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Composite materials, such as CFRP (Carbon Fiber Reinforced Plastics) with embedded SMA 
(Shape Memory Alloy) wires, have widely been studied for damage control. In this case, the SMA 
wires are used as an actuator to suppress propagating damages or to control damages. We have 
studied to use the SMA wires as a strain sensor to estimate damages of composite materials for 
constructing multi-functional SMA (sensor and actuator material). 
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I. INTRODUCTION 

Composite materials, such as a CFRP (Carbon 
Fiber Reinforced Plastics) plate with embedded SMA 
(Shape Memory Alloy) wires, have widely been stud
ied for damage control [1, 2]. In this case, the em
bedded SMA wire is used as an actuator in order 
to suppress propagating damages by generating force 
due to its phase transformation. We intend to use 
the embedded SMA wires as both a strain sensor and 
an actuator, in order to estimate (or monitor) dam
ages and to control damages, respectively. The SMA 
wire becomes to have multi-functions (sensor and ac
tuator functions), that is a direction of "smart struc
ture" with a processor for self-damage control and 
self-damage monitoring. 

In general, an amount of damages in materials is 
related with strain. We have already obtained the 
correlation between the number of transverse cracks 
and the strain for a CFRP plate in Fig. 1 [3], where 
the number of transverse cracks corresponds to the 
amount of damages for the case. Strain is an index 
for damage monitoring of materials. The strain of a 
matrix can be estimated from an electric resistance 
change of an embedded SMA wire in composite ma
terials as described in this article. Usually, strain is 
measured by additional embedded fiber Bragg grat
ing (FBG) sensors [4] or sticking strain gauges. For 
strength of composite materials, however, it needs to 
be reduced the number of materials to be embedded 
as throughly as possible. Multi-functional material, 
such as an SMA wire which acts as both an actuator 
and a strain sensor, is valid for reducing the number 
of embedded materials. 

There are some advantages and disadvantages for 
using the embedded SMA wires as both an actuator 
and a sensor for damage control and damage estimat
ing/monitoring. We listed the advantages of the SMA 
strain sensor as follows: 

• It can reduce the number of embedded mate
rials to monitor damages for strength of corn-
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FIG. 1: The correlation between the number of 
transverse cracks and the strain for a CFRP plate. 
The number of transverse cracks corresponds to the 
amount of the damages for the CFRP plate case. This 
plot is taken from the reference [3]. 

posite materials. 

• It can monitor strain or estimate damages in a 
large region by using an SMA wire. 

• It is a simple mechanism. 

The disadvantages are listed as follows: 

• It is not so precise sensor rather than other 
strain sensors such as FBG sensors or usual 
strain gauge sensors. 

• It is not a direct damage monitoring through 
strain. 

To establish a damage estimating/monitoring by 
using an SMA wire, there are mainly two relations, 
one is a relation between an amount of damages and 
strain on materials, another is a relation between an 
electric resistance change and strain on embedded 
SMA wires. These relations connect an amount of the 
damages with the electric resistance change through 
strain, and provide to estimate damages by monitor
ing the electric resistance. 
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In this article, we concentrated to measure the re
lation between electric resistance of an SMA wire and 
strain on composite materials. In section II, the ex
perimental setup to measure the electric resistance 
of an SMA wire is described. The measurement of 
the electric resistance is described in section IlL The 
electric resistance of an SMA wire depends on strain 
as well as on temperature. The temperature depen
dence of the electric resistance change, which is un
necessary for the strain measurement, is needed to be 
eliminated. The electric resistance change due to a 
temperature change was compensated, which is de
scribed in section IV. In section V, we confirm that 
the temperature dependence can be reduced by the 
compensation method, and we show a possibility to 
use an embedded SMA wire as a strain sensor in or
der to estimate/monitor an amount of material dam
ages. In section VI, we conclude our research about 
an SMA strain sensor for damage monitoring of com
posite materials. 

II. APPARATUS 

As SMA wire, Ti-Ni alloy with the composi
tion of Ti-50 at.% Ni was used in this experi
ment. The diameter of the SMA wire is OAmm, 
and its the phase transformation temperature start
ing from the Austenite to the Martensite phase 
(from the Martensite and the Austenite phase) is 
37°C (55°C), which was measured by a Differential 
Scanning Calorimeter. As a matrix of a compos
ite material, GFRP(Glass Fiber Reinforced Plastics) 
prepreg with size of 180mmx20mmx3mm was used. 
The laminate configuration is cross-ply [03/902/03]ls, 
where the SMA wire was embedded in the middle 
layer with the same direction of the glass fiber. The 
SMA/GFRP composites were fabricated by hot press
ing at 130°C for 2 hours with a pressure of 0.3MPa. 
The embedded wire was well bonded with the GFRP 
plate. The interface shear stress of 0.02MPa was ob
tained from a pull-out test without splipping. 

The illustrated figure of the electric resistance mea
surements is shown in Fig. 2-a). The electric re
sistance was measured by a multi-meter(IWATSU 
VOAC7513). Copper wires with a diameter of lmm 
were used for the connection between an SMA wire 
and the multi-meter. The SMA wire and the copper 
wire were fixed by screws on a copper plate which 
is shown in Fig. 2-b). The electric resistance of the 
copper wires was measured and has been subtracted 
from the measured electric resistance. For a case of a 
composite material with embedded SMA wires, the 
strain of the composite material was measured by 
a strain gauge (KYOWA KFRP-5-120-Cl-1LlM2R) 
which was sticked on the surface. 

III. ELECTRIC RESISTANCE CHANGE 
VS. STRAIN FOR AN SMA WIRE 

We measured an electric resistance of an SMA wire 
as a function of the strain. In this case, the SMA wire 

FIG. 2: a) Illustrated figure of the experimental setup 
to measure the electric resistance of an SMA wire, b) 
picture of the copper plate to connect between an 
SMA wire and a copper electric cable. 

OAmm <P 75!Y'C 1hr 2.2% Pre-s:train 

\ After
1

2.2% Pre-strain 

_.... 1--4 

AR/Rx100 _.-~ 
....-!----' ,....-- "'>e"" - StraS-s -- V 

> _ _..,, 

,V 
...-· 

0.2 0.4 0.6 1.4 1.6 1.8 2 

50 

40 ~ 
306 

20 ~ 
10 t? 
0 

FIG. 3: The upper curve shows the measured elec
tric resistance change ( I:::.Rj R) of the SMA wire as a 
function of the strain ( I:::.L / L), and the bottom curve 
shows the corresponding measured stress. 

is not embedded into a material in order to simplify 
and to check if an SMA wire can be used as a strain 
sensor. The electric resistance change (I:::.R/R) was 
calculated by 

I:::.R Rs - Rso I:::.Rs 
R Rso = Rso' 

(1) 

where Rs is a measured electric resistance which 
varies with the strain, and Rso is an electric resistance 
without strain which is a normalized constant. Fig
ure 3 shows the measured electric resistance change 
as a function of the strain ( I:::.L / L), where the strain 
was calculated from the position of the tensile ma
chine cross-head. We obtained the almost linear re
lation between I:::.R/R and I:::.L/L on an SMA wire. 
From the relation, we found that the strain, which is 
related to an amount of damages, can be estimated 
from the electric resistance change of an SMA wire. 

IV. COMPENSATED I:::.R/R 

The electric resistance of an SMA wire depends on 
temperature, therefore, the electric resistance change 
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of an SMA wire (sample wire) contains a temperature 
dependence term of 

D.RT = (36.T 
RT 

(2) 

as well as a strain dependence term of D.RLI RL, 
where D.T is a temperature change and (3 is the tem
perature coefficient. The electric resistance change of 
the sample wire (Rs) is represented as 

The temperature dependence term of (3D.T is unnec
essary for strain measurement. We extract the strain 
dependence term in Eq.(3) by compensating the tem
perature dependence. For the compensation, we used 
another SMA wire (reference wire) which is strain
free. The electric resistance change of the reference 
wire depends only on temperature, which is expressed 
by 

(4) 

D.R D.RsiRs 
R D.RRIRR 

((3D.T)D.RLIRL = ((3D.T) 
(5) 

The strain dependence term of D.RL I RL remains, and 
the temperature dependence term of ,BD.T is canceled 
in Eq.(5). 

We experimentally checked that the compensation 
method worked well by using two SMA (sample and 
reference) wires. The reference wire was fixed, and 
the sample wire was provided tension in a thermo
static device. We measured the relation between 
D.RI Rand D.LI L consecutively at the temperatures 
of 22°C, l2°C, 3°C and 31°C, which is shown in 
Fig. 4. In this figure, the non-compensated D.RI R 
(the upper 4 curves) and the compensated D.RI R (the 
bottom curve) are shown. The baselines of the non
compensated D.RI R at each temperature are shifted 
into the vertical direction, which is the tempera
ture dependence of the relation between D.RI R and 
D.LI L. By using the compensated method, the tem
perature dependence is canceled, namely, the baseline 
shift is not seen, which is shown as the bottom curve 
in Fig. 4. The compensated method works well for 
SMA wires in a wide temperature range. 

V. SMA D.RIR IN COMPOSITE 
MATERIALS 

We confirmed that an SMA wire alone could be 
used as a strain sensor as described in the previous 
sections. We experimentally confirm that the embed
ded SMA wire in the composite material of the SMA 
wire and the GFRP plate also have the similar rela
tion between D.RI R and D.LI L. We measured the 

FIG. 4: The temperature dependences of the relation 
between D.RI R and D.L I L are shown, The upper 4 
curves show the non-compensated D.RI R at the tem
peratures of 22°C, l2°C, 3°C and 31°C. The bottom 
curve shows the temperature compensated D.RI R at 
the temperatures. By the compensation, the upper 4 
curves are merged into the bottom curve. 
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FIG. 5: The measured electric resistance change of 
the embedded SMA wire in the GFRP plate (D.RIR) 
is shown as a function of the strain ( D.L I L). 

relation between D.RI R of the embedded SMA wire 
and D.LIL of the matrix (GFRP). 

A sample SMA wire with a diameter of 0.4mm 
was embedded into a GFRP plate with the size of 
180mmx20mmx3mm. A reference SMA wire of the 
same diameter was put on the surface without influ
ence of the matrix strain. We sticked a strain gauge 
(KYOWA KFRP-5-120-Cl-1L1M2R) on the plate to 
measure the strain of the composite material plate. 
We measured the similar relation for the GFRP plate, 
which is shown in Fig. 5. 

To check the temperature compensation for the 
composite material (GFRP) case, we consecutively 
measured the relation between D.RI R and D.L I L at 
temperatures of 0°C through 30°C in the thermo
static device. The measured D.RI R curves are shown 
in Fig. 6. In this figure, the upper three dotted lines 
show the relation for the non-compensated case, and 
the lower dotted line shows the ones for the compen
sated case. The temperature dependence, which is 
the baseline shift, is reduced by using the compen
sated D. RI R, however, the small baseline shift has 
been remained. That corresponds to be 0.4% change 
of the sample and the reference wire resistance ratio 
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FIG. 6: The measured electric resistance changes 
(D.Rf R) of the embedded SMA wire in the GFRP 
plate at the temperatures of 0°C, 10°C and 30°C 
are shown as a function of the strain. The upper 
3 dotted lines and the lower dotted lines show the 
non-compensated D.Rj R and the compensated D.Rf R 
curves, respectively. The baseline shift due to the 
temperature dependence is reduced by the compen
sation. 
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FIG. 7: Two dimensional histogram of the correlation 
between D.Rf R of the SMA wire and the strain of 
the matrix (GFRP) for 12000 cycle tensile tests in 
12 days is shown. The contents of the histogram are 
represented as a shaded index on the left side of the 
plot. 
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at the temperatures of 0°C and 30°C. This remaining 
temperature dependence provides a dominant uncer
tainty on the strain measurement by using the SMA 
wire. The uncertainty (D.c) on the strain measure
ment (c) is obtained to be D.c == ±0.03% in a temper
ature range from 0°C to 30°C, which corresponds to 
be D.c = ±0.001%tC uncertainty. 

We checked the reproducibility of the relation 
between D.Rj R and the strain of matrix (GFRP) 
at the room temperature around 20°C. The tensile 
stress of 12000 cycles in 12 days was provided to 
the GFRP /SMA composite material. During the 
tensile tests, we observed D.Rf Rand the strain of the 
GFRP plate, and the relation between D.Rj R and 
the strain is shown in Fig. 7. From the measurement, 
the uncertainty of the strain measurement due to 
the reproducibility of 12000 cycle tensile tests is 
obtained to be D.c = ±0.005%. 

VI. CONCLUSIONS 

To use embedded SMA wires in a composite ma
terial as a strain sensor for a damage estimat
ing/monitoring, we measured the relation between 
the electric resistance change of the embedded SMA 
wire and the strain of the composite materials. We 
found the almost linear correlation between the elec
tric resistance change and the strain. From the re
lation, we found that an amount of material dam
ages can be estimated from the measured electric re
sistance change through the strain. The tempera
ture dependence on the strain measurement was com
pensated, however, the small dependence has been 
remained. This remaining temperature dependence 
provides a dominant uncertainty on the strain mea
surement, which is D.t: = ±0.03% in the tempera
ture range from 0°C to 30°C, which corresponds to 
D.c = ±0.001%tC uncertainty. The uncertainty due 
to the reproducibility of the relation between D.Rf R 
and the strain is obtained to be D.e = ±0.005%. 
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