
Trans. Korean Soc. Noise Vib. Eng., 26(3) : 270~280, 2016 한국소음진동공학회논문집 제26 권 제3 호, pp. 270~280, 2016
http://dx.doi.org/10.5050/KSNVE.2016.26.3.270 ISSN 1598-2785(Print),  ISSN 2287-5476(Online)

270
┃

Trans. Korean Soc. Noise Vib. Eng., 26(3) : 270~280, 2016

The Evolution of Electromechanical Admittance 
from Mode-converted Lamb Waves Reverberating 

on a Notched Beam
노치가 있는 보에서 잔향하는 모드변환 램파의 전기역학적 어드미턴스 전이

Eun Jin Kim* and Hyun Woo Park†

김 은 진 ․박 현 우

(Received March 3, 2016 ; Revised May 13, 2016 ; Accepted May 13, 2016)

Key Words : Mode-converted Lamb Waves(모드변환된 램파), Temporal Spectrum(템포럴 스펙트럼), Beam(보), 

Notch(노치), Finite Element Analysis(유한요소 해석), Piezoelectric(PZT) Wafer(압전박막), Truncation 

Time(절단시간), Root Mean Square(제곱평균제곱근), Fast Fourier Transform(고속 푸리에 변환), 

Wave Propagation Perspective(파전달 관점)

ABSTRACT

This paper investigates the evolution of EM admittance of piezoelectric transducers mounted on a 

notched beam from wave propagation perspective. A finite element analysis is adopted to obtain nu-

merical solutions for Lamb waves reverberating on the notched beam. The mode-converted Lamb 

wave signals due to a notch are extracted by using the polarization characteristics of piezoelectric 

transducers collocated on the beam. Then, a series of temporal spectrums are computed to demon-

strate the evolution of EM admittance through fast Fourier transform of the mode-converted Lamb 

wave signals which are consecutively truncated in the time domain. When truncation time is rela-

tively small, the corresponding temporal spectrum is governed by the characteristics of the input 

driving frequency. As truncation time becomes large, however, the modal characteristics of the notch-

ed beam play a crucial role in the temporal spectrum within the input driving frequency band. This 

implies that mode-converted Lamb waves reverberating on the beam contributes to the resonance of 

the beam. The root mean square values are computed for the temporal spectrums in the vicinity of 

each resonance frequency. The root mean square values increase monotonically with respect to trun-

cation time for any resonance frequencies. Finally the implications of the numerical observation are 

discussed in the context of damage detection of a beam.

요  약

노치가 있는 보에 부착된 압전소자의 전기역학적 어드미턴스 전이과정을 파전달 관점에서 규명한다. 유

한요소 해석을 통해 노치가 있는 보에서 잔향하는 램파에 대한 수치해를 구한다. 보에 병치된 압전소자의 
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분극을 이용하여 노치에 의해 발생하는 모드변환된 램파 신호를 추출한다. 전기역학적 어드미턴스의 전이

과정을 보여줄 수 있는 일련의 템포럴 스펙트럼은 모드변환된 램파 신호들을 시간영역에서 순차적으로 절

단한 후, 고속 푸리에 변환을 적용하여 계산한다. 절단 시간이 상대적으로 작을 때 이에 대응되는 템포럴 

스펙트럼은 입력 주파수 대역의 특성이 지배적이다. 그러나, 절단 시간이 증가함에 따라 입력 주파수 대역 

내에 존재하는 보의 모달 특성이 템포럴 스펙트럼에 중대한 영향을 준다. 이는 보에서 잔향하는 모드변환 

램파가 보의 공진에 기여함을 의미한다. 각 공진주파수 부근에서 템포럴 스펙트럼에 대한 제곱평균제곱근을 

계산한다. 모든 공진주파수 부근에서 절단시간에 따라 제곱평균제곱근은 증가한다. 마지막으로, 보의 손상 

진단 측면에서 수치해석 결과의 시사점에 대해 논의한다.

1. Introduction

Lamb wave and electro-mechanical (EM) im-

pedance signals have been widely used for damage 

detection for a beam using PZT transducers(1,2). 

Although Lamb wave and EM impedance signals 

are created and received through a single PZT con-

figuration, Lamb wave and EM impedance signals 

have been dealt with independently in the previous 

damage detection schemes so far due to their own 

merits. The Lamb waves are suitable for a far-field 

damage detection because they can travel a long 

distance on a beam(1,3,4). On the other hand, EM 

impedance signatures are advantageous for a 

near-field damage detection because they are 

known to mainly interact with damage in the vi-

cinity of PZT(2,5~7). Some researchers attempt to 

combine the Lamb wave and EM impedance ap-

proaches for the synergistic use of their comple-

mentary merits(8~10). However, there have been few 

theoretical researches on the underlying relations 

between the Lamb wave and EM impedance 

signals. Recently, Park has analytically investigated 

the evolution of EM admittance (an inverse of EM 

impedance) of PZTs mounted on an intact beam 

from a wave propagation perspective(11). The ana-

lytical investigation has provided a rigorous insight 

on the theoretical relevance between guided waves 

and EM admittance. 

This paper investigates the evolution of EM ad-

mittance on a notched beam from a wave prop-

agation perspective. In particular, the underlying 

relevance will be studied between the EM admit-

tance and the mode-converted Lamb wave signals 

induced by a notch on beam. Because the analytic 

wave solutions are difficult to derive for Lamb 

waves reverberating on a notched beam, a finite 

element analysis is utilized to obtain numerical 

solutions. Using the polarization characteristics of 

PZT collocated on a beam, the mode-converted 

Lamb wave signals are extracted. The evolution of 

EM admittance is demonstrated through temporal 

spectrums of the mode-converted Lamb waves. 

The temporal spectrums are computed through fast 

Fourier transform with increasing truncation time 

windows. The convergence of the temporal spec-

trums to EM admittance with respect to truncation 

time is presented, producing the resonance of the 

beam. The root mean square (RMS) values of the 

temporal spectrums are calculated with respect to 

truncation time. Finally the implications of the nu-

merical observation are discussed in the context of 

damage detection of a beam. 

2. Temporal spectrums of Lamb wave 

signals: relevance of Lamb wave 

propagation to vibration modes 

of a beam 

Both Lamb wave and vibration of a plate can 

be easily generated and measured through the EM 

coupling between the PZT wafers and the 

structure. Figure 1 schematically illustrates how 

Lamb waves induced by PZT wafers converge to 

the resonant state. In Fig. 1(a), a cantilever beam 

with collocated PZT wafers is presented for the 
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simplicity of explanation. This cantilever beam 

model has been first utilized in the experimental 

work of the authors(6). Finite element analysis us-

ing ABAQUS 6.7-4 standard(12) is conducted to 

obtain the Lamb wave mode signals generated and 

received by PZT wafers in the time domain. 

Detailed description can be found in the previous 

works by the authors regarding mesh layout and 

finite element types for the PZT-beam system 

used in the numerical simulation(13). As harmonic 

excitations of the 11th natural mode shape (f = 

15.4 kHz) are applied to the PZT wafers, Lamb 

waves begin to propagate from the actuating PZT 

wafers as shown in Fig. 1(c). Then, incident Lamb 

waves and reflections from the boundaries of the 

beam are superimposed, producing transient dy-

namic states in Fig. 1(d).

A temporal spectrum is employed to investigate 

the convergence of Lamb wave motions to the vi-

bration response of a beam in the frequency do-

main:






 dtetVTtHtHTV ti )()}()({),(ˆ (1)

where t, , T, H(t) and V(t) are time, angular fre-

quency, truncation time, a Heaviside step function 

and Lamb wave mode signals captured by a PZT 

wafer, respectively. As truncation time T increases, 

more and more reflected Lamb wave mode signals 

will participate in the temporal spectrum. If T ap-

proaches infinite, Eq. (1) becomes identical to 

Fourier transform of Lamb wave mode signals with 

an infinite number of reflections at the boundaries 

of a beam. Therefore, we can investigate the ef-

fects of wave reflections on the temporal spectrum 

by increasing the truncation time.

Temporal spectrums of the cantilever beam with 

increasing truncation time are demonstrated in Fig. 

2. Since Fast Fourier transform (FFT) is used to 

compute temporal spectrums, the number of sam-

pled Lamb wave mode signals is set to be n 

power of 2. The nth truncation time Tn becomes 
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(a) A cantilever beam with two collocated PZTs

(b) Natural mode shape at 15.4 kHz

(c) Initial wave propagation produced 
by a harmonic excitation at 15.4 kHz(t = 12 ms)

(d) Transient state (t = 75 ms)

(e) Resonant state (t = 624 ms)

Fig. 1 Convergence of transient Lamb waves to reso-
nant standing waves with a harmonic ex-
citation of the collocated PZTs at one of the 
resonance frequencies: (a) A schematic of a 
cantilever beam with two collocated PZTs; 
(b) The 11th natural mode shape computed 
by eigenvalue analysis; (c) Initial Lamb wave 
propagation induced by the harmonic excitation 
of the collocated PZTs at the 11th natural fre-
quency of the beam; (d) Superposition of in-
cident Lamb waves and reflections, (e) 
Constructive superposition of incident and re-
flective Lamb waves produce resonant stand-
ing waves identical to the natural mode shape 
in (b)(13) (©IOP Publishing. Reproduced with 
permission. All rights reserved)

2(n+6) Δt where sampling interval t = 0.25 s. Four 

temporal spectrums are compared in Fig. 2(b). As 

the truncation time increases, the peaks of the 

temporal spectrums in Fig. 2(d) begin to appear 

near the resonance frequency (11th mode, f = 15.4 

kHz).

From now on, temporal spectrums of Lamb wave 
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(a) Truncation times (T1 ~ T4 = 0.032 ms ~ 0.256 ms) 
to compute temporal spectrums of initial Lamb wave 

mode signals when the harmonic input signal 
is imposed on PZT A
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(b) Temporal spectrums of Lamb wave mode signals 
for truncation times T1 ~ T4 in (a)
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(c) Truncation times (T5 ~ T8 = 0.512 ms ~ 4.096 ms) 
to compute temporal spectrums of Lamb wave mode 

signals when the harmonic input signal 
is imposed on PZT A
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(d) Temporal spectrums of Lamb wave mode signals 
for truncation times T5 ~ T8 in (c)

Fig. 2 Temporal spectrums of Lamb wave mode sig-
nals for increasing truncation times when the 
harmonic input signal is imposed on PZT A 
at the 11th natural frequency of the cantilever 
beam in Fig. 2(a)
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(a) Truncation times (T1 ~ T4 = 0.230 ms ~ 1.843 ms) 
to compute temporal spectrums of initial Lamb wave 

mode signals when the 10 kHz tone-burst input 
signal is imposed on PZT
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(b) Temporal spectrums of Lamb wave mode signals 
for T1 ~ T4 in (a)
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(c) Truncation times (T5 ~ T8 = 3.686 ms ~ 29.491 ms) 
to compute temporal spectrums of Lamb wave mode 

signals when 10 kHz tone burst input signal 
is imposed on PZT A
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(d) Temporal spectrums of Lamb wave mode signals 
for T5 ~T8 in (c)

Fig. 3 Temporal spectrums of Lamb wave mode sig-
nals for increasing truncation times when 10
kHz tone burst input signal is imposed on 
PZT A of a cantilever beam in Fig. 2(a)
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mode signals are investigated in case of a 

tone-burst input that is widely used in Lamb wave 

based damage detection. Numerical simulation 

through finite element analysis is conducted in the 

same way as the harmonic input excitation case. 

A tone burst input with 10 kHz center frequency 

is applied to PZT A in Fig. 1(a) and the corre-

sponding response signals are measured from PZT 

A as well. Similar to Fig. 2, the response Lamb 

wave mode signals up to 50 ms are truncated with 

increasing truncation times and temporal spectrums 

are computed through fast Fourier transform as 

shown Fig. 3. Here, time interval (Δt) is 1.8 s 

and nth truncation time Tn is set to be 2(n+6) Δt. 

All temporal spectrums are demonstrated within 

the bandwidth of the tone-burst input from 4 to 

16 kHz.

The shape of the temporal spectrum for T1 is 

almost identical to that of the power spectrum of 

the tone-burst input signal in Fig. 3(b). As trunca-

tion time increases from T2 to T4, several peaks 

begin to appear gradually in temporal spectrums. 

As truncation time increases from T5 to T8 as 

shown in Fig. 3(c), peaks in temporal spectrums 

become sharper and the corresponding frequencies 

converge to the natural frequencies of the canti-

lever beam as shown in Fig. 3(d).

When truncation time is sufficiently large, e.g.  

T8 = 29.491 ms, the associated temporal spectrum 

asymptotically converges to the electro-mechanical 

(EM) admittance of PZT A which is used in 

EM-impedance based damage diagnosis. It is note-

worthy that the interested readers can refer to the 

previous work(11) regarding the detailed analytical 

description between temporal spectrums and the 

EM admittance from wave propagation perspective 

for the tone-burst input excitation.

3. Decomposition of Lamb wave 

mode signals

Mode conversion occurs when Lamb waves 

propagating along a thin beam encounter a dis-

continuity point such as crack(3). For example, 

when the first symmetric Lamb wave mode (S0) 

encounters the discontinuity, the transmitted wave 

is separated into fundamental symmetric (S0) and 

anti-symmetric (A0) Lamb wave modes (denoted 

as S0/S0 and A0/S0, respectively). In a similar 

fashion, an A0 mode produces S0 and A0 modes 

(S0/A0 and A0/A0)
(13). 

Using two identical PZT wafers collocated on 

both sides of a beam, each individual Lamb wave 

modes can be extracted through selective excitation 

and sensing of the PZT wafers(14). Figure 4 demon-

strates a schematic in which each individual 

(a) Extraction of LWS with collocated PZT wafers 
as an actuator and a sensor alternately

(b) Relative phase information in LWSAA, LWSBB, 
and LWSAB(/BA) obtained from (a)

Fig. 4 Comparison of relative phase information 
among LWSAA LWSBB and LWSAB(/BA) ob-
tained from collocated PZT wafers. Note that 
it is assumed that only A0 and S0 Lamb 
wave mode existand the S0 mode propagates 
faster than the A0 mode
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Lamb wave mode can be isolated through the col-

located PZT wafers for a pulse-echo method. The 

arrows over and under PZT A and B indicate the 

poling directionalities of the PZT wafers. LWS 

stands for Lamb wave mode signal while the first 

and second subscripts of LWS denote the actuat-

ing and sensing PZT, respectively.

For the simplicity of description, only S0 and 

A0 Lamb wave modes are considered, and S0 

mode is assumed to travel faster than A0 mode. 

In this case, the first arrivals of the converted 

modes (S0/A0 and A0/S0) appear between the first 

arrivals of the S0 and A0 modes reflected from 

the notch. Because the waveforms and the arrival 

times of S0/A0 and A0/S0 modes are exactly same 

except the phase difference by  radian, the S0/A0 

and A0/S0 modes appear in LWSAA and LWSBB 

while they cancel out in LWSAB and LWSBA due 

to the poling directionalities of PZT A and B(13). 

Using the relative phase differences of LWSAA, 

LWSBB and LWSAB each Lamb wave mode can 

be isolated through the following algebraic equa-

tion(13):
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where subscripts S0, MC and A0 of LWS denote 

isolated S0, mode-converted (S0/A0 or A0/S0) and 

A0 Lamb wave modes, respectively.

Having said the signal decomposition of Lamb 

wave mode signals associated with mode con-

version, it is possible to apply the same signal 

decomposition to the temporal spectrums of Lamb 

wave mode signals for any truncation times. If 

truncation time is large enough, for example, the 

signal decomposition for Lamb wave mode signals 

can be extended to EM signals because the tem-

poral spectrum can represent the EM impedance 

or admittance. More specifically, EMSij represents 

an EM signal being a frequency response function 

at the i'th sensing PZT when an input driving 

voltage I is applied to the j'th PZT wafer as fol-

lows:

)](I[/)](LWS[)(EMS ijij tt  (3)

where, [․] stands for Fourier transform operator, 

LWSij is the Lamb wave mode signal at the i'th 

PZT corresponding to an input at the j'th PZT, 

and  is an angular frequency. 

Using Eqs. (2) and (3), the decomposed EM 

signals corresponding to each Lamb wave mode 

can be obtained(13):
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4. Temporal spectrums 

of mode-converted Lamb wave signals 

reverberating on a notched beam

In this subsection, the temporal spectrums of 

Lamb wave mode signals reverberating on a 

notched beam is investigated when a harmonic in-

put signal is applied to the collocated PZT wafers. 

The mode-converted Lamb wave signals can be 

extracted using Eq. (2). Detailed description on the 

circuit layout of the collocated PZT wafers and 

the geometric configuration of the beam with a 

notch are illustrated in Figs. 5(a) and (b), 

respectively. The location of the notch has been 

assigned arbitrarily near the middle of the canti-

lever beam. The notch size is as small as an in-

dividual finite element (1 mm × 1 mm) of the 

beam. The notch can be numerically simulated by 

removing a single finite element at the notch lo-

cation from an intact beam model. Because the 

analytic wave solutions are difficult to derive for 

the scattered Lamb waves on a notched beam, fi-

nite element analysis (ABAQUS 6.7-4 standard)(12) 

has been used to obtain Lamb wave mode signals 

in the time domain.
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Notch
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(a) Actuating and sensing circuit layouts 
for identical PZT wafers collocated on a cantilever 

beam with a notch
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(b) Geometric configuration of a cantilever beam 
with a notch and PZT wafers collocated 

on the beam
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(c) Lamb wave mode signals measured from 
the intact cantilever beam
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(d) Lamb wave mode signals measured from 
the damaged cantilever beam
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(e) Decomposed Lamb wave mode signals 
of the intact cantilever beam
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(f) Decomposed Lamb wave mode signals 
of the damaged cantilever beam

Fig. 5 Decomposition of the Lamb wave mode sig-
nals measured from the intact and damaged 
conditions of the cantilever beam when tone 
burst input with 10 kHz center frequency are 
applied. The capacitance values of the both 
self-sensing circuits are kept the same (3nF)

10 kHz tone burst input signal is applied for in-

vestigating the temporal spectrums of mode-con-

verted Lamb wave signals reverberating on the 

notched beam. Lamb wave mode signals are gen-

erated and received by a pair of PZT wafers on 

an intact and damaged cantilever beams in Figs. 

1(a) and 5(b). Because the attached PZT wafers 

on the two beams can act as an actuator, the free 

surface of each collocated PZT wafer gets con-

nected to a voltage source (Vin). The other surface 

of each PZT wafer is tied to a sensing circuit 

consisting of a single capacitor (Cr = 3nF) at the 

same time and the output voltage (Vout) is meas-

ured at the sensing circuit as shown in Fig. 5(a) 

for both intact and notched beams. Lamb wave 

mode signals measured from the intact and dam-

aged beam conditions are presented in Fig. 5(c) 

and (d), respectively. LWSAA and LWSBB have 

both piezoelectric and dielectric components while 

LWSAB contains the piezoelectric component only. 

The piezoelectric component in LWSAA and 

LWSBB is often masked by the large magnitude of 

the dielectric component and thus is not clearly 

observed in Figs. 5(c) and (d)(13). On the other 

hand, the piezoelectric component is clearly ob-

served in LWSAB displaying the resonant charac-

teristics of the beam. LWSS0, LWSA0 and LWSMC 
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decomposed from LWSAA, LWSBB and LWSAB by 

using Eq. (2) are shown in Figs. 5(e) and (f), 

respectively. Note that LWSMC in Fig. 5(e) is a 

null signal because no mode conversion occurs in 

the intact cantilever beam. On the other hand, 

LWSMC in Fig. 5(f) is observed clearly due to the 

mode conversion in the damaged beam. 

Fig. 6(a) presents LWSMC in Fig. 5(f) scaled up 

to 2.0 ms and truncation times for computing the 

temporal spectrums of LWSMC. Here, the trunca-

tion times are identical to those adopted in Fig. 

3(a). The peak of the temporal spectrum for T2 is 

located in the vicinity of 10 kHz which is the 

driving frequency of the tone-burst input in Fig.

6(b). As truncation time increases from T2 to T4, 

several peaks begin to appear gradually and their 

amplitude increases in the temporal spectrums 

similar to Fig. 3(b). This implies that mode con-

verted Lamb waves induced by the notch partic-

ipate in the vibration modes of the cantilever 

beam step by step as truncation time increases. 

Fig. 6(c) demonstrates LWSMC scaled up to 50 ms 

and truncation times which are identical to those 

in Fig. 3(c). As truncation time increases from T5 

to T8, peaks in temporal spectrums surges up and 

the corresponding frequencies converge to the nat-

ural frequencies of the cantilever beam as shown 

in Fig. 3(d). 

The RMS values of temporal spectrums for 

LWSMC with respect to truncation time are dem-

onstrated in Fig. 7. Here, the RMS of a temporal 

spectrum ),(ˆ TV   is defined as the following 

equation:

)(),(ˆ)],(ˆ[ 01

21

0






  dxTVTVRMS (5)

where  and  determine an interval to in-

tegrate the temporal spectrum.

In Fig. 7(a), RMS values of temporal spectrums 

associated with individual modes (6th ~ 11th) are 

presented with respect to truncation time. The 
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truncation times when the 10 kHz tone burst 
input signal is imposed in the cantilever beam 
with a notch in Fig. 5(b)
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integration interval for the RMS value of the tem-

poral spectrum is from 0.9n to 1.1n where n 
is the nth natural frequency. Note that all RMS 

values for the individual modes monotonically in-

crease with truncation time increasing as shown in 

Fig. 7(a). The increasing trend of each RMS value 

in Fig. 7(a) is closely related to the modal charac-

teristics of the locations of both the PZTs and the 

notch. For example, if the PZTs and the damage 

are on the node of a certain modal strain, it is 

likely that the corresponding RMS value will in-

crease very slowly with respect to truncation time. 

If both are on the anti-nodes of modal strain, the 

associated RMS value increases very rapidly. We 

have conducted several numerical simulations for 

different locations of PZTs and the notch. The 

RMS values of individual modes increase monot-

onically in any cases. This implies that the S/N 

ratio associated with the mode-converted Lamb 

wave signal due to the notch is improved through 

the resonance behavior of a structure regardless of 

the modal characteristics of the structure. Fig. 7(b) 

demonstrates the RMS values of the overall tem-

poral spectrum with respect to truncation time. 

The integration interval for the RMS values is 

from 4 kHz to 16 kHz which is the bandwidth of 

the input tone burst input. Because RMS values 

associated with each mode increases with respect 

to truncation time, the RMS values of the overall 

temporal spectrum increases behaves exactly same 

as well. 

Three implications can be drawn from Fig. 7 in 

the context of reference-free damage detection of 

a beam. First, any RMS values of temporal spec-

trums for LWSMC can be a good damage index 

for reference-free damage detection of a beam be-

cause they should become zeros if no damage ex-

ists on a beam. Second, damage detectability can 

be significantly improved by increasing truncation 

time since signal-to-noise ratio of the damage in-

dex is enhanced monotonically as truncation time 

increases. The temporal spectrum approaches the 

EM admittance curve through the participation of 

mode converted Lamb waves to the resonance of 

a damaged beam as truncation time goes to 

infinite. This implies that the EM admit-

tance-based (or impedance-based) method may be 

combined with Lamb-wave based approach be-

cause they can be realized through a single con-

figuration of PZTs. Third, the RMS value for an 

overall temporal spectrum including several modes 

is more appropriate for damage index than those 

for temporal spectrum associated with an in-

dividual mode. In other words, the risk of choos-

ing a local mode insensitive to given damage and 

PZT locations can be avoided effectively by in-

cluding several modes to compute the RMS value 

of the temporal spectrum.

In case of a complex waveguide such as a 

beam with stiffeners, the mode-converted Lamb 

wave signals due to damage are difficult to extract 

through the Lamb wave decomposition described 

in Section 3. This is because both stiffener and 
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damage may create mode-converted Lamb waves 

at the same time. In this particular case, the base-

line Lamb wave signals from an intact structure 

are needed. The scattered Lamb wave signals 

purely caused by damage can be extracted by 

comparing baseline signals and those obtained 

from a damage structure. Then, the temporal spec-

trum analysis described in Section 4 will present 

the evolution of the EM admittance from the scat-

tered Lamb wave signals reverberating on the host 

structure.

5. Conclusion

This paper investigates the evolution of EM admit-

tance on a notched beam from a wave propagation 

perspective for a tone-burst input excitation. The po-

larization characteristics of collocated PZT wafers on 

both side of beam enables extracting mode-converted 

Lamb wave signal induced by the notch reverberating 

on the beam. First, finite element analysis is per-

formed to obtain the mode-converted Lamb wave 

signal, and then a series of temporal spectrums is 

computed through the fast Fourier transform of 

the mode-converted Lamb wave signals with re-

spect to truncation time. When truncation time is 

relatively small, the corresponding temporal spec-

trum is governed by the characteristics of the in-

put driving frequency. As truncation time becomes 

large, however, the modal characteristics of the 

beam play a crucial role in the temporal spectrum 

within the input driving frequency band. This im-

plies that the reverberation of the mode-converted 

Lamb waves contributes to the resonance of the 

notched beam. The root mean square values are 

computed for the temporal spectrums in the vi-

cinity of each resonance frequency. The root mean 

square values increase monotonically with respect 

to truncation time regardless of resonance 

frequencies. 

It is shown that the temporal spectrum ap-

proaches the EM admittance curve through the 

participation of mode converted Lamb waves to 

the resonance of a notched beam as truncation 

time goes to infinite. This implies that the EM 

admittance-based (or impedance-based) method 

may be combined with Lamb-wave based ap-

proach because they can be realized through a 

single configuration of PZTs. The risk of choosing 

a local mode insensitive to given damage and 

PZT locations can be avoided effectively by in-

cluding several modes to compute the root mean 

value of the temporal spectrum.
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