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Abstract: When aircraft, spacecraft, automobile, ship, or other engineering facilities are impacted by other objects during service, 

the damage may cause failure of the components or even catastrophic accidents. It is essential to take effective measures to monitor 

and assess such active impact damage. To locate impact damage precisely in real-time in an engineering structure, a non-contact 

impact damage location method based on scanning laser Doppler vibrometer (SLDV) was proposed. The Hilbert-Huang transform 

(HHT) was applied to the signal processing to obtain the best response frequency spectrum. The separated intrinsic mode function 

(IMF1) was used in the circular trajectory positioning imaging of amplitude total addition and amplitude multiplication. The 

experimental results indicate that HHT can be used to achieve non-contact impact damage location of composite materials. 
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Construction machinery structures, such as railways, 

bridges, airplanes, automobiles, and pressure vessels, will 

gradually accumulate damage due to corrosion, aging, and 

material fatigue, eventually leading to major accidents. For 

metal materials, the forms of damage include generation and 

extension of cracks and plastic deformation while for 

composite materials, the damage forms mainly include matrix 

cracking, delamination, and fiber breakage, etc.

[1]

. These 

defects will seriously affect their reliability, function, and 

durability

[2]

. Using structural health monitoring technology

[3]

, 

the structure can be monitored in real-time, and the location 

and extent of damage can be quickly detected to prevent the 

occurrence of major accidents. 

The Hilbert-Huang transform (HHT) is an advanced 

algorithm for non-linear, non-stationary signal processing

[4]

. It 

is based on an adaptive basis function, and its frequency is 

given by difference instead of convolution. The feature 

extraction is represented by time-frequency-energy space. 

HHT does not need a priori function, is adaptive

[5]

, and can be 

used in processing abrupt signals, such as seismic signals, 

collision signals. Combined with the principle of random 

fuzzy statistics, the Hilbert marginal spectrum energy index is 

used to identify the damage in a beam bridge model

[6]

. In 

machining, HHT is used to analyze the vibration signal of the 

milling process, and it reflects the occurrence of vibration well 

and reveals the impact of each cutting edge on vibration

[7]

. 

According to the instantaneous energy variation established by 

HHT, the damage of a wing box structure can be judged

[8]

. In 

addition, research on response analysis and damage 

identification of seismic signals and composite structure 

signals based on the HHT method

[9-11]

 is also in progress. The 

existing methods mostly use contact sensors to receive impact 

signals, which is inconvenient in engineering practice. 

Therefore, a non-contact signal acquisition method based on 

scanning laser Doppler vibrometer (SLDV) was proposed in 

this research. HHT

[12-14]

 has been applied to analyze acoustic 

emission (AE) signal, which provides theoretical guidance in 

this research. 

The characteristic frequency of a new damage was 

constructed based on HHT theory in this research. The 

intrinsic mode function (IMF1) decomposed by empirical 

mode decomposition (EMD) was applied to the damage 
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location, and the circular trajectory positioning method was 

applied to the impact location verification. The research 

results show that HHT can be used for the analysis and 

processing of impact signals, and can effectively locate impact 

damage by non-contact detection. 

1  Basic Theory of Signal Processing and Damage 

Location 

1.1  Hilbert-Huang transform 

HHT consists of two main parts, namely EMD and Hilbert 

Transform. First, use EMD decomposition to decompose the 

complex signal into several time series from high frequency to 

low frequency and obtain the IMF, and then perform the 

Hilbert transform on the decomposed IMF. The time-spectrum 

characteristics of the original signal are available. 

1.1.1  Empirical mode decomposition (EMD) 

The Hilbert transform requires the signal to satisfy the 

narrowband condition, so a complex signal must be 

decomposed into a series of narrowband signals by the EMD 

method. These narrowband signals are the IMF, which needs 

to satisfy the conditions. The zero crossings and the extreme 

points of the signal are equal or at most one difference over 

the course of the time. At any point, the mean upper and lower 

envelopes defined by the local maximum and the local 

minimum are zero, i.e. the signal is locally symmetric about 

the time axis. EMD is a key step in the Hilbert-Huang 

transformation. The main steps are as follows.  

(1) Assuming that the original data sequence is x(t), all the 

local maxima and minima of the data sequence are found and 

interpolated by the cubic spline function to obtain the upper 

and lower envelopes x

max 

and x

min

 of the original sequence, 

respectively. Subtracting the envelope mean from the original 

data sequence yields: 

h

1

=x(t)

 

–

 

(x

max

+x

min

)/2                            (1) 

(2) Taking h

1

 as the new x(t), repeat Step 1 until h

1

 satisfies 

the two conditions of the IMF, where h

1

 is the first-order 

intrinsic mode function. 

(3) Define the residual signal r

1

 as: 

r

1

= x(t)

 

–

 

h

1

                                    (2) 

Repeating the above steps with r

1

 as the new signal yields a 

series of IMF components. Until the signal meets the standard 

deviation condition, the IMF screening is stopped at this time. 

After the end of EMD, the original signal can be expressed as 

follows: 

1

( )

n

i

i

x t h r

=

= +

∑

                                   (3) 

where h

i

 is the IMF component of each order, and r is the 

residual function, representing the average trend of the signal. 

If the separated intrinsic mode function and residual function 

are added together, the original signal can be obtained. 

1.1.2  Hilbert transform 

The Hilbert transform is performed for the signal x(t) 

satisfying the narrowband condition: 

1 ( )

( ) d

π π

x τ

y t P τ

t

+∞

−∞

=

−

∫

                            (4) 

where P is the Cauchy value and we can get its parsing signal: 

z(t)=x(t)+iy(t)=a(t)e

iθ(t)

                           (5) 

2 2

( ) ( ) ( )a t x t y t= +                             (6) 

( )

( ) arctan

( )

y t

θ t

x t

 

=

 

 

                             (7) 

By deriving the phase θ(t), the instantaneous frequency can 

be obtained: 

d ( )

( )

d

θ t

ω t

t

=                                    (8) 

After performing the Hilbert transform on each order IMF 

of the x(t) decomposition, the Hilbert spectrum can be 

obtained: 

( )d

1

( , ) ( )e

j

i ω t t

n

j

j

H ω t a t

=

∫

=

∑

                      (9) 

where a

j

(t) is the amplitude of the analytical signal of the j

th

 

order modal function. The Hilbert spectrum describes the 

distribution of the amplitude, time and frequency of the signal. 

The marginal spectrum h(ω) can be obtained from the Hilbert 

spectrum: 

0

( ) ( , )d

T

h ω H ω t t=

∫

                            (10) 

The square of the h(ω) amplitude is integrated over time to 

obtain the Hilbert energy spectrum E(ω): 

2

0

( ) ( , ) d

T

E ω H ω t t=

∫

                       � � �  (11) 

The marginal spectrum provides amplitude distribution 

related to time and frequency, and the Hilbert energy spectrum 

reflects the energy accumulation for different frequencies of 

the signal in the sampling interval. 

1.1.3  Principle of impact damage location based on SLDV 

Fiber-reinforced composite materials are widely used in 

aerospace, aviation, civil engineering, and other fields, which 

have the characteristics of high strength, high corrosion 

resistance, heat resistance, and structural design. Due to their 

wide application range, they are involved in many major 

projects and key structures and easily damaged by the external 

environment. Therefore, epoxy fiberglass fiberboard was 

selected as the research object, and the impact localization 

experiment was carried out. 

In the impact positioning experiment, a point was selected 

as the simulated impact point. The tap signal was received by 

the SLDV at a specific point, and the “Pitch-catch” mode was 

adopted. As shown in Fig.1, sensors 1, 2, and 3 form a 

triangular array. The distance between acoustic emission 

source A and sensor 1 is r. θ is the angle between the straight 

path of the sound source propagating to sensor 1 and the 

x-axis. δ

1 

is the distance difference from the source to sensor 1 

and sensor 2 while δ

2

 is the distance difference from the 
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Fig.1  Positioning principle of three sensors for circle track 

 

source to sensor 1 and sensor 3. ∆t

12

 and ∆t

13

 are the time 

differences of the signals arriving from source to sensors 1 and 

2 and to sensor 1 and 3, respectively. v is the propagation 

speed of the acoustic emission signal. With sensors 1, 2, and 3 

as the center of the circle, r, r+δ

1

, and r+δ

2

 are the radius, and 

three circles can be made. Sound source A is at the 

intersection of the three circles. 

The distance difference can be expressed: 

δ

1

=v∆t

12

, δ

2

=v∆t

13

                              (12) 

It can be seen from the geometric relationship that 

1

1 1 1

1

2 2 2

2( cos sin )

 

2( cos sin )

A

r

x θ y θ δ

A

x θ y θ δ

=

+ +

=

+ +

                      (13) 

where 

2 2 2

1 1 1 1

A x y δ= + −  

1 1 1

cos sin 0x θ y θ δ+ + ≠                         (14) 

2 2 2

2 2 2 2

A x y δ= + −

 

2 2 2

cos sin 0x θ y θ δ+ + ≠  

Simplify Eq.(13): 

1 2 2 1 2 1 1 2

1 2 2 1

arctan arccos 2 π

A y A y A δ A δ

θ m

A x A x B

− −

= ± +

−

    (15) 

                              (m=0, 1, 2···) 

where 

1

2 2

2

1 2 2 1 1 2 2 1

[( ) ( ) ]B A x A x A y A y= − + −               (16) 

SLDV was used to receive signals and eight receiving 

points was selected, three of which can be combined to 

achieve multiple components. 

(1) Amplitude total addition. The signals with impact 

damage information obtained from multiple sets of points are 

added to the amplitude B

i

(t

i 

(x, y)) of each point (x, y) in the 

plate. The imaging results are as follows: 

1

( , ) ( ( , ))

N

i i

i

B x y B t x y

=

=

∑

                       (17) 

(2) Amplitude multiplication. Multiply the amplitude B

i

(t

i

(x, 

y)) of each point (x, y) in the plate. The imaging results are as 

follows: 

1

( , ) ( ( , ))

N

i i

i

B x y B t x y

=

=

∏

                       (18) 

In Eq.(17) and Eq.(18), i represent the serial number of the 

corresponding sensor in the cell; x and y represent the 

coordinates of each point in the whole imaging region; t

ij

(x, y) 

refers to the time when the wave arrives at the sensor from a 

cell (x, y) in the plate. In short, the amplitude of the signal 

energy corresponding to each coordinate in the imaging region 

is calculated as “+” and “×” to enhance the final imaging 

effect. 

2  Impact Positioning Experiment 

2.1  Experimental preparation 

The experimental instrument was a PSV-500 laser Doppler 

vibrometer. The experimental object was a 1000 mm×1230 

mm×10 mm glass fiber epoxy resin composite plate placed 

vertically. As shown in Fig.2, the experimental platform built 

for the research consists of a PSV-500 scanning vibrometer, a 

power amplifier, and a fiberglass epoxy board. The composite 

plate is a glass fiber reinforced epoxy single-layer laminate 

with a 45° layup. As shown in Fig.2, the impact signal is 

collected on the composite panel using SLDV. On the surface 

of the board, 8 points (1~8) for collecting signals and point B 

for performing impact signal simulation are marked, and 

reflective paper is attached at the signal collection point. A 

piezoelectric piece is attached to point B, the impulse signal is 

simulated by the piezoelectric sheet excitation signal, and the 

signal is collected using the SLDV.  

2.2  HHT signal analysis 

The piezoelectric chip excitation signal was used to 

simulate the impact signal. As shown in Fig.3, the excitation 

signal is a five-peak wave with a central frequency of 150 kHz, 

the sampling point is 1024, and the signal is received at the 

specified point by SLDV. In this research, the five-peak wave 

signal is selected mainly because it has a certain bandwidth. 

As the excitation signal, the energy of the received signal is 

mainly concentrated in a frequency range. HHT transform can 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.2  Impact positioning experimental platform 
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Fig.3  Excitation signal 

 

separate the signals in each frequency band, so the required 

energy-concentrated frequency band can be extracted for 

imaging. 

Fig.4 shows the EMD decomposition of a typical signal at 

one point received by SLDV. The EMD decomposition 

divides the original signal from high frequency to low 

frequency into 8 IMFs and a trend term residue (Res). Fig.5 

shows the IMF decomposition for the original signal. 

Fig.5a~5e are the selected first-order to fifth-order IMF, 

respectively, and Fig.5f is Res. The waveform of IMF1 is 

close to the original signal, and its amplitude is the largest. As 

the decomposition progresses, its wavelength becomes longer 

and longer, the frequency becomes smaller and smaller, and its 

amplitude is large at the high-frequency part. As shown in 

Fig.5a, IMF1 has the largest amplitude and the highest 

frequency. The waveform is closer to the original signal at the 

effective frequency. The original signal is a multi-frequency 

signal, which can be used for impact location to achieve 

imaging in the time domain. However, the low-frequency part 

of the original signal will cause the size of the imaging region 

to be slightly larger than the filtered result. Moreover, for the 

five-peak wave signal with a central frequency of 150 kHz 

used for driving, the frequency band of the obtained signal 

itself is not very wide, and is mostly concentrated in the 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4  Original waveform 

high-frequency part. Therefore, IMF1 can retain the high- 

frequency signal that provides the main contribution, so as to 

make the final imaging result more accurate. The residue (Res) 

is not a constant, but a curve, which reflects the trend of its 

change. In this research, IMF1 was selected as the signal of 

the final impact location, which is equivalent to remove all 

other low-frequency components and realize the signal 

filtering. 

Fig.6 shows the 3D-HHT time-spectrum of the received 

signal. The time-frequency spectrum clearly describes the 

dynamic changes in energy over time and frequency. From 

this spectrum, we can get the amplitude corresponding to a 

certain frequency at a certain time. In Fig.5, the maximum 

peak frequency corresponds to 156 kHz, and the 

corresponding time is 8.8×10

-5 

s. Most of the energy is 

concentrated around 150 kHz, so the high-frequency 

component information can be effectively extracted by 

removing the low-frequency component by IMF1. 

3  Impact Location Experiment Results 

The glass fiber reinforced epoxy resin board can be 

approximated as an isotropic material. Therefore, sound 

velocity calibration was performed in three directions, namely 

0°, 45°, and 90°. Multiple groups of data were selected for 

averaging, and the wave packet velocity was obtained, which 

was 2399 m/s. 

The imaging method adopted in this research is based on 

the three-sensor circular trajectory positioning method. Since 

there are 8 measuring points, 8 circles are used for the 

intersection. First, the imaging area is meshed. According to 

the distance from the point in the imaging area to the receiving 

point, by comparing with the speed, the time matrix of the 

wave reaching each point can be obtained, and then the time is 

compared with the sampling time interval. Find the 

corresponding amplitude from the corresponding signal, and 

then fill it into each cell to get a single receiving point image. 

Eight graphs can be fused by amplitude multiplication and full 

data fusion methods to obtain the final imaging results. 

The final imaging results are shown in Fig.7 and Fig.8, 

where the white circle is the actual position of the piezoelec- 

tric sheet and its coordinate of center position is (180 mm, 240 

mm). Fig.7 is the comparison between actual position and 

imaging result of amplitude total addition method. Fig.7 

shows that the coordinate of the highest point of the pixel in 

the deep red region is (186 mm, 239 mm), the error in the center 

position of the piezoelectric sheet is 6.08 mm, and the 

piezoelectric sheet is basically positioned. Fig.8 indicates the 

imaging results of IMF1 using amplitude multiplication method. 

The dark red range is small, and it is basically covered by the 

piezoelectric sheet. The coordinate with the highest amplitude 

is 184 mm, 238 mm, the error in the center position of the 

piezoelectric sheet is 4.47 mm. It is already in the size range 

of the piezoelectric plate. Table 1 is the summary of the final 
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Fig.5  Empirical mode decomposition IMF results: (a) IMF 1, (b) IMF 2, (c) IMF 3, (d) IMF 4, (e) IMF 5, and (f) Res 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.6  3D time spectrum of the received signal 

 

results. The error of the two methods is within the controllable 

range, and for the amplitude total addition and amplitude 

multiplication data fusion algorithms, the amplitude 

multiplication is better since the positioning range is smaller 

and the precision is higher. By comparing the results of the 

original signal and IMF1, it can be seen that the accuracy of 

IMF1 is higher than that of the original signal. Since the HHT 

method is an empirical method, the separated modes still have 

overlapping portions, which results in a slight deviation in the 

results. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.7  Imaging results of amplitude total addition method 
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Fig.8  Imaging results of amplitude multiplication method 
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Table 1  Summary of imaging results 

Method Actual coordinate/mm Resulting coordinate/mm Error/mm 

Amplitude total addition (original waveform) (180, 240) (188, 240) 8 

Amplitude multiplication (original waveform) (180, 240) (188, 236) 8.94 

Amplitude total addition (IMF1) (180, 240) (186, 239) 6.08 

Amplitude multiplication (IMF1) (180, 240) (184, 238) 4.47 

 

4  Conclusions 

1) SLDV can be used to collect shock signals and has 

non-contact characteristics, avoiding traditional contact and 

bringing convenience to practical applications.  

2) The EMD method can effectively and adaptively 

decompose the complex signal into IMF sequences of 

different time scales and can obtain the required frequency 

band by screening and removing the unnecessary bands.  

3) The HHT method can express the time-frequency 

characteristics of the signal through the marginal spectrum, 

Hilbert spectrum, etc., and obtain the optimal response 

frequency to complement the nonlinear and non-stationary 

signal time-frequency analysis.  

4) The first-order IMF obtained by the decomposition is the 

characteristic mode, and the obtained imaging result has a 

small error with the actual impact position, which verifies the 

feasibility of this method.  

5) Using the amplitude total addition and amplitude 

multiplication method for impact location imaging based on 

the circular trajectory method, the simulated impact damage 

location can be accurately located. 
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