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Abstract. This paper presented the use of quaternion-based three-channel joint transmissibility
(QTJT) in structural state detection. During the detection process, the time-domain pure
quaternion sequences were obtained based on the three dimensional spatial vibration signals from
two different testing points. Then QTJTs of the object structure under different states were
calculated by discrete quaternion Fourier transform (DQFT). Subsequently, modular vectors of
the QTJTs were utilized to construct the state matrix of the object structure and the
Karhunen-Loeve Transform (K-LT) was employed to calculate the state feature index vectors.
Finally, Euclidean distance between state feature index vectors was obtained, which was
considered as the state indicator. An actual experiment was performed on the test platform of
ballastless track and the result with 100 percent correct identification was achieved. Combined
with the experimental results, the advantages of QTJT comparing to transmissibility based on
scalar signals were discussed. The QTJT can be used when the vibration composes from multiple
dimensional synchronous vibrations. And more importantly, the QTJT is consistent with its
theoretical value in spite of the installation orientation of the sensors.

Keywords: quaternion-based three-channel joint transmissibility, state detection, quaternion
sequences, Karhunen-Loeve transform.

1. Introduction

Vibration-based structural state detection is a vital field both in theoretical research and
engineering application. The vibration parameters are related to the physical properties of the
structure such as mass, damping and stiffness. Therefore, changes in physical properties of the
structure will affect the vibration characteristics. This has led to the development of
vibration-based structural state detection methods, which examine changes in the vibration
characteristics of structures as indicators of state [1-3]. Among the existing methods, to detect
state based on response-only data is more attractive for engineering structures, specially in
situations where the excitation force are unavailable or inaccessible.

Methods based on response-only data mainly take modern signal-processing technique and
artificial intelligence as analysis tools, so as to construct and extract more sensitive feature index
to small state change [4-7]. Among the used features, the transmissibility is a well-known linear
system concept determined by the intrinsic characteristics of structure. So the transmissibility has
been widely applied in state detection in various engineering structure. For instance, Zhang et al.
used both translational and curvature transmissibility to detect damage on a composite beam, and
also proposed both magnitude and phase damage indicators [8]. Chen et al. utilized transmissibility
to train a neural network which delivers the diagnostic indications of the faults introduced into the
structure [9]. Mao and Todd investigated two features computed from transmissibility
measurement changes to quantify connection stiffness loss: root-mean-square error and
dot-product difference [10]. Recently, Lang et al. extended the transmissibility to structure that
behaved non-linearly by introducing the Transmissibility of Non-linear Output Frequency
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Response Functions (NOFRFs) [11].

It can be found that the measurement systems in previous researches equipped single axis
sensors and dealt with scalar signals. Actually, the measured vibration value is just the projection
of the real vibration in sensitive direction of the sensor. Therefore, methods based on scalar signals
may have difficulties or even fail to monitor spatial vibrations that are composed from multiple
dimensional synchronous vibrations. In order to solve this problem, the vibration signals can be
collected by triple axis accelerometers and then processed separately for each single channel.
However, this method ignores the correlation among different channels that might lead to false
synthesis vibration. Therefore, it is reasonable to treat the three-channel vibrations as vector
signals. The quaternion is very suitable for presenting three-dimensional vector signal, because
the operation of its three imaginary is equivalent. For instance, Rehman and Mandic investigated
the empirical mode decomposition for trivariate signals and indicated that the information from
three channels, when processed together, will obtain better accuracy [12]. Yamamoto divided
three dimensional vibration signal into periodic components, and he also pointed out that the
periodic components can be represented as space ellipses [13]. Tong employed quaternion K-LT
to extract features for asynchronous motors with faults, but the data he deal with was restricted to
the time-domain quaternion sequence [ 14]. Furthermore, Ell, Moxey and Sangwine made research
cooperatively on the problems of DQFT and quaternion correlation analysis (QCA). The relative
research achievements has laid a foundation of the quaternion frequency-domain analysis [15-18].

In this work, a state detection method using QTJT was described. Techniques of DQFT and
K-LT were successively employed to extract the state feature index vectors. Then the Euclidean
distance between the state feature index vectors was defined as the state indicator. And the
availability of this method was demonstrated by an actual experiment on the test platform of
ballastless track.

2. The calculation of QTJT

For scalar signals, the transmissibility is defined as the ratio of two response frequency spectra
of like variables (motion response/motion input) x; and x;. It defines how vibration (both
amplitude and phase) is transmitted between two testing points on structure when x; and x; are
selected as acceleration time-domain sequences. Suppose a n-degree-of-freedom (n-DOF) linear
structure is excited by external force f(t) = [f;(t), f2(t), ..., [n(£)]. If f(t) contains uniform
spectral density like white-noise, such as ambient excitation, the Fourier transform of f (t)
becomes a constant C. Now the acceleration transmissibility between output DOF i and
reference-output DOF j can be calculated as:

Ai(w) _ C - Yi=1 Hy(w) _ k=1 Hi(w)
Aj(w) C-¥i Hy(w) he1Hi(w)’

where A(w) is the frequency spectra of acceleration signal and H(w) = —(w?*M + iwC + K)™!
is nxn frequency response function (FRF) matrix. M is nxn mass matrix, C is nxn viscous

damping matrix, and K is nxn stiffness matrix. If the excitation force is only applied to the k-th
DOF, i.e., f(t) =[0,0, ..., fr(t), ...,0], Eq. (1) turns to:

A;j(w) _ Hy (w)

ST (©) = 2@ ~ By

@

In above two cases, the excitation force does not participate in the calculation of ST;;(w), but
just provides vibration energy. At this point, ST;;(w) only depends on the location of external
excitation. According to Eq. (1) and Eq. (2), ST;j(w) is a function of FRF that reflects intrinsic
characteristic of the structure. That is the reason why transmissibility can be used for state
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detection.

In this work, triple axis accelerometers were used to collect acceleration signals a,(t), a, (t),
and a,(t) of three orthogonal directions of x, y and z. Then a time-domain pure quaternion
sequence aq(t) = [ag1, gz, ) aAgm] Was constructed, where ag, = iay, + ja,, + ka,,.. In this
case, transmissibility based on scalar signal is no longer applicable. Therefore, the QTJT was
developed to deal with the quaternion sequence. To take a reference to the defination of
transmissibility for scalar signals, the QTJT was defined as the ratio of two response frequency
spectra of quaternion like variables, which can be given by:

AQ (‘U)AQ ()

Ty =24 wa =
0Ty (@) = Ve, = 2

(w
AQJ-((D)

)

where A, (w) is the quaternion frequency spectra and () indicates the dot product of quaternion.
The quaternion Fourier transform was proposed by Ell to analyze two dimensional linear
time-invariant system [15, 16]. Ell’s original quaternion Fourier transform was defined as follows:

Hljw, kv] =.[ J e J9th(t, 1)e ¥t dtdr. 4)

The transform defined in Eq. (4) is a transform from the spatial domain (¢, 7) to the spatial
frequency domain (jw, kv). The quaternion Fourier transform was first applied to color images
by using a discrete version of Eq. (4), which can be given by [17]:

M-1N-1
1 mu , nv
FQ (u, 17) = \/ﬁ Z Z e_uzn(v-'—W)f(m, n), (5)
x=0 y=0

where p is a arbitrary unit pure quaternion, f(m,n) means a MxN color image presented by
quaternions, (m, n) and (u, v) are coordinates in spatial domain and spatial frequency domain,
respectively. In this work, the time-domain pure quaternion sequence a,(t) can be considered as
a 1xN color image. So the quaternion frequency spectra of a, (t) was calculated as:

Ag(w) = —= Z (W) ay(6), u= ﬁ(i+1+k). (©)
t=0

Based on Eq. (6), Ag(w) is a quaternion sequence, which reslut in the QTJT is also a
frequency-domain quaternion sequence. It carries complete information on the dynamic behavior
of the structure.

3. State detection based on QTJT

In this work, an experiment was carried out on the test platform of ballastless track with a
length of 20 m. This platform was built based on the standard of the high speed railway from
Harbin to Dalian, China. As shown in Fig. 1, two triple axis accelerometers (PCB 356A33) were
installed on testing point A and B located on the rail cant of midspan with interval of two groups
of fasteners, respectively. The ballastless track was excited by a hammer with plastic hammerhead
at the left side of both the two sensors. Then acceleration data of output B and reference-output A
were acquired to calculate the QTJTs. The structural state changes were achieved by loosening
fasteners between two testing points one after another. Therefore, there were totally five states of
the ballastless track, all fasteners tightened, fastener 1 loosened, fastener 1 and 2 loosened, fastener
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1, 2 and 3 loosened, and all four fasteners loosened.

The sampling frequency and the amount of the sampling points were 10 kHz and 1024,
respectively, which meant the frequency resolution of QTJT is 9.76 Hz. Under each state, the
ballastless track was excited 20 times at a fixed point, which resulted in 20 QTJTs. The former
15 QTJTs were considered as training data and the remaining 5 QTJTs were considered as testing
data. The training QTJTs were utilized as column entries to form a matrix, called as state matrix
of the object structure, and then the K-LT was employed to deal with the problem of state detection.
Actually, only the amplitude-frequency characteristics of QTJTs, i.e., the modular vectors of
QTITs (hereinafter referred to as QTJTs), were utilized in this work.

a4l 4

a) The test platform of ballastless track

VJ-Signal o ', & 2 Jx Computer. -

b) The schematic diagram c) The experimental scene and equipments
Fig. 1. The scene and equipments of the experiment

The K-LT is an optimal orthogonal transform based on statistical feature of the object. It can
eliminate the statistical correlation but retain the classified information. The state matrix is
denoted by Sy = [s1, 52, -, sy] € RM*N, where M is the length of QTJTs, i.e., the number of valid
quaternion spectra lines that participate in operation, and N is the number of measured QTJTs.
The covariance matrix C, € RM*™ of S, can be decomposed by:

Co=W-3 W7, ™

where W = [wy, wy, -+, wy] € RM*VN is the feature subspace spanked by the training QTJTs,
W -WT =T1and Y = diag(14, 13, ...,Ay) € R¥*N, and 4; (1; = A, = -+ = 1) is the respective
eigenvalue of C,. For each training QTJT s;, j =1,2,..., N, it was projected to the feature
subspace to get a new projection vector s;:

si=wWT-s;. (3)

Here, projection vector s; was utilized as the state feature index vector. Given a pair of
arbitrary testing time-domain quaternion sequences, the corresponding testing QTJT was
calculated and then projected to the feature subspace to get projection vector s;. Thus, the testing
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state was just the state that contained the minimal Euclidean distance between s; and s;. The
QTJTs corresponding to s]f and s{ are called matching QTJTs.

4. Results and discussion

All the 20 measured QTJTs under state 1 (all fasteners tightened) were illustrated in Fig. 2,
where the color code cycled every seven QTJTs and “time i” meant the i-th excitation. Actually,
the sampled signal usually mixed with the ambient noise and low-frequency response of the
supporting structure, meanwhile, the plastic hammerhead made the power of excitation force
mainly concentrate within 2 kHz. This leaded to mussy QTJTs below 0.2 kHz and beyond
1.8 kHz. Therefore, the valid frequency range was selected as 0.2 kHz-1.8 kHz in this work. The
reduced QTJTs under state 1 were illustrated in Fig. 3.

According to Eq. (3), the QTJT does not rely on the excitation force. Therefore, the QTJTs
under the same state should coincide in theory. Fig. 3 indicated that all the QTJTs within valid
frequency range under state 1 coincided well. If the QTJTs can be used for structural state
detection, they should not only coincide under the same state but also disaccord under different
states. The average QTJT under each state was calculated and illustrated in Fig. 4. Compared with
Fig. 3, there were visible differences among the average QTJTs under different states. Synthesized
the illustrations of Fig. 3 and Fig. 4, the QTJTs can be used for state detection really.

10 T T T r I T T
——time 1 time 11
‘ time 2 ——time 12
8l time 3 time 13 |
time4 ——time 14
——time§ —time 15
o l time 8 ——time 16
o 6 time 7 time 17 [
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Fig. 2. All the measured QTJTs under state 1
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Fig. 3. The reduced QTJTSs under state 1
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Fig. 4. The average of QTJTs under different states

Furthermore, the real and imaginary components of the former five training training QTJTs

under state 1 were illustrated in Fig. 5, respectively. The imaginary components of the QTJTs
presented obvious distinction. But anyway, the modular vectors of the QTJTs were consistent,
which was verified by Fig. 3. That was the reason why the state matrix was constructed by the
modular vectors of the QTJTs rather than the QTJTs themselves.
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Fig. 5. The components of QTJTs in state 1

If the vibration direction deviates the sensitive direction of the sensor, when single axis sensor
is used, the vibration amplitude will decrease but the frequencies remain the same. The measured
transmissibility based on scalar signals will deviate from its theoretical value unless the
installation orientations of the sensors are in strict accordance with each other. However, it is
difficult to strictly ensure this condition in practical applications. What is more, the vibration is
usually composed from multiple dimensional synchronous vibrations whose direction may be
possibly time-varying, which will result in the transmissibility varying more than simple scaling
changes. At this point, state detection based on transmissibility may fall in trouble.

0

a)
Fig. 6. The rotation performance: a) rotation of a 3D vector v about unit vector u by an angle 26 and
b) orientation of the sensor coordinate system changed in a virtual way

In order to verify this idea, the former five training z-transmissibilities (transmissibilities based
on signals from z chanel) under state 1 were calculated. Subsequently, the original time-domain
sequences were rotated about a 3D unit vector u by employing the rotation property of
quaternions. Fig. 6(a) illustrates the rotation of an arbitrary vector v € R3 by an angle 26 about
3D unit vector u. To extend the vector u and v as pure quternions by the defination mentioned in
section 2. Then the rotation v’ can be calculated by Eq. (9), where e“® = cosf + usin@ is the
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exponential form of a unit quaternion. It was equivalent to just rotate the sensor coordinate system
about u by an angle 26. In other words, the origin of the sensor coordinate system remained the
same, but the orientation of the sensor coordinate system changed in a virtual way, as shown in
Fig. 6(b). Without loss of generality, a rotation about vector u = (i + j + k)/v/3 with angle of
1 /6 was performed for quaternion sequences from sensor B. Then z-tansmissibilities before and
after rotation were illustrated in Fig. 7. The Fig. 7 indicated that the z-transmissibilities presented
distinguishing forms which were more than simple scaling changes. Furthermore, the consistency
of the z-transmissibilities also changed, which could be seen from the amplified subgraphs in
Fig. 7. These changes also occured in x-transmissibilities and y-transmissibilities, which were
skipped here. There was no doubt that these changes might lead to different results of state
detection.

*
’
v = ey(ev?), Q)
" — || ,ué ud\*|| — ||, ub ub\*|| —
VIl = [[e*®v(e*®) || = [|e*®] - IIvll - || (e = |lvl. (10)
The repeatability in details Zz-transmissibility 1 The repeatability in details z-tranmissibility 1
1 —+—z-transmissibility 2 —'—z—tranm?ss?b?hly 2
25 - — = -z-transmissibility 3 || ar . i i z—tranm!ss!b!\!ly 3
—=-z-transmissibility 4 3 R g ---z—tranm!ssfb!hty 4
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g 04 2
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£ E 4l
< < 4
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Frequency(Hz) Frequency(Hz)
a) Before rotation b) After rotation

Fig. 7. The former five z-transmissibility in state 1

When tripe axis sensor is used and its installation location is fixed, the real spatial vibration
will be acquired faithfully. Obviously, the amplitude of spatial vibration at the testing point will
not change with the changes of observation coordinate system. No matter how the installation
orientation of the sensor changes, the variation trend of the vibration amplitude during sampling
time remain the same, which can be verified by Eq. (10). As a corollary, the amplitude-frequency
characteristics of the spatial vibration at testing point B remain the same, and so dose at testing
point A, .. [ Aqi(@)] = [145:(@)]| and gy @)]| = 45 (@)]|

As mentioned above, only the amplitude-frequency characteristics of QTJTs were utilized in
this work. According to Eq. (11), the measured QTJT (no noise is taken into consideration) should
be consistent with its theoretical value in spite of the installation orientation of the sensors. Besides
the rotation operation for sensor B, the original time-domain quaternion sequences from sensor A
were also rotated about vector u = (i — j — k)/+/3 with angle of /3. Thus, three QTJTs were
obtained, the original QTJT, rotary B QTJT and rotary A&B QTJT. It was encouraging that the
QTJTs before and after rotation coincided exactly indeed, as shown in Fig. 8(a). Note that the real
components and the imaginary components did not coincide before and after rotation, as shown
in Fig. 8(b) and Fig. 8(c). It meant the phase-frequency characteristics of the spatial vibration
changed when the sensor coordinate system changed:

o] _ ]
[40,@)] 4@

AQL.((U) |
AQj (w)|

QTi;(w)] = = [|QT};(w)]|. (11)
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Fig. 8. QTJTs based on signals before and after rotation

According to the method mentioned in section 3, state detection was performed. As an
example, the results of the first testing data from state 1 to 4 were summarized in Fig. 9. As
mentioned above, the former 15 training QTJTs under each state were used as column entries to
form the state matrix. That is the QTJTs of column 1 to column 15 belongs to state 1, the QTJTs
of column 16 to column 30 belongs to state 2, and so on. Therefore, given a testing QTJT under
state i, its matching QTJT must be one of the QTJTs corresponding to column entries from
15%(i — 1)+1 to 15i. As shown in Fig. 9, the matching QTJT of the first testing QTJT under state
1, 2,3 and 4 is the QTJT of column 14, 28, 45, and 53, respectively. The correct detection result
was obtained. The results for all the testing QTJTs were summarized in Table 1. For each testing
QTJT under any state, the first column recorded the column number of its matching QTJT, and
the second column recorded the result of state identification. The symbol “\’ meant correct
identification and symbol ‘X’ meant misidentification. In this work, the suggested method resulted
in a correct identification rate of 100 %.

Table 1. Results of state identification for all the testing data

State No The serial number of matching training QTJT and identification results
" | Testing QTJT 1 | Testing QTJT 2 | Testing QTJT 3 | Testing QTJT 4 | Testing QTIT 5
1 14 v 15 v 14 v 15 v 15 v
2 28 N 27 N 27 N 28 N 27 N
3 45 v 40 v 44 v 43 v 45 v
4 53 N 53 N 53 N 53 N 52 N
5 75 v 75 v 71 v 74 v 74 \

In theory, the former 15 Euclidean distances should be smaller than other ones if the testing
state is state 1, Euclidean distances of 16 to 20 should be smaller than other ones if the testing
state is state 2, and so on. However, the computed Euclidean distance results will generate aliasing
inevitably because of multiple factors such as computing errors, tiny changes of load location and
test-related uncertainty. Actually, the aliasing can be obviously seen in Fig. 8, especially between
state 3 and 4. Here, magnitude state indicators proposed in Ref. [8] was also imitated by comparing
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the area under QTJT curves, as shown in Fig. 10. State 1 was considered as the healthy state and
the green straight line was reference line, which was a free custom straight line that facilitated
ordinate observation. It also presented obvious aliasing between state 3 and state 4 marked by the
dashed rectangle. That was just the reason why multiple data under one state were processed and
the final decision was based on the minimal Euclidean distance result.
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Fig. 10. State indicators by comparing the area under QTJT curves
5. Conclusions

In this paper, the conventional transmissibility was promoted to quaternion field. Combined
with technique of K-LT, a structural state detection method based on the QTJT was described.
This method can be applied for state detection when the sampled vibration signals are composed
from multiple directional vibrations and the excitation force is unavailable or inaccessible. The
availability of the suggested method was demonstrated by an actual experiment on the test
platform of ballastless track with single external excitation and two testing points. The result with
100 percent correct state identification was achieved. This method provides a solution to identify
the presence of the state changes, but it can be further developed to identify both the presence and
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location of state changes by increasing the testing points and identifying the adjacent QTJTs
successively. Even more important, this method preserves the theoretical value of the QTJT
without specific and strict requirement for installation orientation of the sensors, which is
advantageous in practical applications.

Acknowledgements

This work was supported by the National Natural Science Foundation of China
(No. 51305064), the Scientific Research Project of Education Department of Liaoning Province
Key Laboratory, China (No.L2012014), the Fundamental Research Funds for the Central
Universities, China (No. DUT13LAB14), and Open Funds of Traction Power State Key
Laboratory, Southwest Jiaotong University, China (No. TPL1309).

References

[1] Doebling Scott W., Farrar Chareles R., Prime Michael B. A summary review of vibration-based
damage identification methods. The Shock and Vibration Digest, Vol. 30, Issue 2, 1998, p. 91-105.

[21 Yan Y. J,, Cheng L., Wu Z. Y., Yam L. H. Development in vibration-based structural damage
detection technique. Mechanical Systems and Signal Processing, Vol. 21, Issue 5,2007, p. 2198-2211.

[3] Fan W., Qiao P. Z. Vibration-based damage identification methods: a review and comparative study.
Structural Health Monitoring, Vol. 10, Issue 1, 2011, p. 83-111.

[4] Duan Z. D., Yan G. R., Ou J. P., Spencer B. F. Damage localization in ambient vibration by
constructing proportional flexibility matrix. Journal of Sound and Vibration, Vol. 284, 2005,
p. 455-466.

[S] Parloo E., Verboven P., Guillaume P., van Overmeire M. Autonomous structural health monitoring
—part II: vibration-based in-operation damage assessment. Mechanical Systems and Signal Processing,
Vol. 16, Issue 4, 2002, p. 659-675.

[6] LuY., Gao F. A novel time-domain auto-regressive model for structural damage diagnosis. Journal
of Sound and Vibration, Vol. 283, 2005, p. 1031-1049.

[71 Zhong S. C., Oyadiji S. O., Ding K. Response-only method for damage detection of beam-like
structures using high accuracy frequencies with auxiliary mass spatial probing. Journal of Sound and
Vibration, Vol. 311, 2008, p. 1075-1099.

[8] Zhang H., Schulz M. J., Ferguson F. Structure health monitoring using transmittance functions.
Mechanical Systems and Signal Processing, Vol. 13, Issue 5, 1999, p. 765-787.

[9] Chen Q., Chan Y. W., Worden K. Structural fault diagnosis and isolation using neural networks
based on response-only data. Computers and Structures, Vol. 81, 2003, p. 2165-2172.

[10] Mao Z., Todd M. A structural transmissibility measurements-based approach for system damage
detection. Proceedings of SPIE — The International Society for Optical Engineering, Vol. 7650, 2010,
p. 76500G.

[11] Lang Z. Q., Park G., Farrar C. R., Todd M. D., Mao Z., Zhao L., Worden K. Transmissibility of
non-linear output frequency response functions with application in detection and location of damage
in MDOF structural systems. International Journal of Non-Linear Mechanics, Vol. 46, 2011,
p. 841-853.

[12] Rehman N., Mandic D. P. Empirical mode decomposition for trivariate signals. IEEE Transactions
on Signal Processing, Vol. 58, Issue 3, 2010, p. 1059-1068.

[13] Yamamoto H., Aoshima N. 3D vibration-scope with quaternion processing. SICE Annual Conference
in Fukui, 2003, p. 2373-2376.

[14] Tong J. Feature extraction for vibration signal of asynchronous motor based on quaternion K-L
transform. International Conference on Electrical and Control Engineering, 2010, p. 1006-1009.

[15] EN T. A. Hypercomplex Spectral Transforms. Ph.D. dissertation, University of Minnesota,
Minneapolis, 1992.

[16] ENT. A. Quaternion-Fourier transforms for analysis of two-dimensional linear time-invariant partial-
differential systems. Proceedings of 32nd IEEE Conference on Decision and Control, San Antonio,
TX, Vols. 1-4, 1993, p. 1830-1841.

[17] EN T. A., Sangwine S. J. Hypercomplex fourier transforms of color images. IEEE Transactions on
Image Processing, Vol. 16, Issue 1, 2007, p. 22-35.

© JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. MAR 2015, VOLUME 17, ISSUE 2. ISSN 1392-8716 937



1564. STRUCTURAL STATE DETECTION USING QUATERNION-BASED THREE-CHANNEL JOINT TRANSMISSIBILITY.
TONGQUN REN, LIANG HE, DAZHI WANG, JUNSHENG LIANG, MEILING HUI

[18] Moxey C. E., Sangwine S. J., Ell T. A. Hypercomplex correlation techniques for vector images. IEEE
Transactions on Signal Processing, Vol. 51, Issue 7, 2003, p. 1941-1953.

Tongqun Ren received the B.E. degree in Measuring and Control Technology and
Instrumentations from Tianjin University, China, in 2002, and his M.E. and Ph.D. degrees
in Precision Measuring Technology and Instruments from Tianjin University, China, in
2005 and 2008, respectively. He is now an Associate Professor in School of Mechanical
Engineering, Dalian University of Technology, China. His research interests include
vibration detection, signal analysis and computer vision.

Liang He received the B.S. degree from Shandong University of Technology, China, in
2012. Now he is a master student with School of Mechanical Engineering, Dalian
University of Technology, China. His current research interests include fault diagnosis and
signal analysis.

Dazhi Wang received the B.E. degree in materials science from Northeastern University,
China, in 2002, and his M.E. and Ph.D. degree in materials science from Queen Mary
University of London, UK, in 2003 and 2006, respectively. He worked in Cranfield
University, UK, from 2006-2008. He is now a Professor in School of Mechanical
Engineering, Dalian University of Technology, China. His current research interests are
electrohydrodynamic jet-based micro- and nano-fabrication, piezoelectric microsystems
and structural health monitoring.

Junsheng Liang received the B.E. degree in Mechanical Engineering from Hefei
University of Technology, China, in 1995, and M.E. degree in Mechanical Engineering
from Guilin University of Electronic Technology, China, in 2003. He received his Ph.D.
degree in Mechanical and Electronic Engineering from Dalian University of Technology,
China, in 2007. He is now an Associate Professor in School of Mechanical Engineering,
Dalian University of Technology, China. His research interests include technology of
measurement and control, micro- and nano-electromechanical systems (MEMS/NEMS)
and structural health monitoring.

Meiling Hui graduated in North China Institute of Aerospace, Langfang, China. Now she
is a master student with School of Mechnical Engineering, Dalian University of
Technology, China. Her current research interests include fault diagnosis and signal
analysis.

938 © JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. MAR 2015, VOLUME 17, ISSUE 2. ISSN 1392-8716




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.5
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages true
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth 8
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [4000 4000]
  /PageSize [612.000 792.000]
>> setpagedevice


