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Predicting the piezoresistance contribution of carbon nanotubes in a polymer
matrix through finite element modeling
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The change in electrical resistance due to mechanical deformation of carbon nanotube (CNT)/polymer composites can be rationalized in
terms of two main effects: i) changes in the composite electrical resistivity due to changes in the CNT network configuration, and ii)
deformation of the CNTs themselves. The contribution of CNT dimensional changes (ii) to the piezoresistivity of CNT/polymer composites
is investigated here. A model based on a representative volume element which describes the CNT geometrical contribution to the composite
electromechanical response (piezoresistivity) in terms of the CNT and matrix deformations is proposed. Finite element analysis is performed
to correlate the macroscale composite strain to the individual CNT strain. The CNT geometric contribution to the piezoresistivity of the
composite is quantified for a range of matrix elastic modulus and different CNT orientations. Based on the model predictions and previous
experimental results, it is estimated that the contribution of the CNT deformation to the composite piezoresistivity is only about 5%, indicating
that the dominant effect in the piezoresistivity of CNT/polymer composites is the change in the CNT network configuration.
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1. Introduction ical [6-11], magnetic [12-14] and electrical techniques [15-
20] have been recently investigated for manipulating CNTs
About a decade ago, a reversible correlation between the mé polymers and other viscous media.
chanical strain and the electrical resistance of individual sin- It has been shown that MWCNT alignment increases the
glewall carbon nanotubes (SWCNTs) was discovered [1,2]range of the linear response of the piezoresistive signal in
implying their use as strain sensors. Dhaetpal. used the alignment direction and also increases the piezoresistive
the strain sensing capabilities of SWCNTs to develop asensitivity of the material compared to the case where the
SWCNT film (buckypaper) for strain sensing [3]. They re- CNTs are randomly oriented [21]. The piezoresistive behav-
ported a nearly linear relationship between the measured volter observed in all of these CNT/polymer composites may
age change and the applied strain, in the film elastic rangbe attributed mainly to two mechanisms that occur while
(< 0.04% of strain), for their SWCNT films, implying the po- strain is applied [22,23]: (i) a variation in the configura-
tential use of such films as multidirectional and multiple lo-tion of the CNT conductive network, and (ii) the dimensional
cation strain sensors. Due to their outstanding physical propechanges of the CNTs themselves due to the CNT deforma-
erties (.e. mechanical, electrical and thermal properties),tion. The former effect is considered to be caused by varia-
CNTs can be exploited for the design of polymer compositdions in the interparticle distance, CNT-to-CNT contact resis-
materials with novel multifunctionality in terms of conduc- tance and tunneling effects between neighbor CNTs [22-25],
tivity and strain sensing capabilities [4-6]. Zhaapal. re-  while the latter is a merely geometric effect of the CNT. Ac-
ported that multiwall(MW) CNT/polymer composites at 5% cording to modeling studies [22-25], it is generally accepted
weight content can be utilized as strain sensors with piezorehat the variation on the configuration of the CNT conduc-
sistive sensitivity~ 3.5 times higher than that of a traditional tive network is the main responsible for the piezoresistivity of
metallic strain gage [4]. Kangt al. reported the piezoresis- CNT/polymer composites, but the geometric contribution of
tive behavior of SWCNT/polymethyl methacrylate compos-the CNT deformation is still subject of investigation. Dharap
ite films at 10% weight percentage in constructing a “neuroret al. [3] reported that for a SWCNT film (buckypaper), the
sensor” [5]. The authors also developed a “biomimetic arti-change in electrical resistance due to variations in the CNT
ficial neuron” by extending the length of such a sensor to dilm dimensions are in a lower proportior- (12%) than the
long continuous strain sensor. In the last years, CNT alignehanges in the intrinsic resistivity~( 88%) indicating the
ment inside liquid solutions and polymers has emerged as ehanges in the intrinsic film resistivity to be dominant. Wich-
highly desirable feature for the fabrication of CNT materialsmannet al., however, suggested that the geometric contribu-
and nanostructured devices with tailored properties. Mechartion to the piezoresistivity of their MWCNT/epoxy compos-
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ites is on the same order as the contribution related to the tun-

neling resistance [26]. It is thus clear that the quantification

of the contribution of the CNT deformation to the piezoresis-

tivity of CNT/polymer composites is still an unresolved issue.

To this aim, a simple finite element model based on a repre-w; 7 _

sentative volume element (RVE) of the CNT/polymer com- I It- --Iﬂ ts
1

y
N

posite is developed here to calculate the strain experienced b t;
the CNT when the composite is deformed. This CNT strain
is then used to estimate the change in electrical resistance |
yielded by the composite due solely to the CNT dimensional
changes. The dependence of such a CNT geometric contri- | L, .

bution for composites with different CNT weight fractions,

matrix elastic modulus and degree of CNT orientation is in-FIGURE 1. Schematic of the material unidirectional axial deforma-

vestigated. tion.
Eq. (6) relates the relative change of the electrical resistance
2. Piezoresistive and strain analyses to the dimensional changes (axial strain) of the material.
Since this equation was derived assuming fhist constant,
2.1. Piezoresistive model it isolates the geometric contribution of the strained mate-

. ) . . rial to its piezoresistivity;.c. it corresponds to the effect of
In a conductive material the electrical resistade&an be  gye)y changing the dimensions of the strained material. For
expre_sged in terms of its geometr_y and its intrinsic electrlca{he case of a CNT/polymer composite, this is equivalent to
resistivity p by means of the equation [27], neglect all piezoresistive contributions from the variation in
L the configuration of the CNT network and assuming that all
R=p A @) changes are due to the geometric effect caused by the defor-
amation of CNT, transferred by the matrix. However, due to
the insulating nature of the considered polymer matrices, the
ectrical resistance changes of the composite material can
e attributed solely to the conductive CNTs. Therefore, the
straine,. in Eq. (6) corresponds to the axial strain of the CNT
(ecnt) €embedded in the polymer. Substituting by ecnt

From Eq. (1) and assuming that the resistivity of the'n Eq. (6) apd recasting in terms of a new parameter
undeformed/initial ;) and deformed/final /) configura- eonT/enppL yields,
tions is the samep(= ps= p), the relative change of elec- AR
trical resistanceAR/R; = (Ry — R;)/R;) of a percolated =
CNT/polymer composite due to an applied unidirectional ax-

ial deformation can be expressed as, where eapp. is the macroscale axial strain applied to the
AR Ljw;t; @) whole composite material. The amount of strain that the CNT
R; — Lywyty actually experiencesént) when the composite material is
axially strained byeapp, is only a fraction of thecapp, and
the introduction of the parametessand eapp. allows this
uantification.« is therefore< 1 and it depends on the rela-
&fon between the lengths of the CNT and matrix. The limiting
(ideal) casex = 1 occurs when both the CNT and matrix have
the same length (continuous CNT). To compuie finite el-
ement analysis (FEA) was conducted as detailed in the next

whereL and A = wt are the length and cross sectional are
of the material respectively, witly being its width and its
thickness. When the material is subjected to strain, chang
in its electrical resistance are therefore related to changes
its geometry (. and A) and/or changes in its intrinsic electri-
cal resistivityp.

1+ aeappL

— -1 7
Ri (1 - VCVZ—IAPPL)2 ( )

Using the definition of infinitesimal strain
(2 = (Ly — L;)/L;) and Poisson’s ratio = -¢, /e,
where the axes are defined in Fig. 1) and considering th
the material is isotropic, the final lengtti £), width (w;)
and thicknesst() after deformation (see Fig. 1) can be ex-
pressed as a function of their initial (sub-indeX)“values
as,

section.
Ly=L;(1+¢,) ®3)
wy = w; (1 — vey) @) 2.2. Rrediction of carbqn nanotube deformation by fi-
F= @ nite element analysis
tr=1t(1—vey) (5)
2.2.1. Representative volume element
Substituting Egs. (3-5) into Eq. (2) yields,
AR l4e Square RVEs were constructed for CNT/polymer compos-
= r __1 (6) ites with 0.5 and 2 CNT weight percentage (wt%), Fig. 2.

R (1-ve,)”
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FIGURE 2. RVE for the analysis of CNT/polymer composites. (a) \

3D view, (b) top view.

--->y

ing to Cheret al,, square RVEs are preferred over cylindrical FIGURE 3. Finite element model of a CNT/polymer composite un-
to obtain more accurate results [28]. As observed in Fig. 2(a)der axial strain..

a CNT of lengthLcnt is embedded in a non-conductive ma-

trix of length Ly, whereLy; > Lent. The CNT and ma- of the CNT geometry and elastic modulus as

trix were assumed to be perfectly bonded. CNT dimensiond{ = AcntEent/Lent, whereAonr= (n/4)(r — r7). The
used were fixed to,= 6.5 nm,r;= 2 nm, see Fig. 2(b), and Selected values for the parametric study of the matrix elastic

Lent= 1 um. Ly, andwy, were varied whilet, was kept ~ modulus were 0.1, 1 and 10 GPa, in order to investigate the
equal to the external diameter of the CNT, 2Fig. 2(b). influence of the matrix stiffness on the piezoresistive effect.
Ly, was systematically varied in relation fa-yt (= 1 pm)  The influence of the CNT degree of alignment respect to
from Lont/Las= 0.1 to Lent/La= 1. In order to keep a  the direction of applied strainzf was also investigated by
constant CNT weight fractiony,; needs to be varied along rotating the CNT one-dimensional element.
with Lent/ Ly according to, To computea, the composite was subjected to a fixed
unidirectional strain in the: direction €app., See Fig. 3).
m(r2—r?) (1-V\ [ Lent Nodes at the bottom edge= 0), were constrained to have
WM = 8r, ( Vv ) ( Ly ) (8) zero displacement in the andy directions while nodes at
the top edge were coupled in theDOF in order to promote
whereV' is the composite volume fraction. The matrix and 5 state of uniform strain. The CNT elongation was computed
CNT densities used were 0.8065 gicand 1.4 glcmy, re-  py the difference of the displacements of the nodes located at

spectively [29,30]. the CNT endsk; — L;, see inset in Fig. 3). Thus, the CNT
o ) strain Ecnt) was calculated dividing the CNT elongation by
2.2.2. Finite element analysis the CNT initial length écnt= (L — L;)/Ls).

FEA was used to compute the strain experienced by the CNT

embedded in the matrix when the composite is subjected t3. Results and discussion

eappL, and hencev in Eqg. (7). A commercial software (AN-

SYS 12.0) was employed for the analysis and a representa:1. Influence of Lent /Ly

tive finite element model as presented in Fig. 3. The ma-

trix was modeled using two-dimensional structural solid ele-Finite element analysis was conducted to study the influence
ments (“PLANE 42”) with four-node elements (one at eachof the Lcyt/Lay ratio on the CNT deformation. The elastic
node corner) and two degrees of freedom (DOF) at each nodwodulus of the matrix wag',,= 1 GPa and the applied strain
(translation in the nodal andy directions). For modelingthe eappL= 2%. Figure 4 shows the relative CNT strain, See
CNT, a one-dimensional structural element (“LINK 1”) was Eq. (7)) as a function oLcnt/ Ly, for composites with 0.5
used, which is a uniaxial tension-compression element witfand 2 wt%.

two DOFs at each node, which are compatible with those Regardless of the CNT weight loading, fbent/L s ra-

of PLANE 42. The matrix and CNT were modeled as per-tios up to 0.9 the CNT strain is lower than 11% of the whole
fectly bonded, which means that the two nodes located atomposite straing < 0.11). ForLent/Las =1 (2 composite
the ends of the CNT coincide with nodes belonging to thewith “continuous reinforcement”), it is observed thasud-
polymer matrix. Based on an initial convergence analysisdenly reaches 1, which means that both CNT and composite
the matrix was constructed using models of around 1 mil-are subjected to the same strain for such a case. These results
lion elements. The CNT elastic modulus was assumed to bean be explained in terms of the large difference in stiffness
Ecnt=1 TPa, which is a typically accepted value in the liter- between the CNT and matrix, and the discrete length of the
ature [28,30,31]. Both the CNT and matrix were consideredCNT. Unless the CNT continuously span along the length of
to have a Poisson ratio of= 0.3. LINK 1 requires the defi- the matrix, the strain applied to the composite causes only a
nition of a spring constank’, which is expressed in terms small CNT deformation since the CNT elastic modulus is
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FIGURE 4. a vs Lent/Lm for CNT composites with 0.5 and 2 wt%.
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FIGURE 5. Normalized change in electrical resistance as a function
of the applied strain. (a) 0.5 wt%, (b) 2 wt%.

much higher than that of the polymer matrikent/ L= 1

is, however, an unrealistic condition for most real CNT com-
posites. Itis also observed thats very similar for 0.5 and 2
wt%, with a slight difference for the lowdicnt/ Ly ratios.
The CNT deformation is weakly dependentbgnr/ L for
Lent/Lay= 0.1 to 0.9. The influence of thBent/ Ly ra-
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tio on the change of the composite electrical resistance under
application of axial strain was then investigated. Using
calculated as in Fig. 4AR/R; was computed from Eq. (7)
for different values ofLcnt/ Ly and differentappi, keeping
Ejy=1GPa, see Fig. 5.

The slope of the straight line is defined as the gage factor
(k) and in this case quantifies the piezoresistive sensitivity of
the composite due to the CNT deformation exclusively. This
slope tends to increase (high@rwith increased.cnt/Las-
By comparing Fig. 5(a) and Fig. 5(b), it is observed that
is slightly higher for composites with lower CNT concentra-
tion (0.5 wt%, Fig. 5(a)). A higher CNT concentration yields
stiffer composites and, as a consequence, less CNT deforma-
tion. In both plots, the caskcnt/Las= 1 corresponds to the
limit case for which the CNT length is of the same length as
that of the matrix and hencepp = ecnt (i.€. @ continuous
“fiber” composite), yielding the same value bf= 1.61 for
both CNT concentrations. For a continuous conductive ma-
terial that is axially stretched, an increasd.iand a decrease
in A (by Poisson’s effect) will cause the electrical resistance
to increase, provided thatis unaffected. The gage factor
k yielded due to this purely geometric effect in a conductive
wire isk =~ 1 + 2v, werev is the Poisson’s ratio [27,32]. For
our caseyp of the CNT was taken as 0.3 and the geometric
prediction is in remarkable agreement with our model in the
limit CaseLCNT/LM: 1.

3.2. Influence of matrix elastic modulus

The influence of the matrix elastic modul¢&'y;) on the
CNT deformation and hence on the piezoresistive sensitiv-
ity of the composite was investigated. To obta&yR/R;,

the CNT deformationscnt) and thereforer (= ecnt/eappL)
were first calculated for different values dfy by the
methodology described in Sec. 2.2 and then used in Eq. (7).
Figure 6 showsAR/R; vs. eappL for three matrix moduli
and Lent/Lyy = 0.5. The CNT concentrations studied were
0.5 wt%, Fig. 6(a) and 2 wt%, Fig. 6(b), and the cases with
En=0.1,1 and 10 GPa were investigated.

1.8
15l (a) 0.5Wt%: Lo /L, =05 s
R GPa "
1 2 i L = A -
S 09F + E,<S10GPa p
' i
z %O
< 03] e k=0.164_
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F (k= 0.147), while for 60 k is only ~ 6.8% of this maxi-
150 (b) 2 wt%:; LcmjLM:O'?”"A mum value. This behavior is explained by the larger CNT
I deformation which occurs when the CNT is aligned along
12} * E,0.1GPa o the composite longitudinal axis.
— e E, =1GPa e
é 0.9 . E,=10GPa - _k=0.764 | |
— - A 3.4. Comparison to experimental results
X o6
Dé r o k=0.133 A previous experimentally studied CNT/polymer composite
0.3+ . : * was modeled using the methodology proposed herein with
o . o k=0.014 the objective of quantifying the CNT deformation contribu-
OO0b— » =& = tion to the total piezoresistivity of the actual composite. The
0. 0.5 1.0 1.5 2.0 experimental system consists of an axially strained 0.5 wt%
€ AppL (%) MWCNT/polysulfone film [21]. The MWCNTs were aligned

at the macroscale in the composite by application of an al-

FIGURE 6.Normalized change in electrical resistance as a func-ternating electric field. Changes in the electrical resistance
tion of the applied strain for different matrix elastic moduli. were monitoredn situ while the film was strained, in order
(2) 0.5 W%, (b) 2 wt%. to measure the composite gage factag{). Further details

As observed from Fig. 6 increases with increased ma- of the experimental setup can be found in [21]. To model
trix elastic modulus. The stiffness of the composite can be rathis system, FEA was conducted using the CNT properties
tionalized as a set of two springs connected in series, one refisted earlier, a matrix elastic modulus and Poisson’s ratio of
resenting the CNT and the second one the matrix. Hence, tHey = 1.5 GPa and'= 0.3 respectively, and CNT concentra-
total deformation is the sum of the deformation of the CNTtion as in the experimental system (0.5 wt%). The CNT was
and matrix. As the matrix stiffness increases (witpp. re-  modeled aligned in the direction of the applied strain and
maining constant), the mismatch between the stiffness of thécnt/L = 0.5, and the results are presented in Fig. 8. The
stiff CNT and compliant matrix is reduced, and more strainslope of the linear fit of the experimental data in Fig. 8 rep-

is shared by the CNT, yielding larger valueskof resents the average measured gage factor of the tested com-
posite kexp=2.68). On the other hand, Eq. (7) predicts a ge-
3.3. Influence of carbon nanotube orientation ometric gage factorkgeom) of 0.15, which represents onty

5% of the total piezoresistive sensitivity measured. Thus, the
Figure 7 shows\ R/ R; vseappL for CNTs oriented at differ-  remaining~ 95% has to be related to changes in the network
ent angles with respect to the applied strain &hg= 1 GPa.  resistivity which has been explained in the literature in terms
In this figure, O represents the case where the CNT is alignechf CNT-to-CNT contact, variations in interparticle distances
with the direction of the applled strain. It is observed that and tunne”ng resistances [22_26'33] Therefore, the compar-

significantly larger when the CNT is aligned with the strainjson petween the proposed model and actual experiments
direction than when is not. When the CNT is oriented 30

with respect to the direction afapp, k is ~ 60.5% of the

maximum value corresponding to the aligned composite 0.5 wt%
MRy a
03} 05 wt%; E, =1 GPa k=0.147 = Experimental [21] kexp_2'68
[ I'CNT/LM=0'5 —~~ 3 i
0.2 S
:\5 k=0.089, o 2+
e @
o
= < 1t
o 0.1r _
< I kgeom_o"]f-?A
k=0.010 OLe— 44— f"’f” .
00Ls &4 4=~ 0.0 0.5 1.0o 1.5 2.0
00 05 10 15 20 €,pp, (70)
s
€APPL (/0)

FIGURE8. AR/R; vseappL for an aligned CNT/polysulfone com-
FIGURE 7. Normalized change in electrical resistance as a function posite. kyp is the experimental composite gage factor measured in
of the applied strain for different CNT orientation with respect to [21] while kgeom represents only the CNT deformation contribution
the applied strain direction. predicted herein.
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suggests that the geometric effects caused by the actual defatrain direction and matrix elastic modulus, while decreases
mation of the CNTs are minor compared to the effects relateavith increased CNT concentration. For CNT/polymer com-
to changes in the CNT network configuration. posites with discontinuous CNT&¢nt/Ly < 1), this ge-
ometric contribution was estimated to be less thaf% of

the whole piezoresistive effect. Only for continuous CNTs
(Lent/Lar = 1), the geometric contribution from the CNT
An analysis of the contribution of the CNT deformation to the deformation may significantly affect the piezoresistive re-
piezoresistivity of CNT/polymer composites under unidirec-SPonse of the composite. Based on the presented results, it
tional axial strain was developed. A simple analytical modeli$ concluded that the main responsible for the piezoresistive
which estimates the composite relative change of electricdtehavior of most CNT/polymer composites experimentally
resistance due to the applied strain at the macroscale wadudied in the literature is the change in the configuration of
proposed. Finite element analysis was conducted to quantiffl® CNT network, rather than the changes in length and di-
the influence of the CNT deformation on the piezoresistiveemeter of the CNTs themselves.

behavior of CNT/polymer composites. The influence of the

CNT length, concentration, degree of alignment and matrixacknowledgments

elastic modulus on the geometric piezoresistive sensitivity of
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