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Abstract—This paper presents a part of the feasibility study for employing a damage monitoring
system using a PZT actuator/FBG sensor. The goal of this research is to improve the present
safety level of aircrafts by ensuring structural integrity and reducing maintenance/operation costs of
advanced composite materials that will be employed for the primary structures of the new generation
aircraft. Our novel sensor system employing a PZT actuator and an FBG optical fiber sensor can
detect several types of damage, such as delamination and debonding, which are expected to occur
in the highly efficient bonding structures of an aircraft wing box when the main/tail wing section is
designed using composite materials. In this system, elastic waves will be transmitted into the structure
by PZT actuators and received by small-diameter FBG optical fiber sensors that are embedded in the
critical section of the primary structure of an aircraft. The onset and growth of damage can be detected
with a very high accuracy through the change in the received elastic waves.

In this study, a conceptual design was implemented in order to employ the novel system. We also
selected the optimum application candidate area in order to verify the effects of the system. Further,
the investigation and experiment on the novel sensor system that uses a bonded PZT actuator and
an FBG sensor was carried out, and the basic damage detection technique was established based on
the experimental results of the received elastic wave. Furthermore, compressive tests were carried
out using the coupon specimen with an embedded small-diameter or standard-diameter optical fiber
sensor. It was verified that the coupon specimen with an embedded small-diameter optical fiber
suffered no degradation of its material properties.

Keywords: Damage monitoring system; piezo transducer (PZT) actuator/FBG sensor; aircraft struc-
ture; structural integrity; elastic wave; damage detection; structural health management.
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154 T. Ogisu et al.

1. INTRODUCTION

The application of composite materials in aircraft structures has increased in recent
years, and this trend is expected to continue in the near future. Further, with an in-
crease in the application of advanced composite materials, a corresponding increase
in reliability and reduction in weight of the aircraft structures are essential [1]. In
particular, the bonding structure is expected to play an important role in saving
costs. However, these structures have many bonding lines that can be the weak
points in the structure; these are referred to as ‘hot spots’ in the primary structure of
the composite material.

The abovementioned problems should be resolved in order to increase the usage of
composite materials. However, technologies that could enable detection of damage
on bonding interfaces have not existed until now. Recently, novel technologies
utilizing smart materials and structural systems have been developed. These systems
can detect the onset and growth of damage in composite materials [2–5]. A PZT
sensor system is expected to enable damage detection, and the feasibility studies
for this system have progressed in co-operative research [6]. Many researchers
have obtained similar results regarding the damage detection method for composite
materials using an elastic (Lamb) wave launched from a PZT actuator [7, 8].
Moreover, the Comparative Vacuum Monitoring (CVM) technology using the
extremely simple technique of measuring vacuum leakage is also becoming a topic
of joint research for aircraft manufacturers [9]. The CVM is the most promising
technique as a damage monitoring system for metallic material. These systems
are extremely useful in detecting wide-range damage, but they do not possess
sufficient accuracy to detect delamination and debonding in an adhesion interface of
composite materials. Therefore, the authors are developing a novel sensor system
using an FBG optical fiber, which is capable of detecting damage with a very high
degree of accuracy [10].

For example, when damage exists in the propagation path of an elastic wave,
the damage information carried by the elastic wave is detected by a sensor. Here,
since it is possible to embed the optical fiber near the damaged area, the FBG
optical fiber sensor can detect the change in elastic wave propagation. Furthermore,
the small-diameter optical fiber (outer diameter: 52 µm) [11] used in the present
study (the standard diameter is 125 µm excluding its coating) can be embedded
without degradation of the properties of the composite laminate. This is because
it is significantly smaller than 125–200 µm in terms of the thickness of a lamina
of general CF prepreg, and it can be embedded in an adhesive layer [12, 13].
Through the diagnosis of structural integrity using such a system, an increase in
the reliability and reduction in weight of the advanced composite material can
be expected. Figure 1 shows the cross-sectional view of the coupon specimen
with embedded standard-diameter and small-diameter optical fibers in the CFRP
laminate.

In this paper, the authors propose a novel hybrid damage monitoring system
using a PZT actuator and an FBG optical fiber sensor. Additionally, a candidate
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Active damage detection for CFRP 155

application area of the monitoring system is investigated. Further, the results of
feasibility studies on both the elastic wave detection and the embedment effect of
the optical fiber sensor are described.

(a)

(b)

Figure 1. Cross-section view of the CFRP laminate with an embedded optical fiber: (a) small-
diameter and (b) standard-diameter.
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156 T. Ogisu et al.

2. STRUCTURAL HEALTH MONITORING IN AN AIRCRAFT STRUCTURE

Structural health monitoring has been recognized as a useful and necessary tech-
nology to promote the application of composite materials. The United States has
already employed health-monitoring systems for composite liquid hydrogen tanks
of reusable launch vehicles (RLV) and for aging aircrafts such as the B-52, C-130,
F-15, etc. as a part of the maintenance program [14]. However, in general, design
allowances for composite materials have been determined from the test data of the
compression after impact (CAI) properties. Therefore, only approximately 25% of
the characteristic compressive strength is used for the aircraft design [15]. One rea-
son for this is that the onset and growth of the damage generated in a composite
material cannot be easily detected using conventional NDI methods. Furthermore,
sufficient weight reduction cannot be attained using conventional design techniques.
Therefore, the CFRP laminate is referred to as ‘black aluminum’.

Consequently, the establishment of the constitutive equation (logical equation)
and the damage monitoring system are required to ensure high reliability, low
maintenance costs, and weight reduction. The damage monitoring technology is
expected to satisfy these requirements. Therefore, aircraft manufacturers worldwide
[8, 14] are also considering using this monitoring system for composite materials.

For example, if monitoring the onset and growth of damage in a composite
material is possible by the deployment of the damage monitoring system, the
reliability of composite materials will improve considerably. As shown in Fig. 2,
establishing the prediction rule from the residual strength data of a coupon with

Figure 2. Effect of the SHM system in aircraft design.
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Active damage detection for CFRP 157

Figure 3. Benefit of structural health monitoring.

arbitrary damage sizes caused by the assumed flight cycle will be effective in
reducing maintenance costs and weight. In Fig. 2, the symbol X indicates the
relationship between the damage size and residual strength. The accumulation of
these data will enable the construction of the constitutive equation. In the near
future, the damage behavior analysis of composite materials will gain importance
due to the improvement in the CAI properties. The change in design criteria from a
no-damage-growth design to a damage-tolerance design is expected to be the next
step in guaranteeing structural integrity through the accumulation of these data using
damage monitoring technologies. Figure 3 shows the benefits of structural health
monitoring for maintenance, cost reduction, and weight reduction [16].

3. PROPOSED STRUCTURAL HEALTH MONITORING SYSTEM

Figure 4 shows the basic device configuration of the damage monitoring system.
The system proposed by the authors is a novel monitoring system that uses a
piezoelectric element as an actuator (oscillating transmitter) and an FBG optical
fiber as a sensor (receiver). If some damage exists in the traveling path of an elastic
wave, the intensity of the wave will attenuate resulting in a change in the wave
speed. Figure 5 is the schematic representation of the damage monitoring system
applied to a wing box structure. In general, the conventional FBG sensor system can
detect only dynamic strain with a frequency in the range of tens of kHz. Recently,
there have been some new developments to measure dynamic strain ranging from
100 kHz to 1 MHz [17–19]. In our present study, we use a new FBG sensor
system developed by Hitachi Cable Limited that can measure high-frequency waves
with a high degree of accuracy [20]. An AWG-type filter is employed to obtain a
characteristic high-sensitivity filter for detecting small displacements in the grating
of FBG sensors. Figure 6 shows the concept of an AWG-type filter. In general,
such AWG-type filters were used within the telecommunications field. This AWG
filter has steep peaks, which are located at equal intervals of 0.8 nm. Therefore,
we succeeded in developing a high-speed signal interrogating system by using the
AWG-type filter.
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158 T. Ogisu et al.

Figure 4. Set-up view of the damage monitoring system.

Figure 5. Damage monitoring system of a wing box structure.

Figure 7 shows the principle of Lamb wave detection using an AWG-type filter.
Step 1 illustrates the generated image of the elastic (Lamb) wave in terms of
the input voltages of the PZT element. Then, the elastic wave propagates to
the host material as a microvibration of a strain. Step 2 illustrates the detected
image of the elastic (Lamb) wave, which propagates through the structure. Here,
when a vibration of the center wavelength of the FBG sensor occurs due to the
microvibration of strain, the output signals of the AWG-type filters 1 and 2 increase
and decrease in a cyclic manner by the oscillation of the wavelength of the FBG
sensor. The output signal of the filter will then be obtained exactly as the signal of
the reverse phase as shown in step 3. Thus, our monitoring system can detect the
elastic wave.

These systems should be applied to a bonding structure as shown in Fig. 8. Since
an internal defect such as delamination and debonding in the bonding structure
is extremely difficult to detect, conventional NDI technology is inadequate for
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Active damage detection for CFRP 159

Figure 6. AWG-type filter of a FBG sensor.

Figure 7. Principle of Lamb wave detection using an AWG-type filter.

this purpose. Moreover, such damage behavior of the structure has not been
sufficiently investigated; further, high-accuracy damage detection using a novel
damage monitoring system and accumulation of residual strength data depending
on the damage size are required.
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160 T. Ogisu et al.

(a) (b)

Figure 8. Schematic cross-section of (a) hat-shaped stringer and (b) π -shaped spar.

4. INVESTIGATION OF CANDIDATE APPLICATION AREA

The current design technique may not provide adequate safety and reliability for
further weight reduction of composite materials. However, the application of
SHM technologies such as damage monitoring systems presents the possibility of
increasing the reliability and reducing the weight of composite materials. Therefore,
the authors have considered the application of composite materials for the entire
aircraft structure and investigated candidate application areas, as shown in Fig. 9.
Considering the increase in the application of prospective composite materials,
we should investigate the monitoring of all types of damage that occur in aircraft
structures, which may become critical. However, in this study, we planned to verify
the effectiveness of the damage monitoring system using a typical sub-component of
the aircraft structure, which was decided based on the following evaluation criteria:
(1) the utility to solve technical issues for the deployment of systems and (2) the
technical verification of the one sub-component can be extended to complete aircraft
structures.

Here, the monitoring of the target area was interpreted to be equivalent to that
of the damage growth in the bonding interface of the skin/hat-shaped stringer, by
taking into consideration aspects such as sensing technology to detect damage,
system layouts (optical fiber arrangement, location, etc.), manufacturing issues (the
embedment and drawing of the optical fiber, etc.) and the influence on material
properties. Although the damage onset is expected to occur over the entire area,
the authors selected the hat-shaped stringer/skin bonding structure as the candidate
application area.

Figure 10 shows the hat-shaped stringer/skin interface as a typical critical area.
In next-generation aircrafts, efficient adhesion structures are expected to be widely
used with an increased application of composite materials. Therefore, the damage
detection capability of the bonding lines will be a critical issue in the application
of these composite materials. Consequently, the damage monitoring system of the
bonding line proposed by the authors is expected to play an important role in aircraft
safety.

In this case, the major advantage of the small-diameter optical fiber sensor is
the visibility of the damage behavior of a bonding line in the composite materials,
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Active damage detection for CFRP 161

Figure 9. Application candidate area in the airframe.

Figure 10. Hat-shaped stringer/skin bonded structure, as an investigated application area.

without the degradation of their material properties. The authors have assumed
that the detection of the delamination and debonding of the hat-shaped stringer/skin
interface, which cannot be achieved easily from the exterior, can be achieved
by installing the small-diameter (52 µm in diameter) optical fiber sensor and a
piezoelectric element actuator in the closed section of the bonding surface.

5. EXPERIMENTS

In order to assess the practicality of using the damage monitoring system described
above, several types of experiments were conducted. The purpose of this research
is the development of a damage monitoring system with embedded small-diameter
FBG optical fiber sensors. However, we should acquire several sets of experimental
data in order to investigate the basic susceptibility of the developed system.
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162 T. Ogisu et al.

Figure 11. Set-up configuration for the elastic wave detection.

Therefore, in this paper, we describe the experimental data that are acquired using
the bonded sensor system for practical application. Additionally, we estimate the
material properties using a CFRP laminate with an embedded optical fiber sensor of
either small or standard diameter.

5.1. Elastic wave detection technique

In the first experiment, the authors confirmed that the elastic wave with a center
frequency of 300 kHz generated by the PZT actuator (Fuji Ceramics Corporation,
Japan) could be detected using a standard-diameter FBG optical fiber sensor with
a sensor length of 3 mm that was bonded on an aluminum sheet and an AWG-type
filter. The input voltage of PZT was ±75 V and the normalized treatment of the
measurement data was conducted 256 times for noise removal. Figure 11 shows
the setup configuration of the first experiment. Further, Fig. 12 shows the input
signal to the PZT as well as the output signals from the PZT receiver and the FBG
sensor. The output signals from the FBG sensor were plotted simultaneously for
both filter 1 and filter 2. The shape of the output signal of the FBG sensor was in
good agreement with that of the PZT receiver. Therefore, it was confirmed that an
elastic wave with a center frequency of 300 kHz could be detected using the FBG
sensor and the AWG-type filter.

5.2. Direction dependence of FBG sensors

We also evaluated the direction dependence of FBG sensors under the same
condition as that of the first experiment. Figure 13 shows the setup configuration
for the direction dependence test, while Fig. 14 shows the measurement results
with respect to the direction dependence of the FBG sensor. The experiment was
conducted at different propagation angles (0, 45, and 90 degrees) between the
longitudinal direction of the FBG and the traveling path of the elastic wave. The
test results confirmed that the wave amplitude decreased as the traveling path of an
elastic wave shifted away from the axis of the FBG sensor. Therefore, it was verified
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(a)

(b)

(c)

Figure 12. Results of the elastic wave detection using a FBG sensor: (a) Input signal, (b) Output
signal of PZT element and (c) Output signal of FBG sensor.

that an FBG sensor exhibits strong direction dependence as compared with a PZT
sensor.

5.3. Sensor length dependence of FBG sensors

Next, we confirmed that the elastic wave could be detected using a standard-
diameter FBG optical fiber sensor of a certain sensor length, which was bonded
on the CFRP cross-ply laminate (T700S/2500, [02/902]s, thickness: 1 mm) and
an AWG-type filter. The experimental conditions were the same as those in the
first experiment. The authors also confirmed the dependence of the output signal
behavior on the sensor length using sensor lengths of 1 mm, 3 mm, and 5 mm.
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164 T. Ogisu et al.

Figure 13. Set-up configuration for the direction dependence test.

Figure 15 shows the setup configuration of the sensor length dependence test of
the FBG sensor. Here, the distance between the PZT elements and FBG sensors is
30 mm. Figure 16 shows the output signal obtained from both the PZT actuators
and FBG sensors, respectively. In general, the elastic wave at 300 kHz has two
different wave modes — A0 and S0. Therefore, the output signal of the PZT shows
two wave modes in this experimental result. Similar to the output signal of the PZT,
two different wave modes were also obtained from the output signal of the FBG
sensors. In our monitoring system, if the elastic wave can be detected with high
sensitivity, the output signal of the sensor shows the signal of the reverse phase.
Therefore, with regard to the dependence of the sensor lengths, it was observed that
the sensor sensitivity was inversely proportional to the sensor length. For example,
the output signals of both filter 1 and filter 2 of a 1 mm gage length sensor can
be obtained in the reverse phase with high resolution as compared with 3 mm and
5 mm gage length sensors. As a result, it is recognized that the FBG sensor can
detect the elastic wave when the FBG sensor length is less than 1/7 the wavelength
of the elastic wave, as determined by theoretical analysis [12]. The results of the
analysis also demonstrated that the elastic wavelength with a center frequency of
300 kHz was calculated to be 7 mm in the A0 mode and 20 mm in the S0 mode.
Therefore, in the case of a 1 mm gage length, which is 1/7 of the wavelength in the
A0 mode, it was confirmed that the elastic wave including both the A0 and S0 modes
could be detected with good sensitivity.

5.4. Establishment of a basic damage detection technique

Based on the aforementioned result, the detection of delamination, which exists in
a CFRP cross-ply laminate, was attempted. Delaminated coupon test specimens
were manufactured by stripping off the Teflon film embedded in the 0/90 layers of
the CFRP cross-ply laminate in order to obtain artificial delamination. The elastic
wave generated by the PZT actuator was propagated through the delamination. On
the other hand, a simulation of the output signal was performed under the same
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(a)

(b)

Figure 14. Direction dependence of FBG sensor output: (a) θ = 0◦, (b) θ = 45◦ and (c) θ = 90◦.
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(c)

Figure 14. (Continued).

Figure 15. Set-up configuration of FBG sensor length dependence test.

conditions as the experiment in two cases, with and without delamination, using the
wave analysis software ‘PZFLEX’ in order to undertake a theoretical consideration.

Figure 17 shows the setup configuration for the establishment of the damage de-
tection technique, while Fig. 18 shows the experimental results. The ‘Experiment’
shown in Fig. 18 represents the output waveform of the FBG sensor with and with-
out delamination and the output waveform of the PZT receiver with delamination.
On the other hand, ‘Simulation’ represents the results of the simulation by theo-
retical analysis. This experiment confirmed that the new mode waveform appeared
between the A0 and S0 modes when delamination existed throughout the laminate.
This phenomenon occurred due to the separation of the A0 mode, which was gen-
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Figure 16. Dependence on the sensor length of FBG optical fiber sensor.

Figure 17. Set-up configuration for establishment of damage detection technique.

erated by the change in wave speed between [02], the uppermost layers of delam-
ination, and [904/02], the lowermost layer of the delamination. The change in the
received waveform presents the possibility of detection of delamination.

5.5. Influence of embedded optical fiber on material properties

5.5.1. Material. In this study, the CF prepreg system, T800/3900 series (TORAY)
was used. Small-diameter (Hitachi Cable Ltd.) and standard-diameter optical fibers
were embedded in CFRP laminates. In order to investigate the influence of the
embedment of the optical fiber on the material properties, compressive tests were
carried out using the coupon specimen, as shown in Fig. 19.
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168 T. Ogisu et al.

Figure 18. Damage detection of the cross-ply laminate using a FBG sensor.

Figure 19. Configuration of an NHC-type specimen.

5.5.2. Specification of test coupon. The coupon used for the experiment is a flat
panel with a basic stacking sequence ([45/0/−45/90]2S, 16 ply). In order to simulate
the manufacturing technique of the structure with the optical fiber embedded at
the hat-shaped stringer/skin interface, the authors applied the co-bonding process,
which cured the lay-up of ply No. 10 (optical fiber), ply No. 9 (adhesion film), and
plies No. 1–8 (after curing the laminate of plies No. 11–18), as shown in Table 1.
The optical fiber was arranged at two locations — 0 and 90 degrees of the carbon
fiber (designated by L and T specimens, respectively) in parallel direction — at
intervals of 12.5 mm (1/2 inch), as shown in Fig. 20. Here, the prepared optical
fibers are of two types, i.e. small and standard diameters. The coupon specimen is
cut out from these panels as an NHC-type specimen, as shown in Fig. 19.

5.5.3. Experimental procedure. Figure 21 shows the setup view of an NHC-type
test. This test was conducted in accordance with SACMA SRM 3R-94 at room
temperature after the testing machine (Instron Model 4482) was set up. The applied
strain of the coupon specimens was measured at their centers using strain gages
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Active damage detection for CFRP 169

Figure 20. Test panel of coupon specimen.

(Tokyo Sokki Ltd., FCU-6-5-1L) attached on both sides using a dynamic strain
measurement device (Tokyo Sokki Ltd. DRA-101A) in real time.

5.5.4. Experimental results. Figure 22 shows the results of the compressive test
conducted on coupon specimens with either small-diameter (52 µm in diameter)
or standard-diameter (125 µm in diameter) optical fibers and without an optical
fiber. Error bars indicate both the minimum and maximum values in 99% fracture
probability at 95% confidence. As observed from the results, it was confirmed
that the strength data of the coupon specimen with an embedded standard-diameter
optical fiber decreased by approximately 30 MPa for both the L and T specimens.
On the other hand, the compressive strength of the coupon specimen with a small-
diameter optical fiber remained unchanged as compared with CFRP laminate alone.
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Table 1.
Stacking sequence of the test specimen

Ply No. Material Fiber Splice control
orientation

1 T800/3900 Type 45◦ Butt splice
2 T800/3900 Type 0◦
3 T800/3900 Type −45◦
4 T800/3900 Type 90◦
5 T800/3900 Type 90◦
6 T800/3900 Type −45◦
7 T800/3900 Type 0◦

←
→

8 T800/3900 Type 45◦ Butt splice
9 Adhesive film — —

10 Optical fiber — —
11 T800/3900 Type 45◦ Butt splice
12 T800/3900 Type 0◦
13 T800/3900 Type −45◦
14 T800/3900 Type 90◦
15 T800/3900 Type 90◦
16 T800/3900 Type −45◦
17 T800/3900 Type 0◦

←
→

18 T800/3900 Type 45◦ Butt splice

Figure 21. Set-up view of an NHC (No hole compression) test.

From the above result, it was verified that there was no degradation of the material
properties of the CFRP composite laminate with an embedded small-diameter
optical fiber.
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Active damage detection for CFRP 171

Figure 22. Influence of embedded small-diameter and standard-diameter optical fiber on composite
strength at room temperature. Optical fibers are embedded parallel (L) or normal (T) to 0 degree
direction.

6. CONCLUSIONS

The following results were obtained through the present research:

(1) An active sensing system that can detect the onset and growth of damage in
composite materials by using an FBG optical fiber sensor that receives elastic
waves was proposed.

(2) The conceptual design of a small passenger commercial jet constructed entirely
from composite materials was investigated, and the assumed areas for the onset
and growth of damage in the airframe were considered in order to test the active
sensor system. Further, candidate application areas for the damage monitoring
system were proposed.

(3) The elastic wave detection test was conducted using the novel monitoring
system, and it was verified that the elastic wave acquisition for a frequency
of 300 kHz within a distance of 5 cm is possible by using an FBG optical fiber
sensor bonded on an aluminum sheet and a CFRP cross-ply laminate.

(4) The basic damage detection technique was established for the cross-ply CFRP
laminate with delamination using the novel sensing system.

(5) It was verified that a CFRP laminate with an embedded small-diameter optical
fiber showed no degradation in the compressive strength.
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