] reported an
approach in large-scale assembly of carbon nanotubes with high throughput. Dip Pen Nano-
lithography (DPN), a technique invented by Mirkin’s group [50], was employed to function-
alize the specific surface regions either with polar chemical groups such as amino (−NH2/
−NH+

3 ) or carboxyl (−COOH/−COO−), or with nonpolar groups such as methyl (−CH3�.
When the substrate with functionalized surfaces was introduced into a liquid suspension of
carbon nanotubes, the nanotubes were attracted toward the polar regions and self-assembled

Figure 5. Electric-field-directed freestanding single-walled nanotubes. Reprinted with permission from [47],
Y. Zhang et al., Appl. Phys. Lett. 79, 3155 (2001). © 2001, American Institute of Physics.
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to form predesigned structures, usually within 10 s, with a yield higher than 90%. The
reported method is scalable to large arrays of nanotube devices by using high-throughput
patterning methods such as photolithography, stamping, or massively parallel DPN.

2.3. Inducing and Detecting Motion

For nanostructures, both inducing and detecting motion are challenging. Some of the
methods routinely used in MEMS face challenges when the size shrinks from microscale
to nanoscale. For example, optical methods, such as simple-beam deflection schemes or
more sophisticated optical and fiber-optical interferometry—both commonly used in scan-
ning probe microscopy to detect the deflection of the cantilevers—generally fall beyond the
diffraction limit, which means these methods cannot be applied to objects with cross-section
much smaller than the wavelength of light [51].

2.3.1. Inducting Motion
Similar to MEMS, electrostatic actuation of nanostructures by an applied electrical field is
commonly used for the actuation of NEMS (e.g., nanotweezers [7, 8]). The Lorenz force
has been used to move small conducting beams [6, 24, 52], with alternating currents passing
through them in a strong transverse magnetic field. The induced electromotive force, or
voltage, can be detected as a measure of the motion. This method requires a fully conducting
path and works well with a beam clamped at both ends [53]. Other actuation methods
include piezoelectric actuation, thermal actuation using bilayers of materials with different
thermal expansion, thermal in-plane actuation due to a specially designed topography [54],
and scanning tunneling microscope (STM) [55].

2.3.2. Detecting Motion
The most straightforward method is by direct observation of the motion under electron
microscopes [7, 8, 56, 57]. This visualization method, typically with resolution in the nano-
meter scale, projects the motion in the direction to be perpendicular to the electron beam.
Limitations in depth of focus requires that the nano-object motion be primarily in a plane,
which normally is coaxial with the electron beam. Electron tunneling is a very sensitive
method that can detect subnanometer motion by the exponential dependence of the electron
tunneling current on the separation between tunneling electrodes. Therefore, this technique
is widely used in NEMS motion detection [5, 12]. Magnetomotive detection is a method
based on the presence of an electrostatic field, either uniform or spatially inhomogeneous,
through which a conductor is moved. The time-varying flux generates an induced electromo-
tive force in the loop, which is proportional to the motion [24, 52, 58–60]. The displacement
detection sensitivity of this technique is less than 1 Å [61]. It is known that carbon nanotubes
can act as transistors; as such they can be used to sense their own motion [12, 62]. Capac-
itance sensors have been widely used in MEMS. They can also be used in NEMS motion
sensing with a resolution of a few nanometers [54], and the resolution can be potentially
increased to Angstrom range provided that the capacitance measurement can be improved
by one order of magnitude.

2.4. Functional Nanoelectromechanical Systems Devices

In this section, we review the carbon nanotubes- or nanowires-based NEMS devices reported
in the literature with a special emphasis on fabrication methods, working principles, and
applications.

2.4.1. Carbon Nanotube-Based Nanoelectromechanical Systems Devices
2.4.1.1. Nonvolatile Random Access Memory A carbon nanotube–based nonvolatile
random access memory (NRAM) reported by Reukes et al. [1] is illustrated in Fig. 6(A).
The device is a suspended SWNT crossbar array for both I/O and switchable, bistable device
elements with well-defined OFF and ON states. This crossbar consists of a set of parallel
SWNTs or nanowires (lower) on a substrate composed of a conducting layer (e.g., highly
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(A)

(B)

Figure 6. Schematics of freestanding nanotube device architecture with multiplex addressing (A). Three-
dimensional view of a suspended crossbar array showing four junctions with two elements in the ON (contact) state
and two elements in the OFF (separated) state. (B) Top view of an n×m device array. Reprinted with permission
from [1], T. Rueckes et al., Science 289, 94 (2000). © 2000, American Association for the Advancement of Science.

doped silicon [dark gray]) that terminates in a thin dielectric layer (e.g., SiO2 [light gray]) and
a set of perpendicular SWNTs (upper) that are suspended on a periodic array of inorganic or
organic supports. Each nanotube is contacted by a metal electrode. Each cross-point in this
structure corresponds to a device element with a SWNT suspended above a perpendicular
nanoscale wire. Qualitatively, bistability can be envisioned as arising from the interplay of
the elastic energy and the van der Waals energy when the upper nanotube is freestanding
or the suspended SWNT is deflected and in contact with the lower nanotube. Because the
nanotube junction resistance depends exponentially on the separation gap, the separated
upper-to-lower nanotube junction resistance will be orders of magnitude higher than that of
the contact junction. Therefore, two states—OFF and ON—are well defined. For a device
element, these two states can be read easily by measuring the resistance of the junction
and, moreover, can be switched between OFF and ON states by applying voltage pulses to
nanotubes at corresponding electrodes to produce attractive or repulsive electrostatic forces.
A key aspect of this device is that the separation between top and bottom conductors must
in the order of 10 nm. In such case, the van der Waals energy overcomes the elastic energy
when the junction is actuated (ON state) and remains on this state even if the electrical field
is turned off (nonvolatile feature).
The concept of the bitable device was demonstrated by current-voltage (I–V) behaviors

of suspended, crossed nanotube devices made from SWNT ropes (∼50 nm in diameter),
with junction gap ∼150 nm by mechanical manipulation under an optical microscope. The
resistances of the OFF state of the devices were found consistently 10-fold larger than the
ON state.
In the integrated system, electrical contacts are made only at one end of each of the

lower and upper sets of nanoscale wires in the crossbar array, and thus, many device ele-
ments can be addressed from a limited number of contacts (see Fig. 6(B)). This approach
suggests a highly integrated, fast, and macroscopically addressable NRAM structure that
could overcome the fundamental limitations of semiconductor random access memory in
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size, speed, and cost. Integration levels as high as 1 × 1012 elements per square centime-
ter and switching time down to ∼5 ps (200-GHz operation frequency) using 5-nm device
elements and 5-nm supports are envisioned while maintaining the addressability of many
devices through the long (∼10-�m) SWNT wires. However, such small dimensions, in par-
ticular, the junction gap size, impose significant challenges in the nanofabrication of parallel
device arrays.

2.4.1.2. Nanotweezers There are two types of carbon nanotube–based nanotweezers
reported by Kim and Lieber in 1999 [7] and Akita et al. in 2001 [8], respectively. Both nano-
tweezers employ MWNTs as tweezers’ arms that are actuated by electrostatic forces. The
applications of these nanotweezers include the manipulation of nanostructures and two-tip
STM or atomic force microscope (AFM) probes [7].
The fabrication process of the carbon nanotube–based nanotweezers reported by Kim

and Lieber [7] is illustrated in Fig. 7(A). Freestanding electrically independent electrodes
were deposited onto tapered glass micropipettes with end diameters of 100 nm (Fig. 7(B)).
MWNT or SWNT bundles with diameters 20–50 nm were attached to the two gold elec-
trodes, under the direct view of an optical microscope operated in dark-field mode, using an
adhesive [63, 64]. A SEM image of fabricated nanotube tweezers is shown in Fig. 7(C).
The electromechanical response of nanotube nanotweezers was investigated by applying

bias voltages to the electrodes while simultaneously imaging the nanotube displacements
under an optical microscope in dark-field mode. As the bias voltage increased from 0 to 8.3 V
(see Fig. 8), the free ends of the tweezers’ arms bent closer to each other from their relaxed
position (at 0 V). The tweezers’ arms relaxed to the original position when the applied
voltage was removed, and this process could be repeated more than 10 times, producing the
same displacement each time within the optical microscope resolution limit. These results
demonstrated that the mechanical response was elastic and thus that neither the nanotubes
nor the nanotube-electrode junctions deform inelastically. At 8.3 V, the distance between the
tweezers’ ends decreased by about 50% of the initial value, and as the voltage was increased
further to 8.5 V, the tweezers’ arms suddenly closed (Fig. 8(E)).
The nanotube nanotweezers have been demonstrated successfully to manipulate nano-

structures, such as fluorescently labeled polystyrene spheres and �-SiC nanocluster (see
Fig. 9) and GaAs nanowires [7].

(A) (B)

(C)

Figure 7. Overview of the fabrication process of carbon nanotube nanotweezers. (A) Schematic illustrating the
deposition of two independent metal electrodes and the subsequent attachment of carbon nanotubes to these
electrodes. (B) SEM image of the end of a tapered glass structure after the two deposition steps. Scale bar, 1 �m.
The higher-resolution inset shows clearly that the electrodes are separated. Scale bar, 200 nm. (C) SEM image of
nanotweezers after mounting two MWNT bundles on each electrode. Scale bar, 2 �m. Reprinted with permission
from [7], P. Kim and C. M. Lieber, Science 126, 2148 (1999). © 1999, American Association for the Advancement
of Science.
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(A) (B)

(D)(C)

(E)

Figure 8. Dark-field-optical micrographs of electromechanical response of the nanotube nanotweezers with respect
to different applied voltages. The scale bar is 1 �m. Reprinted with permission from [7], P. Kim and C. M. Lieber,
Science 126, 2148 (1999). © 1999, American Association for the Advancement of Science.

The carbon nanotube–based nanotweezers, reported by Akita et al. [8], are shown in
Fig. 10. Commercially available Si AFM cantilevers were employed as the device body.
A Ti/Pt film was coated on the tip of the cantilever and connected to three Al interconnects
that were patterned on the cantilever by a conventional lithographic technique as shown in
Fig. 10(A). The Ti/Pt film was separated into two by focused ion beam etching. These two
parts were independently connected to Al interconnects as shown in Fig. 10(B). DC voltage
was applied between the separated Ti/Pt tips, through the Al interconnects, to operate the
tweezers after attaching two arms of nanotubes on them.
The attachment of the nanotubes was carried out in a specially designed field-emission-

type SEM with three independent movable stages. The Si cantilever and the nanotube car-
tridge were mounted on two different stages. A third stage, where a tungsten needle was
installed, was used for the fine adjustment of the position of the nanotubes after being
mounted to the Si tip. When the metal-coated Si tip was manipulated to be in contact
with a target nanotube, an amorphous carbon film was deposited on this contact portion by
the electron-beam dissociation of contaminants, mainly hydrocarbons, in the SEM chamber.
The target nanotube was finally pulled away from the cartridge. Another nanotube was also
attached in the same manner. The position of the two nanotube arms was adjusted to be
parallel by using the stage with the tungsten needle and fixed by deposition of the carbon
films at the base of the arms. The nanotube arms were also coated with an ultrathin carbon
film (a few to several nanometers) to achieve insulation from the outside. This film coating
prevents large current flows when the two nanotube arms close or pick up a conductive par-
ticle. Figure 11(a) shows a SEM image of a typical pair of nanotube nanotweezers prepared
this way. Two arms of the nanotubes were fixed at the most appropriate position on the Si
tips. Their length was 2.5 �m, and the separation between their tips was 780 nm.

(A) (B)

(C) (D)

Figure 9. Dark-field-optical micrographs showing the sequential process of nanotweezer manipulation of poly-
styrene nanoclusters containing fluorescent dye molecules. Reprinted with permission from [7], P. Kim and C. M.
Lieber, Science 126, 2148 (1999). © 1999, American Association for the Advancement of Science.
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Figure 10. SEM images of a Si cantilever as a base for nanotube nanotweezers. (a) A Ti/Pt film was coated on
the tip and connected to three Al lines patterned on the cantilever. (b) The Ti/Pt film was separated into two
by a focused ion beam, and these two were connected to the one and two Al lines, respectively. Reprinted with
permission from [8], S. Akita et al., Appl. Phys. Lett. 79, 1691 (2001). © 2001, American Institute of Physics.

The operation of the nanotube nanotweezers was examined by in situ SEM. Various volt-
ages were applied between the two arms to get them to close because of the electrostatic
attraction force. Figures 11(b)–7(d) show the motion of the nanotube arms as a function of
the applied voltage V . It is clearly seen that the arms bent and the separation between the
tips decreased with increasing applied voltage. The separation became 500 nm at V = 4 V
and zero at V > 4	5 V. It is noted that the motion in Figs. 11(a)–11(d) could be repeated
many times without any permanent deformation, showing that carbon nanotubes are ideal
materials for building NEMS.

2.4.1.3. Rotational Motors A carbon nanotube–based rotational motor, reported by
Fennimore et al. in 2003 [9], is conceptually illustrated in Fig. 12(a). The rotational element
(R), a solid rectangular metal plate serving as a rotor, is attached transversely to a suspended
support shaft. The support shaft ends are embedded in electrically conducting anchors (A1,
A2) that rest on the oxidized surface of a silicon chip. The rotor plate assembly is surrounded

Figure 11. SEM images of the motion of nanotube arms in a pair of nanotweezers as a function of the applied
voltage. Reprinted with permission from [8], S. Akita et al., Appl. Phys. Lett. 79, 1691 (2001). © 2001, American
Institute of Physics.
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(a)
(b)

Figure 12. Integrated synthetic nanoelectromechanical systems (NEMS) actuator. (a) Conceptual drawing of
nanoactuator. (b) SEM image of nanoactuator just prior to HF etching. Scale bar, 300 nm. Reprinted with permis-
sion from [9], A. M. Fennimore et al., Nature 424, 408 (2003). © 2003, Nature Publishing Group.

by three fixed stator electrodes: two “in-plane” stators (S1, S2) are horizontally opposed
and rest on the silicon oxide surface, and the third “gate” stator (S3) is buried beneath the
surface. Four independent (DC and/or appropriately phased AC) voltage signals, one to the
rotor plate and three to the stators, are applied to control the position, speed, and direction
of rotation of the rotor plate. The key component in the assembly is a MWNT, which serves
simultaneously as the rotor plate support shaft and the electrical feed-through to the rotor
plate; most importantly, it is also the source of rotational freedom.
The nanoactuator was constructed using lithographic methods. MWNTs in suspension

were deposited on a doped silicon substrate covered with 1 �m of SiO2. The nanotubes
were located using an AFM or a SEM. The remaining actuator components (in-plane rotor
plate, in-plane stators, anchors, and electrical leads) were then patterned using electron-
beam lithography. An HF etch was used to remove roughly 500 nm of the SiO2 surface to
provide clearance for the rotor plate. The conducting Si substrate here serves as the gate
stator. Figure 12(b) shows an actuator device prior to etching. Typical rotor plate dimensions
were 250–500 nm on a side.
The performance of the nanoactuator was examined in situ inside the SEM chamber.

Visible rotation could be obtained by applying DC voltages up to 50 V between the rotor
plate and the gate stator. When the applied voltage was removed, the rotor plate would
rapidly return to its original horizontal position. To exploit the intrinsic low-friction-bearing
behavior afforded by the perfectly nested shells of MWNTs, the MWNT supporting shaft was
modified in situ by successive application of very large stator voltages. The process resulted
in fatigue and eventually shear failure of the outer nanotube shells. In the “free” state, the
rotor plate was still held in position axially by the intact nanotube core shells but could be
azimuthally positioned, using an appropriate combination of stator signals, to any arbitrary
angle between 0� and 360�. Figure 13 shows a series of still SEM images, recorded from an
actuated device in the free state, being “walked” through one complete rotor plate revolution
using quasi-static DC stator voltages. The stator voltages were adjusted sequentially to attract
the rotor plate edge to successive stators. By reversing the stator voltage sequence, the
rotor plate rotation could be reversed in an equally controlled fashion. Finite frequency
operation of the actuator was also performed using a variety of suitably phased AC and
DC voltage signals to the three stators and rotor plate. The rotor plate was successfully
flipped between the extreme horizontal (90� and 270�) positions. The experiments show that
the MWNT clearly serves as a reliable, presumably wear-free, NEMS element providing
rotational freedom. No apparent wear or degradation in performance was observed after
many thousands of cycles of rotations.
The potential applications of the MWNT-based actuators include ultra-high-density optical

sweeping and switching elements, paddles for inducing and/or detecting fluid motion in
microfluidics systems, gated catalysts in wet chemistry reactions, biomechanical elements in
biological systems, or general (potentially chemically functionalized) sensor elements.

2.4.1.4. Nanorelays Carbon nanotube–based nanorelays were first reported by Kinaret
et al. in 2003 [10] and later experimentally demonstrated by Lee et al. in 2004 [41]. The
nanorelay is a three-terminal device including a conducting carbon nanotube placed on a
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(a) (b) (c) (d)

(h)(g)(f)(e)

Figure 13. Series of SEM images showing the actuator rotor plate at different angular displacements. The schematic
diagrams located beneath each SEM image illustrate a cross-sectional view of the position of the nanotube/rotor-
plate assembly. Scale bar, 300 nm. Reprinted with permission from [9], A. M. Fennimore et al., Nature 424, 408
(2003). © 2003, Nature Publishing Group.

terrace in a silicon substrate and connected to a fixed-source electrode (S), as shown in
Fig. 14(A). A gate electrode (G) is positioned underneath the nanotube so that a charge
can be induced in the nanotube by applying a gate voltage. The resulting capacitance force q
between the nanotube and the gate bends the tube and brings the tube end into contact with
a drain electrode (D) on the lower terrace, thereby closing an electric circuit. Theoretical
modeling of the device shows that there is a sharp transition from a nonconducting (OFF)
to a conducting (ON) state when the gate voltage is varied at a fixed source-drain voltage.
The sharp switching curve allows for amplification of weak signals superimposed on the gate
voltage [10].
One fabricated nanorelay device is shown in Fig. 14(B). A multiwalled nanotube was posi-

tioned on top of the source, gate, and drain electrodes with PMMA as sacrificial layer using
AC-electrophoresis techniques [34]. Then, a top electrode was placed over the nanotube at
the source to ensure good contact. The underlying PMMA layer was then carefully removed
to produce a nanotube suspended over the gate and drain electrodes. The separation between
gate and drain was approximately 250 nm, and the source drain distance was 1.5 �m.
The electromechanical properties of nanotube relays were investigated by measuring the

current-gate voltage (I–Vsg) characteristics, while applying a source-drain voltage of 0.5 V.
Figure 15 shows the I–Vsg characteristics of one of the nanotube relays with an initial height

(A) (B)

Figure 14. Schematic diagrams of a CNT nanorelay device (A). Reprinted with permission from [10], J. Kinaret
et al., Appl. Phys. Lett. 82, 1287 (2002). © 2002, American Institute of Physics. SEM image of a fabricated nanorelay
device (B). Reprinted with permission from [41], S. Lee et al., Nano Lett. 4, 2027 (2004). © 2004, American
Chemical Society.
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Figure 15. I–Vsg characteristics of a nanotube relay initially suspended approximately 80 nm above the gate and
drain electrodes. Reprinted with permission from [41], S. Lee et al., Nano Lett. 4, 2027 (2004). © 2004, American
Chemical Society.

difference between the nanotube and drain electrode of approximately 80 nm. The drain cur-
rent started to increase nonlinearly when the gate voltage reached 3 V (at this gate voltage,
the current is on the order of 10 nA). The nonlinear current increase was a signature of elec-
tron tunneling as the distance between the nanotube and the drain electrode was decreased.
Beyond Vsg = 20 V, there was a change in the rate of current increase. With the current
increase rate becoming more linear, strong fluctuations could be detected. The deflection of
the nanotube was found to be reversible. The current decreased with the reduction of gate
voltage, showing some hysteresis, until it reached zero for a gate voltage below 3 V. The
current measured during the increasing Vsg part of the second scan closely followed that of
the first scan, especially in the region below Vsg = 12 V.

The dynamics of nanorelays was recently investigated by Jonsson et al. [65]. The results
show that the intrinsic mechanical frequencies of nanorelays are in the gigahertz regime,
and the resonance frequency can be tuned by the biased voltage.
The potential applications of nanorelays include memory elements, pulse generators, sig-

nal amplifiers, and logic devices.

2.4.1.5. Feedback-Controlled Nanocantilevers A feedback-controlled carbon nano-
tube–based NEMS devices reported by Ke and Espinosa 2004 [11], schematically shown in
Fig. 16, is made of a multiwalled carbon nanotube placed as a cantilever over a microfabri-
cated step. A bottom electrode, a resistor, and a power supply are parts of the device circuit.

R

∆

Nanotube

U

H

i ≠ 0

Figure 16. Schematic of nanotube-based device with tunneling contacts. Reprinted with permission from [11], C.-H.
Ke and H. D. Espinosa, Appl. Phys. Lett. 85, 681 (2004). © 2004, American Institute of Physics.
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When the applied voltage U < VPI (pull-in voltage), the electrostatic force is balanced by the
elastic force from the deflection of the nanotube cantilever. The nanotube cantilever remains
in the “upper” equilibrium position. When the applied voltage exceeds a pull-in voltage, the
electrostatic force becomes larger than the elastic force and the nanotube accelerates toward
the bottom electrode. When the tip of the nanotube is very close to the electrode (i.e., gap
� ≈ 0	7 nm) as shown in Fig. 16, a substantial tunneling current passes between the tip of
the nanotube and the bottom electrode. Because of the existence of the resistor R in the cir-
cuit, the voltage applied to the nanotube drops, weakening the electric field. Because of the
kinetic energy of the nanotube, it continues to deflect downward, and the tunneling current
increases, weakening the electric field further. In this case, the elastic force is larger than
the electrostatic force, and the nanotube decelerates and eventually changes the direction
of motion. This decreases the tunneling current and the electrical field recovers. If there is
damping in the system, the kinetic energy of the nanotube is dissipated and the nanotube
stays at the position where the electrostatic force is equal to the elastic force, and a stable
tunneling current is established in the device. This is the “lower” equilibrium position for the
nanotube cantilever. At this point, if the applied voltage U decreases, the cantilever starts
retracting. When U decreases to a certain value, called pull-out voltage VPO, the cantilever
is released from its lower equilibrium position and returns back to its upper equilibrium
position. At the same time, the current in the device diminishes substantially. Basically, the
pull-in and pull-out processes follow a hysteretic loop for the applied voltage and the current
in the device. The upper and lower equilibrium positions correspond to ON and OFF states
of a switch, respectively. Also the existence of the tunneling current and feedback resistor
make the “lower” equilibrium states very robust, which is key to some applications of inter-
est. The representative characteristic curve of the device is shown in Fig. 17: (a) shows the
relation between the gap � and the applied voltage U; (b) shows the relation between the
current i in the circuit and the applied voltage U.
The current jump behavior at the pull-in has been observed for a nanotube cantilever

freestanding above an electrode actuated by electrostatic forces [32], as shown in Fig. 18,
and the I–V behavior after the pull-in has been demonstrated based on the good agreement
between experimental measurements and theoretical prediction. The parameters used in the
theoretical prediction includes the length of the nanotube L = 3	8 �m; the diameter of
the nanotube Rext = 20 nm; and the initial gap between the nanotube cantilever and the
electrode H = 200 nm, R = 0	98 G�, and contact resistance R0 = 50 � [11].

The potential applications of the device include ultrasonic wave detection for monitoring
the health of materials and structures, gap sensing, NEMS switches, memory elements, and
logic devices.
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Figure 17. Representative characteristic of pull-in and pull-out processes for the feedback-controlled nanocantilever
device. (a) Relationship between the gap � and the applied voltage U . (b) Relationship between the current i in
the circuit and the applied voltage U . Reprinted with permission from [11], C.-H. Ke and H. D. Espinosa, Appl.
Phys. Lett. 85, 681 (2004). © 2004, American Institute of Physics.
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Figure 18. Comparison between theoretical prediction and I–V measurement of an electrostatically actuated free-
standing nanotube cantilever with an electronic circuit incorporating a resistor.

In comparison to nanorelays [10, 41], the device reported in Ref. [11] is a two-terminal
device, providing more flexibility in terms of device realization and control than the nano-
relay. In comparison to the NRAM described in Ref. [1], the feedback-controlled device
employs an electrical circuit incorporated with a resistor to adjust the electrostatic field to
achieve the second stable equilibrium position. This feature reduces the constraints in fab-
ricating devices with nanometer gap control between the freestanding CNTs or NWs and
the substrate, providing more reliability and tolerance to variability in fabrication param-
eters. However, the drawback of the device in memory applications is that the memory
becomes volatile. The working principle and the potential applications for these two devices
are somewhat complementary.

2.4.1.6. Tunable Oscillators The fabrication and testing of a tunable carbon nanotube
oscillator was reported by Satonova et al. [12]. It consists of a doubly clamped nanotube, as
shown in Fig. 19. They demonstrated that the resonance frequency of the oscillators can be
widely tuned and that the devices can be used to transduce very small forces.

Gate

Source Drain
W

L

δz

Figure 19. SEM image of a suspended device (top) and a schematic of device geometry (bottom). Scale bar, 300 nm.
The sides of the trench, typically 1.2–1.5 �m wide and 500 nm deep, are marked with dashed lines. A suspended
nanotube can be seen bridging the trench. Reprinted with permission from [12], V. Sazonova et al., Nature 431, 284
(2004). © 2004, Nature Publishing Group.



16 Nanoelectromechanical Systems and Modeling

Single- or few-walled nanotubes with diameters in the range of 1–4 nm, grown by CVD
were suspended over a trench (typically 1.2–1.5 �m wide, 500 nm deep) between two metal
(Au/Cr) electrodes. A small section of the tube resided on the oxide on both sides of the
trench; the adhesion of the nanotube to the oxide provided clamping at the end points.
The nanotube motion was induced and detected using the electrostatic interaction with the
gate electrode underneath the tube. In this device, the gate voltage has both a static (DC)
component and a small time-varying (AC) component. The DC voltage at the gate produces
a static force on the nanotube that can be used to control its tension. The AC voltage
produces a periodic electric force, which sets the nanotube into motion. As the driving
frequency approaches the resonance frequency of the tube, the displacement becomes large.
The transistor properties of semiconducting [66] and small-bandgap semiconducting [67,

68] carbon nanotubes were employed to detect the vibrational motion. Figure 20(a) shows
the measured current through the nanotube as a function of driving frequency at room
temperature. A distinctive feature in the current on top of a slowly changing background
can be seen. This feature is due to the resonant motion of the nanotube, which modulates
the capacitance, while the background is due to the modulating gate voltage.
The DC voltage on the gate can be used to tune the tension in the nanotube and there-

fore the oscillation frequency. Figure 20(b) and 20(c) show the measured response as a
function of the driving frequency and the static gate voltage. The resonant frequency shifts
upward as the magnitude of the DC gate voltage is increased. Several distinct resonances are
observed, corresponding to different vibrational modes of the nanotube. Figure 20(d) shows
the theoretical predictions for the dependence of the vibration frequency on gate voltage
for a representative device. The predictions are based on finite element analysis, with the
nanotube modeled as a long beam suspended over a trench. With the increase of the gap
voltage, the deflection of the nanotube becomes larger and the stretching dominates the
bending. Therefore, the stiffness of the nanotube beam increases and so does the resonance
frequency. The theoretical predictions (Fig. 20(d)) show good qualitative agreement with
experiments (Fig. 20(b) and 20(c)). The device showed a high-force sensitivity (below 5aN),
which made it a small-force transducer.

(a) (d)

(b) (c)

Figure 20. Measurements of resonant response. (a) Detected current as a function of driving frequency. (b)–(c)
Detected current as a function of gate voltage Vg and frequency for devices 1 and 2. (d) Theoretical predictions
for the dependence of vibration frequency on gate voltage for a representative device. Reprinted with permission
from [12], V. Sazonova et al., Nature 431, 284 (2004). © 2004, Nature Publishing Group.
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2.4.2. Nanowire-Based Nanoelectromechanical Systems Devices
Nanowires, like carbon nanotubes, are high-aspect-ratio, one-dimensional nanostructures.
The materials of nanowires include silicon [52, 69–72], gold [73, 74], silver [75–77], platinum
[24], germanium [71, 78–81], zinc oxide [82, 83], and so on. Besides their size, the advantages
offered by nanowires when employed in NEMS are their electronic properties, which can
be controlled in a predictable manner during synthesis. This has not been achieved yet
for carbon nanotubes. In contrast to carbon nanotubes, nanowires do not exhibit the same
degree of flexibility, which may be a factor concerning device fabrication and reliability. In
the following section, two nanowire-based NEMS device are briefly reviewed.

2.4.2.1. Resonators Figure 21 shows a suspended platinum nanowire resonator (a),
reported by Husain et al. 2003 [24], and the circuit used for magnetomotive drive and detec-
tion of its motion (b).
Synthetized platinum nanowires were deposited on a Si substrate capped by a 300-nm-

thick layer of thermally grown silicon dioxide and prepatterned with Au alignment marks.
The location of the deposited wires was mapped, by means of optical microscopy, using their
strong light-scattering properties [76, 84]. Metallic leads (5 nm Cr, 50 nm Au) to individual
wires were subsequently patterned by electron-beam lithography, evaporation, and lift-off.
Finally, the SiO2 was removed by wet etching (HF) to form suspended nanowire structures.
The suspended Pt nanowire shown in Fig. 21 has a diameter of 43 nm and a length of
1.3 �m. A magnetomotive detection scheme (see Fig. 21, right), in which an AC current
drives a beam in a transverse magnetic field, was used to drive and read out the resonators.
Figure 22 shows the measured motion-induced impedance of the nanowire device, �Zm�f ��,
versus frequency. The measured quality factor Q was approximately 8500 and decreased
slightly with the increase in magnetic field. It was noted that the characteristic curve shown
in Fig. 22 corresponds to a linear response of the beam. Badzey et al. [52] reported a doubly
clamped nanomechanical Si beam working in the nonlinear response region. The nonlinear
response of the beam displays notable hysteresis and bistability in the amplitude-frequency
space when the frequency sweeps upward and downward. This particular behavior shows
that the device can be used as mechanical memory elements.

2.4.2.2. Nanoelectromechanical Programmable Ready-Only Memory A nanowire-
based nanoelectromechanical programmable read-only memory (NEMPROM), reported by
Ziegler et al. 2004 [80], is shown in Fig. 23(a). The germanium nanowire was synthesized
directly onto a macroscopic gold wire (diameter = 0	25 mm). The combination of TEM and
STM was used to control and visualize the nanowire under investigation. Figure 23(b)–23(g)
illustrates how the device can work as NEMPROM. In equilibrium, the attractive van der
Waals (vdW) force and electrostatic interactions between the nanowire and the gold elec-
trode are countered by the elastic force from the deflection of the nanowire. Figure 23(b)
shows the position of the nanowire with relative low applied voltage. With the increase in
voltage, the nanowire moves closer to the electrode (Fig. 23(c)). When the applied volt-
age exceeds a certain value, a jump-to-contact happens, i.e., the nanowire makes physical
contact with the electrode (Fig. 23(d)). The nanowire remains in contact with the electrode
even when the electrostatic field is removed because the vdW force is larger than the elas-
tic force (Fig. 23(e)). This is the ON state of the NEMPROM. The NEMPROM device

50 Ω 50 Ω
VAC

ZS

500 nm

(a) (b)

Figure 21. (a) SEM image of the suspended nanowire device, 1.3 �m long and 43 nm in diameter. (b) Measurement
circuit used for magnetomotive drive and detection. Reprinted with permission from [24], A. Husain et al., Appl.
Phys. Lett. 83, 1240 (2003). © 2003, American Institute of Physics.
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Figure 22. Measured mechanical impedance of a Pt nanowire device as a function of frequency, at a series of
magnetic fields from 1 to 8 T. The left inset shows the characteristic B2 dependence typical of magnetomotive
detection. The right inset shows the quality factor Q as a function of magnetic field. Reprinted with permission
from [24], A. Husain et al., Appl. Phys. Lett. 83, 1240 (2003). © 2003, American Institute of Physics.

can be switched OFF by mechanical motion or by heating the device above the stability
limit to overcome the vdW attractive forces. Figure 23(f) and 23(g) show the separation
of the nanowire and the electrode after imposing a slight mechanical motion, resulting in
a jump-off-contact event. This is the OFF state of NEMPROM. The working principle of
NEMPROM is similar to that of NRAM [1] since both of them employ van der Waals energy
to achieve the bistability behavior, although the usage of germanium may provide better
control of size and electrical behaviors of the device than that of carbon nanotube.

2.5. Future Challenges

NEMS offer unprecedented and intriguing properties in the fields of sensing and elec-
tronic computing. Although significant advancement has been achieved, there are many chal-
lenges that will need to be overcome before NEMS can replace and revolutionize current

Figure 23. (a) TEM image of a Ge nanowire device. (b)–(d) TEM sequence showing the jump-to-contact of a Ge
nanowire as the voltage is increased. (e) TEM image demonstrating the stability of device after removal of the
electrostatic potential. (f) and (g) TEM sequence demonstrating the resetting behavior of the device. Reprinted with
permission from [80], K. J. Ziegler et al., Appl. Phys. Lett. 84, 4074 (2004). © 2004, American Institute of Physics.
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technologies. Among the issues that need further research and development are

1. Extremely high integration level: For applications such as RAM and data storage, the den-
sity of the active components is definitely a key parameter. Direct growth and directed
self-assembly are the two most promising methods to make NEMS devices with levels
of integration orders of magnitudes higher than that of current microelectronics.
A process for nanofabrication of the NEMS device developed by Ke and Espinosa [11],
based on the directed self-assembly, is schematically shown in Fig 24.

a. A 1-�m-thick Si3N4 dielectric film is deposited on a Si wafer by LPCVD. Then,
a 50-nm-thick gold film (with 5 nm Cr film as adhesion layer) is deposited by
e-beam evaporation and patterned by lithography to form the bottom electrodes.
A 1-�m-thick SiO2 layer is deposited by PECVD.

b. The fountain-pen nanolithography technique [85] is then employed to function-
alize specific areas, with widths down to 40 nm, either with polar chemical groups
(such as the amino groups (−NH2/−NH+

3 ) of cysteamine) or carboxyl (−COOH/
−COO−) or with nonpolar groups (such as methyl (−CH3) from molecules like
1-octadecanethiol, ODT).

c. The substrate is dipped into a solution containing prefunctionalized (with polar
chemical groups) CNTs or NWs to adhere and self-assembly to the functionalized
sites.

d. The chip is patterned with e-beam lithography and e-beam evaporation of 100 nm
gold film (lift-off, with 5 nm Cr film as adhesion layer) to form the top electrodes.

e. Removal of the SiO2 layer using wet etching (HF) to free one end of the CNT
cantilever completes the process.

The final product, a two-dimensional array of NEMS devices, with multiplexing capa-
bilities is schematically shown in Fig. 25. The top and bottom electrodes are intercon-
nected to the pads, correspondingly. By applying voltage between the corresponding
pads, the individual NEMS devices can be independently actuated.

2. Better understanding the quality factor: One of the keys to realize the potential appli-
cations of NEMS is to achieve ultra-high-quality factors. However, it has been con-
sistently observed that the quality factor of resonators decreases significantly with size
scaling [5]. Defects in the bulk materials and interfaces, fabrication-induced surface
damages, adsorbates on the surface, and thermoelastic damping are a few commonly
listed factors that can dampen the motion of resonators. Unfortunately, the dominant
energy dissipation mechanism in nanoscale mechanical resonators is still unclear.

3. Reproducible and routine nanomanufacturing: Fabrication reproducibility is key in appli-
cations such as mass sensors. Because the NEMS can respond to mass at the level of
single atom or molecules, it places an extremely stringent requirement on the clean-
ness and precision of nanofabrication techniques. Likewise, devices that rely on van der
Waals energy require dimensional control (e.g., gap dimension) in the order of a few
nanometers.
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Figure 24. Schematic of the fabrication steps involving NFP functionalization.
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Figure 25. Schematics of two-dimensional array of the NEMS device with multiplexing.

4. Quantum limit for mechanical devices: The ultimate limit for NEMS is its operation at,
or even beyond, the quantum limit [5]. In the quantum regime the individual mechan-
ical quanta are of the same order of magnitude, or greater than the thermal energy.
Quantum theory should be used to understand and optimize force and displacement
measurements. Recently, position resolution with a factor of 4.3 above the quantum
limit has been achieved for a single-electron transistor with high-quality factor at mil-
likelvin temperature [86]. The pursuit of NEMS devices operating at the quantum limit
will potentially open new fields in science at the molecular level.

3. MODELING OF NANOELECTROMECHANICAL
SYSTEMS DEVICES

The design of NEMS depends on a thorough understanding of the mechanics of the devices
themselves and the interactions between the devices and the external forces/fields. With the
critical dimension shrinking from micron to nanometer scale, new physics emerges so that the
theory typically applied to MEMS does not immediately translated to NEMS. For example,
van der Waals forces from atomic interactions play an important role in NEMS, while they
can be generally neglected in MEMS. The behavior of materials at nanometer scale begins
to be atomistic rather than continuous, giving rise to anomalous and often nonlinear effects,
for example,

• The roles of surfaces and defects become more dominant.
• The devices become more compliant than continuum models predict.
• Molecular interactions and quantum effects become key issues to the point that thermal

fluctuation could make a major difference in the operation of NEMS.

For instance, the nanoresonators reported by the research groups of Roukes and Craighead
are operated in the gigahertz range and usually have sizes within 200 × 20 × 10 nm3 [87].
Devices of this size and smaller are so minuscule that material defects and surface effects
have a large impact on their performance.
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In principle, atomic-scale simulations should well predict the behavior of NEMS devices.
However, atomic simulations of the entire NEMS involve prohibitively expensive computa-
tional resources or exceed the current computational power. Alternatively, multiscale mod-
eling, which simulates the key region of a device with an atomistic model and other regions
with a continuum model, can well serve the purpose under the circumstance of limited com-
putational resources. Besides, it has been demonstrated that the behavior of some nanostruc-
tures, like carbon nanotubes, can be approximated by continuum mechanics models, based
on the same potentials governing molecular dynamics (MD) simulation [88], if the surface
nonideality of the nanostructures is neglected. Thus, continuum mechanics models are still
adequate to the design of NEMS, in particular, in the initial stages.

3.1. Multiscale Modeling

Multistage modeling can be pursued sequentially or concurrently. In the sequential method,
information from each model at a given scale is passed to the next modeling level. In this
fashion, “informed” or physically motivated models are developed at larger scales. In con-
current multiscale modeling, the system is split into primarily two domains: the atomistic
domain and the continuum domain. In the atomistic domain, MD and quantum mechanics
(QM) are typically employed, while in the continuum domain, the finite element method is
often used. MD deals with the interaction of many thousands of atoms or more according
to an interaction law. The “constitutive” behavior of each atom is governed by QM. QM
involves the electronic structure, which in turn determines the interatomic force law—the
“constitutive” behavior of each atom. However, in practice, the interatomic force laws have
been determined empirically based on both QM and experiments. To model the response
of NEMS devices, MD and continuum mechanics are generally adequate; hence, here we
restrict our discussion to the basic ideas behind these two models. In some cases, QM mod-
eling is required so the reader should consult the information on QM.
As an example of sequential multiscale modeling, we discuss how the mechanical proper-

ties of bulk tantalum were calculated using a multiscale modeling strategy. Moriarty et al.
[89] started with fundamental atomic properties and used rigorous quantum-mechanical
principles calculations to develop accurate interatomic force laws that were then applied
to atomistic simulations involving many thousands of atoms. From these simulations, they
derived the properties of individual dislocations in a perfect crystal and then, with a new
microscale simulation technique, namely, dislocation dynamics, examined the behavior of
large collections of interacting dislocations at the microscale in a grain-sized crystal. They
modeled the grain interactions in detail with finite-element simulation, and from those sim-
ulations, they finally constructed appropriate models of properties such as yield strength
in a macroscopic volume of tantalum. At each length scale, the models were experimen-
tally tested and validated with available data. The concept of information passing between
models, from quantum modeling to atomic to continuum scale, is quite general and can be
applied in a variety of problems including NEMS.

3.1.1. Implementation of Concurrent Multiscale Modeling
MD computes the classical trajectories of atoms by integrating Newton’s law, F = ma, for
the system. In the MD domain, the interaction force follows an empirical potential. Consider
a set of nM molecules with the initial coordinates XI , I = 1 to nM . Let the displacements
be denoted by dI�t�. The potential energy is then given by WM�d�. For a given potential
function WM�d�, an equilibrium state is given by

dWM�d� = 0 (1)

From the continuum viewpoint, the governing equations arise from conservation of mass,
momentum and energy. Using a so-called total Lagrangian description [90], the linear
momentum equations are

�Pji

�Xj

+ "0bi = "0üi (2)
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where "0 is the initial density, P is the nominal stress tensor, b is the body force per unit
mass, u the displacement, and the superposed dots denote material time derivatives.
There are two approaches to building a multiscale model: domain decomposition with

overlapping domains, often referred to as the “handshake” model [87], and the edge-to-edge
decomposition method [91].
The main features of the overlapping domain decomposition include: (a) A Lagrange

multiplier method and an augmented Lagrange method to impose consider the constraints
on the motion; (b) The Lagrange multiplier field in the overlapping domain vanishes at the
edges of the continuum domain so that the interaction forces between the continuum and
molecular mechanics model are smooth if an atom exits the overlapping domain.
In edge-to-edge decomposition coupling method, there are three types of particles. Besides

the nodes of the continuum domain and the atoms of the molecular domain, virtual atoms
are defined to model the bond angle-bending for bonds between the continuum and the
molecular domains. The virtual atoms are connected with the molecular domain by virtual
bonds. An example showing the domains in difference of all these methods, when applied
to the modeling of a graphite sheet, is shown in Fig. 26.

3.1.2. Examples of Concurrent Multiscale Modeling
Because of the computational power and efficiency, multiscale modeling has been used
widely in the modeling and simulation of nanostructures and NEMS. Here three examples
are highlighted: carbon nanotube fracture [91], carbon nanotube–based switch performance
[88], and nanogears kinematics [87].
In the model developed by Belytschko et al. [91] for studying carbon nanotubes fracture,

two shells of a nanotube interacting by van der Waals forces were considered. The molecular
model was used only in a small subdomain surrounding a defect, while the finite element
model was employed outside of the molecular model (Fig. 27). A modified Morse poten-
tial was used. The load was only applied to the outside shell. For the entire domain to be
modeled by molecular mechanics, 46,200 atoms were required, which is very expensive com-
putationally. The numerical results were compared with reported experimental values for
the failure stress. The model with a certain number of defects agreed much better with the
experimental measurements than did a perfect nanotube model.
As aforementioned, carbon nanotube–based electrostatic switches have the potential to

operate in the gigahertz range and achieve much higher integration levels than currently
possible. As such, modeling attempts to gain insight into the performance of the device pur-
sued. Aluru’s group developed various numerical models, including continuum models, and
continuum/MD coupled models to analyze device behavior [92]. This work shows that con-
tinuum modeling, considering nonlinear beam theory, is in good agreement with molecular

(a) (b) (c)

Figure 26. Comparison of bent graphite sheet by means of (a) molecular mechanics, (b) overlapping coupling,
(c) edge-to-edge coupling. Reprinted with permission from [91], T. Belytschko et al., Int. J. Multiscale Comp. Engr.
1, 115 (2003). © 2003, Begell House, Inc.
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Figure 27. Carbon nanotube model for fracture study by overlapping coupling method. Reprinted with permission
from [91], T. Belytschko et al., Int. J. Multiscale Comp. Engr. 1, 115 (2003). © 2003, Begell House, Inc.

mechanics modeling. MD simulation showed that, with an increase of the gap between the
nanotube and the ground, the nanotube locally buckles as it approaches the ground. The
local buckling phenomenon was not captured by the continuum beam theory employed in
the analysis. Hence a combined continuum/MD technique was used to overcome this limita-
tion. Figure 28 compares the deformed shapes obtained from the combined continuum/MD
model and the fully molecular mechanics model. The buckling that occurred at the two
ends of the nanotube was captured by the MD subdomain. In the center of the nanotube,
the nonlinear beam theory was able to predict well and greatly reduced the computational
cost. The combined continuum/MD approach and the fully MD approach provided good
agreement in terms of the static pull-in voltage.
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Figure 28. Deformation plot of a fixed-fixed carbon nanotube-based switch. The top figure is the result from full
molecular dynamics (MD) simulation and the lower is the multiscale result in which the central region is modeled
by one-dimensional nonlinear beam theory. Reprinted with permission from [92], M. Desquenes et al., J. Eng. Mater.
Tech. 126, 230 (2004). © 2004, American Society of Mechanical Engineers.
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Microgears have been one of the most successful MEMS devices so far. Such devices are
presently made at the 100 �m scale and rotate at speeds of 150,000 rpm. Next generation of
devices (nanogears), based on nanofabrication, are expected to be below the 1 �m level. The
effects of wear, lubrication, and friction are expected to have significant consequences on the
performance of the nanogears, where areas of contact are an important part of the systems.
However, the process of nanogear teeth grinding against each other cannot be simulated
accurately with FE because of the bond breaking and formation at the point of contact can
only be treated empirically in FE. Alternatively, multiscale modeling provides a good tool to
predict the mechanics-related issues for these devices. Figure 29 shows the multiscale decom-
position for the modeling of nanogears. An inner region, including the shaft, is discretized
by finite elements. The handshaking between the FE and MD region is accomplished by a
self-consistent overlap region. In regions at the gear-gear contact point in the nonlubricated
case, a tightbinding (TB) description is used as part of a QM simulation [87].

3.2. Continuum Mechanics Modeling

Many NEMS devices can be modeled either as biased cantilever beams or fixed-fixed beams
freestanding over a ground substrate, as shown in Fig. 30. The beams can be carbon nano-
tubes, nanowires, or small nanofabricated parts. The electromechanical characterization of
NEMS involves the calculation of the elastic energy �Eelas�, from the deformation of active
components, the electrostatic energy �Eelec�, and van der Waals energy �EvdW� from atomic
interactions. In the following section, we summarize the continuum theory for each of these

Dynamic Region

Silicon Gear Teeth

Gear Shaft

FE

MD

TB

Figure 29. Illustration of dynamic simulation zone and domain decomposition for coupling of length scales: from
continuum (FE) to atomistic (MD) to electronic structure (TB). Reprinted with permission from [87], R. E. Rudd
and J. Q. Broughton, R. E. Rudd and J. Q. Broughton, J. Model. Simul. Microsys. 1, 29 (1999). © 1999, Applied
Computational Research Society.
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(A) (B)

V V 

Figure 30. Schematic of NEMS devices. (A) Cantilever beam configuration. (B) Doubly clamped beam
configuration.

energy domains and the governing equations of equilibrium for both small deformation and
finite deformation. We follow the work reported in Refs. [32, 88, 92, 103, 104, 106].

3.2.1. Continuum Theory
3.2.1.1. Van der Waals Interactions The van der Waals (vdW) energy originates from
the interaction between atoms. The Lennard-Jones potential is a suitable model to describe
van der Waals interaction [93]. In the Lennard-Jones potential, there are two terms: one is
repulsive and the other is attractive. The Lennard-Jones potential between two atoms i and
j is given by

&ij =
C12

r12ij
− C6

r6ij
(3)

where rij is the distance between atoms i and j and C6 and C12 are attractive and repul-
sive constants, respectively. For the carbon-carbon interaction, C6 = 15	2 eVÅ6 and C12 =
24	1 keVÅ12 and the equilibrium spacing r0 = 3	414 Å [94]. From Eq. (3), we can see that
the repulsive components of the potential decay extremely fast and play an important role
only when the distance is close to or smaller than r0. The total van der Waals energy can
be computed by a pair-wise summation over all the atoms. The computational cost (number
of operations) is proportional to the square of the number n of atoms in the system. For a
NEMS device with millions of atoms, this technique is prohibitively expensive. Instead, a con-
tinuum model was established to compute the van der Waals energy by the double-volume
integral of the Lennard-Jones potential [95], that is,

EvdW =
∫
)1

∫
)2

n1n2

(
C12

r12�)1* )1�
− C6

r6�)1* )1�

)
d)1d)1 (4)

where, )1 and )2 represent the two domains of integration, and n1 and n1 are the densities
of atoms for the domains )1 and )2, respectively. The distance between any point on )1 and
)2 is r�)1* )1�.
Let us consider SWNT freestanding above a ground plane consisting of layers of graphite

sheets, with interlayer distance d = 3	35 Å, as illustrated in Fig. 31(A). The energy per unit
length of the nanotube is given by

EvdW

L
=2+,2R

N∑
n=1

∫ +

−+

(
C12

10.�n−1�d+rinit+R+Rsin/010
− C6

4.�n−1�d+rinit+R+Rsin/04

)
d/

(5)
where L is the length of the nanotube, R is the radius of the nanotube, rinit is the distance
between the bottom of the nanotube and the top graphene sheet, N is the number of
graphene sheets and , 
 38 nm−2 is the graphene surface density. When rinit is much larger
than the equilibrium spacing r0, the repulsive component can be ignored and Eq. (5) can be
simplified [88] as

EvdW

L
= C6,

2+2R
�N−1�d+rinit∑

r=rinit

�R+ r�.3R2 + 2�r +R�20

2.�r +R�2 −R207/2
(6)
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Figure 31. Van der Waals integration of a SWNT (A) and MWNT (B) over a graphite ground plane. Reprinted
with permission from [88], M. Desquenes et al., Nanotechnology 13, 120 (2002). © 2002, Institute of Physics.

The accuracy of Eq. (6) in approximating the continuum van der Waals energy of a SWNT
placed over a graphite plane is verified by the comparison with the direct pair-wise summa-
tion of the Lennard-Jones potential given by Eq. (3) for a �16* 0� tube, which is shown in
Fig. 32 [88].
For a MWNT, as illustrated in Fig. 31(B), the energy per unit length can be obtained by

summing up the interaction between all separate shells and layers:

EvdW

L
=

Rext∑
R=Rint

�N−1�d+rinit∑
r=rinit

C6,
2+2R�R+ r�.3R2 + 2�r +R�20

2.�r +R�2 −R207/2
(7)

where Rint and Rext are the inner and outer radii of the nanotube, respectively.
The van der Waals force per unit length can be obtained as

qvdW =
d
(
EvdW
L

)
dr

(8)

Gap (nm)

continuum vdW
discrete vdW

E
vd

W
/L

 (
J/

m
)

10–910–15

10–14

10–13

10–12

10–11

10–10

10–8

Figure 32. Comparison of the continuum van der Waals (vdW) energy given by Eq. (6) with the discrete pair-wise
summation given by Eq. (3). Reprinted with permission from [88], M. Desquenes et al., Nanotechnology 13, 120
(2002). © 2002, Institute of Physics.
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Thus, inserting Eq. (7) into Eq. (8) and taking the derivative with respect to r , one
obtains [88]

qvdW =
Rext∑

R=Rint

�N−1�d+rinit∑
r=rinit

−C6,
2+2R

√
r�r + 2R�

(
8r4 + 32r3R+ 72r2R2 + 80rR3 + 35R4

)
2
[
2r5�r + 2R�5

]5 (9)

3.2.1.2. Electrostatic Force When a biased conductive nanotube is placed above a con-
ductive substrate, there are induced electrostatic charges both on the tube and on the
substrate. The electrostatic force acting on the tube can be calculated using a capacitance
model [96].
Let us look at the electrostatic force for a conductive nanotube with finite length and

round cross section above an infinite ground plane. Although nanotubes have hollow struc-
tures, carbon nanotubes with capped ends are more electrochemically stable than those with
open ends [97]. Thus, nanotubes with finite length, as well as nanowires, can be geometri-
cally approximated by conductive nanocylinders. For small-scale nanocylinders, the density
of states on the surface is finite. The screening length, the distance that the “surface charge”
actually penetrates into the cylinder interior, is found to be a nanometer-scale quantity
[98]. For nanocylinders with transverse dimension (i.e., diameter approaching the screen-
ing length), such as SWNT, the finite size and density of states (quantum effects) have to
be considered thoroughly when calculating the surface/volume charge distribution [99, 100].
For nanocylinders with transverse dimension much larger than the screening length, such
as MWNT or nanowires with large outer diameter (e.g., 20 nm), this quantum effect can
be considered negligible. Thus, the charge distribution can be approximated by the charge
distribution on a metallic, perfectly conductive cylinder with the same geometry to which
classical electrostatic analysis can be applied.
For infinitely long metallic cylinders, the capacitance per unit length [96] is given by

Cd�r� =
+1

a cosh
(
1+ r

R

) (10)

where r is the distance between the lower fiber of the nanocylinder and the substrate, R is
the radius of the nanocylinder, and 1 is the permittivity of the medium. For vacuum, 10 =
8	854×10−12 C2N−1m−2. Equation (10) can be applied for infinitely long MWNTs with large
diameters �R = Rext�.
For the charge distribution on infinite long SWNT, Bulashevich and Rotkin [100], proposed

a quantum correction, rendering the capacitance per unit length as

C = Cd

1+ Cd
CQ

≈ Cd

(
1− Cd

CQ

)
(11)

where CQ = e2vm, and vM is the constant density of the states near the electroneutral level
measured from the Fermi level.
For nanocylinders with finite length, there are two types of boundary surfaces—the cylin-

drical side surface and the planar end surface. Essentially classical distribution of charge
density with a significant charge concentration at the cylinder end has been observed [99,
101, 102]. Here we discuss a model to calculate the electrostatic charge distribution on metal-
lic cylindrical cantilevers based on a boundary element method (BEM), considering both
the concentrated charge at the free end and the finite rotation due to the deflection of the
cantilever [103].
Figure 33 shows the charge distribution along the length L of a freestanding nanotube,

subjected to a bias voltage of 1 V. The contour plot shows the charge density (side view),
while the curve shows the charge per unit length along the nanotube. The calculation was
performed using the CFD-ACE+ software (a commercial code from CFD Research Corpo-
ration based on finite and BEMs). There is significant charge concentration on the free ends
and uniform charge distribution in the central of the cantilever, which is found to follow
Eq. (10). The charge distribution along a deflected cantilever nanotube is shown in Fig. 34.
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Figure 33. Charge distribution for a biased nanotube. The device parameters are Rext = 9 nm, H = 100 nm, and
L = 1 �m. Reprinted with permission from [104], C.-H. Ke et al., J. Appl. Mech. in press (2005). © 2005, American
Society of Mechanical Engineers.

The parameters are Rext = 20 nm, H = 500 nm, L = 3 �m, and the gap between the free
end and the substrate r�L� = 236 nm. From Fig. 34, it is seen that, besides the concentrated
charge on the free end, the clamped end imposes a significant effect to the charge distribu-
tion in the region close to it [98]. However, this effect can be considered negligible because
its contribution to the deflection of the nanotube is quite limited. The charge distribution
in regions other than the two ends closely follows Eq. (10). A formula for the charge distri-
bution, including end charge effects and the deflection of the cantilever, is derived from a
parametric analysis [103], as follows:

C�r�x�� = Cd�r�x��
{
1+ 0	85.�H +R�2R01/36�x − xtip�

} = Cd�r�x��71+ fc9 (12)

where the first term in the bracket accounts for the uniform charge along the side surface
of the tube and the second term, fc, accounts for the concentrated charge at the end of
the tube (for doubly clamped tube, fc = 0). H is the distance between the cantilever and
the substrate when the cantilever is in horizontal position, R is the radius of the tube (for
MWNT R = Rext), x = xtip = L for small deflection (when considering the finite kinematics,
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Figure 34. (Top) Two-dimensional side view of the charge distribution in a deflected nanotube cantilever. (Bottom)
Charge distribution per unit length along a deflected nanotube cantilever. The solid line is plotted from Eq. (10);
the dotted line is the simulation result performed with CFD-ACE+. Reprinted with permission from [103], C.-H.
Ke and H. D. Espinosa, J. Appl. Mech. in press (2005). © 2005, American Society of Mechanical Engineers.
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i.e., large displacement, x = xtip �= L�, 6�x� is the Dirac function, and r�x� =H −w�x�, with
w being the tube deflection.
Thus, the electrostatic force per unit length of the nanotube is given by differentiation of

the energy [104], as follows:

qelec =
1
2
V 2 dC

dr
= 1

2
V 2

(
dC0

dr

)
71+ fc9 =

−+10V 2√
r�r + 2R�a cosh2(1+ r

R

)�1+ fc� (13)

where V is the bias voltage.

3.2.1.3. Elasticity Continuum-beam theory has been widely used to model the mechanics
of nanotubes [25, 32, 88, 92, 104–106]. The applicability and accuracy of the continuum
theory have been evaluated by comparison with MD simulations [88]. Figure 35 shows the
comparison of the deflection of a 20-nm-long, doubly clamped DWNT with a diameter of
1.96 nm, calculated by MD simulation and by the beam equation, respectively. The solid
black curve—the deflection predicated by the beam equation—follows closely the shape
predicted by MD calculations.
Because nanotubes have high flexibility with strain at tensile failure of the order of 30%

[107], nonlinear effects such as finite kinematics, accounting for large displacement need, to
be considered in the modeling. This is particularly important for doubly clamped nanotube
beams because the stretching from the finite kinematics stiffens the beam, resulting in a
significant increase of the pull-in voltage, a key parameter in NEMS devices.

3.2.1.4. Governing Equations The electromechanical characteristic of nanotube can-
tilevers or doubly clamped nanotube beams can be determined by coupling the van der
Waals, electrostatic, and elastic forces. The governing equation under the small deformation
assumption (considering only bending) [88] is given by

EI
d4r

dx4
= qelec + qvdW (14)

where r is the gap between the nanotube and the ground plane, x is the position along the
tube, E is the Young’s modulus (for carbon nanotube E = 1− 1	2 TPa), I is the moment of
inertia (for nanotubes, I = +

4 �R
4
ext −R4

int�, Rext and Rint are the outer and inner radii of the
nanotubes, respectively), and qelec and qvdW are given by Eqs. (14) and (9), respectively.
For cantilevers exhibiting large displacements, as shown in Fig. 36, the curvature of the

deflection should be considered and the governing equation [104] changes into

EI
d2

dx2


 d2r

dx2(
1+ (

dr
dx

)2) 3
2


 = �qvdW + qelec�

√
1+

(
dr

dx

)2

(15)

For doubly clamped structures exhibiting finite kinematics, as shown in Fig. 37, stretching
becomes significant as a consequence of the ropelike behavior of a doubly clamped nanotube.
The corresponding governing equation [92, 104, 106] is expressed as

EI
d4w

dx4
− EA

2L

∫ L

0

(
dw

dx

)2

dx
d2w

dx2
= qelec + qvdW (16)

where the term EA
2L

∫ L

0 � dw
dx
�2dx is the tension along the axis of the tube due to stretching.

Figure 35. Comparison between MD and beam theory of the deflection of a 20-nm-long fixed-fixed DWNT (diam-
eter 1.96 nm). The solid black curve is the deflection predicated by beam theory. Reprinted with permission from
[88], M. Desquenes et al., Nanotechnology 13, 120 (2002). © 2002, Institute of Physics.
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Figure 36. Schematic of finite kinematics configuration of a cantilever nanotube device subjected to electrostatic
and van der Waals forces. Reprinted with permission from [104], C.-H. Ke et al., J. Appl. Mech. in press (2005).
© 2005, American Society of Mechanical Engineers.

The aforementioned governing equations can be numerically solved by either direct inte-
gration or finite difference method. The effect of various factors, such as concentrated
charge, finite kinematics, and stretching, on the prediction of pull-in voltages of devices can
then be identified.
In the following, the effects of concentrated charge and finite kinematics on the prediction

of the pull-in voltage for a cantilevered nanotube with Rext = 10 nm, Rint = 0, E = 1 TPa,
H = 100 nm, L = 500 nm are considered [104]. The displacement of the tip as a function
of the applied voltage is shown in Fig. 38. As expected, the role of the finite kinematics
becomes negligible. The pull-in voltages, corresponding to the vertical lines, differ by less
than 1%. Both numerical solutions reported in Fig. 38 consider the charge concentration
at the tip of the cantilevered nanotube. Figure 39 shows the error in the pull-in voltage in
case the charge concentration is ignored. It is inferred that the error from neglecting charge
concentration can be appreciable.
The effect of finite kinematics and stretching on the prediction of pull-in voltage for a

doubly clamped nanotube is examined by investigating a device with the following charac-
teristics Rext = 10 nm, Rint = 0, E = 1 TPa, H = 100 nm, L = 3000 nm [104]. The central
deflection of the nanotube as a function of the applied voltage is shown in Fig. 40 for both
with and without stretching. The two vertical lines correspond to reaching unstable behavior
(i.e., pull-in voltages). The role of tension stiffening due to the ropelike behavior is quite
pronounced in this case.
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Hqvdw

Figure 37. Schematic of finite kinematics configuration of a doubly clamped nanotube device subjected to elec-
trostatic and van der Waals forces. Reprinted with permission from [104], C.-H. Ke et al., J. Appl. Mech. in press
(2005). © 2005, American Society of Mechanical Engineers.
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Figure 38. The effect of finite kinematics on the characteristic of the cantilever nanotube based device (tip dis-
placement vs. voltage). The solid lines illustrate the result accounting for finite kinematics, while the dashed line
shows the result when finite kinematics is neglected. Both analyses account for charge concentration at the end
of the cantilever nanotube. Reprinted with permission from [104], C.-H. Ke et al., J. Appl. Mech. in press (2005).
© 2005, American Society of Mechanical Engineers.

3.2.2. Analytical Solutions
In this section, we discuss the analytical solutions of the electromechanical characteristic of
the NEMS devices consisting of both cantilever and double-clamped nanotubes. In particu-
lar, the pull-in voltage calculations based on the energy method are reported [32, 106].
For nanotube cantilevers (singly clamped), the deflection of the cantilever nanotube can

be approximated by the following quadratic function [32]:

w�s� ≈ x2

L2
c (17)
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Figure 39. The effect of charge concentration on the characteristic of the cantilever nanotube based device (tip
displacement vs. voltage). The solid line illustrates the deflection curve accounting for charge concentration. The
dashed line shows the deflection curve in the absence of charge concentration. Both curves are based on the small
deflection model. Reprinted with permission from [104], C.-H. Ke et al., J. Appl. Mech. in press (2005). © 2005,
American Society of Mechanical Engineers.
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Figure 40. Electromechanical characteristic (central displacement–voltage curve) for doubly clamped nanotube
device. The dashed line is for small deformation model (pure bending), and the solid line is for finite kinematics
model (bending plus stretching). Reprinted with permission from [106], N. Pugno et al., J. Appl. Mech. in press
(2005). © 2005, American Society of Mechanical Engineers.

where L is the length of the nanotube, c is a constant that represents the displacement of
the end of the cantilever, and x is the coordinate along the nanotube.
The total energy of the system Etotal is expressed as

Etotal�c� = Eelas�c�+ Eelec�c�+ EvdW�c� (18)

where the elastic energy Eelas�c�, the electrostatic energy Eelec�c�, and van der Waals energy
EvdW�c� can be obtained by integration as

Eelas�c� =
EI

2

∫ L

0

(
d2w

dx2

)2

dx (19a)

Eelec�c� ≈
∫ L

0

dEelec* vdW�r�w�x���

dx
dx (19b)

The equilibrium condition is reached when the total energy reaches a minimum value, that is,

dEtotal

dc
= 0 (20a)

Similarly, the instability of the devices (i.e., pull-in) happens when the second-order deriva-
tive of total energy equals zero, namely,

d2Etotal

dc2
= 0 (20b)

The van der Waals interaction plays an important role only for a small gap between the
nanotubes and substrate (i.e., a few nanometers). Thus it can be neglected in the analysis of
NEMS with large gaps. We consider EvdW ≈ 0 in this analysis.

By assuming that the nanotube’s (external) radius Rext is much smaller than the distance r
between nanotube and ground plane (i.e., Rext/r � 1), the pull-in voltage [32], considering
the nonlinear finite kinematics and the concentrated charges at the free end, is given by

VS
PI
≈ kS

√
1+KFK

S

1+KTIP
S

H

L2
ln
(
2H
Rext

)√
EI

10
(21a)

kS ≈ 0	85* KFK
S ≈ 8H 2

9L2
* KTIP

S ≈ 2	55
[
Rext�H +Rext�

2
]1/3

L
(21b)
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where subscripts S refer to singly clamped boundary conditions for cantilevers, superscript
FK refers to finite kinematics, and TIP refers to the charge concentration.
For doubly clamped nanotubes, the deflection w�x� is assumed such that it satisfies the

boundary conditions w�x = 0* L� = w′�x = 0* L� = 0 [106], namely,

w�z� ≈ 16
[(

x

L

)2

− 2
(
x

L

)3

+
(
x

L

)4]
c (22)

where w�x = L/2� = c is here an unknown constant that represents the displacement of the
central point. The pull-in voltage [106] can be expressed as

VD
PI
= kD

√
1+ kFK

D

H +R

L2
ln
(
2�H +R�

R

)√
EI

10
(23a)

kD =
√

1024
5+S ′�cPI�

(
cPI

H +R

)
* kFK

D = 128
3003

(
cPI
"

)2

(23b)
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ext +R2
int

4
S�c� =

�∑
i=1


 1(

ln
( 2�H+R�

R

))i
�∑
j=i

aij
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�H +R�

)j


 (23c)

Subscripts D refer to double clamped boundary conditions, cPI is the central deflection of
the nanotube at the pull-in, and the 7aij9 in Eq. (23) are known constants [106].
The accuracy of the analytical solutions is verified by the comparison with both numeri-

cal integration of the governing equations [104, 106] and experimental measurements (see
Section 3.2.3) [32]. The comparison between pull-in voltages evaluated numerically and the-
oretically for doubly �D� and singly �S� clamped nanotube devices is listed in Table 1 [104].
Columns 6 and 7 in Table 1 compare analytical and numerical pull-in voltage predictions
under the assumption of small deformations. Columns 8 and 9 in Table 1 compare analytical
and numerical pull-in voltage predictions under the assumption of finite kinematics. The
agreement is good (with a maximum discrepancy of 5%).

3.2.3. Comparison Between Analytical Predictions and Experiments
In this section, a comparison between analytical predictions and experimental data, for both
small deformation and finite kinematics regimes, is presented.

3.2.3.1. Small Deformation Regime The nanotweezers experimental data reported by
Akita et al. 2001 [8], plotted in Fig. 41, is used to assess the model accuracy under small
deformation. In this case, the nanotweezers are equivalent to a nanotube cantilever with
length of 2.5 �m freestanding above an electrode with a gap of 390 nm. Symmetry is

Table 1. Comparison between pull-in voltages evaluated numerically and theoretically for doubly �D� and singly �S�
clamped nanotube devices, respectively; E = 1 TPa, Rint = 0. For cantilever nanotube device, the symbol (w) denotes
that the effect of charge concentration has been included.

R = Rext VPI [V] VPI [V] VPI [V] VPI [V]
Case BC H (nm) L (nm) (nm) (theo. linear) (num. linear) (theo. nonlinear) (num. nonlinear)

1 D 100 4000 10 3	20 3	18 9	06 9	54
2 D 100 3000 10 5	69 5	66 16	14 16	95
3 D 100 2000 10 12	81 12	73 36	31 38	14
4 D 150 3000 10 9	45 9	43 38	93 40	92
5 D 200 3000 10 13	53 13	52 73	50 77	09
6 D 100 3000 20 19	21 18	74 31	57 32	16
7 D 100 3000 30 38	57 37	72 51	96 50	63
8 S 100 500 10 27.28 (w) 27.05 (w) 27.52 (w) 27.41 (w)
9 S 100 500 10 27.28 (w) 27.05 (w) 30	87 31	66

Reprinted with permission from [104], C.-H. Ke et al., J. Appl. Mech. in press (2005). © 2005, American Society of Mechanical
Engineers.
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Figure 41. Comparison between experimental data and theoretical prediction in the small deformation regime.
Reprinted with permission from [32], C.-H. Ke et al., J. Mech. Phys. Solids 53, 1314 (2005). © 2005, Elsevier, Ltd.

exploited. In the same figure, a comparison between the analytically predicted nanotube
cantilever deflection and the experimentally measured data are shown [32]. The analytical
model includes the van der Waals force and charge concentration at the free end of the
nanotube cantilever. Model parameters include Young’s modulus, E = 1 TPa, external radius
R = Rext = 5	8 nm, and Rint = 0. The pull-in voltage from the analytical model is 2.34 V,
while the experimentally measured pull-in voltage was 2.33 V. It is clear that the analytical
prediction and experimental data for the deflection of the nanotube cantilever, as a function
of applied voltage, are in very good agreement.

3.2.3.2. Finite Kinematics Regime Experimental data corresponding to the deflection
of carbon nanotube cantilevers in the finite kinematics regime were recently obtained by in
situ SEM measurements [32].
The configuration of the in situ measurement is shown in Fig. 42. The electrode was made

of silicon, wafer coated with 50 nm Au film by e-beam evaporation. This Si chip was attached

SEM Gun

CNT

Electrode

93˚

R 

Probe

V

Figure 42. Schematic of the experimental configuration employed in the electrostatic actuation of MWNTs.
Reprinted with permission from [32], C.-H. Ke et al., J. Mech. Phys. Solids 53, 1314 (2005). © 2005, Elsevier, Ltd.
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Figure 43. Scanning electron microscopy (SEM) images of the deformed carbon nanotube at various bias voltages.
Reprinted with permission from [32], C.-H. Ke et al., J. Mech. Phys. Solids 53, 1314 (2005). © 2005, Elsevier, Ltd.

onto the side of a Teflon block and mounted to the SEM sample holder at an angle of 93�

with respect to the holder plane. The nanotube cantilever fabricated by the method shown
in Fig. 4 was placed horizontally and parallel to the electrode surface as schematically shown
in Fig. 42. The distance between the top surface and the electron-beam gun was 5 mm, while
the distance between the nanotube and the electron-beam gun was measured to be 6.8 mm.
By focusing on the electrode surface and adjusting the working distance to be 6.8 mm, a
feature on the electrode, which was on the same horizontal plane with the nanotube, was
located. Such a feature is schematically marked as a line in Fig. 42. The horizontal distance
between the nanotube and the line was controlled by the nanomanipulator and set to 3 �m.
In the circuit, a resistor R0 = 1	7 M� was employed to limit the current. Because the ratio
between the length of the nanotube and the gap between the nanotube and electrode is 2.3,
the deflection of the nanotube can be considered to be in the finite kinematics regime.
Figure 43(A)–43(E) shows the SEM images of the deflection of the carbon nanotube as it

is subject to increasing applied voltages. The feature on the electrode, which is in the same
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Figure 44. Comparison between experimental data and theoretical prediction in the finite kinematics regime.
Reprinted with permission from [32], C.-H. Ke et al., J. Mech. Phys. Solids 53, 1314 (2005). © 2005, Elsevier, Ltd.
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horizontal plane containing the cantilevered nanotube, is schematically marked as a solid
black line in Fig. 43(A)–43(E). These images clearly reveal changes in nanotube deflection
and local curvature as a function of applied voltage. A very noticeable effect, although
difficult to quantify accurately, is the change in local curvature. The pull-in voltage, VPI, was
measured to be 48 V. Through digital image processing, the tip deflection as a function of
voltage was measured.
The experimentally measured nanotube cantilever deflections, in the finite kinematics

regime, are plotted in Fig. 44 [32]. The figure also shows a comparison between analyti-
cal prediction and experimental data. The analytical model includes finite kinematics, the
van der Waals force, and charge concentration at the free end of the nanotube cantilever.
For these predictions, the following parameters were employed: length of the nanotube,
L = 6	8 �m; initial gap between nanotube and electrode, H = 3 �m; R = Rext = 23	5 nm;
Rint = 0, E = 1 TPa. The pull-in voltage given by the analytical analysis is 47.8 V, while the
pull-in voltage experimentally measured was 48 V.
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