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We present a Raman spectroscopy study on a film of carbon nanotubes (CNTs) acting as a
wireless sensor for measuring strain at the microscale. A model for the CNT strain sensor
was proposed by evaluating the quantitative contributions of individual deformed CNTs to
the entire Raman spectrum. The proposed model provides an analytical relationship
between the in-plane strain components to be measured and the spectral parameters
detected directly through polarized Raman tests on the CNT film sensor. Based on this
model, a noncontact technique for strain measurements is developed. The experiments
using this technique confirmed that the CNT strain sensor described is appropriate for
measuring the in-plane strain components at the microscale by using polarized Raman

spectroscopy.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

With the rapid development of microscale and nanoscale
techniques, people are increasingly concerned about the
microstructures, phenomena and mechanisms inside low-
dimensional materials, devices and even living cells. To detect
such information, the sensor carriers/media must be more
sophisticated, more accurate and smaller. Carbon nanotubes
(CNTs) could become robust sensing elements due to their
superior and sensitive chemical, biological, electrical, spec-
tral, and mechanical properties [1,2]. The potential applica-
tions of CNT sensors have attracted wide interest from both
science and engineering fields [3-5].

Previously, the investigations of CNT sensors for strain
measurements were generally performed by using electrical
or spectral methods. For the former, the CNTs or their compo-
nents were taken as electrical resistance strain gauges [6,7]
because their resistances change linearly with the mean
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strain in some ranges [8,9]. These so-called piezoresistance
effects [10,11] are induced by the coupling influences of the
electromechanical properties of the CNTs themselves [12,13]
and the tunnel and contact resistances between the nano-
tubes inside components [14-16]. It is really an effective idea
to use these advanced nano materials with a classical meth-
od. Nevertheless, the test requires an additional electrical cir-
cuit, which is practically impossible on micro-scale samples
or with micro-scale spatial resolution.

The other technique for characterization is by spectral
methods. The previous experiments of Young et al. [17,18]
and Cronin et al. [19] showed that the G (including G* and G7)
and G’ bands in the Raman spectra of CNTs and their compo-
nents moved linearly with the external loading. Subsequently,
Wagner et al. realized the uniaxial strain measurement [20,21]
by using well-aligned CNTs [22,23] as sensors. Compared with
the electrical method, the sensor measurement by means of
spectroscopy is a wireless method with micrometer spatial
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solution. This method has been applied effectively in the stud-
ies of some unidirectionally deforming samples such as CNT fi-
bers [24].

However, the measurement of either the mean or uniaxial
strain is insufficient because the strain is generally a second-
order tensor with three (two normal and one shear) compo-
nents in the in-plane case. Furthermore, among previous re-
searches, there is still a lack of theoretical study on the
modeling of a CNT sensor based on the mechanisms of both
mechanics and physics. From the perspective of metrology,
the analytical relationship between the test results
(such as Raman data) and the measured targets (such as
mechanical parameters) is the foundation of the application
of any sensor.

The work presented below is a theoretical and experimen-
tal study on the use of a carbon nanotube sensor for strain
measuring through micro-Raman spectroscopy. By analyzing
the polarized Raman properties of CNTs, a mathematical
model of the CNT strain sensor is developed. This model
makes it possible to evaluate the quantitative contributions
to the Raman spectrum of the deformed CNTs in arbitrary
directions, and thus leads to an analytical relationship be-
tween the Raman data of the CNT sensors and the in-plane
strain components to be measured. Based on this model, a
technique for in-plane strain measurements, named the
‘CNT Raman Strain Rosette’, is introduced. Furthermore, some
tests were conducted to verify the feasibility of this technique.

2. Mathematics of CNT-Raman strain sensor

In this section, a mathematical model is developed to estab-
lish the mechanism of the CNT-Raman strain sensor. To set
up this model, two kernel relationships should be quantified.
The first is the analytical relationship between the spectrum
and the deformation of a single nanotube, and the second is
that between the Raman spectral parameters of numerous
stochastic CNTs obtained from the CNT film as the strain sen-
sor and the in-plane strain components of the material/struc-
ture to be measured. The detailed analyses and derivations
are given below.

2.1.  Raman spectrum of a single CNT

In the polarized Raman spectrum of a single CNT, the inten-
sity of the G’ band (denoted as R) depends on the angle be-
tween the axial direction (AD) and the polarizing direction
(PD) [25,26]. For instance, the intensity is a function of o in
the form R(x) = x(cos?x — 0.5sin?2)®> when the CNT scatters
non-resonantly [27] and R(«) = kcos*« when the CNT scatters
resonantly and behaves as an antenna [28,29], where « is a
constant and o is the of the angle between AD and PD. Mean-
while, the location (viz. Raman_shift) of the G’ band is linearly
sensitive to the axial deformation of the nanotube [19]. In
addition, the half-width at half-maximum (HWHM) of the G’
band is treated as a constant in this study because it is insen-
sitive to both the axial deformation and the polarized
direction.

If a CNTis attached or embedded on the surface of an elas-
tic plane (as shown in Fig. 1(a)) with its axis direction (AD) as

0, it deforms with this plane, and its axial deformation is sim-
ilar to the strain of the plane in the 0 direction, denoted as &(0).
Actually, the strain, representing the relative deformation of a
solid body induced by internal or external loading, is a sym-
metric second-order tensor comprising six components in a
3D space or three components in a plane [30]. As shown in
Fig. 1 (b), the in-plane strain ¢() can be expressed as ¢(0) = ex
cos?0 + sysin?0 — yxycosfsinf, where ex, ey and yxy are the
normal and shear strain components in X- and Y-directions,
respectively. Furthermore, it has been proved that the axial
strain of a single CNT is directly proportional to the increment
of the G’ band Raman_shift, Aw(), in its Raman spectrum [19].
Hence, the relationship between Aw( and the three strain
components for a single CNT can be written as

Aw((,) = q’sensoy . é‘(()) 1

= Woensor - (ex COS2 0 + &y Sin” 0 — 5y COS 0sin 0) @
Although Eq. (1) quantitatively defines the relationship be-
tween Raman_shift and strain, it is not appropriate for sens-
ing strain because it is for a single CNT only and is thus
difficult to extend directly to the case of multiple CNTs. In
practice, however, it is feasible to prepare a thin film with
CNTs dispersed stochastically on a solid surface to act as a
strain sensor. Therefore, it is necessary to develop a relation-
ship between the Raman_shift and the strain for such a thin
film with numerous stochastic CNTs.

2.2. Raman spectrum of stochastic CNTs as sensors

As Fig. 2(a) shows, suppose a solid body whose strains are to
be measured and a thin CNT film are bonded perfectly and
therefore deform together. Inside this thin film, numerous
CNTs are randomly distributed (shown in Fig. 2(b)). When
the CNT film is detected by a polarized Raman spectroscope
in the backscattering geometry with a polarizing direction
(PD) of ¢ (shown in Fig. 2(c)), the spectrum obtained is the
summation of the scattering data from all of the CNTs dis-
persed inside the sampling area. If the Raman data of any sin-
gle CNT is denoted as I; and the total spectrum is I, we have
I = ZI. The polarized Raman test can determine the parame-
ters of the total spectrum I,, such as the Raman_shift incre-
ment of I, (denoted as AQ®), but not those of any
individual I;. Therefore, the CNTs can be used as strain sen-
sors when, and only when, the quantitative relationship be-
tween the properties of the total spectrum I, and the strain
components of the measured body exists.
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Fig. 1 - Diagrammatic sketches of (a) a single CNT fixed on a
deformed plane and (b) the in-plane strain components.
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Fig. 2 - Diagrammatic sketches of CNT strain sensors characterized by polarized micro-Raman spectroscopy. (a) Measured
body affixed with a CNT thin film as a strain sensor, (b) Raman sampling spot on the CNT film, where the CNTs are dispersed
uniformly and stochastically in the thin film and PD is the polarization direction of incident light, (c) Polarized Raman

spectroscope.

As mentioned above, numerous CNTs are randomly dis-
persed inside the sampling area of the polarized Raman
microscope, and hence the nanotube population of each axial
direction (AD) can be regarded as a constant from the per-
spective of statistics. Furthermore, it is reasonable to study
the properties of I, by analyzing the spectral characteristics
of the CNTs with the same AD and then those with different
ADs.

For those CNTs with the same AD, their Raman spectra
should have the same intensities of G’ bands regardless of
the individual variances, and their Raman_shifts should also
be similar, as they are under identical strain conditions. For
those with different ADs, the spectral data of their G’ be-
come more complex (see Fig. 3). On the one hand, the scat-
tering intensities of the CNTs with different ADs are
different than one another due to the antenna effect of
CNT polarized Raman spectroscopy. On the other hand, the
Raman_shift of the CNTs should be similar before deforma-
tion (Fig. 3(a)) but dissimilar after deformation (Fig. 3(b))
according to Eq. (1).

As the summation of the individuals, the entire spectrum
has properties composed of the contributions from all of the
CNTs inside the sampling spot. Without loss of generality,
take the spectra of four nanotubes in the same sampling
spot as example (see Fig. 4). The ADs of the four nanotubes
are 0°/30°/60°/90° to the PD (viz. 0=¢, ¢+30° ¢ +60°,
¢ +90°). When the measured body is loaded by a uniaxial
tension parallel to PD, Fig. 4 shows that the Raman_shift
increment of the total spectrum AQ® is not equal to any
of the Raman_shift increments of Ao of any individual
CNT or their arithmetic mean. Mathematically, AQW) % Awg #
ZAw(g)/4 because each individual has its particular portion in
the summation, inducing dissimilar contributions to the
total Raman_shift increment. In another words, the
Raman_shift increment of the total spectrum AQ® contains
the synthetic and heterogeneous contributions of the Raman
behaviors of all of the CNTs.
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Fig. 3 - Diagrammatic sketches of the G’ band polarized
Raman properties of CNTs with different axial directions (a)
before deformation and (b) after deformation, where the red
dash line links the G’ band peak locations of the CNTs with
different ADs before deformation, and the magenta solid
line links the peak locations after deformation.

2.3.  Mathematical derivation and simplification

The contributions of individual CNTs to the total spectrum
can be calculated by considering the statistical properties of
a Cauchy (or normal) distribution. According to the properties
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Fig. 4 - Diagrammatic sketches of the G’ band Raman curves
from four CNT individuals, whose axial directions (ADs) are
0°/30°/60°/90° to the polarization direction PD.

of a Cauchy (or normal) distribution, [31] the summation of
independent Lorentzian (or Gaussian) curves is also a
Lorentzian (or Gaussian) curve, and the peak location of the
summed curve equals the linear accumulation of the peak
locations of individual curves with their respective height
gravities as weight factors, where the height gravity is the
proportion of the peak height of a individual to that of the
total.

It is well known that the G’ band of each single CNT can be
described by a Lorentzian (or Gaussian) function. Hence, the
total spectrum due to all of the individuals is also a Lorentz-
ian (or Gaussian) curve by considering the statistical proper-
ties mentioned above. Because the Raman_shift increment
between the spectra of an individual CNT before and after
deformation, viz. Aw,) is given by Eq.(1), the entire Raman_-
shift increment in a given polarization direction (PD) ¢, viz.
AQ"¥), can be expressed by the integral of Aw() as follows [32]:

g Aoy - R(0 — ¢)do
]77 R(0 — ¢)do

Substituting Eq. (1) into Eq. (2), we have

AQ®) 2)

jf; W sensor - (£x COS2 0+ ey sin” 0 — Yy COS0sIn0)-R(0—¢)do

AQ) — .
) %R(H —¢)do

3)
Eq. (3) gives an analytical relationship between the in-plane
strain components of the measured body and the Raman_-
shift increment of randomly dispersed CNTs, which defines
a mathematical expression of the CNT strain sensor by con-
sidering the quantitative contribution of all of the CNTs to
the entire Raman spectrum. In this relationship, ex, ¢y and
yxy are the measuring targets, and AQ is detectable directly
through polarized Raman system. In addition, ¥sensor Can be
obtained through calibrations, and the intensity R(0 — ¢) de-
pends on the resonant Raman state of the CNTs. In other
words, if the function of R(0 — ¢) is determined, the in-plane
strain components are measured by detecting the Raman_-
shift increment through polarized Raman.

The theoretical model of CNT strain sensor above can be
generalized further by introducing a distributing density func-
tion p(0), which describes the distribution density of CNTs in
each axial direction 0. In other words, p(0) denotes the propor-
tion of the CNT population whose AD is 6 to the total CNT
population. With this distributing density function, the CNTs
used as strain sensors may be dispersed stochastically or
non-stochastically or even oriented. Hence, the mathematical
expression becomes

Ao -R(0—0) - p(0)d0
JLR(0—p)do
FT W Sensor - (sx cos2 0+ sy sin’ 0 — Vxy COSO5In 0) -R(0— ) - p(0)do
- JER(O - ¢)- p(0)d0

AQ =

(4)

When the polarized Raman scattering of the CNTs is in a res-
onant state, which means it has an antenna effect, [28] and
the PDs of the incident and scattered light in the Raman spec-
troscope are controlled so that they remain constantly paral-
lel to each other, R = kcos*(0 — ¢) and « = const.; then, Eq.(3)
can be simplified as

1
AQ(w) = g ¥ sensor
[(34+2cos2¢)ex + (3 —2c0S2¢)ey —2SiN2¢ - yxy]  (5)

As a special form of Eq. (3), Eq. (5) is more suitable for strain
measurement because the relationship between AQ? and
the strain components is clearly defined this equation. Mean-
while, it is also straightforward to achieve CNT resonant Ra-
man spectroscopy because plenty of existing theoretical and
experimental reports had proved that metal single-wall car-
bon nanotubes (M-SWCNTSs) behave as resonant Raman scat-
ters when excited by a 632.8nm laser [33], and the
semiconductor single-wall carbon nanotubes (S-SWCNTSs)
are resonant scatters when excited by a 514.5 nm laser [34].

It should be noted that Eq. (3) can also be reduced to other
forms under different experimental modes such as “only the
PD of incident light is controllable” and “CNT scattering in a
non-resonant state”. In addition, if the CNTs are well aligned
to a direction 0o, p(0) is equal to one when 0=0, and zero
when 0 # 0o, and Eq. (4) becomes

AQW) =Yg o+ (cx €0S2 g + £y Sin*0p — yxy COS o sin()o) when p(0) = { 1 0=0,
= Wsensor * €0, 0 0+#6,
(6)

Eq. (6) shows that, when the CNTs are well aligned, the Ra-
man_shift increment is directly proportional to the normal
strain in the direction of the CNTs regardless of the polariza-
tion direction of the incident light, which is similar to the
conclusion by Wagner [20,21].

3. Technique: CNT raman strain rosette

Based on the theory of the CNT strain sensor given above, a
technique of in-plane strain measurement called a CNT Ra-
man strain rosette is presented. Taking Eq. (5) as an example,
it indicates that the Raman_shift increment for any given PD
can be expressed in terms of a linear combination of three in-
plane strain components with dissimilar trigonometric
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functions of ¢ as weighting factors. Eq. (5) contains three
unknown quantities, and two more equations are required
to uniquely determine the three unknowns. Consequently,
by considering three different PDs and then detecting the Ra-
man data of these three PDs, we may obtain three indepen-
dent equations, which can be used to determine the three
strain components uniquely. This method is called the CNT
Raman strain rosette, and the equation system is called the
CNT Raman strain rosette equation set. For illustration, if the
three PDs are taken as 0°/45°/90°, the 45° Raman strain rosette
equation set is written as

ex = goe— - (5AQY — AQ®)

4 sensor
&y = m- (5AQ%0 — AQ)) 7)
Ty = e+ (AQ9 + AQ% — 2A0™)

Similarly, the 120° Raman strain rosette equation set for spec-
ifying three PDs as 0°/120°/—120° is obtained as

ex = g [8AQ" — (AQ" 1 AQ)]

" 6% sensor
oy = gra— - [5(A2"Y + AQTT) — 4401 (8)
Yxy = zw\s/jw ’ (Ag(lzo) - AQ(JZO))
4, Experiments

Making use of the technique of the CNT Raman strain rosette,
the theoretical model of the CNT strain sensor was validated
by a series of experiments on the samples including a free-
standing CNT film and CNT thin films pasted on samples.

Preparation of samples: The CNT thin film in this work com-
prised DGEBA-based epoxy as the matrix and approximately
0.5 wt.% single-wall CNTs (-COOH functioned, TIMESNANO
Ltd.) dispersed in liquid epoxy by the ultrasonic approach
(24h). The cured film had a Young’s modulus of 2.00 GPa
and a Poisson ratio of 0.379.

Three kinds of samples were prepared, denoted as speci-
mens A, B and C. Specimen A was a free-standing CNT thin film
approximately 160 pm thick, cut into strips of approximately
40 mm x 2 mm. Specimen B was a PVC (polyvinyl chloride)
sheet 400 pm thick, cut into the dog-bone shape shown in
Fig. 5a. A circular hole was punched in the middle of the
dog-bone-shaped sample. A CNT thin film that was 30 um
thick to be used as a Raman-strain gauge was pasted on the
PVC surface. Specimen C (shown in Fig. 6a) is a fiber-rein-
forced epoxy bar whose dimensions are 32 x 6 x 2 mm?>. The
unidirectional carbon fiber (Toray M40JB-12 k) is parallel to
the length-direction (viz. X direction). A slot, approximately
0.8 mm wide and 2 mm tall normal to the X direction, was
prepared at the middle of one longitudinal side of the bar.
Then, a CNT film that was 30 um thick was prepared on the
epoxy bar surface.

Experiments: Specimen A was uniaxially stretched step-by-
step in a mini-tensile machine with the loading direction (X
direction) parallel to the longitudinal side of the specimen.
A Renishaw InVia Raman spectroscope with a He-Ne laser
source (632.8 nm, 2 mW) was utilized, and the incident beam
was focused on the CNT film surface of each specimen in the
backscattering geometry through a 50x objective lens, form-
ing a sampling spot of approximately 2 ym in diameter. Under
each loading step, a 45° Raman strain rosette was employed

by recording the Raman spectra (2450-2800 cm ™ ?) of the same
sampling spot for 0°/45°/90° PDs.

In the test on Specimen B, the sample was elongated uniax-
ially to an average strain of ¢ = 0.33% around the middle of
the dog-bone sample. After waiting for one hour for stress
relaxation, a quarter of the area around the hole (shown in
Fig. 5b) was scanned by the same Raman system using a
60 um mapping step. At each of the sampling spots during Ra-
man mapping, the 45° Raman strain rosette was applied. Spec-
imen C was four-point bend loaded to a 300 ym maximum
deflection. An area next to the rectangle tip of the slot (shown
in Fig. 6b) was scanned with a 50 pm step length using the 45°
Raman strain rosette at each spot.

All of the raw spectra were fitted by a Lorentzian function
to achieve the Raman_shifts of the G’ band, which are as-
sumed to be solely from the CNTs because both epoxy and
PVC are Raman-inactive to strain and have no Raman mode
between 2450 cm ™' and 2800 cm ™.

5. Results and discussion

Fig. 7 shows the experimental data of the uniaxial tensile test
on the free-standing CNT film (Specimen A). With the increase
of the tensile loading, the Raman_shifts for different PDs (Q(©,
0%) and Q®9) start from approximately 2624 cm™?, change
linearly before ¢x < 0.8% and then vary nonlinearly until the
film breaks. The slopes in the range of linearity, AQ©/ey,
AQ®/ey and AQPY/ey, are —14.0, —5.9 and 2.6, respectively.
By dividing the two sides of each equation in Eq. (7),

1—_1 . 200 AQ9)
4% sensor ex ex
a 1 AQO0)  AQO
—v=%= S (54— A2 9
ex  4¥sensor ex ex ( )
w3 (400 4 A% 5 aQ®)
ex 2% sensor ex ex e

and then substituting the Raman_shift slopes and their
respective PDs, we obtained

v=—%_0372,
[5'¢

Yeensor = —1815.0 cm 1, % =33%  (10)
Eq. (10) shows that the strain-Raman_shift coefficient of the
CNT sensor Weensor is —1815.0 cm™!, which is much higher
than most of Raman-active materials (such as that of Kevlar-
29 aramid fiber, which is 285.7 cm ™! [35]; SiC monofilament,
which is 260cm™' [36]; and Technora fiber, which is
360 cm~* [37]). Meanwhile, the Poisson ratio obtained by using
the CNT Raman Strain Rosette is 0.372, which is almost equal
to the true values of the thin film, 0.379. Meanwhile, the shear
strains yxy compared with ¢x are nearly zero, which is congru-
ent with the actual strain state under uniaxial tensile loading.

Fig. 5 gives the strain distributions around the circular hole
under uniaxial tensile loading, where Fig. 5c-e are the CNT Ra-
man Strain Rosette results of ¢/¢o, ¢4/¢0 and yro/co, respectively,
and Fig. 5f-h are their corresponding theoretical solutions [30].
The experimental results are similar to their theoretical coun-
terparts in both the trend and the magnitude. For instance, the
obtained stress concentration factor of ¢y (viz. the maximum
of ¢y/eo) is 2.66, approaching its theoretical value of 3. The
parameter t,, shows a clear saddle shape symmetric about a
line along 6=45° In fact, the direct measurement of
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Fig. 5 - The experiments on the dog-bone PVC sheet with a circular hole (Specimen B) under uniaxial tensile loading. (a) The
geometrical shape and dimensions, (b) Raman mapping region, (c)-(e) show the distributions of ¢,/¢o, ¢/co and y,g/o,
respectively, achieved by using the CNT Raman Strain Rosette. (f)-(h) show &,/zo, £/¢0 and y,/¢0, respectively, given by elastic

mechanics theory.
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Fig. 6 - The experiments on the fiber-reinforced epoxy bar under four-point bend loading. (a) The geometrical shape,
dimensions and loading type, (b) Raman mapping region, (c)-(e) the distributions of z,, ¢, and y,y, respectively, near the vicinity

of the slop tip achieved by Raman Strain Rosette.
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Fig. 7 - The experimental data of the uniaxial tensile test on
the free-standing CNT film (Specimen A).

distribution at the microscale is scarcely possible by most of
the experimental methods.

The experimental results on the fiber-reinforced epoxy bar
with four-point bend loading are shown in Fig. 6. Non-uni-
form deformations exist near the vicinity of the slop tip. Par-
ticularly, the normal-strain in the either X or Y direction
(Fig. 6¢ and d) varies from tension to compression rapidly.
Meanwhile, the shear zone (Fig. 6e) is parallel to the fiber
direction, neither the slope direction nor the 45° direction,
which shows the specific mechanical behavior of unidirec-
tionally fiber-reinforced materials.

The analysis above indicates that the measurement re-
sults of the CNT Raman Strain Rosette are in good agreement
with the actual values, which confirms that the CNT strain
sensor in this work is appropriate for detecting the in-plane
strain components of a measured body accurately. Its
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precision is independent of both the loading condition and
the measuring direction because the mathematical model of
the strain sensor calculates the Raman data from all of the
CNTs in every direction. In contrast, among the previous
works,[20-23] the Raman data from the AD#PD CNTs are al-
ways ignored, and only those from the AD|PD CNTs (viz.
whose axial direction is parallel to the polarizing direction)
are counted because they are dominant in the total spectrum
due to the antenna effect of CNTs in polarized Raman scatter-
ing.[28,29] In this case, the corresponding Raman_shift incre-
ment is directly proportional to the normal strain in the same
direction as the PD in the following form:

AQY = Py - el (11)

In Eq. (11), Pw is the strain-Raman_shift coefficient calibrated
through uniaxial tensile testing, and &y, is the measured value
of the normal strain in the ¢ direction.

Eqg. (11), neglecting the scatterings from the CNTs that are
not parallel to the PD, is rational when, and only when, the
CNTs are well aligned in the ¢ direction, which is applicable
for measuring the strain in the ¢ direction only. Otherwise,
each individual of the randomly dispersed CNTs contributes
to the total spectrum, and none can be neglected. Without
loss of generality, consider the Raman spectra of four CNTs
whose ADs are 0°/30°/60°/90° to the PD. Fig. 4 shows that, even
though the data (thin blue line) from the nanotube AD|PD is
dominant in the total spectrum (thick red line), there is a dis-
tinct distance 4" between the Raman_shift of the CNT parallel
to the PD and that of all CNTs, which demonstrates that the
Raman_shift induced from the CNTs that are not parallel to
the PD is not negligible. Errors may be induced in the mea-
sured results due to 4" except for the loading condition, where
Yy is calibrated accordingly. Therefore, Eqg. (11) is an approx-
imate expression for the Raman_shift increment, and, in gen-
eral, it can provide acceptable results for limiting cases only.
For example, consider the experiment on Specimen A in this
work (Fig. 7), where the measured result for the Poisson ratio
obtained by the CNT Raman Strain Rosette is 0.379, which is
close to the actual value, 0.372. In contrast, Eq. (11) gives the
Poisson ratio v= —ey/ex = —AQPY/AQ=2.6/14 = 0.186, which
is far from the actual value of 0.372 and obviously
unacceptable.

6. Conclusions

This paper presents a theoretical and experimental study on
the CNT sensor applicable for the measurement of in-plane
strain components at the microscale by micro-Raman spec-
troscopy. In particular, the following advances have been
achieved.

A theoretical model of the CNT strain sensor is achieved to
build an analytical relationship between the in-plane strain
components of the measured body and the Raman_shift
increment of randomly dispersed CNTs. The model calculates
the quantitative contribution of deformed CNTs in any direc-
tion to the entire Raman spectrum by applying the polarized
Raman properties of the CNT and the statistical properties
of the Cauchy (or normal) distribution.

Based on the model of the CNT strain sensor, a new
wireless technique called the CNT Raman Strain Rosette is

developed. The technique is applicable to measure the in-
plane strain components (including the normal and shear
strains) at the microscale by means of detecting the Raman_-
shift increments in three different polarization directions and
using the corresponding CNT Raman Strain Rosette equation
set.

The experiments using the CNT Raman Strain Rosette and
further discussion contrasting the previous methods confirm
that the CNT strain sensor is appropriate for detecting the in-
plane strain components of a measured body easily and accu-
rately, and its precision is independent of both the loading
condition and the measurement direction.z
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