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a b s t r a c t
The applied strain of carbon ﬁbre reinforced plastics (CFRPs) is measurable by their electrical resistance
changes. For damage monitoring of laminated CFRPs, piezoresistivity strongly affects the measured electrical resistance change through residual strain relief attributable to delamination cracks. Although several studies of CFRP laminates’ piezoresistivity have been published, this study uses single-ply CFRP for
speciﬁc piezoresistivity measurements in four directions. A review of the theory of in-plane piezoresistivity reveals orthotropic properties of CFRP piezoresistivity. In the present study, piezoresistivity of multiaxial loading is derived, and the unsymmetrical piezoresistivity matrix is calculated using the measured
piezoresistivity here. Effects of multiaxial loading in a misaligned unidirectional laminate are also discussed here. The misaligned laminate causes large shrink in the transverse direction during tensile tests;
poor electrical contacts at electrodes increases the electric current in the transverse direction; these two
effects cause decrease of electrical resistance for the poor electrical contact specimen with large ﬁbre
misalignment.
Ó 2009 Elsevier Ltd. All rights reserved.

1. Introduction
Carbon ﬁbre reinforced polymer (CFRP) composites are widely
adopted for aerospace and automobile components because of
their high speciﬁc strength and stiffness. Interlaminar strength of
the laminated composites, however, persists as a weak point for
laminated CFRP structures. The great difﬁculty in ﬁnding internal
delaminations by visual inspection persists as an important barrier
to practical application of laminated composites.
The CFRP laminated structures are electrically conductive materials. For that reason, CFRP laminates can be used as self-sensing
structures using electrical resistance changes [1–7]. Along with
sensing of applied strain using electrical resistance changes, ﬁbre
breakage, fatigue damage, delamination, and matrix cracking have
been detected. The authors’ group has been examining electrical
resistance change methods for monitoring locations and dimensions of damage such as delaminations and matrix cracks of laminated CFRPs [8–12]. Measurements of multiple point electrical
resistance changes have enabled us to identify delamination locations and dimensions in laminated CFRP plates. Although delamination increases the electrical resistance, the measured electrical
resistance decreased after delamination creation for thick laminated CFRPs [11]. In a thick CFRP beam, the delamination cracks
originated in the middle of the beam because of the higher shear
stress at the beam’s middle. The electric current ﬂowed only near
* Corresponding author. Tel./fax: +81 3 5734 3178.
E-mail address: atodorok@ginza.mes.titech.ac.jp (A. Todoroki).
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the surface; the delamination cracks did not impede the electric
current’s path. Residual strain relief at the surface ply attributable
to the delamination cracks is supposed to decrease the electrical
resistance, which indicates that the piezoresistivity (electrical
resistance change caused by applied strain) of CFRP may be significant, even for damage monitoring of laminated CFRPs.
In fact, several researchers have studied CFRP piezoresistivity
[13–19]. Xiao et al. showed the thin plate theory of anisotropic
piezoresistivity of laminated CFRP [13]. Ogi and Takao created an
electrical resistance circuit model to measure anisotropic surface
resistivity [15]. Wang and Chung experimentally discovered negative piezoresistivity of CFRP: the electrical resistance in the ﬁbre
direction decreases with the increased applied tensile strain in
the ﬁbre direction [14]. Angelidis et al. described the effect of electrical contact on negative piezoresistivity [16]. Negative piezoresistivity was investigated in detail by Wang and Chung [19]. All of
these studies used laminated CFRP plates for experiments; the
anisotropic piezoresistivity of a single-ply CFRP has not been
described in detail. Moreover, piezoresistivity of multidirectional
loading has not been discussed although the piezoresistivity of
multidirectional loading is indispensable for analyses of the effect
of residual stress relief in delamination monitoring of thick CFRP
laminates.
In this report, the theory of thin anisotropic surface piezoresistivity of CFRPs is reviewed ﬁrst. Using a single-ply CFRP, all
anisotropic gage factors are measured experimentally. Using the
single-ply is important to prevent the effect of ply misalignment
and electric current in the thickness direction. The mechanisms
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of the anisotropic gage factors are also discussed. Based on
measured gage factors, a formula to represent the electrical resistance changes in multiaxial loading is made here without using a
simpliﬁed model. The formula enables us to estimate the negative
piezoresistivity attributable to ﬁbre misalignments. The mechanism of the negative piezoresistivity is discussed herein.
2. Review and discussion of theory of anisotropic
piezoresistivity
For a thin CFRP ply, two-dimensional representation of piezoresistivity is applicable [13,15]. The surface electrical resistance Ri
(i = 1, 2) of the CFRP ply is expressed as

Ri ¼ bi

Li
Wi

ð1Þ

where i = 1 represents the ﬁbre direction and i = 2 represents the
transverse direction. In addition, bi signiﬁes the surface resistivity,
Li is the CFRP ply length and Wi is its width. Using Eq. (1), the fraction of electrical resistance change DRi/Ri can be expressed as
shown below.

DRi Dbi DLi DW i
¼
þ

Ri
bi
Li
Wi

ð2Þ

For a 0°-ply specimen, a test of 0°-tension and 0°-electric current application (0–0) yields

DR11 Db1
¼
þ ð1 þ m12 Þe1 ;
R11
b1

ð3Þ

where the ﬁrst subscript of R denotes the direction of electric current and the second subscripts represent the loading direction.
For a 0°-ply specimen, a test of 0°-tension and 90°-electric current application (0–90) is



DR21 Db2
Db
1
¼
 ð1 þ m12 Þe1 ¼ 2 þ 1 þ
e
R21
b2
b2
m12 2

ð4Þ

For a 90°-ply specimen, a test of 90°-tension and 90°-electric
current application (90–90) suggests the following equation:

DR22 Db2
¼
þ ð1 þ m21 Þe2
R22
b2

ð5Þ

For a 90°-ply specimen, a test of 90°-tension and 0°-electric current application (90–0) gives the following equation:



DR12 Db1
Db
1
¼
 ð1 þ m21 Þe2 ¼ 1 þ 1 þ
e
R12
b1
b1
m21 1

ð6Þ

The constitutive relation between the increments of piezoresistivity Dbi and normal strain of two-dimensional representations
can be expressed as



 
C 11
Db1
¼
Db2
C 21

C 12
C 22



e1
e2


ð7Þ

where Cij denotes the surface piezoresistivity tensor.
After substitution of Eq. (7) into Eqs. (3)–(6), the piezoresistivity
gage factor kij is obtained as follows:

k11 ¼
k12 ¼
k21 ¼
k22 ¼

DR11 =R11

e1
DR12 =R12

e1
DR21 =R21

e2
DR22 =R22

e2

In those equations, the ﬁrst subscript of kij denotes the direction
of electric current The second subscript signiﬁes the direction of
loading. Eqs. (8) and (9) show that k11 is not equal to k12. Eqs.
(10) and (11) show similarly that k21 is not equal to k22.
Although earlier reports [13–15] do not speciﬁcally describe
them, these differences are important because the measured fraction of electrical resistance change is not directly proportional to
the measured uniaxial strain. For example, the difference between
k11 and k12 means that the fraction of electrical resistance change
in the ﬁbre direction must be counted separately into the two:
strain caused by loading in the ﬁbre direction and the strain caused
by loading in the transverse direction. For the analyses of electrical
resistance changes of delaminated CFRP, the piezoresistivity of
multiaxial loading is indispensable.

C 11  m12 C 12
þ ð1 þ m12 Þ
b1


C 11  C 12 =m21
1
¼
þ 1þ
b1
m21


C 22  C 21 =m12
1
¼
þ 1þ
b2
m12
C 22  m21 C 21
¼
þ ð1 þ m21 Þ
b2
¼

ð8Þ
ð9Þ
ð10Þ
ð11Þ

3. Experimental methods and results
3.1. Materials and specimens
The material used here for experiments is a carbon/epoxy prepreg (PYROFIL #380; Mitsubishi Rayon Co. Ltd.). The ﬁbres used
are TR30S 12 l (tensile strength 4410 MPa, tensile modulus
235 GPa); the epoxy resin is a product designed for general use.
Curing conditions are 130 °C  90 min under vacuum pressure.
For measurements of electrical resistance changes, small single-ply specimens of 30 mm  30 mm  0.23 mm (thickness)
are adopted here. The ﬁbre volume fraction of these specimens
is approximately 60%. The small specimens are adopted here to
prevent a change in electrical resistance at an undesired electric
current path in a large specimen, such as a clamped area. The
specimens are too small. Therefore, the specimens are attached
on the surface of a base specimen made from an eight-0°-ply
laminate or an eight-90°-ply laminate. The base specimen is
200 mm long, with 30 mm wide and 2 mm thick. Conﬁgurations
of the base specimens and target specimens are presented in
Fig. 1.
In the target specimen, electrical copper plating method is
applied to make electrical contact to carbon ﬁbres after polishing
the specimen surface to remove the surface resin. Four electrodes
are prepared in a specimen to use the four-probe method to measure electrical resistance change. The spacing between the electrodes is presented in Fig. 1.
Base specimens of two types were prepared: a base specimen
of stacking sequence of [08]T was created from the same prepreg
for the tensile test to the ﬁbre direction. A base specimen of the
stacking sequence of [908]T was made from the same prepreg
used for the tensile test of the transverse direction. On the
[08]T base specimen, two target specimens are attached as presented in Fig. 1. Both target specimens are loaded in the ﬁbre
direction but the electric current directions differ. The same size
target specimens are attached on the other side surface at the
same positions to prevent generation of a bending moment.
The electric current must ﬂow only in the target specimens.
For that reason, the base specimen surface is coated with epoxy
resin as an insulator before attaching the target specimens. Perfect insulation between the target specimen and the base specimen was conﬁrmed using a commercially available LCR meter
(type #3520; Hioki Co. Ltd.).
Lead wires are soldered to the electrodes of the target specimens. To measure the electrical resistance change of the target
specimen, the four-probe method is adopted here. An LCR meter
(Hioki Co. Ltd.) is used with 1.5 kHz alternating current of 10 mA.
The alternating current is used here because the LCR meter provided smaller variation and the CFRP can be regarded as a simple
resistance for this lower frequency.
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Fig. 2. Measured electrical resistance change in ﬁbre-direction loading of ﬁbredirection current path.

Fig. 1. Specimen conﬁguration. (a) Unidirectional ﬁbre-direction loading and (b)
unidirectional transverse-direction loading.

Fig. 3. Measured electrical resistance change in ﬁbre-direction loading of transverse-direction current path.

Using the base specimen of [08]T, tensile tests of two types are
performed here. In one target specimen, the electric current ﬂows
in the ﬁbre direction. This type is called a 0–0 specimen herein:
the ﬁrst ﬁgure 0 represents the tensile direction and the second ﬁgure 0 signiﬁes the electric current direction. In the other target specimen, electric current ﬂows in the transverse direction. This type is
called a 0–90 specimen herein. Similarly, tensile tests of two types
are performed here using the base specimen of [908]T. The two types
are 90–90 type and 90–0 type: the electric current ﬂows in the transverse direction in the 90–90 type specimen and the electric current
ﬂows in the ﬁbre direction in the 90–0 type specimen.
A bi-axial strain gage is attached in the middle of each target
specimen to measure the applied strain of the target specimen.
Glass ﬁbre reinforced plastic tabs are attached on both ends to protect the base specimen. Tensile tests of loading speed of 0.5 mm/
min are performed using a material testing machine (Shimadzu
Corp.). All electrical resistance changes are measured in the elastic
deformation region. Cyclic tests are conducted to measure the electrical resistance hysteresis in this study.

k11 = 2.35, which closely resembles the normal strain gage. This
positive gage factor results from normal piezoresistivity of the carbon ﬁbre itself.
Measured results of the 0–90-type test are depicted in Fig. 3.
The abscissa is the measured strain attributable to Poisson’s ratio;
the ordinate is the measured fraction of the electrical resistance.
The tensile strain is applied in the ﬁbre direction. Therefore, the
transverse strain is the compression strain. With increased the
applied tensile strain (with the decrease of transverse compressive
strain), the electrical resistance decreases. The gage factor k21 is
2.39 here. The results differ completely from published results
[15–17]. Those previous papers all report that the transverse electrical resistance increases with the increase of applied tensile
strain in the ﬁbre direction. In previous papers, the transverse
resistance increase can be explained using the ﬁbre-contact-separation model as portrayed in Fig. 4. Fibre contacts are caused by the
undulation of carbon ﬁbres. Tensile loading in the ﬁbre direction
straightens the undulated ﬁbres. Consequently, the tensile strain
in the ﬁbre direction decreases the ﬁbre contact. In other words,
the increase of electrical resistance in the transverse direction
results from tensile loading in the ﬁbre direction. This effect of
ﬁbre-contact-separation model should be discussed in detail in
future research.
The results presented in Fig. 3 decrease with increased tensile
loading in the ﬁbre direction. The tensile strain in the ﬁbre direction causes compression strain in the transverse direction. The
compression strain decrease the ﬁbres’ spacing and increases the
cross sectional area for the electric current in the transverse direction. This causes a decrease of electrical resistance in the transverse direction. As described in earlier papers, undulation of the
ﬁbres increases the electrical resistance in the transverse direction.
These two effects are mutually competitive. The electrical

3.2. Results and discussion
Measured results of the 0–0-type test are presented in Fig. 2. In
this test, the loading direction is the ﬁbre direction and electric
current ﬂows in the ﬁbre direction. The abscissa is the measured
applied strain in the ﬁbre direction, and the ordinate is the
measured fraction of electrical resistance change. Several loading–unloading tests were performed for this study. Although the
variance is larger than that of the conventional strain gage, the
relation between the measured applied strain and the measured
fraction of the electrical resistance change increases almost linearly with increased applied tensile strain. The gage factor is
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Fig. 6. Measured electrical resistance change in transverse-direction loading of
ﬁbre-direction current path.

Fig. 4. Fibre-contact separation model to explain positive piezoresistivity in the
transverse direction.

resistance in the transverse direction increases with increased
tensile loading in the ﬁbre direction when the effect of undulation
of ﬁbres is greater than the effect of compression. In Fig. 3, the
effect of ﬁbre undulation is apparently lower than the effect of
compression in the transverse direction. This result shows that
the piezoresistivity gage factor k21 might change markedly because
of ﬁbre undulation.
Measured results of the 90–90-type test are presented in Fig. 5.
In this test, the loading direction is the transverse direction and
electric current ﬂows in the transverse direction. The abscissa
shows the measured applied strain in the transverse direction;
the ordinate shows the measured fraction of electrical resistance
change. The relation between the measured applied stain and the
measured fraction of the electrical resistance change is increasing
linearly with the increase of applied tensile strain. The gage factor
is k22 = 3.88; the value is larger than that of the normal strain gage.
The higher gage factor results from the high sensitivity against the
applied strain in the transverse direction: the contacts between
adjacent ﬁbres realize the electrical conductivity in the transverse
direction, and the contact resistances have high sensitivity against
the applied strain. This gage factor might also change because of
the ﬁbre undulation.

Fig. 5. Measured electrical resistance change in transverse-direction loading of
transverse-direction current path.

Measured results of 90–0-type test are depicted in Fig. 6. In the
test, the loading direction is the transverse direction and electric
current ﬂows in the ﬁbre direction. The abscissa is the measured
applied strain in the ﬁbre direction caused by Poisson’s ratio effect;
the ordinate is the measured fraction of the electrical resistance
change. The relation between the measured applied stain and the
measured fraction of the electrical resistance change increases
almost linearly with the increase of the applied tensile load and
decrease of the measured transverse strain. The gage factor is
k12 = 22.19. Although the strain in the ﬁbre direction is compressive, the electrical resistance in the ﬁbre direction increases. Therefore, the gage factors of k11 and k12 are completely different,
although both are electrical resistance changes attributable to
the strain of the ﬁbre direction.
Negative piezoresistivity k12 means that electrical resistance in
the ﬁbre direction is affected by the electric current in the transverse direction. Fig. 7 exhibits this mechanism. Not all carbon
ﬁbres are perfectly straight in a ply. Fig. 7 portrays that ﬁbre number 1 has a contact to the electrode A, but that ﬁbre number 1 has
no contact to the electrode B because of the ﬁbre undulation.
Therefore, the electric current must ﬂow in the transverse direction
to carbon ﬁbre number 2, which contacts electrode B. Since there
are a lot of ﬁbres in the actual CFRP, there are a lot of ﬁbres that
have electrical contact to the electrodes even for the poor electrical
contact specimen. The electrical resistance in the ﬁbre direction is
a combined effect of electrical current of the ﬁbre direction and of
the transverse direction.
The piezoresistivity k12 might be different when a couple of
electrodes are mounted on both edges of the CFRP specimen, as
shown for electrodes C and D in Fig. 7. Electric current in carbon
ﬁbres numbers 1 and 2 need not ﬂow in the transverse direction
when the electrodes are mounted on C and D. However, ﬁbres
are not always perfectly continuous along the specimen; moreover,
all ﬁbres have contact points between adjacent ﬁbres at different
distances from electrodes C and D: different distances from the
electrodes mean that the contact points might have different

Fig. 7. Actual ﬁbre undulation in a ply and effect of location of electrodes.
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voltages. These mean that electric current might ﬂow transversely
even when the electrodes are mounted at both ends of the specimen. Therefore, the electrode locations affect the piezoresistivity,
but the electrodes at the CFRP specimen edges are not free from
piezoresistivity of the transverse direction.
4. Multiaxial loading
4.1. Piezoresistivity for multiaxial loading
As the experimental results show, the piezoresistivity of k11 differs from that of k12 and that of k22 differs from that of k21. Consequently, the electrical resistance changes attributable to applied
multiple loads are not directly proportional to the measured strain:
the measured strain includes strain caused by lateral loading. To
obtain the relation between the electrical resistance changes and
the measured strains for the multiaxial loading, a new formula
must be derived.
The measured strains ex and ey comprise strains derived from
the applied load and strains derived from Poisson’s ratio. First,
these must be separated using the stress–strain relation. In the
ﬁbre direction (L) and transverse (T) coordinate, the stress–strain
relation is written as follows:

9
8
>
=
< rL >

2

Q 11

Q 12

0

rT ¼ 6
4 Q 21 Q 22 0
>
>
:
sLT ;
0
0
Q 66
Q 11 ¼
Q 22

38
>
< eL
7
5 eT
>
:

cLT

9
>
=

ð12Þ

>
;

mTL EL
; Q 12 ¼ Q 21 ¼
;
1  mLT mTL
1  mLT mTL
ET
¼
; Q 66 ¼ GLT
1  mLT mTL
EL

ð13Þ

Let the x-axis be equal to the L-axis and the y-axis be equal to
the T-axis. According to Eq. (12), the measured strains ex (eL) and
ey (eT) are transformed into stresses rx (rL) and ry (rT). The
obtained stresses rx (rL) and ry (rT) enable us to calculate the
strain caused by the applied load (eA) and strain because of Poisson’s ratio (eP). Using the compliance matrix, the stress–strain relation is expressed as shown below.

9
8
>
=
< eL >
>
:

2

S11

S12

eT ¼ 6
4 S21 S22
>
cLT ;
0
0

S11 ¼

1
;
EL

9
38
>
=
< rL >
7
0 5 rT
>
>
:
sLT ;
S66
0

S12 ¼ S21 ¼ 

mTL
ET

;

S22 ¼

ð14Þ
1
;
ET

S66 ¼

1
GLT

ð15Þ

In this equation, the strain caused by the applied load and the
strain attributable to Poisson’s ratio are separable as the following:

8
9
< eL =

8 9
< eAL =

8
9
<0
=
eT ¼ e þ e þ 0
:
; : ; : ; :
;
cLT
S66 sLT
0
0
8
9 8
9 8
9
< S11 rL = < S12 rT = < 0
=
¼ S21 rL þ S22 rT þ 0
:
; :
; :
;
0
0
S66 sLT
9
2
38
S11 S12 0
< rL =
¼ 4 S21 S22 0 5 rT
:
sLT ;
0
0
S66
P
T

8 9
< ePL =
A
T

From the deﬁnition of piezoresistivity, the fraction of electrical
resistance change DR/R of each direction can be derived as shown
below.
8 9
eA >
>
 DR  
>
< LP >
k
0
0
k
eL =
11
12
R
L
DR
¼
0
0
k
k
eA >
>
21
22
>
R T
;
: TP >
eT
2
3

 S11 Q 11 S11 Q 12  
7
k k 0 0 6
6 S12 Q 21 S12 Q 22 7 eL
¼ 11 12
0 0 k21 k22 4 S22 Q 21 S22 Q 22 5 eT
S12 Q 11 S12 Q 12

 
eL
k11 S11 Q 11 þ k12 S12 Q 21 k11 S11 Q 12 þ k12 S12 Q 22
¼
eT
k21 S22 Q 21 þ k22 S12 Q 11 k21 S22 Q 22 þ k22 S12 Q 12
 
e
L
¼K
ð18Þ

eT

The multiaxial piezoresistivity matrix K is not symmetric; K
depends on the elastic modulus. Substituting the elastic modulus
of EL = 141 GPa, ET = 10 GPa, and mLT = 0.28 together with the measured piezoresistivity kij of Figs. 2, 3, 5 and 6, the piezoresistivity
matrix K is calculable as presented below.

(

DR
DRR L
R T

)


¼

2:49

0:43

0:42 2:38



eL
eT


ð19Þ

Although the difference between k12 and k21 is small in the
present composites, the piezoresistivity depends on the ﬁbre
undulation, as described in Section 3, which means that the multiaxial piezoresistivity depends on the fabrication process. The
theory of piezoresistivity can be easily expanded to the 3-dimensional theory. That requires, however, to measure piezoresistivity
in the thickness direction, and this is quite difﬁcult for a single ply.
Usually, laminated composites include thermal residual strain.
Delamination engenders residual strain relief. This residual strain
relief is multiaxial strain relief. Eq. (19) is useful to estimate the
effect of the residual strain relief on the measured electrical resistance change for delamination monitoring.
4.2. Effect of ﬁbre misalignment
An actual laminated composite plate is not free from the ﬁbre
misalignment of each ply and ﬁbre undulation in each ply. Even for
unidirectional laminates such as [04]T as presented in Fig. 8, each
ply has ﬁbre misalignment of [h1/h2/h3/h4]T. We consider that each
electrode has poor electrical contact, as presented in Fig. 8.
We consider the case of a misaligned laminate of [5/10/3/-10]T
with comparison of a perfect unidirectional laminate of [04]T. The
in-plane stiffness matrix A of each laminate and compliance matrix
a are calculated as shown below.
For the misaligned laminate of [5/10/3/10]T, the following are
true:

ð16Þ

Using Eqs. (12) and (16), each strain can be derived as follows:

8 A9
e >
>
>
>
> LP >
=
<

2

S11 Q 11
6S Q
eL
6 12 21
¼6
>
eA >
> 4 S22 Q 21
>
>
;
: TP >
S12 Q 11
eT

3
 
S12 Q 22 7
7 eL
7
S22 Q 22 5 eT
S11 Q 12

S12 Q 12

ð17Þ
Fig. 8. Misaligned ply model of the unidirectional laminate and electric current
path.
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2

3

2

3
m
m
m
A11 A12 A16
68:6  106 2:5  106 2:2  106
6
6
7
m
m 7
6
A ¼ 4 Am
5:1  106 0:06  106 5ðN=mÞ
21 A22 A26 5 ¼ 4 2:5  10
m
m
m
6
6
6
A61 A62 A66
2:2  10
0:06  10 3:58  10
2 m m m3 2
3
a11 a12 a16
1:79  108 6:87  109 1:41  108
6
6
7
9
m
m 7
a ¼ 4 am
1:99  107
7:71  1010 5
21 a22 a26 5 ¼ 4 6:87  10
8
10
7
m
m
m
a61 a62 a66
1:41  10
7:71  10
3:40  10
ð20Þ

For the perfect unidirectional laminate of [04]T, the following
hold:

2

A0
6 11
0
A¼6
4 A21
A061
2 0
a11
6
a ¼ 4 a021

A022
A062
a012
a022

a061 a062

3

2
3
70:8  106 1:4  106 0
7
6
7
6
5ðN=mÞ
A026 7
5:0  106 0
5 ¼ 4 1:4  10
6
0
0
0
2:5  10
A66
3 2
3
8
a016
1:42  10
3:97  109 0
7
6
7
a026 5 ¼ 4 3:97  109 2:0  107
5
0
a066
0
0
4:0  107

A012 A016

ð21Þ
Therein, the ply thickness is set to 0.125 mm, and GLT is 5.0 GPa.
Consequently, each laminate’s thickness is h = 0.5  103 m.
The measured tensile modulus E0L is calculable using
0
EL ¼ 1=ðha11 Þ. The difference between the modulus of the misaligned laminate and the modulus of the perfect unidirectional laminate is calculated as follows:

Em
L
E0L

0

¼

ha11 1:42
¼ 0:79
m ¼
ha11 1:79

ð22Þ

On the other hand, the measured Poisson’s ratio m0LT is calculable
using m0LT ¼ a21 =a11 . The difference between the Poisson’s ratio of
the misaligned laminate and the Poisson’s ratio of the perfect
unidirectional laminate is calculated as

mmL ham21 ha011 6:87  1:42
¼
¼
¼ 1:37
m0L ham11 ha021 1:79  3:97

ð23Þ

The results of Eqs. (22) and (23) reveal that the ﬁbre misalignment has a great effect on the transverse direction. For a tensile
test of a ﬁbre misaligned unidirectional laminate, the laminate is
equal to the specimen subjected to multiaxial loading: the tensile
load of the ﬁbre direction and the compression load of the transverse direction.
For the actual unidirectional laminate, the electrodes have
imperfect electrical contact and have poor sparse contact, as presented in Fig. 8, which shows that the electrical current of the ﬁbre
direction includes electric current in the transverse direction.
Although the electrical path of the transverse direction is short,
the current in the transverse direction has a large effect because
the electrical resistivity in the transverse direction is more than
1000 times that of the ﬁbre direction.
For the misaligned laminate, the laminate is subjected to the
transverse compression load as described previously. Eq. (19)
shows that the larger transverse compression strain might cause
a large decrease of electrical resistance in the ﬁbre direction and
decrease the electrical resistance in the transverse direction too
for the ﬁbre misaligned laminate with sparse poor electrodes,
which might be the negative piezoresistivity of the ﬁbre direction
of unidirectional CFRP in the reference [17].
Better electrical contact at electrodes decreases the electric current path in the transverse direction. That deletes the effect of electrical resistance decrease of the transverse direction. Consequently,
negative piezoresistivity might improve to a positive one after
polishing the surface, as described in an earlier report [17]. The perfect contact, however, not can delete the effect perfectly because
there are a lot of ﬁbres that have contact between ﬁbres. The four-

probe method is not entirely error-free because of the electrical contact at the electrodes for the strongly orthotropic CFRP.
5. Conclusions
This paper described examination of anisotropic piezoresistivity
of unidirectional single-ply CFRP. Experiments were conducted
using a small rectangular single-ply CFRP attached to the unidirectional CFRP laminate. Electrical resistance changes during loading
of four patterns were measured experimentally. The in-plane
piezoresistivity is reviewed theoretically herein and multidirectional loading relations between the electrical resistance changes
and measured strains are derived here. The obtained results are
as described below:
(1) Piezoresistivity of CFRP of multidirectional loading is
obtained theoretically and experimentally.
(2) The multidirectional piezoresistivity matrix is not symmetric for CFRP.
(3) The electrical resistance change in the ﬁbre direction is not
directly proportional to the measured unidirectional strain
of the carbon ﬁbre, but it is affected by electric current in
transverse direction.
(4) Fibre misalignment and sparse electrical contact at electrodes cause negative piezoresistivity.
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