This is the Pre-Published Version.

This is the accepted version of the publication Zhang C, Cheng L, Qiu J, Wang H. Damage detection based on sparse virtual element boundary
measurement using metal-core piezoelectric fiber. Structural Health Monitoring. 2018;17(1):15-23. © 2016 The Author(s). DOI: 10.1177/1475921716682515.

Damage detection based on sparse virtual element
boundary measurement using metal-core piezoelectric

fiber
Chao Zhang' 2, Li Cheng?3, Jinhao Qiu!, Hongyuan Wang!

IState Key Laboratory of Mechanics and Control of Mechanical Structures, Nanjing
University of Aeronautics and Astronautics, Nanjing, China
’Department of Mechanical Engineering, Hong Kong Polytechnic University, Hong
Kong, China

3Hong Kong Polytechnic University Shenzhen Research Institute, Shenzhen, China
Corresponding author: Cheng Li, Department of Mechanical Engineering, Hong
Kong Polytechnic University, Hong Kong, China.

Email: mmlicheng@polyu.edu.hk

Submit to Structural Health Monitoring



Abstract

Pseudo-excitation (PE) approach is a recently developed vibration based damage
detection method, exhibiting some appealing features for structural health monitoring
applications. However, two main bottlenecking problems, i.e. dense measurement points
and venerable noise immunity, hamper its use in practical applications. This paper
tackles these problems by proposing a novel method based on sparse virtual element
boundary measurement (VEBM) using metal-core piezoelectric fiber (MPF) sensors.
Different from the local “point-by-point” interrogation modality used in the original PE
approach, the proposed method divides the entire structure into several virtual elements
(VE) to construct a damage location index, describing the damage-induced dynamic
perturbation in the corresponding VE. To avoid the high-order derivative calculation,
which is mainly responsible to the low noise robustness of the original PE approach,
MPF sensors are used to directly measure the surface strains, but only at the VE
boundaries, leading to a significantly reduced number of measurement points.
Experiment is designed and carried out using a cantilever beam, in which a ten-MPF
sensor array is embedded in the structure. Along with the sparse laser Doppler
vibrometer (LDV) measurement, a normalized damage location index is constructed.

Results demonstrate that the proposed method not only enhances the noise robustness,



but also allows a significant reduction in the number of measurement points.

Keywords
Damage detection, piezoelectric sensor, pseudo-excitation approach, noise immunity

capability, vibration signature.



1. Introduction

As one of the most studied techniques, vibration based damage detection examines
the changes in structural vibration signatures to detect the damages!™. Vibration-based
techniques are shown to exhibit some appealing features, including low cost and
potential to be used for on-line structural health monitoring (SHM). Among existing
methods, various vibration signatures have been used to construct the damage index,

7

such as mode shapes® ©, eigen-frequencies’, transfer matrices®, electro-mechanical

9 11

impedances’, modal curvatures'® and nonlinear characteristics!> etc.. Notably,

“Pseudo-excitation” (PE) approach is recently developed to detect the structural damage
by examining the damage-induced perturbation to the local equation of motion!*'3.
Compared with other vibration based damage detection methods, PE approach requires
no prior knowledge on the baseline signals, overall structural model or boundary
conditions and so on. Furthermore, due to its “point-by-point” local interrogation nature,

the PE approach can be applied to a complex system!'®, through the interrogation of its

components like beams, plates and shells efc..

The original version of the PE approach defines the damage location index by a

“strong” formulation based on the local equation of motion. Its effectiveness suffers



from two main bottlenecking problems: a). High-order derivative terms over
displacement are involved. For example, d*w(x)/dx* is used in the damage detection of a
beam element (where w(x) is the flexural vibration displacement at the position x). For
implementation, this high-order derivative is achieved by the finite difference
calculation, which makes the method venerable to the measurement noise. b). The
“point-by-point” inspection strategy and the finite difference calculation require a large
number of measurement points, increasing the processing difficulty and hampering

system integration as smart structures having self-detecting capability .

To address these problems, a sparse virtual element boundary measurement
(VEBM) based “weak” formulation is proposed in this paper. The so-called “weak”
formulation uses the weighted integration of the damage location index in the “strong”
formulation to quantify the damage within a small region. By doing so, the inspection
strategy is shifted from “point-by-point” to “region-by-region”. The previous work has
proven that the noise immunity of PE approach can be improved from “strong” to
“weak” modality!”. However, it still requires the calculation of the fourth-order
derivative over the displacement and dense measurement points. As a further

improvement, sparse VEBM based “weak” formulation divides the entire structure into



several virtual elements (VE). By selecting a suitable excitation frequency, the final
form of the damage location index only requires the evaluation of a few physical
quantities at the boundaries of the VEs, thus significantly reducing the number of the
measurement points. Furthermore, to avoid the calculation of high-order terms, a
distributed metal-core piezoelectric fiber'® (MPF) array is used for direct strain
measurement. As a smart material with small size, MPF is suitable to measure the
surface strain in a wide frequency band!®. For improving the effectiveness of the MPF, a
ten-MPF smart layer is packaged according to the experimental requirements. With the
measurement data obtained by the MPFs and the displacements at VE boundaries
captured by a laser Doppler vibrometer (LDV), a satisfactory detection is achieved
through sparse measurement. Compared with the “strong” formulation, the noise

immunity capacity is also greatly enhanced.

This paper is organized as follows. First, the VEBM based “weak” formulation is
derived. Second, numerical simulations are carried out to validate the proposed method.
Third, a ten-MPF sensor array is designed, manufactured and embedded into a test beam.
Experiments are then carried out to calibrate the MPFs, followed by damage detection

validations. Compared with its “strong” formulation counterpart, the superiority of the



proposed technique is demonstrated.

2. Damage Detection Algorithm
2.1 Principle

For illustrating the principle of the PE approach, an Euler-Bernoulli beam
component with homogeneous isotropic material properties is taken as an example. As
shown by Case 1 in Figure 1, the basic idea of the PE approach is to examine the

equation of motion governing the vibration of the structural component!

. A damage
location index in such a one-dimensional structural component, denoted by DLI(x), can

be defined by calculating the damage-induced perturbation as

DLI (x)=El %—pSa)ZW(X) (1)
X

where w(x) is the steady vibration displacement of the beam at the position x; E, I, p, S
are the modulus of elasticity, cross-sectional moment of inertia, density of material and
cross sectional area of the beam in healthy situation, respectively; w is the angular
vibration frequency of the excitation. Considering a local area in the beam component
without any external excitation, DLI(x) = 0 in the intact region, but different from zero

within the damage zone that corresponds to a pseudo excitation induced by the damage.



DLI(x), in its primary form defined by Eq. (1) is called “strong” formulation, which
evaluates the damage at each point on the beam component. By scanning the whole
structure, the damage position can be identified where unexpected peaks appear in the
curve of DLI(x). However, due to the 4th-order derivative over the vibration
displacement, which is numerically obtained through the finite difference calculation
scheme, the evaluation of DLI(x) requires very dense measurement and leads to low

noise immunity when applied in practice.

dx - DLI Case 1

— Scan point

[x-7/2, x+7/2] - DL Case 2

—» Scan region

VE; - NDLI Case 3
I I ]
Discrete virtual element

Figure 1. Schematic diagram illustrating the principle of PE approach.

In order to enhance the robustness against measurement noise and uncertainty of



the PE approach, a “weak” formulation'” is developed by integrating the damage
location index of the “strong” formulation within an interval [xc-7/2, xc+7/2], as

V= gy d*w(x)

m(xc - X.—7/2

— pSa?W(X) [17(x—x )dx @)

where DLI is the damage location index of the “weak” formulation; x. and 7 are the
center position and the length of the interval; #5(x) is a weight function, which in
principle can take an arbitrary form. In practice, the choice of #(x) should accommodate
the inspection strategies based on different variants of the “weak” formulation, to be
detailed at a later stage. As illustrating by Case 2 in Figure 1, DLI quantifies the
damage-induced perturbation within a small region instead of a particular point. By
scanning the center position x. along the beam component, m(x,r) can detect the

damage position.

To take a step further, the 4th-order derivative of w(x) in Eq. (2) can be gradually

transferred to the weight function #(x) by integration by part, as

Xc+r/2

DLI (X;,7)= jxc s T

-w(x)dx+El-BC(x;,7) 3)
where fie(x) is the virtual force applied on the corresponding interval which is called VE

and BC(x, 7) is the boundary terms of the VE, as



d*n(x-x)

fue (X) = Bl — ==~ 80" -1 (x-) “
3 . ] ) X +712
BC(XC’T):{Z(_]')I W(S_I)(X)'n(l)(x_xc)} (5)
=0 X —7/2

In the above expressions, the VE shares the same material properties as the real beam
element and has a length 7. From Eq.(4), #(x) can be regarded as the displacement under
the virtual force fie(x). The boundary terms BC(xc, 7) is the sum of a series of products
of w(x) and #(x) of different derivative orders. The derivative orders are denoted by the
superscript (i) in Eq. (5). For further removing w(x) and avoid w"’ and w® in Eq. (3),

n(x) should satisty the following conditions:

4 —
1 U)o n(x-x) =0 (6)
dx
d? d?
77(ZX) _ 77(2x) 0 o
ax x==7/2 o X=+7/2
77(X)|X=_T/2 - U(X)|X=+r/2 =0 (8)

The above set of equations and the boundary conditions state that 7(x) can be regarded
as the free vibration response of the corresponding VE, which is a simply-supported
beam at both ends. Thus, when the excitation frequency equals to the i-th natural

frequency of the VE, as



B

the normalized damage location index of the “weak’ formulation can be simplified as

NDLI (x,7)= (10)

— Xe+712
DLI(XC’T): _dZW(X)dﬂ(X—XC)_W(X)d377(X—XC)
El dx? dx dx®

X.—7/2

where #(x) is the i-th mode shape, as

n(x)zsin(i—ﬁxJ (11)

T

Taking the first natural frequency of the VE as an example, NDLI can be

expressed as

NDLI (X, 7) =& (% —7/2)+x (%, +7/2) (12)
where
K(x)zz-w(z)(x)—ﬂ—j-w(x) (13)
T T

As a special case of DLI at the natural frequency of the VE, NDLI only uses a few
physical quantities at the boundaries of the VE to identify the damage instead of
measuring the displacement w(x) along the entire beam component, significantly

reducing the number of the measurement points.

According to Eq. (12), although NDLI seems to be free of any structural



parameters such as E, I, p, S, they are in fact implicitly required to determine the
excitation frequency. Therefore, a fast frequency sweeping of the excitation can be
carried out to accurately determine the excitation frequency, at which the distance
between the adjacent vibration nodes should be equal to the length of the VE. It should
also be mentioned that the normalized damage location index in Eq. (10) can be
regarded as an average value of the damage location index in Eq. (1) within the VE.
Thus, the measurement noise can be partly suppressed®’. However, the damage-induced
perturbation in damage location index is also averaged, which reduces the sensitivity of
detecting small damage. To solve this problem, smaller length of VEs should be used,

leading to more measurement points and high excitation frequency.

From Case 1 to 3, the deriving procedure is based on the Bernoulli-Euler beam
model. However, the same derivation can be extended to a plate structural component,
in which the full field displacement measurement can be reduced to the displacement
and strain measurements at VE edges as discussed in [20]. For a more general structure
with complex equation of motion, a calibration procedure is needed to model the

structural vibration.



2.2 Numerical simulations

Considering an Euler-Bernoulli cantilever beam as shown in Figure 2, the elastic
modulus E is 68.9 GPa and the density p is 2700 kg/m>. A damage, with a width of 2
mm and a depth of 2 mm, is located at x = 225 mm (referring to Figure 2 for the
coordinate system). For validating the VEBM based “weak” formulation, the length of
VE is set as 60 mm. A harmonic point-excitation force is applied at x = 601 mm and the
excitation frequency is 3180 Hz, corresponding to the first natural frequency of the VE,
estimated using Eq. (9). The flexural displacement w(x) can be obtained through the
finite element simulation using the commercial FE code ABAQUS®. The structure is
modelled by the beam element with the size of 1 mm, amounting to a total of 605

elements. The steady vibration displacement w(x) at each element node is shown in

Figure 3.
Unit: mm
Z‘H " 225 DaTage 376 f4 X
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Figure 2. Schematic of a cantilever beam with an artificial damage.
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Figure 3. Steady vibration displacement obtained by the FE method.

Taking the same inspection strategy as DLI, NDLI can also be obtained by
scanning the inspection region to identify the damage location as shown by Case 2 in
Figure 1. With w(x) in Figure 3, x(x) and m(x,r) can be calculated as shown in
Figure 4 and 5, where 7 equals to 60 mm. It is apparent that NDLI is zero in the intact
region, corresponding to x(x) satisfying the condition:

k(x—7/2)+x(x+7/2)=0 (14)
Eq. (14) demonstrates that x(x) is a periodic function of the position x and the
wavelength of the function x(x) equals to twice the length of VE in the healthy beam
region. On the contrary, when the interval [x-7/2, x+7/2] includes damage, in addition to

the abrupt changes in NDLI, the wavelength of x(x) is also altered. Therefore the



wavelength perturbation of x(x) induced by the damage can also be used as an
indication of the existing damage. It should be mentioned that w(x) and w®(x) at the

damage position are used to calculate NDLI at x =194 mm and x = 256 mm, resulting

in two sharp peaks at the boundaries of the damage region in Figure 5.
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Figure 4. x(x) calculated by w(x) in the FE method.
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Figure 5. NDLI based damage detection using scanning region strategy.

For reducing the measurement points, a sparse VEBM based damage detection
method using NDLI is carried out by discretizing the VEs as shown by Case 3 in
Figure 1. The detailed implementation is as follows.

(1) Depending on the inspection accuracy, the beam component can be divided into

several VEs, of equal length 7. In the present simulation, the inspection region [30,

570] is discretized into nine VEs.

(2) The displacements and their 2nd-order derivatives at the boundaries of the VEs

should be measured under the steady excitation at the excitation frequency

calculated by Eq. (9).

(3) NDLI of the corresponding VE is constructed using Eq. (12) as shown in



Figure 6. It can be seen that the damage occurrence generates an abrupt change in

NDLI in the corresponding damaged VE segment.
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Figure 6. NDLI based damage detection using VEBM strategy.

3. MPF-based smart layer

For implementation of the VEBM based damage detection, both the displacements
and the strains at the boundaries of the VEs should be measured under the steady
vibration. In order to achieve a better spatial resolution of the damage detection, the
VEs with small length are required, at the expenses increasing the excitation frequency.
Therefore, MPFs are subsequently integrated with the structure to directly measure the

surface strains at high frequencies.



3.1 MPF transducers

MPFs were firstly fabricated using the extrusion method in 20032!. A single MPF
includes three parts: metal (Pt) core, surface electrode and piezoelectric ceramic fiber,
as shown in Figure 7(a). With the metal core inside the piezoelectric ceramic fiber, the
MPF overcomes the brittleness of the conventional piezoelectric fibers and can be used
as a sensor or actuator conveniently with two electrodes: the metal core and surface
electrode. Compared with the strain gauges, the MPF inherits the advantages of the
piezoelectric material that creates direct conversion of mechanical energy into electric
energy without the need for the complex signal conditioners or the Wheatstone bridges.
Therefore, the MPF can be used to measure the surface strain, especially for high

frequency vibration application.

Metal Piezoelectric Surface
Core (Pt)  Ceramic Fiber Electrode

1o 7
Voltage Long:t?eStrain 1 Qﬂl 2
(a) (b) (©)

Figure 7. Single MPF details: (a) schematic diagram, (b) side view, (c) sectional view.




Considering that the length of the MPF used in this paper is 10 mm as shown in
Figure 7(b), the diameter of the MPF can be ignored, which varies from 300 — 400 um
as illustrated in Figure 7(c). Therefore, the response voltage of the MPF, only related

with the surface strain along the sensor length direction, can be expressed as*?

V- (Rm Jch)In(RC / Rm)
2(d31—533'311/d31)

Si (15)

where R, and R. are the radii of the metal core and the piezoelectric fiber, respectively.
ds1 1s the piezoelectric coefficient, ¢33 is the dielectric coefficient, s11 is the elastic
coefficient and S11 is the average surface strain. The subscript 1 represents the length
direction of the MPF and the polarization direction 3 is the radius direction of the MPF.
According to Eq. (15), the response voltage is proportional to the average strain along
the MPF length direction. Notably, if the MPF is used to measure the surface strain of
an Euler-Bernoulli beam, the corresponding 2nd-order derivative of the displacement
can be calculated as

_2n_V

- (16)

W(Z)(X) - ’

where /4 is the thickness of the beam and k£ is the sensitivity, relating the response

voltage with w?, expressed as

(Rm + RC)In(Rc / Rm)h
4(d31—533'311/d31)

Kk = 17)



3.2 Package processing

According to the principle of the VEBM based “weak” formulation, a series of w®
located at distributed positions with the same distance 7 are required to construct the
normalized damage location index. In order to simplify the process of installing the
MPFs onto the structure one by one and improve the integrity of the structure to be
monitored, a MPF sensor array is designed and fabricated by packing the MPFs to form
a smart layer. This packaging process is widely used in Lamb wave-based SHM
techniques®® 2*. As shown in Figure 8, the primary constituents of the smart layer
include polyimide film, MPFs and the flexible printed circuit. The distance between the
adjacent MPFs is fixed by the flexible printed circuit. In this paper, ten MPFs are used,
directly placed onto the structure by pasting the smart layer with the epoxy adhesive.

The ten response signals can be obtained through a standard 20-pins port.

/;._-—Pol imide film
y
\//

- «—— MPF

+—— Flexible printed circuit

<35

Figure 8. Schematic of a ten-MPFs based smart layer.




4. Experimental validations
4.1 Experimental setup

Experimental validation is subsequently carried out to identify the artificial
damage (2 mm in depth and 2 mm in width at x = 225 mm) in a cantilever beam that is
made of aluminum 6061. The dimensions and physical parameters of the beam are the
same as the ones used in the numerical simulation as shown in Figure 2. The beam is
fixed on a testing table (NEWPORT® ST-UT2) as shown in Figure 9. The excitation
signal is magnified through a power amplifier (B&K® 2718) and then applied to an
electromechanical shaker (B&K® 4809) to provide a harmonic point-force excitation to
the structure at x = 601 mm. Considering that the length of the VE is 60 mm that is the
interval of the adjacent MPFs, the excitation frequency is set as 3180 Hz, corresponding
to the 1st natural frequency of the VE. Two measurement systems are used in this
experiment, including a scanning LDV (Polytec® PSV-400B) to measure the
out-of-plane displacement and MPFs to obtain the 2nd-order derivatives of the
displacement, both only at the VE boundaries. The response voltages of the MPFs are

amplified through a voltage amplifier and acquired by a multi-channels oscilloscope.
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Figure 9. Experimental setup.

4.2 Sensor calibration
To measure the 2nd-order derivatives of the displacement through the MPFs, a
calibration procedure is carried out to obtain the sensitivity k£ in Eq. (16). Three steps are
followed:
(1) The displacement w(x;) at the position of the i-th MPF is firstly measured by
LDV under the steady vibration, as well as the displacements at two positions
adjacent to this MPF. The 2nd-order derivative of the displacement can be

calculated by mean of the finite difference, as

W(Z)(Xi):W(Xi+dm)_2W(Xi)+W(Xi_dm) (18)

dn

where x; is the position of the i-th MPF, dn is the interval of the measurement



points.

(2) The response of the MPF in time domain is measured and the amplitude at the
excitation frequency can be obtained through Fast Fourier Transform (FFT).

(3) The sensitivity k£ of each MPF can be calibrated as the quotient of the amplitude

divided by the w®.

Taking MPF 1 in Figure 2 as an example, the steady response at 3180 Hz is shown
in Figure 10(a). Due to the measurement noise, the amplitude is difficult to obtain from
the response in time domain. According to the result of the FFT in Figure 10(b), the
amplitude at the excitation frequency can be identified as 5.2 mV. With the measured
displacements by the LDV, w® at the position of MPF 1 can be calculated as a

benchmark to calibrate the sensitivity £ of MPF 1.
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Figure 10. Response of MPF 1 in (a) time domain and (b) frequency domain.

4.3 Result discussion
For validating the proposed method, the “strong” formulation is first applied to
detect the damage in the experiment. With the displacement shown in Figure 11, DLI(x)

fails to delineate the damage position as illustrated in Figure 12. The 4th-order



derivative of the displacement in Eq. (1) is calculated through the finite difference,

expressed as

w(4)(x) _ W(x+2d, ) —4w(x+dy, ) +6w(x)—4w(x—d, ) +w(x—2d,) (19)

dn

Note that, w¥)(x), in the absence of noise, can achieve an accurate approximation
through the finite difference, when the measurement interval dy, is small. However, Eq.
(19) is sensitive to the measurement noise. With decreasing dnm, the measurement noise
is also enhanced, which masks the damage induced changes in DLI(x), in agreement

with the previous analyses.
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Figure 11. Vibration displacement obtained in the experiment.
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Figure 12. Damage detection using “strong” formulation.

The beam is then segmented into nine VEs of 7 = 60 mm long each, separated by
ten MPFs. Compared with the “strong” formulation in Figure 12, the number of the
measurement points is reduced from more than 300 to only 10 within the inspection
range from x = 30 mm to x = 570 mm. The displacements at the VE boundaries are
obtained through the LDV as shown in Figure 11 with the marks ‘V’. w® are measured
by the MPFs, with results tabulated in Table 1 along with w. Using Eq. (12), NDLI is
shown in Figure 13. A pronounced peak can be clearly observed at the damage VE
position, thus providing enhanced noise immunity capability through sparse

measurement points as compared to the original PE formulation.



Table 1. Data at VE boundaries using in VEBM based “weak” formulation

No. 1 2 3 4 5 6 7 8 9 10
w (x10® m) 557 453 479 -581 640 -599 6.14 -630 643 -4.99
w@ (x10* m™) -126 145 -1.51 137 -192 187 -1.71 183 -1.78 193
-3

x 10

5

4+ B Modulus of NDLI

3< i

Actual damage position

Figure 13. Damage detection using VEBM based “weak” formulation.

5. Conclusions

As a vibration-based damage detection method, the original “strong” formulation
of the PE approach shows obvious drawbacks, such as high sensitivity to the
measurement noise and the need for a large amount of the measurement points. To
tackle these problems, a VEBM based “weak” formulation using MPFs is presented in

this paper. The proposed method can be regarded as a retrofitted and improved version



of the “strong” PE formulation, shifting the detection philosophy from “point-by-point”
to “region-by-region”. By tuning the excitation frequency to the natural frequency of the
VE, VEBM based “weak” formulation only requires the parameters at the VE
boundaries to be evaluated, leading to a sparse measurement with much reduced
measurement cost. By the same token, the robustness of the technique against
measurement noise and uncertainty is greatly enhanced. As a piezoelectric strain sensor
with small size, MPF is used to be embedded with the structure. With a high sensitivity
over a wide frequency range, MPFs can directly measure the 2nd-order derivatives of
the displacement at the VE boundaries with a distributed array configuration. Along
with the displacements measured by the LDV, the proposed method is experimentally
shown to be able to detect the damage position with a satisfactory accuracy through

Sparse measurement.
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