
This article was downloaded by: [Siauliu University Library]
On: 17 February 2013, At: 07:03
Publisher: Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered
office: Mortimer House, 37-41 Mortimer Street, London W1T 3JH, UK

Advanced Composite Materials
Publication details, including instructions for authors and
subscription information:
http://www.tandfonline.com/loi/tacm20

Impact damage detection system
using small-diameter optical-fiber
sensors embedded in CFRP laminate
structures
Hiroaki Tsutsui , Akio Kawamata , Junichi Kimoto , Akira Isoe ,
Yasuo Hirose , Tomio Sanda & Nobuo Takeda
Version of record first published: 02 Apr 2012.

To cite this article: Hiroaki Tsutsui , Akio Kawamata , Junichi Kimoto , Akira Isoe , Yasuo Hirose ,
Tomio Sanda & Nobuo Takeda (2004): Impact damage detection system using small-diameter
optical-fiber sensors embedded in CFRP laminate structures, Advanced Composite Materials,
13:1, 43-55

To link to this article:  http://dx.doi.org/10.1163/1568551041408813

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://www.tandfonline.com/page/terms-and-
conditions

This article may be used for research, teaching, and private study purposes. Any
substantial or systematic reproduction, redistribution, reselling, loan, sub-licensing,
systematic supply, or distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any
representation that the contents will be complete or accurate or up to date. The
accuracy of any instructions, formulae, and drug doses should be independently
verified with primary sources. The publisher shall not be liable for any loss, actions,
claims, proceedings, demand, or costs or damages whatsoever or howsoever caused
arising directly or indirectly in connection with or arising out of the use of this
material.

http://www.tandfonline.com/loi/tacm20
http://dx.doi.org/10.1163/1568551041408813
http://www.tandfonline.com/page/terms-and-conditions
http://www.tandfonline.com/page/terms-and-conditions


Adv. Composite Mater., Vol. 13, No. 1, pp. 43–55 (2004)
 VSP 2004.
Also available online - www.vsppub.com

Impact damage detection system using small-diameter
optical-fiber sensors embedded in CFRP laminate
structures

HIROAKI TSUTSUI 1,∗, AKIO KAWAMATA 1, JUNICHI KIMOTO 1, AKIRA
ISOE 1, YASUO HIROSE 1, TOMIO SANDA 1 and NOBUO TAKEDA 2

1 Aerospace Engineering Department, Engineering Division, Aerospace Company, Kawasaki Heavy
Industries Ltd., 1 Kawasaki-Cho, Kakamigahara City, Gifu-Pref. 504-8710, Japan

2 Graduate School of Frontier Sciences, The University of Tokyo, c/o Komaba Open Laboratory
(KOL), 4-6-1 Komaba, Meguro-ku, Tokyo 153-8904, Japan

Received 18 July 2003; accepted 22 March 2004

Abstract—The mechanical properties of composites subjected to out-of-plane impact decrease
markedly from even barely visible damage. In this study, three damage detection technologies
are explained: (1) Technologies for the arrangement of embedded small-diameter optical fibers
that have no serious effect on the mechanical properties of composites; (2) Technologies for the
egress of the optical fibers using ‘the embedded connector for smart structures’ that can be trimmed
without damaging the optical fibers; and (3) Technologies for a damage detection system that
has data acquisition and analysis functions, evaluates the initiation and the position of damage,
and visualizes damage information. We conducted an impact test using the composite airframe
demonstrator. FBG sensors are embedded in the upper panel of the 1.5 m diameter, 3 m long stiffened
cylindrical composite structure for strain measurement, and optical fibers are embedded for optical
loss measurement. Damage detection in composite structures using the developed damage detection
system was demonstrated.

Keywords: Health monitoring; impact damage; stiffened panel; composites; optical-fiber sensor; FBG
sensor.

1. INTRODUCTION

Carbon fiber reinforced plastic (CFRP) composites have been used extensively
for light weight airframe structures because of their high specific strength and
stiffness. As shown in Fig. 1, because of the serious decrease in composites caused
by damage, compression after impact (CAI) strength is regarded as an important
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44 H. Tsutsui et al.

Figure 1. Relationship between CAI strength and impact energy.

design criterion. As a damaged part should be inspected in detail by traditional
non-destructive inspection (NDI) methods, such as ultrasonic C-scan or soft X-
ray, the part has to be removed from operational airframe structures usually at
great expense in both labor and down-time. The objective of this study, which
has taken five years [1], is the development of technology to detect barely visible
impact damage (BVID) in composite structures by using embedded optical-fiber
sensors. The system developed can be used for in-flight damage detection as well
as for on-ground damage detection. This technology can be expected to provide
cost reduction for inspection and associated work. In this paper, both the developed
technologies and demonstration of damage detection using a composite airframe
structure are explained.

2. TECHNOLOGIES DEVELOPED FOR DAMAGE DETECTION

Some basic technologies were developed for composite structure damage detection.
The four main technologies explained in this section are (1) the method of damage
detection, (2) the designed arrangement for embedded small-diameter optical-fiber
sensors, (3) the connectors for smart structures, and (4) the analysis, evaluation, and
visualization system.

2.1. Method of damage detection

In this study, optical-fiber sensors are used to detect damage in composite struc-
tures. ‘Small-diameter optical fibers’ (40 µm in-cladding diameter [2]) were spe-
cially used. This small diameter is very important because, as shown in Fig. 2,
conventional optical fibers, such as communication fibers, normally have a 125 µm
in-cladding diameter, i.e. the same as the thickness of a CFRP prepreg. Small-
diameter optical fibers can be embedded within a CFRP prepreg without deterio-
rating the mechanical properties of composites. Here, the core diameters of small-
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Damage detection system using optical fibers 45

Figure 2. Comparison of small-diameter optical fiber with conventional optical fiber. (a) By
measuring optical intensity. (b) By measuring strain responses.

Figure 3. Damage detection method. (a) External view. (b) Internal view.

diameter optical fibers are 8.5 µm for single-mode fibers or 20 µm for multi-mode
fibers.

Figure 3 depicts two methods of damage detection using the small-diameter
optical-fiber sensors. The first is the method of measuring the optical intensity of
multi-mode type optical fibers, as shown in Fig. 3a. Incident light enters from one
end of an optical fiber, passes through the damage-detection sensing area, and comes
out from the other end. If the optical fiber is subjected to damage or local bending
or deformation by impact damage, such as delamination or matrix cracking, the
optical intensity of optical fiber decreases. Damage initiation can be judged from
the degree of the optical loss. It is not necessary to measure the optical intensity in
real-time in this method. The other method is to use single-mode type FBG sensors.
As shown in Fig. 3b, the sensors can measure the strain induced by impact events.
Damage initiation can also be judged from the change in strain responses, and the
damage position can be detected using the differences of arrival times of the strain
at each sensor.
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2.2. Arrangement design for embedded small-diameter optical-fiber sensors

How should we arrange the optical-fiber sensors to be embedded in practical
airframe structures? Table 1 lists the main design items. For a curved, stiffened
panel, a skin and a stringer have different damage characteristics. For instance,
impact damage in composites tends to appear from the middle of the thickness
to the backside of the skin subjected to an impact load. As a result, optical-fiber
sensors need to be embedded in the skin, stringer and interlaminar region between
the skin and stringer. The damage distribution in a planar area is important for
determining the embedded optical-fiber interval. The optical characteristics and
multiplex system must also be considered. Finally, care should be taken in locating
fasteners and developing assembly-handling procedures to ensure the embedded
optical fibers are not cut.

Figure 4. Designed arrangement of embedded optical-fiber sensors. (a) Edge of skin. (b) Edge of
stringer. (c) Detail of (b).

Table 1.
Main design items arranging optical-fiber sensors

Design item Investigation item

Parts with embedded sensors • Damage characteristics for composite structure
Interlaminar position of embedded sensors • Ply distribution of damage
Interval of arranged sensors • Plane distribution of damage

• Optical characteristics
Proper quantity of sensors • Multiplex system

• Optical characteristics
Egress location of sensors • Skin/stringer, fasteners

• Handling for assembly
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Damage detection system using optical fibers 47

The designed embedded optical-fiber sensor arrangement in a curved, stiffened
panel is shown in Fig. 4. The embedded fibers are 16 small-diameter optical fibers
and four small-diameter FBG sensors. This 3 m long panel consists of three small
panels with nine blade-type stringers and five frames. Each small panel is joined
using splice plates and splice stringers. As a part of simulating an airframe structure
fuselage, this panel was assembled with other panels by single-lap (longitudinal)
splicing. Fastener holes are therefore drilled at the lap splice segment without
cutting the embedded optical fibers.

2.3. Connectors for smart structures

Embedded optical-fiber sensors egress the laminate/CFRP structure to connect with
a measurement system. However, at the level of structural element specimens, the
embedded fibers were egressed directly from the specimens. This egress method has
a serious problem in that the handling from manufacturing to assembly is difficult
and trimming after the curing of composite structures is impossible. Therefore,
‘the embedded connector for smart structures’ was developed. This connector is
embeddable in composites, trimmable after curing and connectable with optical-
fiber cords or cables. Figure 5 illustrates the connection with optical-fiber cords.
As shown in Fig. 5a, there is a part of the lap splice between an upper panel and
a side panel. Optical-fiber cords can be connected to the edges of the skin of an
upper panel. Figure 5b depicts the connection of optical-fiber cords to the edges of

Figure 5. Connection of embedded connectors for smart structures with optical-fiber cord.
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stringers. Figure 5c presents detail of part of the connection. In this study, optical-
fiber cords could be easily attached or removed.

2.4. Analysis, evaluation and visualization system

The optical signal data (optical intensity and strain) are analyzed and evaluated
to identify damage incidents, specify the position/part damaged, and estimate the
damage level. The information is displayed on a graphical screen to indicate the
result of damage detection. The methods of analysis and evaluation are shown in
Fig. 6. For damage detection, as mentioned in Section 2.1, two optical-fiber sensor
measuring methods are used. Measured optical intensity is normalized by equation
(1). The value of the normalized optical intensity (NOI) is compared with threshold
A. An NOI � A indicates a ‘damage incident’. Damage is also detected from the
power spectrum density (PSD) of the strain responses measured by FBG sensors
when F(PSD) � threshold B. The area and level of the damage can be determined
by correlating the received data to the sensor arrangement. Moreover, since the
arrival time of a strain wave at each FBG sensor differs, the position (x, y) of the
damage can be specified by solving the inverse problem for the time lag function of
equation (2).

NOI = IR

I0
, (1)

I0 reference optical intensity before damage, IR residual optical intensity after
damage.

Objective function:

Min
x,y

F

[(
dSij

dtij
− V

)2
]
, i �= j, (2)

i, j serial number of FBG sensors, dS difference of the distance S between FBG
sensor and damage position (x, y), dt difference of the arrival time at each FBG
sensor, V velocity of strain wave in a composite demonstrator.

The analysis, evaluation, and visualization system, which is included in the
damage detection system, was developed using the algorithm mentioned above. As
shown in Fig. 7, the system has a graphical screen/interface. The main screen (on
the left) displays the data measured by the optical-fiber sensors, and the data is
analyzed and evaluated. The color of indicator (1) changes to red as new damage is
detected. The X–Y graph (2) can indicate the damage point. Here STAxxx and STyy
mean the position of frames and stringers, respectively. Using damage initiation
and position information, correlated to the arrangement of embedded optical-fiber
sensors, the position of the damage parts included in the damaged area can also be
indicated on a 3D structural model. An example of the visualization of the damage
in a skin and a stringer is shown in the 3D model on the right of Fig. 7. The point of
view for the model can be easily changed using a mouse, and the information can
be understood visually. (The 3D model was developed at the University of Tokyo.)

D
ow

nl
oa

de
d 

by
 [

Si
au

liu
 U

ni
ve

rs
ity

 L
ib

ra
ry

] 
at

 0
7:

03
 1

7 
Fe

br
ua

ry
 2

01
3 



Damage detection system using optical fibers 49

Figure 6. Damage detection analysis and evaluation.

Figure 7. Damage detection system main screen. (a) Photograph of demonstrator. (b) Sketch of
demonstrator.

3. DEMONSTRATION TEST

3.1. Specimens for impact test

As shown in Fig. 8a, the impact test for the demonstration of damage detection
after bending and pressure tests was conducted using a 1.5 m diameter and 3 m
long demonstrator. The composite demonstrator, assembled with a single lap splice,
consists of the upper panel, left and right side panels, and lower panel. The specimen
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Figure 8. Full view of demonstrator.

is supported as shown in Fig. 8b. The sensing area of the optical-fiber sensors is
the mid-part of the upper panel, from STA1000 to STA2000. The area has a skin
with three frames and five stringers. Ten impact positions on a mid-bay skin, the
flange and the center of a stringer are shown in Fig. 9. Impact damage can be
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Damage detection system using optical fibers 51

Figure 9. Impact points on the upper panel.

induced by dropping a 55 N impactor from an impact test machine installed above
the demonstrator (Fig. 8a). In this study, the impactor was dropped from heights of
0.19 m to 0.56 m.

3.2. Damage detection system

Figure 10 depicts the impact damage detection system (DDS). The DDS consists
of the measurement system and the analysis, evaluation, and visualization system.
The optical intensity measured by the optical detector and the strain measured by
the FBG sensor system are stored in a digital data recorder. At the same time, the
impact load measured by an impact test system is acquired. The damage to the
composite is detected by the analysis, evaluation, and visualization system.

3.3. Result of damage detection

Damage in all of the tests induced by barely visible damage in a composite could
be detected. First, typical responses of optical intensity and strain measured by the
optical-fiber sensors with an impact load are shown in Fig. 11. In this case, the
BVID occurs in the composite at approximately 3 ms after impact. As the impact
load is increased, the response of normalized optical intensity changes. We found
that the intensity is reduced to zero by the initiation of damage. The strain response
also changes after impact, and changes rapidly after the initiation of damage.

Using data like these, damage was detected by DDS. Two typical examples of the
damage detection results are described below.
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52 H. Tsutsui et al.

Figure 10. Impact damage detection system and impact test system.

Figure 11. Typical example of the responses measured by optical-fiber sensors. (a) Result 1.
(b) Accuracy of a predicted point.

(a) Result 1
Skin damage was initiated by the impact load on a mid-bay skin. The 900 mm2

damage area measured by ultrasonic scan is ‘barely visible impact damage’ since
the dent depth on the impact surface is 0.4 mm. The initiation and the part/position
of the damage were evaluated by DDS as shown in Fig. 12a. DDS judges there
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Damage detection system using optical fibers 53

Figure 12. Result 1 — Damage detection of a mid-bay skin subjected to impact load.

is damage in a mid-bay skin between STA1000 to STA1500. We confirmed that
the damage position, predicted using the data of FBG sensors, agreed well with the
impact position as shown in Fig. 12b.

(b) Result 2
Damage was initiated in an interlaminar region between the skin and a stringer

by an impact load on a stringer flange. The 450 mm2 damage area is barely visible
impact damage since the dent depth on the impact surface is 0.0 mm. The initiation
and the part damaged were evaluated by DDS as shown in Fig. 13. In this case,
the damage position was not evaluated since the FBG sensors were not covering
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Figure 13. Result 2 — Damage detection of a stringer flange subjected to impact load.

the sensing area from STA1500 to STA2000. DDS judged there was damage in a
stringer.

4. CONCLUSIONS

We confirmed from the demonstrator test that barely visible damage in the skin,
stringer or interlaminar region between the skin and stringer could be detected by
the damage detection system developed. The basic technologies of the composite
structure damage detection system were demonstrated using embedded small-
diameter optical-fiber sensors. For practical use, more development of the following
technologies is necessary.

• Practical sensor technologies: Evaluation of environment resistance, durability
and reliability.

• Practical optical-fiber installation technologies: Simple handling procedures,
similar to that those of prepregs.
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