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Impact Force Identification of CFRP Structures Using
Experimental Transfer Matrices

S. Atobe!, H. Fukunaga' and N. Hu?

Abstract:  This paper presents a method for identifying the location and force
history of an impact force acting on CFRP structures such as laminated plates and
stiffened panels. The identification method is an experimental one without using
any analytical model of the structure. Here, experimental transfer matrices, which
relate the impact force to the corresponding responses of PZT sensors, are used to
identify the impact force. The transfer matrices are preliminarily constructed from
the measured data obtained by impact tests with an impulse hammer. To identify
the impact location, the arrival times of the flexural waves to the PZT sensors are
used, and an analog band-pass filter is used to obtain waves with a specified fre-
quency. The wave velocity is determined experimentally from impact test results.
The present method is verified experimentally by performing impact force identifi-
cation of CFRP laminated plates and CFRP stiffened panels. The results reveal that
the location and force history of the impact force can be identified accurately and
rapidly using the present method.

Keywords: Identification, impact location, force history, CFRP structures.

1 Introduction

In recent years, structural health monitoring (SHM) is receiving wide attention as
a promising technique for ensuring the safety and improving the maintainability of
aerospace structures [Staszewski, Boller and Tomlinson (2004)]. Generally, a SHM
system is for automatically monitoring the damage and assessing the structural in-
tegrity in real time by using the measured responses obtained from a built-in sensor
network. In the case of composite structures, which are now extensively applied
to the primary structural components of aircrafts, a major issue is the monitoring
of impact damages that are induced by foreign object impacts or dynamic con-
tacts [Hu (1997); Sekine and Hu (1998); Hu, Sekine, Fukunaga and Yao (1999);
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Li, Hu, Yin, Sekine and Fukunaga (2002); Li, Hu, Cheng, Fukunaga and Sekine
(2002); Hu, Zemba, Okabe, Yan, Fukunaga and Elmarakbi (2008)]. Among the
various types of SHM techniques, e.g., Lamb wave based approaches [Hu, Shimo-
mukai, Yan and Fukunaga (2008)], a method based on impact force identification
is considered to be effective because the location and the extent of the structural
damage can be predicted from the impact location and force history. Thus, impact
force identification of CFRP structures is an important research topic and has been
investigated by many researchers.

Investigations reported so far have dealt with impact force identification of various
structures, such as composite laminated plates [Wu, Yeh and Yen (1994); Tracy and
Chang (1998); Hu, Fukunaga, Matsumoto, Yan and Peng (2007); Hu, Matsumoto,
Nishi and Fukunaga (2007)], sandwich panels [Tsai and Wu (1998); Minakuchi,
Mizutani, Akino, Takeda, Tsutsui, Hirano, Kimoto and Koshioka (2011)] and stiff-
ened panels [Zhang, Zhang, Wu and Du (2008); Sekine and Atobe (2009); Yan
and Zhou (2009)]. The identification methods proposed in these works were de-
veloped based on an analytical or numerical model of the structure, and therefore
their accuracies are strongly dependent on the adequacy of the model. On the other
hand, direct experimental identification methods which do not require any analyti-
cal or numerical model of the structure are also reported. For these approaches, the
relations between the impact force and the sensor responses are expressed by ex-
perimental transfer matrices [Miyazawa, Sugimoto, Hu and Fukunaga (2007)] and
system transfer functions [Park, Ha and Chang (2009)] which are determined using
the measured data obtained from prior impact tests, and then the impact location
and force history are identified by minimizing the deviation between the measured
sensor responses and the estimated responses. For complex structures, it is difficult
to construct the corresponding accurate analytical or numerical models, therefore
the direct experimental identification methods are more practical.

In this paper, an experimental method for identifying the location and force history
of an impact force acting on CFRP structures is presented. The present identifi-
cation method is based on experimental transfer matrices which relate the impact
force to the responses of piezoelectric sensors. In order to reduce the time required
to identify an impact event, arrival times of the flexural waves from the impact lo-
cation to the sensors are used for quickly identifying the impact location. As for
the determination of the arrival times, the double peak method [Seydel and Chang
(2001)], cross-correlation [Ohkami and Tanaka (1998)] and wavelet analysis [Sung,
Oh, Kim and Hong (2000); Meo, Zumpano, Piggott and Marengo (2005); Wang,
Takatsubo, Akimune and Tsuda (2005)] are well-known, which have been already
used for impact location identification. In the present study, an analog band-pass
filter is used for the purpose of quick and accurate determination of the arrival
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times. The sensor responses firstly pass through the filter, and then the arrival
times are determined from the filtered outputs. The details of the identification
method are described in Section 2. In Section 3, impact forces acting on CFRP
laminated plates are identified experimentally in order to verify the effectiveness of
the present method. Then, the identification method is further extended to a CFRP
stiffened panel in Section 4. Finally, a summary of the present study is provided in
Section 5.

2 Method for identifying the impact force

2.1 Construction of experimental transfer matrices

The transfer matrix used for the impact force identification is constructed exper-
imentally. As a preparatory work, impact tests are preliminarily conducted with
an impulse hammer and the experimental transfer matrix is constructed using the
measured force histories and sensor responses.
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Figure 1: CFRP structures subjected to impact forces

Figure 1 depicts two CFRP structures subjected to impact forces, which are a lami-
nated plate shown in Fig. 1 (a) and a stiffened panel shown in Fig. 1 (b), respectively.
The stiffened panel consists of a CFRP laminated skin and two blade stiffeners. A
Cartesian coordinate system (x,y,z) shown in Fig. 1 is adopted, whose x — y plane
coincides with the mid-plane of the laminate. The impact force acts perpendicu-
larly on the upper surface of the structure at (xg,yg), and the compressive force
f(z) on the plates is assumed. With a total of M (>3) piezoelectric sensors bonded
on the undersurface of the structure at (xs;,ys;) (i=1,...,M), the corresponding
responses §;(t) (i=1,...,M) are measured at the sampling rate of 1/Az. Note that
the response of a disk type PZT sensor is a voltage signal which is proportional
to the sum of the normal strains in the x and y axes directions. The relation be-
tween the impact force and the response of the ith sensor can be expressed in the
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following equation:

{€:} = [G(xr,yE, xsi,ysi) [ {f} (1)
where
{E=14(1) G(r) - G, {f}=1ft) f(1) - fn)]",
g 0 - 0
[G (xF, yF,Xsi, ysi) | = 8:2 g:1 () . ()
g.N gzv‘—l 81

Here, (;(1,) and f(t,) are the sensor response and force measured at the time
ta=nAts (n=1,...,N), respectively. [G (xg,yF,Xs;,ysi)] is a transfer matrix com-
posed of the Green’s function. It is worthwhile to note that the transfer matrix is
defined by a function of the impact location (xg,yr) and sensor location (xs;,s;),
and is not dependent on the force history.

By rewriting Eq. 1, we obtain

{6} =1[F]{e} 3)

where

{gt=lg18 - 8N]Tv

f) flv) - f(0)

The components of the transfer matrix are determined in a way where the estimated
responses given by Eq. 3 using the measured force histories, are adjusted to match
the measured responses as much as possible. In order to increase the reliability
of the obtained transfer matrix, the experimental data are acquired by repeating
impact tests of K times. Thus, the components of the transfer matrix are obtained
by solving the minimization problem as follows:

minimize : f H {gf}—[Fk]{g}Hz
k=1

design variables : {g}

&)

where {§ f} and [ F¥] are the vector of measured sensor responses and the force
matrix of the kth impact test, respectively. Here, the least-squares method is used
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Figure 2: Interpolation of transfer matrix

to solve Eq. 5. As previously stated, the transfer matrix is defined by a function
of the impact location (xg,yr) and sensor location (xs;,ys;). Therefore, to identify
the impact force history, the transfer matrix is required for each sensor and for an
arbitrary (xg,yr). Thus, the whole identification region is divided into some dis-
crete grid areas, as shown in Fig. 2 (a), and the impact tests are conducted at every
grid node. Then, the experimental transfer matrices are constructed for each set
relating one node to one sensor location by employing Eq. 5. For a location inside
the four nodes of each grid area, the transfer matrix is obtained by an interpolation
operation using shape functions similar to those used in finite element analyses.
When a four-node two-dimensional element is used, as depicted in Fig. 2 (b), the
interpolation of transfer matrix is expressed as:

[G(xp,yF,Xsi,ysi) | = ﬁ;Nl [G(x1,1,%si,Ysi) ] (6)
where 7

M=t M= tasgnom),

No= (14&)(14m), M= (- &)1 +7e). ™

Here, (x;,y;) are the coordinates of node /, and (&g, 1g) is the local coordinates of
the impact location.

2.2 Identification method for CFRP laminated plates

Firstly, the impact location is identified using the arrival times of the flexural waves
from the impact location to the PZT sensors. Figure 3 depicts the method for impact
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Figure 3: Schematic of impact location identification
using arrival times of flexural waves

location identification. In the figure, r; is the distance between the impact location
and the sensor, 7; and 6; are the arrival time and the propagation direction of the
flexural wave, respectively, and the subscript i denotes the sensor number. Here,
the 0° propagation direction is parallel to the x axis. The difference in the arrival
times for the ith and jth sensors is given by

}"j 14

v(6;) v(6:)
where v(0) is the velocity of the flexural wave propagation in the direction of an
angle 8. Due to the anisotropy of the CFRP laminated plate, the wave velocity
depends on the angle of propagation direction.

ATy =T;—T; =

®)

The impact location is identified by minimizing the deviation between the differ-
ences in the arrival times given by Eq. 8 and the differences calculated from the
measured arrival times. Thus, it is formulated as:

M—1 M r - 2
minimize : ATI.*. )y v
i; j:;l [ / {V(ej) v(6;) H

€))

design variables :xg, yg

where AT}’ is those calculated from the measured arrival times, and M is the number
of PZT sensors and M =4 in the present study. In order to solve the minimization
problem of Eq. 9, the conjugate gradient method with the golden section search
method is used.

The wave velocity used to identify the impact location (i.e. v(6) in Eq. 9) is also
determined experimentally, and the details will be described in section 3.2. As
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Figure 4: Detection of the arrival times of flexural waves

to the arrival times of the flexural waves, they are determined from the sensor re-
sponses filtered by a band-pass filter. By using the high-frequency components
that are obtained from an analog filter with a narrow passband, the arrival times
can be detected accurately and rapidly. Figure 4 shows an example of the filtered
responses. In the present study, the arrival time is defined as the time of the first
peak which crosses over the threshold. The threshold was set up by considering the
impact test results and the magnitude of the noise in the measured data.

After the impact location is identified, with the pre-constructed experimental trans-
fer matrices, the force history is identified by minimizing the deviation between
the measured sensor responses and the responses estimated from Eq. 1. Then, the
identification problem can be expressed in the following optimization problem:

M
minimize : ;H{C,} — [G(xk, Y, Xsi5 Ysi)] {f}Hz

subject to : f(t) >0 (10)
design variables : { f}

Here, the quadratic programming method is used to solve Eq. 10.

2.3 Identification method for CFRP stiffened panels

The identification method for stiffened panels is also based on the experimental
transfer matrices, but it differs from the previous one for laminated plates. Due to
the complexity of the panel, it is difficult to identify the impact location accurately
using only the arrival times of the flexural waves. Therefore, an iterative method is
used, and the impact location and force history are identified in parallel.
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The arrival times of the flexural waves are used to determine the approximate im-
pact location which is initially required in the iterative process. Here the method is
similar to that used for laminated plates. In the case of stiffened panels, the struc-
tural properties vary with respect to location, due to the bonded stiffeners. Thus,
the whole identification region is divided into two areas (i.e. skin area and stiffener
area) depending on whether a stiffener is bonded on the other side, and the veloc-
ity of the flexural wave is determined independently. Then, the arrival time of the
flexural wave to the ith sensor can be expressed as:
ik rit

T — i i 11

=R () (b
where the superscripts “sk” and “st” denote the skin area and the stiffener area,
respectively. By employing Eq. 11, the impact location is approximately estimated
by solving the following problem.

M=1 M 5
minimize : Z Z {AT; —(T;-T)}
i=1 j=it1 (12)

design variables :xg, yg

Like the previous laminated plates, the number of sensors is M =4, and the wave
velocities v*¥(8) and v*(8) in Eq. 11 are determined experimentally. In order to
solve Eq. 12, the identification region is divided into a grid and the value of the
objective function is calculated at every grid point. The location of the grid point
of the minimum value (Eq. 12) is determined as the approximate location. In the
present study, the grid spacing is set to be 0.1 mm.

Next, the equation used for identifying the accurate impact location is described.
When we assume the impact location as (xe,ye), an estimated force history { f.}
can be obtained by employing Eq. 10. Then, the accurate impact location which
minimizes the deviation between the measured responses and the responses calcu-
lated from the estimated force history can be obtained from the following mini-
mization problem.

minimize ;H{C,} — [G(xF, yF,Xsi,ysi) | {fe}H2 (13)

design variables :xg, yg
Here, Eq. 13 is solved using the conjugate gradient method with the golden section
search method.

The location and force history of the impact force are identified by following the
procedures shown in Fig. 5. As first, the approximate impact location is estimated
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Figure 5: Flow chart of impact force identification of CFRP stiffened panels

from the arrival times by employing Eq. 12, and this location is used as the initial
(xe,Ye). After the estimated force history is obtained, the impact location is updated
from Eq. 13. The same process is repeated until the impact location converges to a
certain point. Finally, the force history is identified from Eq. 10.

3 Impact force Identification of CFRP laminated plates
3.1 Experimental setup

Figure 6 shows the square CFRP laminated plate used in this study. The side length
of the plate is 300 mm and the thickness is 2 mm. Two plates with different lami-
nate sequences: [02/45,/—45,/90,]s (CFRP1) and [45,/—454/45,)s (CFRP2) are
used in the experiment. Here, the thickness of a CFRP lamina is 0.25 mm and the
0° direction of the fiber orientation is parallel to the x axis. Four disk-type PZT
sensors (Fuji Ceramics C-64) of the diameter of 4 mm and the thickness of 0.3 mm,
are bonded on the bottom surface of the plate. The sensor locations are (90,90),
(210,90), (90,210) and (210,210) in mm. As shown in Fig. 6, the plate is clamped
at the four corners.

The schematic of the experimental setup is shown in Fig. 7. An impact force is ap-
plied to the specimen using an impulse hammer (Dytran Instruments 5850B) pow-
ered by a power unit (Dytran Instruments 4102C). The signals from the PZT sen-
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Figure 6: CFRP laminated plate
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Figure 7: Experimental setup

sors are amplified by a charge amplifier (Ono Sokki CH1200) and then measured
with a digital oscilloscope (Keyence GR-7000). In addition, the sensor responses
are transmitted to a programmable filter (NF 3627) and the filtered sensor signals
are measured simultaneously. Moreover, the force of the impulse hammer is also
directly measured. By using these measured data, the impact force identification is
performed by a computer.

In the present experiment, an impact tip made of hard plastic is attached to the im-
pulse hammer. The sensor signals and force responses, which are used in the force
history identification, are measured in the time period of 14 ms and the sampling
time is set as Aty=40 us. As to the filtered responses which are used to identify the
impact location, the time period and sampling time are set to be 1 ms and 0.1 us,
respectively.



Impact Force Identification of CFRP Structures 77

3.2 Experimental transfer matrices and wave velocity

As shown in Fig. 6, the identification region of the impact force is a square region
with one side 120 mm in length, i.e. 90 <xg,yr <210. The identification region
is equally divided into six sections in the directions of the x and y axes, and the
experimental transfer matrices are determined at the 49 grid nodes. The number of
impact tests conducted for each node is K =5.

Like the transfer matrices used to identify the force history, the wave velocity v(0)
used for impact location identification is also determined experimentally from im-
pact test results. Figure 8 depicts the impact test conducted in order to determine
the wave velocity. The impact location and the PZT sensors are located on a line,
and the difference in the arrival times, AT;;, and the distance between the two sen-
sors, Ar;j, are measured. Impact tests are conducted five times for each pair of

Ary=v(0)AT;
Sensor j Apo— e p
=TT

Sensor i AT; =T~ T,
véJ'e
Impact location

Figure 8: Impact test for determining the wave velocity
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Figure 9: Ar versus AT (CFRP1, 8 = 90°)
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sensors and the wave velocity is determined using the least-squares method. Since
the wave velocity is dependent on propagation direction, the velocity is determined
at multiple angles. Thus, in addition to the four PZT sensors that are used for
identifying the impact force, six more sensors are used in determining the wave
velocity. Note that the center frequency of the band-pass filter and the threshold,
which are used to detect the arrival times of the flexural wave, are also determined
on the basis of these impact test results by considering the amplitude of the filtered
response and the magnitude of the noise.

As an example, Fig. 9 shows the relation between AT and Ar of a flexural wave
propagating through CFRP1 at an angle of 90 degrees. Here, the center frequency
of the band-pass filter is set as f. =5kHz, and the impact tests are conducted for
three pairs of sensors of different intervals. The wave velocity is determined from
the slope of the linear least-squares fitted line.
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Figure 10: Propagation direction dependence of wave velocity
(CFRP laminated plate)
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Figure 10 shows the propagation direction dependence of the wave velocity for the
two CFRP laminated plates. In the figure, the mark O denotes the wave velocity
determined from the measured data, and the solid line is a fitted curve. In order to
obtain a continuous function v(6), a curve fitting was performed by employing the
following equation which gives the phase velocity for an orthotropic plate [Doyle
199N

_ 4] 2 Poo
v(0) =4l o oh (14)

where

Dgg = D1y cos* 0 + 2(D12+2Dgs) cos” 0sin® 6 + Dy, sin* 6
+ 4D¢ cos> 0sin 0 + 4D cos 0 sin® 6 . (15)

Here, p, h, Dy, (m=1,2,6; n=1,2,6) are the density, thickness and bending
stiffness of the CFRP laminated plate, respectively, and @ (= 27f) is the angular
frequency of the flexural wave. The coefficients of the circular functions in Eq. 15
are determined from the measured wave velocities by performing a least-squares
fitting. In the impact location identification, the fitted curve is used as v(6).

3.3 Identification results and discussion

The results of impact location identification are shown in Fig. 11. In the figure, the
marks O and $8 denote the identified location of the impact force and the measured
location, respectively. The identification was performed at 12 points for each plate,
and the locations were identified within the error of 6.6 mm in the case of CFRP1,
and 8.4 mm for CFRP2. Here, the error of impact location identification is defined
as the distance between the identified location and the measured one. Points A and
B depicted in Fig. 11 correspond to the point of each plate where the error of impact
location identification was the maximum.

Figure 12 shows the identification results of force history for points A, B, C and D
depicted in Fig. 11. In this figure, dashed lines denote the identified force histories
and solid lines the measured ones. As can be seen from the figure, even though
the force history is rough since the contact between the plate and the impactor
occurs multiple times, the identified force histories are in good agreement with the
measured ones.

In order to evaluate the identification accuracy of force history, the error of the
identified force is defined as follows:

_ }fm(tpm) _fid(tpm)‘

b ‘fm(tpm”

(16)
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where fi,(¢) and fiq(¢) are the measured and identified forces, respectively, and #,,,
is the time of the peak of the measured force. The errors of the identified forces
for points A and B were 5.48% and 0.07%, respectively. The maximum errors of
force history identification for CFRP1 and CFRP2 were 10.0% (point C) and 9.60%
(point D), respectively. The results reveal that regardless of the laminate sequence,
the impact location is identified with sufficient accuracy using the arrival times of
the flexural waves and the wave velocity determined experimentally. Moreover, it
is revealed that the force history can also be identified accurately using the experi-
mental transfer matrices.

Furthermore, the validity of the present method is verified by comparing the identi-
fication results with those in our previous work based on an optimization technique
[Miyazawa, Sugimoto, Hu and Fukunaga (2007)]. In our previous work, the ini-
tial impact location is estimated using all nodes shown in Fig. 6 by performing a
parametric calculation. Figure 13 shows the comparison results of the identification
errors. In the figure, the bars show the average of the error and the vertical lines
indicate the range. Although there is a slight difference in the accuracy of impact
location identification between the two methods, there is not much difference in the
accuracy of the identified forces. Thus, it can be considered that the two methods
are equivalent in accuracy.

Next we compare the identification times for both methods as shown in Fig. 14.
The present method can be considered as real-time identification since the time re-
quired to identify an impact force is approximately only 1 second. On the other
hand, the method based on an optimization technique requires more than 15 sec-
onds. The present method is capable of identifying the impact force in real time
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Figure 13: Comparison of identification errors (CFRP laminated plate)
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because the impact location and the force history are identified separately, which
is achieved by identifying the impact location from the arrival times of the flexural
waves. In addition, instead of using a time consuming (computationally expensive)
method, such as cross-correlation and wavelet analysis which are generally used to
detect the arrival times, the use of a band-pass filter also led to the reduction of the
identification time.

20

15
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10 |-

Time (s)

0 7 1
Present Miyazawa et al. (2007)

Figure 14: Comparison of time required for identification (CFRP laminated plate)

4 TImpact force identification of CFRP stiffened panels
4.1 Experimental setup

Figure 15 shows the specimen of the CFRP stiffened panel. The laminate sequence
of the panel is shown in Tab. 1, where the fiber direction of 0° is parallel to the
y axis. As shown in Fig. 15, the two edges perpendicular to the stiffeners are
clamped by jigs. Six PZT sensors, which are identical with those used for the CFRP
laminated plates, are bonded on the bottom surface of the panel at the locations
indicated in Tab. 2. The experimental system is also identical with that depicted
in Fig. 7. The responses of PZT sensors and the force are measured in the time
period of 5 ms and the sampling rate is set as At; =20 us. The center frequency of
the band-pass filter is set as f, =10kHz, and the filtered responses are measured for
1 ms at intervals of 0.1us.

The identification region is a rectangular region of 120 mm in length (90 <y <210)
and 150 mm in width (10<x<160). Figure 16 shows the mesh for constructing the
experimental transfer matrices. In the figure, the stiffener area is shaded for the pur-
pose of distinction. It is worthwhile to note that the intervals in the direction of the
x axis are determined by considering the locations where the structural properties
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Figure 15: CFRP stiffened panel

Table 1: Laminate sequence of CFRP stiffened panel

Skin  [~45/0/45/90,/—45/0/45/90]
Flange [(—45/90/45/0/—45 /90, /45/90);/ (~45/90/45),]
Web  [(—45/90/45/0/—45/90, /45 /90)s]

Table 2: Sensor locations (CFRP stiffened panel)

Sensor 1 Sensor2 Sensor3 Sensor4 Sensor 5 Sensor 6
(30,102) (90,102) (150,102) (30,206) (90,206) (150, 206)

suddenly change, such as the locations of the edges of the flange and the location of
the web. The number of nodes is 70 and the number of impact tests conducted for
each node is K=5. In Fig. 16, the circled numbers indicate the sensor numbers and
the dashed line denoted by B is a borderline that separates the identification region
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Figure 16: Mesh for constructing experimental transfer matrices

according to the sensors that are used in the identification. Sensors 1, 2,4 and 5 are
used in the left region and sensors 2, 3, 5 and 6 are used in the right.

4.2 Identification results and discussion

Figure 17 shows the impact location determined from the arrival times of the flexu-
ral waves. In the figure, the marks © and & denote the estimated and measured lo-
cations, respectively. The estimation is performed at 33 points and the correspond-
ing pairs are enclosed by ellipses. As can be seen from the figure, the estimated
locations deviate from the measured locations at many points. The average error
of the estimated locations was 15.5 mm, and the maximum error was 45.3 mm. In
the case of stiffened panels, it is more difficult to detect the accurate arrival times
compared to laminated plates, because the flexural waves are affected by the stiff-
eners. Therefore, an identification method based on an optimization technique is
considered to be more effective in the case of complex structures.

The identification results of impact location are shown in Fig. 18. Compared to
the results of impact location estimation (Fig. 17), we can see that the identified
locations show excellent agreement with the measured locations. The locations
were identified within the error of 11.8 mm. In this case, it took approximately
4 seconds to identify an impact force. The results of force history identification
for points A, B, C and D are shown in Fig. 19, and the identification errors of each
point are indicated in Tab. 3. The figure and the table reveal that the impact location
and force history are both identified accurately at every point. The maximum error
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Figure 18: Identification results of impact location (CFRP stiffened panel)




86

Copyright © 2011 Tech Science Press

of the identified force histories was 13.6%.
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Figure 19: Identification results of force history (CFRP stiffened panel)

Table 3: Identification errors of points A, B, C and D

Point A PointB PointC Point D

Error of identified location 6.5mm 5.5mm

5.0% 4.3%

11.8mm 5.6mm

Error of identified force 1.5% 13.6%

Figure 20 shows the plot of the error of the identified force versus the error of

the

location. In the figure, the marks <> and O denote the results for impact forces

acting on the skin area and the stiffener area, respectively. As can be seen from

the

figure, there is no big difference in accuracies of impact force identification
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Figure 20: Error of identified force versus error of identified location

between the two areas. Moreover, it can be said that there is a positive correlation
between the impact location error and the force history error.

5 Conclusions

In this paper, a method for identifying the location and force history of an impact
force acting on a CFRP structure has been developed by using the experimental
transfer matrices that relate the impact force to the corresponding sensor responses.
In the impact location identification, the arrival times of the flexural waves to the
sensors are used in order to reduce the identification time. The validity of the
proposed method has been verified experimentally through identification of im-
pact forces acting on CFRP laminated plates. Then, the identification method was
applied to a CFRP stiffened panel. The knowledge obtained from the results is
summarized as follows:

* The method proposed for CFRP laminated plates is capable of identifying
the location and force history accurately and in real time. The identification
results reveal that, owing to the experimentally determined transfer matri-
ces and wave velocity, the accuracy of identification is not dependent on the
laminate sequence. Moreover, it has been found, through comparison with
a different identification method, that the use of arrival times of the flexural
waves for identifying the impact location is effective in reducing the identi-
fication time.

* The results reveal that the identification method based on the experimental
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transfer matrices is capable of identifying impact forces acting on complex
structures such as CFRP stiffened panels. The impact location is identified
accurately by determining the initial location from the arrival times of the
flexural waves and then updating the location using an optimization method.
The force history is also identified with sufficient accuracy by using the ex-
perimental transfer matrices. It has been found that the present method can
identify an impact force within a few seconds.
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