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This paper investigates the Lamb wave imaging method combining time reversal for health monitoring of a metal-

lic plate structure. The temporal focusing effect of the time reversal Lamb waves is investigated theoretically. It

demonstrates that the focusing effect is related to the frequency dependency of the time reversal operation. Numerical

simulations are conducted to study the time reversal behaviour of Lamb wave modes under broadband and narrowband

excitations. The results show that the reconstructed time reversed wave exhibits close similarity to the reversed nar-

rowband tone burst signal validating the theoretical model. To enhance the similarity, the cycle number of the excited

signal should be increased. Experiments combining finite element model are then conducted to study the imaging

method in the presence of damage like hole in the plate structure. In this work, the time reversal technique is used for

the recompression of Lamb wave signals. Damage imaging results with time reversal using broadband and narrowband

excitations are compared to those without time reversal. It suggests that the narrowband excitation combined time

reversal can locate and determine the size of structural damage more precisely, but the cycle number of the excited

signal should be chosen reasonably.
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1. Introduction

The use of Lamb waves for structural health
monitoring has attracted increased attention in re-
cent years.[1−4] Conventional ultrasonic inspections
are point-by-point scanning with bulk waves generated
and received at normal incidence, which takes a lot of
time for large structures. Lamb wave inspection are
often the preferred candidate of acoustic wave modes
for the inspection of large plate-like structures because
they can be excited at one point of a structure and can
be propagated over considerable distances. Hence, a
relatively large area of the structure can be interro-
gated between actuator and sensor.[5] However, Lamb
wave inspection is not a well-established technique.[6]

The key problems for data interpretation are the exis-
tence of at least two Lamb wave modes with dispersive
nature and the generation of new Lamb wave modes
by mode conversion at damages. Although one may
excite only one specific mode for the inspection, the
presence of many conversion modes is inevitable af-
ter the interaction with a defect. These modes will

share the energy and hence depress the signal to noise
ratio.[7] If one tries to enhance the inspection energy
by increasing the cycles of excited signals, which will
make the wave packet broaden when the exciting fre-
quency is invariant, the dispersive characteristic of
this broadened wave will cause difficulties of identi-
fying the defect echo. Hence, one new approach is re-
quired to reduce the dispersion effects of Lamb waves.
One such method is the time reversal method.

The concept of time reversal has been
studied in many contexts including ultrasonic
imaging,[8,9] nondestructive testing,[10,11] and wire-
less communications.[12] Núñez and Negreira[13] have
developed a theoretical background for the interpre-
tation of the time reversal processes applied to the
refocalisation of acoustic waves in dispersive media
with multimode propagation of waves. It is demon-
strated that the signal recompression enhances when
the medium is highly dispersive and when there are
several modes involved in the process. Recently, time
reversal recompression has been verified to be effective
for the dispersed multimode Lamb wave signals.[14]
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The following papers present different uses of time
reversal Lamb waves for damage detection.

Gangadharan et al.[15] investigated time reversal
active sensing by using Lamb waves for health moni-
toring of a metallic structure. Experiments were per-
formed on aluminum plates to show that broadband
excitation combining with time reversal is more suit-
able in resolving and detecting defects located near to
each other in comparison with tone burst signal excita-
tion. Experiments were also performed to show that
broadband pulse along with time reversal was effec-
tive enough in reducing the dispersion effect of Lamb
waves and enhancing the signal to noise ratio. Xu and
Giurgiutiu[16] developed a theoretical model for pre-
dicting the single mode tuning effects on Lamb wave
time reversal with piezoelectric wafer active sensors for
structural health monitoring. The validity of the pro-
posed theoretical model was verified through experi-
mental studies. The advantages of single mode tuning
in the application of time reversal damage detection
were highlighted. Sohn et al.[17] proposed an enhanced
time reversal method to assess damage in compos-
ite plates. They developed wavelet-based signal pro-
cessing techniques to enhance the time reversibility of
Lamb waves. The time reversibility was violated when
nonlinearity is caused by a defect along a direct wave
path. Examining the deviation of the reconstructed
signal from the known initial input signal allowed in-
stantaneous identification of damage without requir-
ing the baseline signal for comparison. The validity
of the proposed method was exemplified through ex-
perimental studies on a quasi-isotropic laminate with
delamination. Park et al.[18] demonstrated the appli-
cability of time reversal Lamb waves to improve the
detectability of local defects in composite plate struc-
tures. They developed a reference-free damage diag-
nosis technique based on the time reversal process so
that defects could be identified without relying on any
past baseline data. Wang et al.[8] proposed a synthetic
time reversal arrays method as an effective means of
improving the signal to noise ratio of in situ monitor-
ing systems and an imaging method for locating and
approximate sizing of structural damages.

In this paper, a time reversal Lamb wave damage
imaging method is investigated in an aluminum plate
structure. Numerical simulations based on a finite el-
ement model are conducted to study the time reversal
behaviour of Lamb wave modes under broadband and
narrowband excitations. Experiments combining fi-
nite element model are then conducted to study the

imaging method in the presence of damage like hole
in the plate structure. In this work, the time rever-
sal technique is used for the recompression of Lamb
wave signals. Damage imaging results with time re-
versal using broadband and narrowband excitations
are compared to those without time reversal. It is sug-
gested that the narrowband excitation combined time
reversal can locate and determine the size of structural
damage more precisely, but the cycle number of the
excitation signal should be chosen reasonably.

2. Lamb wave time reversal

2.1.Time reversal principle

In the time reversal procedure, an input signal
can be reconstructed at the excitation point if an out-
put signal recorded at another point is reversed in
time domain and emitted back to the original source
point. Consider two piezoelectric transducers (PZTs),
denoted as A and B, at distance r apart. Taking
no account of the electro-mechanical and mechanical-
electro efficiencies of PZTs, we first apply an exci-
tation VA (ω) to transducer A and the corresponding
response VB (ω) at transducer B, VA(ω) and VB(ω) are
related the following equation:

VB (ω) = G(ω)VA (ω) , (1)

where G (ω) is the frequency-dependent structure
transducer function that affects the wave propagation
through the medium. In the second step, the response
VB (ω) is reversed in the time domain and is applied
back to transducer B. Note that the time reversal op-
eration of a signal in the time domain is equivalent
to taking the complex conjugate of the Fourier trans-
form of the signal in the frequency domain. In the fi-
nal step, the reconstructed signal VR(ω) at transducer
A can be obtained by reemitting the time reversed
version of VB (ω) at transducer B. The VR(ω) can be
related to the VB (ω) in the previous step as follows:

VR (ω) = G(ω)V ∗
B (ω) , (2)

where the superscript * denotes the complex conju-
gate operation. The transfer function G(ω) in Eq. (2)
is assumed to be identical to the one in Eq. (1) based
on the reciprocity of elastodynamics.[19] By inserting
Eq. (1) into Eq. (2), the reconstructed signal, VR(ω),
is related to the original input signal, VA (ω),

VR (ω) = G(ω)V ∗
B (ω) = G(ω)G∗(ω)V ∗

A(ω)

= |G(ω)|2 V ∗
A(ω). (3)
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The above Eq. (3) indicates that the reconstructed
wave VR(ω) has the same phase spectrum as the exci-
tation VA (ω), while its magnitude spectrum is mod-
ulated by the frequency-dependent time reversal op-
eration |G(ω)|2. The original input signal cannot be
properly reconstructed if the input signal consists of
multiple frequency components such as a broadband
input signal. To avoid this issue, a narrowband excita-
tion should be used. In order to verify the above the-
oretical results, numerical simulations are performed
for both broadband and narrowband excitations which
will be discussed in the next section.

2.2.Time reversal validation

To justify the use of broadband and narrowband
excitation for the time reversal process, numerical sim-
ulations are conducted on an aluminum plate model
using the commercial finite element software ANSYS
11. The geometric configuration of the aluminum

plate and the location of transducers are properly ar-
ranged as shown in Fig. 1 so that only the A0 mode
is generated when transducers A and D are excited
simultaneously.[14] The polarisation of transducers B
and C is configured to be identical to that of transduc-
ers A and D. Reversing and reemitting the response
signal at transducers B and C in the time domain,
reconstructed input signals are received at transduc-
ers A and D. The sheet thickness of transducer is
0.127 mm. The 1-cycle, 5-cycle and 10-cycle tone
burst input signals shown in Figs. 2(a), 3(a) and 4(a)
respectively at a frequency of 200 kHz are employed
to numerically simulate the time reversal process.

Fig. 1. An aluminum plate model with two pairs of

surface-bonded PZT transducers to generate single mode

Lamb wave.

Fig. 2. The 1-cycle tone burst: (a) time sequence; (b) Fourier transform and (c) reconstructed signal.

Fig. 3. The 5-cycle tone burst: (a) time sequence; (b) Fourier transform and (c) reconstructed signal.
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Fig. 4. The 10-cycle tone burst: (a) time sequence; (b) Fourier transform and (c) reconstructed signal.

The original input and the reconstructed input
signals are demonstrated in Figs. 2(c), 3(c) and 4(c)
respectively. As observed here, the reconstructed in-
put signals are more precisely close to the original in-
put signals with the increase of the number of cycles.
This is because the signal energy is more concentrated
on the central frequency when more cycle number is
used, as shown in Figs. 2(b), 3(b) and 4(b).

3. Structural damage imaging

3.1. Experimental setup

The experimental setup is illustrated in Fig. 5(a).
Tone burst signals from a Agilent 33250A arbitrary

waveform generator were amplified and filtered by us-
ing a Panamatrics 5073PR pulser/receiver and used
to drive a 200 kHz PZT. Lamb wave signals were ob-
tained with Tektronix DPO4032 digital oscilloscope
and saved into a computer by general purpose inter-
face bus GPIB. The schematic diagram of the alu-
minum specimen with the four identical PZT sensors
is shown in Fig. 5(b). The dimensions of the speci-
men are 500×500×4 mm3. Damage was introduced
into the plate by drilling a hole into the centre of the
plate. The coordinates of the four transducers and
hole are A(-100,-100), B(100,-100), C(100,100), D(-
100,100),O(0,0), respectively, and the unit is mm. The
thickness and diameter of the PZT used are 0.127 mm
and 27 mm, respectively. The hole diameter is 10 mm.

Fig. 5. Schematic diagram of the experimental setup and the aluminium specimen with four transducers and

a hole damage.
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Experiment was first conducted to excite single
Lamb wave mode to avoid the multimodal effect which
makes it difficult to analyse and interpret the exper-
imental signals. A Hanning-windowed 5-cycle tone
burst signal centred at 200 kHz was used for excit-
ing the transducer A and the amplitudes of S0 and A0

modes were picked by the transducer B. The experi-
mental signal is shown in Fig. 6. At this frequency, A0

mode wave is significant while S0 mode waves carry
less energy which can be neglected. By computa-
tion, the velocity of the A0 mode in the experiment
is 3018 m/s, which is coincidental with its theoretical
group velocity 2998 m/s.

Fig. 6. Normalised transducer response at transducer B

when transducer A is excited by a Hanning-windowed 5-

cycle tone burst.

In Lamb active health monitoring technology, if
there is damage in a sample plate, then an acoustic
wave launched from an active source such as a PZT
will be reflected by the damage, which acts as a pas-
sive source. If the response of the PZT to the acoustic
wave with and without the damage is stored respec-
tively and then subtracted one from the other, the
difference will be the signal due to the presence of the
damage, which is referred as scattered signal emanat-
ing from the damage location and can be further used
to image. The imaging method in this study can be di-
vided into two steps. A coarse image can be first con-
structed using the scattered signals received by all the
sensors in the network. From this coarse image, ap-
proximate location of structural damage can be found.
Then a refined image can be generated by using a time
reversal damage imaging method described in Refs. [8]
and [9]. The imaging algorithm used in this study is
expressed as

S(x, y) =
N∏

i=1

N∏

j=1

Aijf
(s)
ij

(
Ri + Rj

Vg

)
, (4)

where f
(s)
ij (t) denotes the received scattered signal by

sensor j due to the excitation of sensor i. The Ri and
Rj denote respectively the distances between sensors
i and j and the imaging pixel (x, y). The parameter
Vg denotes the group velocity of the Lamb wave signal
in the structure, which is 3018 m/s in this study. The
Aij is the amplification coefficient for compensating
the energy attenuation of each sensor pair, which is
uniformly equal to 2.54×1010 in following imaging for
simplicity.

3.2. Experimental results

To simplify data analysis, four transducers were
placed symmetrically around the hole. Two experi-
ments were performed, one on the specimen without
hole and one on the specimen with the hole. In each
experiment, one transducer was employed as the actu-
ator while the other three were employed as sensors.
Subtraction of the latter from the former response
yielded the scattered wave due to the hole. Accord-
ing to reciprocal theory for an infinite media[19] and
the symmetry of the transducers about the hole, there
were only two independent scattered signals in the
present case. As an example, scattered responses at
transducers B, C when transducer A was excited with
1-cycle tone burst of 200 kHz central frequency are
shown in Fig. 7. A coarse image can be constructed by
using the scattered signals in Fig. 9(a) below. The four
transducers are highlighted by the white dots while the
black dash circle indicates the actual location and size
of the damage. It can be seen that ultrasonic energy
decentralizes around the damage. The damage can be
further identified and located more precisely based on
a finite element numerical model.

Fig. 7. Scattered responses at (a) transducer B, (b) trans-

ducer C.
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Fig. 8. Time reversed response at (a) transducer B and

(b) transducer C.

For the signal shown in Fig. 7, a rectangular win-

dow with the length 154 µs (designated with dashed
block) was chosen to retain only the reflected signal
from the damage to each transducer and removed the
transmitted signal from the actuator to the damage.
Intercepted signals were then time reversed and actu-
ated at approximate damage location. Time reversed
waves propagating in a simulating plate without the
hole were picked up by the sensors A, B, C and D
based on the finite element model. Figure 8 displays
the received Lamb wave signals for both the cases
shown the Fig. 7, which clearly shows the temporal
recompression of dispersive Lamb waves. Signals of
Fig. 8 were applied to the Eq. (4), the imaging results
are shown in Fig. 9(b). It has been observed that
the ultrasonic energy converges to the damage more
intensively than that in Fig. 9(a).

Fig. 9. Image obtained from 1-cycle tone burst excitation at 200 kHz central frequency.

The procedure discussed above for 1-cycle tone burst was repeated for 5-cycle and 10-cycle cases, respec-
tively, shown in Figs. 10 and 11. As expected, images with time reversal locate and determine the size of
structural damage more precisely compared to those without time reversal.

Fig. 10. Image obtained from 5-ycle tone burst excitation at 200 kHz central frequency.
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Fig. 11. Image obtained from 10-cycle tone burst excitation at 200 kHz central frequency.

In this study, a sine tone burst wave modulated
by the Hanning window was used as the input sig-
nal. For a tone burst excitation at a central frequency,
the signal energy is more concentrated on the central
frequency with the increase of the number of cycles.
Attributing to the frequency dependency of the time
reversal operation described in Section 2, the tempo-
ral focusing effect of the time reversed Lamb wave is a
function of cycles at specified exciting frequency and
Lamb wave mode. To yield stronger scattered sig-
nal, tone burst number of cycles should be increased.
However, resolution of damage under narrowband ex-
citation is not a function of the number of cycles. As
observed in Figs. 10(b) and 11(b), the image obtained
from 5-ycle tone burst excitation gives the higher res-
olution for determining the location and size of dam-
age. This is because the signal bandwidth is inversely
proportional to the signal time duration. Since the
amplitude of scattered wave is used to construct an
image for the damage, the increase of cycle number
will make the wave packet broaden, which results in
the enlarging imaging region. To gain higher resolu-
tion for identifying the damage, the tone burst number
of cycles should be chosen reasonably.

4. Conclusions

Lamb wave imaging method combining time re-
versal is investigated for health monitoring of a metal-

lic plate structure. The temporal focusing effect of
the time reversal Lamb waves is investigated theoret-
ically and verified by numerical examples. Experi-
ments combining finite element model are conducted
to study the imaging method in the presence of dam-
age like hole in the plate structure. Damage imaging
results with time reversal using broadband and nar-
rowband excitations are compared to those without
time reversal. Important conclusions drawn from the
current research are as follows.

(a) The temporal focusing effect of the time rever-
sal Lamb waves can be used to enhance the inspection
energy in structural damage imaging.

(b) Frequency dependence of time reversal oper-
ation implies that the narrowband tone burst signal
should be excited. Generally, the more the cycle num-
ber, the better the focusing effect.

(c) Structural damage imaging combined time re-
versal can locate and determine the size of damage
more precisely compared to those without time rever-
sal.

(d) It is the amplitude that stands for the strength
of scattered wave is used to construct an image of a
scatter (damage) in this paper. Under the invariant
exciting frequency and Lamb wave mode, the increase
of cycle number will make the wave packet broaden,
which results in the enlarging imaging region. To gain
higher resolution for identifying the damage, the tone
burst number of cycles should be chosen reasonably.
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