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It is difficult to detect local damage of a structure based on modal analysis. This paper pre-
sents a novel local damage detection method of membranes under ambient excitation,
which combines Bayesian operational modal analysis (BOMA) and three-dimensional dig-
ital image correlation (3D-DIC). It is a noncontact and full-field dynamic method with no
sensors attached on a test membrane. Advantages of BOMA and 3D-DIC methods are inte-
grated in this work. Anomalies caused by local damage in mode shapes and curvature
mode shapes can be explicitly observed. Moreover, a mode shape damage index (MSDI)
is used to improve local damage detection, and structural damage can be identified in
neighborhoods with high values of MSDIs. The methodology is applied, as a demonstration,
to detect damage introduced by razor cuts in circular and rectangular membranes with dif-
ferent boundary conditions.

� 2019 Published by Elsevier Ltd.
1. Introduction

Using modal analysis for structural damage detection has been a focus of much research in recent years due to its non-
destructive and low-cost nature. When damage occurs in a structure, its dynamic stiffness decreases and its modal proper-
ties such as natural frequencies, mode shapes, and damping ratios change too. When modal properties are judiciously cho-
sen, some of their changes can be used to identify changes in the structure itself that show if damage exists and its location if
it does.

Cawley and Adams [1] used natural frequency shifts to locate and quantity damage. While natural frequency-based meth-
ods are able to detect damage, it is difficult to locate the damage location and their sensitivity to damage is not high. More
effective methods based on mode shapes and their derivatives have been proposed. Pandey et al. [2] found that changes in
curvature mode shapes are localized in the damage area and used the curvature mode shapes to detect damage in a struc-
ture. They also noted that changes in the curvature mode shapes increase with the damage size. Ratcliffe [3] localized dam-
age by applying a finite difference approximation of Laplace differential operator to mode shapes without a priori knowledge
of an undamaged structure. Stubbs et al. [4] introduced a damage index method based on a modal strain energy using
undamaged and damaged structural models. An effective model updating approach was recently proposed for damage

http://crossmark.crossref.org/dialog/?doi=10.1016/j.ymssp.2019.04.051&domain=pdf
https://doi.org/10.1016/j.ymssp.2019.04.051
mailto:wzhu@umbc.edu
https://doi.org/10.1016/j.ymssp.2019.04.051
http://www.sciencedirect.com/science/journal/08883270
http://www.elsevier.com/locate/ymssp


634 Y. Hu et al. /Mechanical Systems and Signal Processing 131 (2019) 633–648
detection of buildings and bridges under ambient excitation [5–7]. Such a method used identified modal parameters of a
structure (i.e., natural frequencies and mode shapes) to update structural parameters, and identified structural damage from
the update model.

However, the traditional method for vibration measurement is to attach sensors on a test structure. Local damage cannot
be accurately detected due to a limited number of sensors used in an experiment. The mass added to a lightweight structure
such as a membrane by a contact sensor (e.g., an accelerometer) can significantly affect dynamic properties of the structure.
It is difficult to obtain modal parameters of membranes by conventional contact test methods. Thus, a noncontact and full-
field dynamic method can be well suited for detecting local damage of membranes.

There exist a number of noncontact, full-field, and remote sensing methods for mode shape measurement, such as holo-
graphic interferometry [8], laser speckle interferometry [9], and laser speckle photography [10]. Keene and Chiang [11]
developed a simple technique to visualize anti-nodes of a vibrating distributed-parameter system in real time using defo-
cused laser speckle contrast analysis and detected damage of membranes. While the technique gives anti-nodes of a struc-
ture in real time, it does not provide quantitative information on the amplitude of vibration of the structure. In addition,
damage detection in Ref. [11] requires examination of all the images.

Digital image correlation (DIC) has been widely used to measure displacements, strains, and stresses of structures in
experimental mechanics [12–15]. Machado et al. [16] obtained stress-strain fields of a membrane using its curvature based
on three-dimensional (3D) DIC (3D-DIC) data. While DIC methods are mainly utilized for displacement and strain measure-
ment and determination of material properties, some works have been devoted to vibration analysis. Helfrick et al. [17] pro-
vided validation of a 3D-DIC method for full-field vibration measurement. Experimental results from the 3D-DIC method and
experimental modal analysis (EMA) were well correlated with results from finite element analysis and those from a scanning
laser Doppler vibrometer (SLDV). Reu et al. [18] compared the DIC method and laser Doppler vibrometry in modal measure-
ment. They noted that these two methods can both be used for extracting modal parameters; in general, a 3D-DIC system is
much cheaper than a SLDV. Some other researchers also used the 3D-DIC method with EMA to obtain dynamic characteris-
tics of a structure [19–21]. Due to difficulty in recording input excitation data when testing structures are membranes or
large-scale structures, operational modal analysis (OMA) instead of EMA can be used in 3D-DIC vibration measurement to
evaluate modal properties of a structure with unknown excitation. One primary advantage of OMA is that only output vibra-
tion of a structure needs to be measured. Poozesh et al. [22] extracted operational mode shapes of turbine blades using a
multi-camera stereo DIC system that is composed of two pairs of synchronized stereo cameras. They used a single input force
so that the cross spectrum matrix was measured relative to a particular reference point on the structure. By this way, cross
spectra can be used in OMA to obtain operational mode shapes. Poozesh et al. [23] subsequently developed a hybrid output-
only system identification method to more accurately extract modal parameters from DIC data.

Since DIC measurement has some limitations in modal analysis with a low sampling rate and short recording-data length
due to limitations of cameras, Bayesian OMA (BOMA) is well suited to do modal analysis to overcome these difficulties. A
number of BOMA methods have been developed in the last two decades [24–27] with some applications in civil engineering
[28–30]. BOMA adopts a Bayesian system identification approach for OMA. Such a method values the traditional fast Fourier
transform (FFT) theory as a core and views modal identification as an inference problem in which probability is used as a
measure of relative plausibility of outcomes given a model of a structure and measured data central to Bayesian theorem.
In particular, BOMA methods are capable of extracting all the information from ambient excitation history data through
its posterior statistics and the description method by probability logic better satisfies properties of modal parameters under
random excitation. Moreover, it is much more convenient to use BOMA than EMA and conventional OMAmethods due to the
following reasons: (1) It can extract modal parameters based on only response measurement and it can process response
histories at all measured degrees of freedom (DOFs). Only one set of response time histories is required [24]. (2) It can over-
come challenges of noisy measurement data and short-length recording data from DIC measurement [25,26]. (3) It obtains
not only optimal values of modal parameters, but also uncertainties and signal-to-noise ratios that can be used to evaluate
analysis results [26,27].

From the above-mentioned methods with 3D-DIC and BOMA, one can find that: (1) Using 3D-DIC, one can obtain more
vibration data compared with the traditional pointwise measurement method, and no mass loading of sensors is added on a
test structure. Advantages of 3D-DIC, which are full-field noncontact measurement, bring possibilities for detecting local
damage in a structure based on dynamic measurement. (2) Using BOMA for modal parameter identification, one can resolve
drawbacks that input excitation data need to be recorded and post-processed in normal 3D-DIC dynamic measurement, such
as EMA. BOMA is well suited for modal analysis of membranes and large-scale structures under ambient excitation.

In this work, a novel noncontact, full-field, and remote sensing method that combines BOMA and 3D-DIC is proposed to
detect local damage in membranes under ambient excitation. Advantages of BOMA and 3D-DIC are integrated. Modal param-
eters of structures with local damage are obtained for the first time under ambient excitation. Anomalies caused by local
damage in their mode shapes and curvature mode shapes can be explicitly observed. As a demonstration, mode shapes
and curvature mode shapes of circular and rectangular membranes with razor cuts and different boundary conditions are
successfully used for local damage detection. The method proposed in this paper can provide quantitative information on
the amplitude of vibration of a structure and overcome disadvantages of the technique in Ref. [11]. Furthermore, a mode
shape damage index (MSDI) in Ref. [31] is used to assist local damage detection, and structural damage can be identified
in neighborhoods with high values of MSDIs.
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2. Background of the theoretical framework

2.1. BOMA

Yuen et al. [24,25] developed an approach for modal parameter identification using Bayesian FFT of ambient excitation
data. Au [26,27] further developed this approach with separated modes that are independently identified. The theory of this
methodology is briefly introduced below.

Let h be modal parameters of a structure, including the natural frequency f , modal damping ratio f, mode shape U, power
spectral density (PSD) of the modal force S, and PSD of prediction error Se. Let fx̂j 2 Rn : j ¼ 1; :::;Ng, where N is the number of
samples of a channel of a measurement device, be displacement time histories measured from an n DOF structure. The FFT of
x̂jðtÞ

� �
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where i2 ¼ �1, Fk and Gk denote real and imaginary parts of the FFT, respectively, Dt is the sampling time step, and
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where Re and Im denote real and imaginary parts of a complex variable, respective, U ¼ U1; � � � ;Um½ � 2 Rn�m is the mode
shape matrix, I2n 2 R2n�2n is an identity matrix, and Hk is the spectral density matrix of modal response with its ði; jÞ element
given by
Hkði; jÞ ¼ Sijf
�4
k ðb2

ik � 1Þ þ ið2fibikÞ
� ��1 ðb2

jk � 1Þ � ið2fjbjkÞ
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with bik ¼ f i=f k, in which f i and fi are the natural frequency and damping ratio of the i th mode, respectively, and Sij is the
cross spectral density between the i th and j th modal excitation.

In Bayes’ theorem, the posterior probability density function (PDF) of h given by FFT data of output vibration satisfies
pðhjfZkgÞ / pðhÞpðfZkgjhÞ ð4Þ

where pðhÞ is the prior PDF of h. By assuming a non-informative prior distribution, the posterior PDF of h pðhjfZkgÞ is propor-
tional to the likelihood function pðfZkgjhÞ:
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For convenience, the log-likelihood function L hð Þ is used:
pðhjfZkgÞ / exp �LðhÞ½ � ð6Þ

where LðhÞ ¼ 1
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T
kCkðhÞ�1Zk. Minimizing LðhÞ, which is equivalent to maximizing pðhjfZkgÞ, one can obtain

the most probable values of the modal parameters h. A factor
ck ¼ ReHk=S
2
e ð7Þ
is introduced, which is a ratio of the modal spectral density of displacement response to the square of prediction error. It is
natural to refer to ck as the signal-to-noise ratio at the frequency f k.

2.2. 3D-DIC

3D-DIC combines a stereo-vision technique, the triangulation method, and DIC. Two-dimensional DIC originally devel-
oped in the early 1980s needs a series of images of a specimen before and after deformation [12,32]. The surface of a spec-
imen requires a random speckle pattern on it. By selecting one of the images in the series as a reference image and dividing it
into subsets, a correlation algorithm is used on each subset to identify corresponding subsets in all the other images of the
series. The corresponding subsets are matched by finding peaks of the cross-correlation function or any other correlation
metric. The displacement vector is defined by the reference subset and its matched subset in another image so that the dis-
placement distribution map is obtained.
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In 3D-DIC, two cameras need to capture a pair of images of the specimen surface that has random speckles on it. The pro-
cedure of 3D-DIC measurement is shown in Fig. 1. With the stereo-vision technique and triangulation method, 3D informa-
tion in the global coordinate system (GCS) with axes (X, Y, Z) is recovered by the two cameras. The cross-correlation function
is calculated twice: first to identify (X, Y, Z) coordinates of each subset in the pair of images and second to match them with
those of the corresponding subsets in deformed images. As a result, 3D-DIC gives (X, Y, Z) coordinates of the specimen of each
pair of images before and after deformation. Displacements are easily calculated from the coordinates. With the full-field
displacement, one can select as many DOFs of the specimen as possible for vibration measurement, which resolves the draw-
back of a small number of sensors in the traditional pointwise measurement method and has potential for local damage
detection.
2.2.1. Modal identification of membranes by BOMA and 3D-DIC
Membranes are widely used in aerospace applications, and their dynamic characteristics have received extensive atten-

tion. However, it is difficult to obtain modal parameters of membranes by accelerometers due to light weight of materials of
membranes and additional masses of the accelerometers. Thus, non-contact test methods have an important role in dynamic
testing of membranes. Use of scanning laser Doppler vibrometry in the standard step-scan mode in modal measurement
needs to scan a structure point by point, which will greatly increase the time required in the experimental process. For con-
tinuous scanning, since laser measures displacements of different locations at different times, advanced signal processing
methods are needed to extract operational deflection shapes of a structure. In addition, since sinusoidal excitation is usually
used for scanning laser vibrometry and random excitation may not be used there, it is difficult to apply BOMA in scanning
Fig. 1. Procedure of 3D-DIC measurement, where the subscripts 0;1; . . . ;n denote undeformed and subsets of deformed images.
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laser vibrometry in modal measurement. Also, due to small stiffness of a membrane, deformation of a membrane can be rel-
atively large and scanning laser Doppler vibrometry can yield relatively large error. Therefore, the 3D-DIC full-field dynamic
test combined with the BOMA modal identification method has great advantages in identification of modal parameters of
membranes because such a method only requires one set of response time histories. In this work, 3D-DIC is applied to record
displacements of damaged membranes. By using such a non-contact method, one can obtain more vibration data compared
with the traditional pointwise measurement method, and no mass loading of sensors is incurred on a membrane. Such a
method brings possibilities for detecting local damage in a structure based on dynamic measurement. Moreover, accurate
mode shapes are obtained through BOMA, which resolves drawbacks that input excitation data need to be recorded and
post-processed in normal 3D-DIC dynamic measurement, such as EMA. High efficiency of the method is mainly reflected
in its experimental process. An entire experiment can generally be completed within a few minutes. When photo images
are obtained, displacement responses can be extracted off-line by a computer without human participation. In the following
section, two indices are used to detect and quantify damage by using accurate mode shapes of the membrane: one index uses
mean curvature mode shapes, and the other index is the MSDI that is used to improve local damage detection of the
membrane.
3. Experimental local damage detection

Two membranes with a random speckle pattern sprayed on one surface of each membrane were used in experiment. One
was an 11 cm radius circular membrane whose boundary is fixed on a circular ring with a double-faced adhesive tape, which
may not be an ideally fixed boundary, and the other was a rectangular membrane of 22 cm � 31 cm with fixed upper and
right sides, which may not be ideally fixed either. A thin razor cut of approximately 7 mm long was made in the circular
membrane to represent its local damage and a thin razor cut of approximately 19 mm long was made in the rectangular
membrane, as shown in Fig. 2.
Fig. 2. (a) Circular membrane with a razor cut, (b) a detailed view of the razor cut on the circular membrane, and (c) a rectangular membrane with a razor
cut.
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Modal parameters of the circular membrane fixed on its boundary under ambient excitation were first extracted. In order
to detect local damage in the circular membrane, dense measurement points were applied to it. The purpose of this example
is to verify that global mode shapes of a structure can be correctly extracted since global mode shapes of a circular mem-
brane are well known, and to verify that local damage detection can be achieved by the proposed method with enough mea-
surement points in a structure. Further, results of the rectangular membrane with different boundary conditions and global
mode shape measurement demonstrate feasibility of the method for local damage detection.

One surface on each membrane was first painted with white and black dots that were randomly sprayed on it. Sizes of
black dots were controlled to match with camera resolution. A loud speaker behind a membrane was used to generate a ran-
dom signal, which simulated ambient excitation, to excite the membrane. Two Photron high-speed cameras, each with res-
olution of up to 1280 � 1024 pixels, and a Nikon lens (AF 28 mm/2.8D) were used to capture images at a frame rate of 800f/s,
which is sufficient to analyze the first few natural frequencies of the membranes. The experimental setup for the circular
membrane is shown in Fig. 3. Two cameras were located in front of a membrane, and each camera has a certain angle with
respect to the membrane. Angles of the cameras can be obtained from the stereo-vision technique and triangulation method.
In the current work, the angles are about 45 degrees. The measurement distance is important for testing results, which is
related to pixels of the cameras, sizes of speckles, focal lengths of lenses of the cameras and so on. One of the most basic
guidelines is to ensure that there are three to five pixels in each speckle. By taking the above factors into account, the mea-
surement distance in the current work is about 800 mm. The BOMA method can be used under ambient excitation that can
be described as randomwhite noise. Since environmental excitation in the lab is very weak, in order to obtain good identified
Fig. 3. (a) Schematic and (b) the photo of the experimental setup for vibration measurement of the circular membrane based on 3D-DIC.



Fig. 4. Analyzed area of the circular membrane with 301 measurement points.
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results, random white noise excitation from a speaker is used for damage detection. BOMA does not require specific knowl-
edge of excitation. A speaker is used here to generate random white noise to simulate loading on the membranes without
recording it. Moreover, it is easy and economical to use a speaker in the experiment. Applying a speaker to generate white
noise to simulate ambient loading is well suited for membranes. In fact, random white noise from a speaker is often used in
damage detection with use of OMA [11]. When the speaker started to excite a membrane, the two high-speed cameras could
synchronously capture deformed speckle images. A commercial 3D-DIC algorithm is used to analyze each pair of images of
the two cameras to obtain the 3D full-field displacement of the membrane.

3.1. Local damage detection by a mean curvature mode shape

In order to validate the proposed method, mode shapes of the circular membrane were first obtained by the BOMA
method. An analyzed area of the circular membrane was a circle with an approximate diameter of 72 mm, as shown in
(a) 
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Fig. 5. (a) Time history curves of displacements of all the measurement points of the circular membrane, and (b) time history curves of displacements at
coordinates (0, 0) and (40, 0) of the membrane.
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Fig. 6. (a) PSDs and (b) singular-value spectra of all the measurement points of the circular membrane, and (c) singular-value spectra of the measurement
points with coordinates (0, 0) and (40, 0).

Table 1
Identified modal parameters of the circular membrane.

Mode f (Hz) f (%) S (10�5 mm2/Hz) Se (10�6 mm2/Hz) c

1 22.86 0.042 4.23 1.06 5037.51
2 35.48 0.044 10.1 5.08 3265.89

Fig. 7. (a) First mode shape of the circular membrane and (b) its second mode shape.
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Fig. 8. (a) First local mode shape of the circular membrane and (b) its first local mean curvature mode shape.

Fig. 9. (a) Second local mode shape of the circular membrane and (b) its second local mean curvature mode shape.

Fig. 10. X-Y views of the (a) first and (b) second local mean curvature mode shapes of the circular membrane.
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Fig. 11. Analyzed area of the rectangular membrane.
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Fig. 4, and there were 301 measurement points on it. Fig. 5(a) and (b) show time history curves of displacements of all the
measurement points of the circular membrane and two points with coordinates (0, 0) and (40, 0) on it, respectively. The
power of the speaker is small enough so as not to increase its damage; the maximum displacement of the membrane is smal-
ler than 0.5 mm.

Fig. 6(a) and (b) show PSDs and singular-value spectra of different measurement points of the circular membrane, respec-
tively. It is difficult to select peaks from PSDs due to inappropriately scaled abscissa. Thus, singular-value spectra are given
from FFT results. The peaks can be easily selected with singular-value spectra, where two peaks can be obviously seen near
23 Hz and 35 Hz in the 0–50 Hz range. Two frequency ranges such as 20–25 Hz and 30–40 Hz were then used to identify
modal parameters of the circular membrane by BOMA. In addition, a measurement point that is close to the maximum
amplitude point of a mode shape is sensitive to the corresponding natural frequency, and the singular-value spectrum of
the measurement point has a sharp peak at the corresponding natural frequency, as shown in Fig. 6(b) and (c). A measure-
ment point that is close to the minimum amplitude point of a mode shape is insensitive to the corresponding natural fre-
quency, and the singular-value spectrum is smooth at the corresponding natural frequency, as shown in Fig. 6(b) and (c).
Table 1 gives its identified modal parameters of the first two orders. Fig. 7 shows that the first two global mode shapes of
the membrane, which are consistent with what one expects for a circular membrane. It can be seen from Fig. 6(c) and
Fig. 7 that the center measurement point of the circular membrane with coordinates (0, 0) and another measurement point
(a)

Mode 1

Mode 3

Mode 2

(b) 

Fig. 12. (a) PSDs and (b) singular-value spectra of different measurement points of the rectangular membrane.



Table 2
Identified modal parameters of the rectangular membrane.

Mode f (Hz) f (%) S (mm2/Hz) Se (10�5mm2/Hz) c

1 3.21 0.059 0.12 15.7 54079.64
2 10.61 0.105 0.019 6.39 7004.92
3 27.27 0.027 0.007 3.71 62993.3

Fig. 13. (a) First global mode shape of the rectangular membrane and (b) its first global mean curvature mode shape.

Fig. 14. (a) Second global mode shape of the rectangular membrane and (b) its second global mean curvature mode shape.
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with coordinates (40, 0) are close to the minimum amplitude points of the second and first mode shapes, respectively;
singular-value spectra of the two measurement points are smooth at the second and first natural frequencies, respectively.
With 301 measurement points in the analyzed area, the global mode shapes in Fig. 7 are smooth and the damage area cannot
be observed. This is due to the fact that horizontal and vertical distances of neighboring measurement points are 8 mm,
whereas the razor cut is only 7 mm long. Due to this reason, denser measurement points were needed to detect the local
damage. Another analyzed area was chosen, which was a circle centered around the center of the damage with an approx-
imate diameter of 18 mm, and there were 301 measurement points in the analyzed area; horizontal and vertical distances
between neighboring measurement points are 2 mm. Figs. 8 and 9 depict the first two local mode shapes of the membrane
and its first two local mean curvature mode shapes [16]. Fig. 10 depicts X-Y views of the first two local mode mean curvature
mode shapes.



Fig. 15. (a) Third global mode shape of the rectangular membrane and (b) its third global mean curvature mode shape.

Fig. 16. X-Y view of the third global mean curvature mode shape of the rectangular membrane.
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The anomaly area displayed in the first local mode shape of the circular membrane is at the center of the analyzed area,
where the razor cut is. Moreover, the first local mean curvature mode shape more clearly identifies the damage location.
Anomaly also exits in the second local mode shape and second local mean curvature mode shape. Anomaly or the damage
area occurs near anti-nodes of the first or second local mean curvature mode shape of the membrane. The above results show
that there are anomalies in the local mode shapes or local mean curvature mode shapes at the damage location. The damage
location can be identified by the local mode shapes and local curvature mode shapes.

Another experiment was conducted on the rectangular membrane. An analyzed area of the membrane was a rectangle of
98 mm � 98 mm, as shown in Fig. 11, and there were 50� 50 measurement points. Fig. 12(a) and (b) shows PSDs and
singular-value spectra at different measurement points of the rectangular membrane, respectively, where three peaks can
be obviously seen near 3 Hz, 10 Hz, and 27 Hz within 0–50 Hz. Three frequency ranges such as 1–5 Hz, 6–14 Hz, and 20–
30 Hz are then used to identify modal parameters of the rectangular membrane by BOMA. Table 2 gives its modal parameters
of the first three orders. Global mode shapes of the membrane relative to its initial shape are fitted using coordinates of the
2500 measurement points from its initial reference image. Figs. 13–15 show the first three global mode shapes of the mem-
brane and its first three global mean curvature mode shapes. Fig. 16 shows the X-Y view of the third global mean curvature
mode shape.

The damage area is less prominent from the first and second mode shapes than the third mode shape from which anom-
aly in the analyzed area can be clearly seen. Anomaly is more clearly seen in each of the three global mean curvature mode



Fig. 17. MSDIs d associated with the (a) first and (b) second local mode shapes of the circular membrane.

Fig. 18. X-Y views of d associated with the (a) first and (b) second local mode shapes of the circular membrane.
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shapes than each of the three global mode shapes, respectively, which identifies the damage location. The anomaly area in
Fig. 16 is in good agreement with the actual location of the cut in Fig. 11.

3.2. Local damage detection by the MSDI

A point p on a two-dimensional undeformed flat membrane can be described by coordinates x and y, and its mode shape Z
can be expressed as a function of x and y:
Z pð Þ ¼ Z x; yð Þ ð8Þ

The MSDI is defined by [31]
d pð Þ ¼ Zd pð Þ � Zp pð Þ
h i2

ð9Þ



Fig. 19. MSDIs associated with the (a) first, (b) second, and (c) third global mode shapes of the rectangular membrane.
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where Zd is a mode shape of a damaged membrane and Zp is the corresponding mode shape from a polynomial that fits Zd

with a properly determined order; Zp can be considered as the mode shape of the associated undamaged membrane. Note

that both Zd and Zp are in vector forms. The MSDI is used to further assist local damage detection, and structural damage can
be identified in neighborhoods with high values of the MSDIs.

The mode shape Zp at p from a polynomial fit with an order n can be expressed by
ZpðpÞ ¼ Zpðx; yÞ ¼
Xn
k¼0

Xk

i¼0

ai;k�ixiyk�i ð10Þ
where ai;k�i are coefficients of the polynomial that fits Zd. Note that increasing n can improve the level of approximation of Zp

to Zd. A fitting index fit and a convergence index con in Ref. [31] are used to determine a proper value of n so that anomaly
caused by damage on a membrane can be retained and manifested in d. The fitting index fit that is defined by
fitðnÞ ¼ RMSðZdÞ
RMSðZdÞ þ RMSðeÞ

� 100% ð11Þ
where RMSð�Þ denotes the root-mean-square value of a vector and e ¼ Zd � Zp is an error vector with the polynomial order n,

can quantify the level of approximation of Zp to Zd. The convergence index con can be expressed by
conðnÞ ¼ fitðnÞ � fitðn� 2Þ ð12Þ



Fig. 20. X-Y views of d associated with the (a) first, (b) second, and (c) third global mode shapes of the rectangular membrane.
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The proper value of n can be obtained by increasing its value and calculating con in Eq. (12). The proper value of n is the
smallest one with which con is smaller than a threshold value, which is con ¼ 0:5% in this work.

MSDIs d and their X-Y views associated with the first and second local mode shapes of the circular membrane are shown
in Figs. 17 and 18, respectively. The cut in the circular membrane can be clearly identified in neighborhoods with high values
of d. MSDIs d associated with the first, second, and third global mode shapes of the rectangular membrane are shown in
Fig. 19(a)–(c), respectively. It can be found that the cut in the rectangular membrane corresponds to high values of d. How-
ever, there are high values of d at some corners of the rectangular membrane. They are caused by the polynomial fit at some
corners of the rectangular membrane; X-Y views of d without values at some corners of the rectangular membrane are
shown in Fig. 20(a)–(c). The cut in the rectangular membrane can be clearly identified.
4. Conclusions

A novel method that combines BOMA and 3D-DIC is proposed to detect local damage in circular and rectangular mem-
branes with razor cuts and different boundary conditions under ambient excitation. Main advantages of the method are that
it is a noncontact and full-field vibration measurement method that can detect local damage of a structure under ambient
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excitation without any added mass on the structure, and boundary conditions of the structure can be non-ideal. Since the
method only requires ambient excitation, input excitation data are not needed. When local damage is present, it manifests
itself as anomaly in a local or global mode shape or a local or global curvature mode shape with good visibility. The method
can be easily implemented. It can provide quantitative information on the amplitude of vibration of a structure and over-
come disadvantages of the technique in Ref. [11]. Using MSDIs can further improve local damage detection results. Use of
the first two or three mode shapes of the membranes can identify locations of their local damage, and the identified locations
of the local damage from the first two or three mode shapes are consistent.
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