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A review is given of Raman spectroscopy of carbon nanotubes under axial strain. Carbon nano-
tubes possess a high Young’s modulus (1 TPa) and breaking strains of 5–15%. Resonance Raman
spectroscopy reveals changes in the electronic energies and lattice structure of nanotubes under
applied strain. Studies performed on composite materials, where nanotubes have been added to
increase the material’s strength, are reviewed. Measurements of individual nanotubes under strain
are also presented. Emphasis is given to the important new physics revealed by observing the
strain-induced changes in the Raman spectra of individual nanotubes. A brief review of theoreti-
cal calculations performed on nanotubes under strain is also presented. The implications for using
carbon nanotubes as a high strength material and as a strain sensitive material are indicated.
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1. INTRODUCTION

The discovery of carbon nanotubes in 1991 has given birth
to a pan-global interest in their electronic, mechanical,
and optical properties. Due to the nature of their bond
strength and geometric arrangement, they present an inter-
esting system to study both from an applied and a funda-
mental point of view. Specifically, applying axial strain to
a carbon nanotube not only affects its physical structure,
but also its electronic and vibrational structure, and hence
its optical properties. We present here a survey of tech-
niques and experiments that explore the optical properties
of carbon nanotubes under axial strain.

Applying strain to carbon nanotubes provides a method
of studying their physical strength and limitation. In
these experiments, the application of strain simulates real-
world use of carbon nanotubes as structural elements.
For instance, carbon nanotubes could one day be used
for ultra-strong building materials, such as those required

∗Author to whom correspondence should be addressed.

for the construction of a space elevator, an Earth-tethered
structure for lifting people and materials into space.1�2

This seemingly impractical application is only made even
remotely possible because of nanotubes’ immense strength
to density ratio, as shown in Table I. This ratio far exceeds
that of any other known material and allows such a colos-
sal structure not to collapse under its own weight. Cur-
rently, nanotubes are found in more terrestrial applications,
such as improved tennis rackets, strain sensors utilizing
Raman spectroscopy,3�4 and electromechanical oscillators
with attoNewton (10−18 N) sensitivity.5

The Young’s modulus specifies a material’s stiffness, or
ratio of stress to strain.6–11 Although a wide range of values
have been reported in the literature, the Young’s modulus
of carbon nanotubes, as shown in Table II, is understood
to be on the order of 1 TPa for SWNTs, which is roughly
the value for diamond. Another key mechanical property
of nanotubes is their breaking strain. In order to realize
their full potential as a high strength material and as a
strain-sensitive material, it is important to know the maxi-
mum amount of axial strain that can be applied to carbon
nanotubes before they break. Although nanotubes have a
tremendously high Young’s modulus, they are not brittle
like most stiff materials and can endure relatively high
strains before breaking.

At low strains, the C C bonds in nanotubes elon-
gate elastically. However, at higher strains, these bonds
begin to break and re-form, altering the crystalline struc-
ture through the creation of Stones-Wales defects.11 These
strain-induced deformities are reversible up to ∼5% strain,
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Table I. Tensile strength to density ratios for high strength materials.

Tensile strength
Ideal tensile Density to density

Material strength (GPa) (kg m−3) ratio (GPa/kg m−3)

Strengths of various materials

Steel 5 7900 6�3×10−4

Kevlar 3.6 1440 2�5×10−3

Carbon nanotube 100 1300 7�7×10−2

Source: Reprinted with permission from �2�, N. M. Pugno, J. Phys.: Condens.
Matter 18, S1971 (2006). © 2006.

above which, irreversible defects are formed composed
of paired heptagons and pentagons.11 These so-called 5–7
defects result in an elongation of the nanotubes and help to
extend nanotubes to higher breaking strains.11 In MWNTs,
the internal nanotubes may undergo a telescoping effect or
sword-in-sheath failure, which also results in irreversible
(inelastic) elongation.11 Elongations of 280% have been
reported for SWNTs within a piezo-manipulator under a
bias voltage of 2.3 V.12 These exceptionally high elonga-
tions are made possible by the extremely high tempera-
tures produced by the high bias voltage, which enables
atomic diffusion and the irreversible coalescence of two
concentric nanotubes into one larger nanotube.12

Table II lists the Young’s moduli and breaking strains of
nanotubes as reported by several research groups. While
there is some variability in the reported values of the
Young’s Modulus due to slippage and irreversible fail-
ure mechanisms, the numbers converge at ∼1 TPa in the
absence of these events. The main source of error in
these individual nanotube measurements is not in the tiny
forces applied, but rather in determining the diameter of
the nanotube precisely. Demczyk et al., have performed
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a sophisticated set of experiments where the diameter of
the nanotube is measured in situ by transmission electron
microscopy (TEM) to minimize this error.11

Nanotube bundles have been observed to have breaking
stresses that are more than an order of magnitude weaker
than the individual SWNTs’ Young’s moduli.6�7 The large
reduction in strength arises because most of the nanotubes
are much shorter than the length of the bundle. In this case,
the strength is limited by the nanotube–nanotube coupling
strength, which is far weaker than the C C bond strength.
When strains are exerted on bundles such as these, the
bundle will come apart and be weaker overall than an indi-
vidual nanotube. The applied strain results in elongation of
the bundle through the sliding of its constituent nanotubes
along each other rather than by the transfer of strain to the
individual nanotubes and their C C bonds.

The optical properties of carbon nanotubes are very
sensitive to strain, and provide a multitude of informa-
tion about their physical and electronic structure. The vast
majority of optical measurements of carbon nanotubes
under strain utilize resonance Raman spectroscopy, which
provides a precise measure of the vibrational and elec-
tronic energies of carbon nanotubes.15 From these spectra,
information regarding the electronic resonance energies,
nanotube diameter and chirality, abundance of defects,15

temperature,16–20 and relative amount of strain4�21–32 can be
ascertained with relatively low intensity laser light. One of
the Raman features that is most sensitive to strain is the
G band, which corresponds to the optical phonon mode
in graphite and is observed at ∼1590 cm−1, as shown in
Figure 1. This phonon mode downshifts due to softening/
weakening of the C C bonds.4�21–31 Conversely, the G
band shifts upward when nanotubes are compressed.32 The
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Delivered by Publishing Technology to: University of Southern California
IP: 128.125.121.176 On: Wed, 25 Mar 2015 02:18:05

Copyright: American Scientific Publishers

R
E

V
IE

W

Optical Properties of Carbon Nanotubes Under Axial Strain Kumar and Cronin

Table II. Reported values of the Young’s moduli and breaking stresses and strains for MWNTs and SWNTs.

Breaking stress
Type of nanotube Authors Method Young’s modulus (strain)

Nanotube strain measurements

MWNT Wong et al.8 Single AFM tip 1.28 TPa n/a
Demczyk et al.11 Piezoelectric manipulator in TEM 0.91 TPa 0.15 TPa (16%)
Yu et al.7 Pulling NTs with AFM tips in SEM 270–950 GPa 11–63 GPa (12%)
Pan et al.13 2 mm long aligned MWNTs in 0�45±0�23 TPa 1�72±0�64 GPa (0.16–1.1%)

stress–strain puller
Li et al.14 10 mm long aligned DWNT strands in 80 GPa 6 GPa (7.5%)

stress–strain puller

SWNT Treacy et al.10 Thermal vibration analysis in TEM 1.8 TPa n/a
Yu et al.6 Pulling NTs with AFM tips in SEM 320–1470 GPa 30 GPa (5.3%)

G′ band (∼2700 cm−1) is also observed to downshift with
strain. While this Raman peak typically has a broader
linewidth than the G band, its high frequency allows small
changes in the relative percent of the vibrational energy
to be easily observed, making this mode very sensitive to
strain. The D band Raman mode (∼1350 cm−1) provides
additional information about nanotubes under strain. The
D band is only observed when the sp2 symmetry of the
nanotube is broken. Therefore, strain-induced distortion of
the graphitic hexagons, as well as strain-induced defects,
will break the sp2 symmetry of the nanotube and lead to
a rise in the D band Raman intensity. Also, while under
strain, nanotube ropes can de-bundle, leading to shifts in
their electronic energies.33�34 The radial breathing mode
(RBM), which corresponds to the radial motion of atoms,
has not been observed to shift under strain, however, the
intensity of this peak is sensitive to strain.22�25 The change
in RBM intensity reflects a shift in the electronic transition
energies through the resonant Raman process. Photolu-
minescence (PL) measurements of nanotubes under strain
have also been performed, providing very precise measure-
ments of the electronic transition energies and bandgaps
of semiconducting nanotubes.35

Fig. 1. Typical Raman spectrum from a semiconducting carbon
nanotube.

2. MEASUREMENTS OF NANOTUBE
COMPOSITE MATERIALS

Nanotube-epoxy and nanotube-polymer composites have
been studied extensively under strain, where nanotubes
have been added to increase the strength of the composite
material. In these composites, nanotubes are usually mixed
with an epoxy resin or other polymer material by sonica-
tion for 6–24 hours and then cured, leaving the nanotubes
suspended within the elastic polymer.24�25�27�30–32�36�37 In
these composite measurements, strains ranging from −1%
to 4% are achieved by clamping the ends of the com-
posite and then bending, straining, or compressing the
middle while Raman spectra are taken. Figure 2 shows a
schematic diagram of one approach used to induce strain
in a nanotube composite material. In other experiments,
nanotubes were deposited on the surface of an elastic poly-
mer and strained as the polymer was stretched. In these
composite measurements, thousands of nanotubes are mea-
sured simultaneously, resulting in a Raman signal that
is an ensemble average of many different nanotube chi-
ralities, all with very different electronic and vibrational
properties. Also, these ensembles consist of nanotubes
positioned at various angles with respect to the direction of
applied strain, and therefore experience different amounts
of strain. In some of these experiments, the polymer-
nanotube mixture was extruded to align the nanotubes in a
highly oriented fashion.3 Figure 2 shows the strain induced
downshift of the G′ band Raman mode of SWNTs dis-
persed in an epoxy resin. A downshift of 15 cm−1/% ten-
sile strain using the technique is depicted in the figure.

A wide range of values have been reported for the
rate of G band downshift with strain, 	
/	�, as mea-
sured by various research groups. Values ranging from
−0.17 cm−1/% strain up to −36 cm−1/% strain have been
observed for nanotube composites.4�32 Table III summa-
rizes the strain-induced changes in the Raman spectra
reported in the literature. For nanotube bundles in com-
posite materials, the bundles couple directly to the sur-
rounding matrix, transferring most of the tensile load
axially through the nanotubes on the bundle circumfer-
ence, resulting in shifts of the G band by ∼2.5 cm−1/%.32
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Fig. 2. Top: Schematic diagram of a four-point bending method for
inducing tensile strain in a composite material. Bottom: Strain-induced
downshift of the G′ band Raman mode of nanotubes dispersed in epoxy
resin. Reprinted with permission from [36], C. A. Cooper et al., Com-
posites: Part A 32, 401 (2001). © 2001, Elsevier.

The nanotubes on the interior of the bundle do not couple
strongly to the surrounding matrix and therefore experi-
ence relatively little strain or compression. The G band
frequency of the Raman spectra of nanotubes in compos-
ites can downshift in a two stage process, first remaining
unchanged for up to ∼2% strain, indicating sticking
and slipping of nanotubes,26 and then downshifting by
0.75–40 cm−1/% strain, indicating axial stretching of car-
bon nanotubes.4�23�26 The Raman spectra of nanotubes
under strain and compression exhibit similar mechanical
responses to the surrounding composite, implying that the

Table III. Strain-induced changes in the Raman spectra using various straining techniques. 
G and 
G′ are the shifts observed in the G and G′

bands, respectively.

Experiment Method Max. strain (%) 
G 
G′

Raman shifts of nanotubes under axial strain

Hadjiev et al.32 Bending nanotube-epoxy composite −0.18 (compression) 2.5 cm−1 n/a
Jiang et al.4 Strained membrane containing nanotubes 0.05–0.3 −36 cm−1/% n/a
Li et al.23 Strained CNT film on rubber 0.030–0.094 −31 cm−1/% n/a
Lucas et al.24�25 Strained epoxy/SWNT composite 0.7 n/a −10.7 cm−1/%
Ruan et al.26 Tensile loading of MWNTs 0–8 −0.17 to −0.75 cm−1/% n/a

in polyethylene fibers
Schadler et al.37 Compression and strain of −1 to 1 n/a 6 cm−1/% (compression);

CNT/epoxy composite +1 cm−1/% (tension)
Wood et al.28�29 Diamond anvil cell; mini-tensile machine 0–1.5 n/a −9 cm−1/%
Zhao et al.27 Straining of nanotube-polymer composite 0–4 n/a −18 cm−1/%
Zhao et al.30�31 Straining of nanotube-polymer composite 0–1 n/a −9 cm−1/%
Cooper et al.36 Tensile deformation from 4-point bending rig 0–1.2 n/a −15 cm−1/%
Cronin et al.21�22 AFM manipulation of single nanotube 0.06–1.65 −32 cm−1/% −27.7 cm−1/%

Young’s moduli in tension and compression are similar,
at least for moderate strains.28 MWNTs in composites are
found to carry more strain in compression than in ten-
sion, with a compression Young’s modulus 20% higher
than that for tension. These MWNT composites demon-
strate a difference in the magnitude of the G′ band fre-
quency shift for compression (7 cm−1/% compression) and
tension (1 cm−1/% strain).37 The relatively small shifts
with tension are attributed to nanotubes oriented at an
angle with respect to the strain direction that are more
easily loaded in compression.37 Furthermore, MWNTs are
found to carry tensile loads in their outermost nanotubes,
while all nanotubes in the MWNT carry the compres-
sive load.37 Flow-aligned nanotubes in polymer composites
experience a G′ band frequency downshift of 2–3 cm−1/%
strain.29 Nanotubes strained within polymers exhibit strain
saturation where, beyond a certain point, additional strain
does not shift the Raman bands.27 This has been reported
to occur beyond ∼1% strain for SWNTs.27�30 Table III
summarizes the strain-induced changes in the Raman spec-
tra of nanotubes observed by several research groups.

Ajayan et al., performed both SEM and Raman spec-
troscopy on nanotube-polymer composites under strain.38

Their SEM images reveal micro-cracking, which causes
inhomogeneity in the strain of the measured nanotubes.
Nanotubes suspended across a crack experience a very
large amount of strain, while the remainder of the
nanotubes experiences relatively little strain. This micro-
cracking causes uncertainties in the measurement due to
the inhomogeneous distribution of strain and the ambigu-
ity in the magnitude of the strain. In addition to strain-
induced shifts in the G and G′ band Raman modes,
Lucas and Young observed changes in the intensity of the
radial breathing mode (RBM) of nanotubes, indicating that
the resonant electron transition energies shift on and off
of resonance with applied strain.24�25 The photolumines-
cence (PL) measurements of Arnold et al., show shifts in
the interband energies due to axial compression at low
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temperatures that are in good agreement with the theoret-
ical work of Yang et al.39

3. INDIVIDUAL NANOTUBE
MEASUREMENTS

In another approach, resonance Raman spectroscopy is
measured from individual nanotubes, before and after
applying strain to the specific nanotube being measured.
In this approach, only one nanotube with a specific chiral-
ity and orientation is measured at a time, thus providing
results that are easier to interpret than ensemble measure-
ments on nanotube composites.21�22 In this method, strain
is induced using an AFM tip to push nanotubes on a silicon
substrate that are pinned between two metal pads. Figure 3
shows a nanotube that was strained in this fashion. The
strong van der Waals forces hold the nanotube fixed after
displacement with the AFM tip. Because the ends of the
nanotubes are held fixed by metal pads, this transverse dis-
placement results in an elongation of the nanotube, and
hence an axial strain. The magnitude of the strain is deter-
mined from the nanotube geometries in the AFM images
taken before and after AFM manipulation. The pre-strain
length is subtracted from the post-strain length, giving the
elongation of the nanotube. Spectra taken with 0.5 �m spa-
tial resolution demonstrate that the strain extends through-
out the length of the nanotube and is not localized to
the displaced region.22 This implies that the surface forces
hold the nanotube very strongly in the transverse direction
but are weak in the axial direction. Therefore, the axial
strain propagates along the entire length of the nanotubes
and is not confined to the displaced region as was previ-
ously thought.40

In these individual nanotube measurements, the Raman
spectra of nanotubes were generally found to be more
sensitive to strain than in nanotube composites. Axial
strains as low as 0.06% produce easily resolvable shifts
(2 cm−1) in the Raman frequencies.21 The G band was
observed to downshift by 16 cm−1 with 0.5% strain, or
32 cm−1/% strain and revert back to its initial frequency
upon breaking, as shown in Figure 4.21 The G′ band was
found to downshift by ∼27.7 cm−1/% strain, roughly two
times larger than those observed in nanotube composites.21

Under the applied strain, the D band also downshifted by

Fig. 3. AFM image showing a carbon nanotube after inducing strain
with an AFM tip. Reprinted with permission from [21], S. B. Cronin
et al., Phys. Rev. Lett. 94, 167401 (2004). © 2004, American Physical
Society.

Fig. 4. G band Raman spectra for an individual SWNT before and after
inducing 1.65% strain, and after breaking the nanotube with an AFM
tip. Data taken after the SWNT was broken shows relaxation of the
Raman peaks back to their original positions. Reprinted with permis-
sion from [21], S. B. Cronin et al., Phys. Rev. Lett. 94, 167401 (2004).
© 2004, American Physical Society.

15 cm−1. However, no change in the D band intensity was
observed, corroborating that these deformations are elastic.
Figure 4 shows the G band Raman spectra of an indi-
vidual carbon nanotube before and after inducing 1.65%
strain. Upon initial strain, both G+ and G− peaks down-
shift significantly. After the nanotube was strained beyond
its breaking point, the Raman peaks resumed their original
pre-strain values, indicating the elasticity of these strain
deformations.

The behavior of metallic nanotubes under strain was
found to be quite different from that of semiconducting
nanotubes. In metallic nanotubes, the intensity of the RBM
Raman peak was observed to change dramatically with
applied strain.22 This indicates that, as strain is applied,
the electronic transition energies of the metallic nanotubes
(Eii) shift, making them either more resonant or less res-
onant with the incident laser energy. From these changes
observed in the RBM spectra, the expected strain-induced
changes in Eii can be predicted using the model described
in the following section.

4. THEORETICAL MODELING

Carbon nanotubes are in effect quasi-one dimensional
wires exhibiting metal-like or semiconductor-like proper-
ties, depending on the nanotube’s chirality. Yang et al., for-
mulated an analytical model for calculating a nanotube’s
electrical subband energies under strain.24�41 Their model
is based on a simple tight binding model of graphite, and
uses zone folding to reduce the 2-dimensional dispersion
relation in graphene to the 1-dimensional dispersion in
nanotubes. By expressing the three nearest neighbor bond
lengths (ri) in terms of their axial and circumferential

126 J. Nanosci. Nanotechnol. 8, 122–130, 2008
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components, axial strain is represented by increasing the
axial component by �, as given below.

�r1 =
a0

2
n+m
Ch

ĉ+ a0

2
√

3

n−m
Ch

�1+��t̂

�r2 =−a0

2
m

Ch
ĉ− a0

2
√

3

2n+m
Ch

�1+��t̂

�r3 =−a0

2
n

Ch
ĉ− a0

2
√

3

n+2m
Ch

�1+��t̂

Here ĉ and t̂ are the circumferential and axial unit vec-
tors, respectively. As strain is applied, the C C bonds
lengthen and the overlap integral decreases with the square
of the bond length,41 �i = �0�r0/ri�

2 where �0 = 2�9 eV
and the unstrained bond length r0 is 0.144 nm. This results
in the strain-dependent energy dispersion relation:

E��k� = ±��2
1 +�2

2 +�2
3 +2�1�2 cos��k · ��r1 − �r2��

+2�1�3 cos��k · ��r3 − �r1��

+2�2�3 cos��k · ��r2 − �r3���
1/2

In this equation, all terms with subscripts depend inde-
pendently on the axial strain, �.42–44 These equations pre-
dict strain-induced shifts in the subband transition energies
(Eii). The shifts can be positive or negative depending
on the value of (n−m) mod 3. For semiconducting nano-
tubes, the E33 subband transition shifts upward in energy
with strain if (n−m) mod 3 = 1, and shifts downward
if (n−m) mod 3 = 2 as shown in Figure 5. In general,
the sign of the strain-induced shift can be specified by
the expression (−1)i(−1)� , where i is the subband index,
� = �n−m� mod 3 for semiconducting nanotubes and

Fig. 5. Chirality dependence of the shift in metallic nanotubes’ E11

subband energies and semiconducting nanotubes’ E33 subband energies
under 1% axial strain. Calculations were made on nanotubes in the diam-
eter range 1.1–1.5 nm. Reprinted with permission from [22], S. B. Cronin
et al., Phys. Rev. B 72, 035425 (2005). © 2005, American Physical
Society.

� = 1 for E−
11 and � = 2 for E+

11 in metallic nanotubes.42–44

Figure 5 shows the strong chirality dependence of these
strain-induced shifts.

The density of states can be obtained from this disper-
sion relation by taking its derivative with respect to the
axial momentum (kt) and summing over the subbands:

DOS�E�= 1
2"

N∑

j=1

∣
∣
∣
∣
dEj�kt�

dkt

∣
∣
∣
∣

−1

where N is the total number of subbands. Here, all the
momenta in the Brillouin zone are summed at a given
energy E.

The changes in the Raman intensities observed by Lucas
et al. and Cronin et al., can be explained with this tight
binding model.22�24 Using this model, the effect of strain
is calculated for a (14�6) semiconducting nanotube and
a (16�1) metallic nanotube. The results are shown in
Figure 6. It is evident that even small strains can have a

Fig. 6. Joint density of states for a (14�6) semiconducting nanotube and
a (16�1) metallic nanotube with and without 1% axial strain. Reprinted
with permission from [22], S. B. Cronin et al., Phys. Rev. B 72, 035425
(2005). © 2005, American Physical Society.
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large effect on the density of states. For a (14�6) nanotube,
a strain of 1% causes a downshift of 57 meV in the posi-
tion of a van Hove singularity. In metallic nanotubes, the
E11 subband transition splits into two singularities due to
the trigonal warping effect. As strain is applied, the energy
of the van Hove singularities shift towards each other as
shown in Figure 5. The experimentally observed shifting
of the RBM on and off of resonance can be explained by
these large shifts (57 meV), which exceed the resonant
window of nanotubes.

The Raman intensity changes as the resonant subband
transition energy shifts toward or away from the laser
energy. The intensity of a resonant Raman process in
nanotubes can be expressed as:

I�El�∝
∣
∣
∣
∣

1
�El −Eii− i'r��El ±Eph −Eii− i'r�

∣
∣
∣
∣

2

where Eii is the resonant transition energy, El is the laser
energy, Eph is the phonon energy, and 'r is the inverse
scattering lifetime for the Raman scattering process.45 In
the ±Eph term, the − sign represents Stokes processes
(phonon emission) and the + sign represents anti-Stokes
processes (phonon absorption). Using an extended tight
binging model, Souza Filho et al. predicted universal shifts
in Eii for families of nanotubes with constant (n−m). This
model also revealed a strain-induced interference effect in
the Raman scattering cross section of metallic nanotubes
under strain.46

In addition to this analytical tight binding model, much
work has been done simulating nanotubes under strain
using both ab initio and molecular dynamics calculations.
Ab initio calculations can be used to predict, from first
principles, the electronic structure of carbon nanotubes
under various perturbations, such as strain. Ogata et al.,
performed both density functional theory (DFT) calcula-
tions and tight binding calculations of nanotubes under
strain.47 They found the tight binding predictions to be in
good agreement with the DFT results. Ito et al., also per-
formed ab initio calculations of the electronic band struc-
ture of carbon nanotubes under axial strain, and found
results that were consistent with those of Ogata et al., at
moderate strains.48 It should be noted that these numerical
simulations are generally limited to high symmetry nano-
tubes (i.e., armchair and zigzag), which have fewer atoms
in the unit cell than chiral nanotubes.

Molecular dynamics calculations can be used to predict
atomistically the mechanical properties, such as Young’s
modulus and defect formation, of nanotubes under strain.
Zhang et al. used tight binding molecular dynamics cal-
culations to investigate the plastic deformation of car-
bon nanotubes under strain. These simulations predict
that the strain required to form 5–7 defects is strongly
dependent on chiral angle.49 Prylutskyy et al., used a
modified tight binding model to predict the Young’s
moduli for (5�5) and (10�0) nanotubes to be 1.10 TPa

and 1.20 TPa, respectively, in good agreement with
experimental results.50 Zhang et al., predict a Young’s
modulus for SWNTs using a nanoscale continuum theory
to be 705 GPa, which is also in agreement with experi-
ments and other simulations.51 Breaking strains between
10% and 15% have been predicted near 0 K using molec-
ular dynamics simulations for various zigzag nanotubes
such as (9�0) and (20�0).52 The breaking strains in this
simulation correspond to fracture stresses in the range of
65 to 93 GPa. This study found that 5–7 defects have lit-
tle effect on the strength of nanotubes, only lowering their
failure strain by a few tenths of a percent.

The strain-induced changes to carbon nanotubes’ optical
properties can be utilized in interesting and novel appli-
cations. One such application is microcracking detection.
For example, high pressure steam pipes used in oil refiner-
ies and other industrial plants develop microcracks over
time, which can lead to catastrophic explosions as the
cracks grow in size. With the aid of hand-held Raman
spectrometers, these cracks can be detected before failure
occurs if the pipes are coated with nanotubes that strain
across the forming cracks. The strain induced changes in
the Raman intensity can also be used to detect armchair
nanotubes, which, unlike chiral nanotubes, do not change
with applied strain.41�53 Strained nanotubes could also be
used as tunable light emitters and detectors by applying a
piezoelectric device to modulate the strain. Furthermore,
nanotubes can act as strain sensors, measuring axial strain
over a higher strain range than current metal-based strain
gauges. These applications will continue to push nanotubes
to the forefront of technology by exploiting their remark-
able properties.

5. CONCLUSION

In this review, we discuss the optical response of
nanotubes to applied strain. The strain dependence of
nanotube-polymer composite materials, as well as individ-
ual nanotubes, are reviewed. Raman spectroscopy serves
as a sensitive tool for studying axial strains as low as
0.06%, which produce easily resolvable shifts (2 cm−1)
in the Raman frequencies. The elongation of the C C
bond results in a downshift of the D, G and G′ bands
of the Raman spectra. In nanotube-polymer composite
materials, the large variability in the magnitude of these
strain-induced downshifts is attributed to the transfer of
strain, which differs vastly depending on how the nano-
tube composite is prepared. On average, the strain-induced
downshifts are smaller for composite materials than for
individual nanotubes, indicating that there is a low rate of
strain transfer from the bulk composite to the nanotubes. In
order to optimize this strain transfer, the nanotubes should
be isolated as individual nanotubes, rather than in bundles,
to maximize the surface contact between the host polymer
matrix and the nanotubes.
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Results of measurements on individual nanotubes are
also reviewed. A particular emphasis is given to the impor-
tant new physics revealed by the strain-induced changes
in the Raman spectra of individual nanotubes. These
observations demonstrate the elasticity of nanotubes after
exceeding their breaking strain. The large anisotropy in
the surface forces that hold the nanotube fixed on the sub-
strate was also revealed in these measurements. In addi-
tion to changes in the vibrational energies, strain-induced
changes in the electronic energies are also observed by
resonant Raman spectroscopy. These changes are consis-
tent with tight binding calculations, which predict strain-
induced modulations of the electronic energy levels of
nanotubes. These tight biding calculations also predict an
(n−m) mod 3 family dependence in the strain-induced
shifts.

Carbon nanotubes present a challenging system for
understanding and utilizing their exceptional properties.
Although nanotube synthesis has progressed greatly since
their discovery, many technological hurdles must be
overcome in order to fully exploit these properties. In
particular, the growth of individual SWNT nanotubes,
rather than bundles and MWNTs, as well as the growth
of long defect-free nanotubes, will be important for their
practical utilization in this area. Despite this, nanotubes
have demonstrated a significant potential for technologi-
cal breakthroughs as high strength materials and as strain
sensitive materials with a variety of applications.
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