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The ultrasonic pulse-echo backscattered amplitude integral (BAI)-mode imaging technique [IEEE
Trans. UFFC, 45:30 (1998)] has demonstrated sensitive detection of subwavelength channel
defects (38-�m diameter reliably and 6-�m diameter occasionally) in flexible 220-�m-thick food
package seals (17.3 MHz, � � 86 �m). However, the underlying subwavelength defect detec-
tion mechanism is poorly understood. In this contribution, a theoretical modeling study was un-
dertaken to elucidate the mechanism. The subwavelength diameter channel was fused in-between
two plastic package films by applying heat from one side of the films. The sample cross-section
microstructure was characterized from both optical and acoustic images. The cross-section
impedance profiles along sample thickness dimension were determined. Although identical in
nominal impedance properties before sealing, the two binding films showed an asymmetric
impedance profile after sealing. Transient finite-element heat conduction analysis and imped-
ance profiles of multiple-sealed package samples showed that the single-sided heating process
caused an asymmetric impedance profile. A generalized impedance model was proposed based
on these observations. An efficient two-dimensional simulation tool using a finite-difference
time-domain method and the perfectly matched layer numerically evaluated the defect detection
behavior of the radio-frequency (rf) echo waveforms. The normalized correlation coefficients
between the simulated and the measured rf echo waveforms were greater than 95% for this
generalized model, which suggested the validity of the proposed impedance model.

KEY WORDS: Channel defect; material characterization; plastic seals; pulse-echo detection; ultrasonic
nondestructive evaluation (NDE).
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1. INTRODUCTION

Ultrasonic pulse-echo techniques have popular
applications in nondestructive evaluation, material

characterization, and biomedical images. The ultrasonic
pulse-echo backscattered amplitude integral (BAI)-
mode imaging technique has been developed to detect
small channel defects embedded in flexible food pack-
age seals.(1) The BAI-mode image is constructed from
the BAI values; values that are determined at each
transducer sampling position by taking the area under
the absolute magnitude of the envelope of the received
backscattered echo. This technique has demonstrated
sensitive subwavelength defect detection capability; for
example, 100% detection of water-filled channels
(cylindrical channels in bonded two-sheet plastic pack-
age samples, thickness 110 �m per sheet) as small
as 38 �m in diameter with a 17.3-MHz focused (f/2)
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transducer in water (20 �C, c � 1485 m/s, � � 86 �m).
Moreover, water-filled channel defects as small as
6 �m in diameter could intermittently be detected.(2)

The BAI-mode image pixel values are interpolated
from the BAI values at each transducer scan location.
The average BAI-value difference between the defec-
tive and intact regions of the package sample is a
sensitive image contrast index with respect to channel
defect size, material type inside channel defect, package
material type, and transducer scanning step size.(2–6) The
changes in the BAI values are indeed the indications of
backscattered echo signal strength and variation.

Changes in the radio-frequency (rf) echo wave-
forms affect the image contrast. Two measured rf echo
waveforms are displayed in Fig. 1. The solid line is the
echo from the intact region. The dashed line is the echo
from the 38-�m-diameter channel. The two rf echoes
have equal amplitude between round-trip times (RTT)
of 16.82 �s and 16.92 �s, which corresponds with spec-
ular reflection from the package front wall facing the
transducer. The specular reflection from the package
sample back wall appears at around 17.01 �s. The time
interval of (16.92, 17.01) �s corresponds approximately
with a 100-�m distance. The average speed of sound in
the plastic film is approximately 2500 m/s, and the time
interval is the pulse-echo round-trip time. Two inter-
esting features have been observed in the time interval
(16.92, 17.01) �s. First, the rf echo from the intact re-
gion is not zero. Therefore, the specular reflection
echoes from front and back walls are not well-separated
in time. There may, however, be anomalous impedance
differences in this region, but we believe that this is
unlikely. Second, the channel defect has an obvious in-
fluence on the echo, suggesting echo amplitude changes
due to the subwavelength channel defect. We therefore

are hypothesizing that the subwavelength channel
defect affects the rf echo waveforms and thus the BAI
values.

The BAI-mode image has been proven to be
reliable for detecting subwavelength channel defects
with high sensitivity; however, the underlying detec-
tion mechanism is poorly understood. The package
sample has a stratified multilayer structure (see Sec.
3.1). The ultrasound beam encounters complex struc-
tures in its propagation path: the package sample
front wall, interfaces between sublayers, heat-fusing
zone between the two plastic sheets, the channel itself,
impedance deviation surrounding the channel, and the
package sample back wall. The water-filled subwave-
length channel in a thin stratified package sample
represents a small geometrical region with a different
impedance relative to its surrounding medium. Such an
obstacle or inhomogeneity in the path of a sound wave
causes scattering because the obstacle interacts with the
incident wave.(7) However, as the region is subwave-
length in scale, the backscattered echo strength will be
very weak compared with the specular reflection from
the large flat interfaces between package sample and
water. Furthermore, if one considers system noise
and multiple reflections caused by package sublayer
interfaces, then such a small perturbation in the strati-
fied medium might tend to be too weak to affect
significantly an ultrasonic field.

A theoretical modeling study was undertaken
to investigate the origin of the BAI-mode image con-
trast mechanism. A generalized impedance model was
proposed through experimental characterization of
the package sample cross section. Because it was dif-
ficult to control the channel defect package sample
microstructure during the heat-sealing process, a
numerical evaluation procedure was used rather than
experimentally examining the proposed impedance
model. An efficient two-dimensional (2D) numerical
simulation tool using a finite-difference time-domain
(FDTD) method with the perfectly matched layer
(PML) absorbing boundary(8–10) was developed to
evaluate the aforementioned pulse-echo interactions
between the ultrasound beam and sample microstruc-
ture. FDTD is good at simulating transient wave
propagation and scattering phenomena.(11–14) The PML
absorbs the outgoing wave at the truncated computa-
tional domain so that a simulated free space can be
achieved.(10,15) The study presented in this contribution
aims at a better understanding of the fundamental
ultrasonic pulse-echo subwavelength defect detection
mechanism through both experimental and numerical
modeling approaches.
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Fig. 1. Radio-frequency echo waveforms acquired in experiment
(from a water-filled 38-�m-diameter channel defect in a 220-�m-
thick plastic package, transducer frequency 17.3 MHz).
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2. NUMERICAL SIMULATION

Using FDTD with a PML, simulation of the ultra-
sonic pulse-echo defect detection behavior was imple-
mented by solving the 2D linear acoustic wave equation
in a homogeneous, lossy fluid medium given by

(1)

where p is the acoustic pressure field, u is the vector
velocity field, r is the vector field point, t is time, � is
the mass density of the medium, � is the compress-
ibility of the medium, � is the absorption coefficient
associated with compressibility, and �* is the absorp-
tion coefficient associated with mass density. As an
artificial absorbing material layer, the PML surrounds
the acoustic medium region in the FDTD simulation
domain. By separating the acoustic pressure field math-
ematically and constructing an anisotropic attenuation
coefficient �*, the PML has the same characteristic im-
pedance as that of the acoustic medium yet significantly
absorbs the incident acoustic wave with little reflec-
tion. The absorption in the PML is achieved by setting
�* � ��/� in the PML region and �* � 0 in the
acoustic medium.(10)

The simulation adopts the transducer parameters
(center frequency 17.3 MHz, diameter 6.35 mm, focal
length 12.44 mm) in order to compare the simulated rf
echo waveforms with the measured waveforms (Fig. 1)
acquired by the spherically focused transducer (model
V317, GE Panametrics, Waltham, MA). However, it is
prohibitive to include the transducer (74� wide) and
the entire transducer-to-sample wave propagation path
(145� long) in the FDTD computational domain due to
impractical computational cost and large dispersion er-
rors.(15–17)

Two techniques are used to reduce the computa-
tional domain. First, FIELD-II(18) is used to calculate
the equivalent ultrasound pulse pressure field
transmitted to the line AB in Fig. 2. The transmitted
pulse in the simulation is described as(19)

(2)

where f0 � 17.3 MHz is the transducer center
frequency, T � 2/f0 is the pulse duration of the
transmitted pulse, and 	f � 7.35 MHz is the –3-dB
transducer bandwidth. Second, the rf echo waveform
received by the transducer surface is extrapolated by
evaluating the transient Helmholtz integral

(3)

along the enclosed contour S′ in Fig. 2,(20,21) where n′
is the outward surface norm on S′ and c is the speed of
sound in the medium. The enclosed surface S′ consists
of evenly divided radiating elements with locations
(x′, y′). The transducer surface is partitioned with
equally sized receiving elements with locations (x, y).
The distance between each radiating-receiving pair is
r � î (x – x′) 
 ĵ (y – y′). The pressure p̃ (t – r

c–) on S′
is computed by the FDTD simulation at each time step.
The computational domain is significantly reduced
from 145� long by 47� wide to 10� by 10� with
FIELD-II and the transient Helmholtz integral.

The 2D simulation using FDTD and PML in
Cartesian coordinates was implemented in MATLAB
(The Math Works, Inc., Natick, MA). A spatial-
temporal update scheme similar to the well-known Yee
algorithm(8) was adopted in the FDTD simulation. To
ensure stability, the grid size ▲ � �min/20 and the time
evolution step h � ▲/2cmax, where �min is the smallest
wavelength and cmax is the greatest speed of sound in
the computational domain. The PML had a 10-grid
thickness.

Except for the routine validation tests for
FDTD and PML implementation, the incorporation of
FIELD-II and the transient Helmholtz integral [Eq. (3)]
into the FDTD-PML code has been validated. A
simulated transducer pulse-echo field characterization
experiment(22) was implemented in MATLAB. The
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Fig. 2. Pulse-echo simulation with FDTD and PML.



excitation signal was taken from Eq. (2). In the simu-
lation, a 38-�m-diameter tungsten wire was placed in
the computational domain to generate rf echo wave-
forms. The transducer and its waveform parameters
were extracted by processing the simulated echo wave-
form data set. Comparisons among the experimental
measurements, the FIELD-II simulation parameters,
the simulated characterization results, and the calcu-
lated results from theory(22) are shown in Table I. The
simulation agrees with the experiment very well.

3. PACKAGE SAMPLE MICROSTRUCTURE

An impedance profile model had to be established
for the pulse-echo subwavelength defect detection
mechanism study. The impedance profile of interest is
the package sample cross-section impedance map.

3.1. Package Sample Preparation

The package sample was produced by using a heat
sealer (Audionvac-VM151HG, Audion Electro, Weesp,
Holland) to fuse a smooth, die-drawn tungsten wire
in-between two plastic trilaminate package films (Fuji
Tokushu Shigyo Co. Ltd., Seto Aichi, Japan). Each tril-
aminate package film has three sublayers: polypropylene
layer (80 �m, c � 2660 m/s, � � 900 kg/m3), polyvinyli-
dene chloride (PVDC) layer (15 �m, c � 2380 m/s,
� � 1670 kg/m3), and oriented nylon layer (15 �m, c �
2600 m/s, � � 1140 kg/m3). The inner layer (polypropy-
lene) is the heat-sealing layer. The middle layer (PVDC)
provides a barrier to chemical substances. The outer
sublayer (nylon) gives strength, a barrier to gases, oils,
and fats, and scuff resistance to the printed surface.

The heat sealer has a chamber with a heavy lid.
Attached to the lid was a flat silicone rubber bar to

apply uniform pressure on the package sample. Inside
the chamber was a flat heating bar with a nonstick
teflon coating. After closing the lid, the package
sample was clamped between the flat rubber bar and
the flat heating bar to ensure intimate contact of the
two inner faces [Fig. 3(a)]. The chamber was first
vacuumed to expel the air inside the package sample.
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Table I. Transducer Characteristics Obtained from Numerical Simulation

Experiment Parameters Simulated
characterization in FIELD-II characterization Theory

D (mm) 6.35 6.35 6.35 6.35
f # 1.96 2 1.98 2
f0 (MHz) 17.3 17.3 17.8 20.0
∆f(–3dB) (MHz) 7.35 7.35 8.12 5.95
Fractional BW 43.5% 43.5% 34.8% 27.4%
FL (mm) 12.44 12.7 12.65 12.7
RTT (µs) 16.8 No input needed 17.0 17.1

(c = 1485 m/s) (c = 1485 m/s)
Fz (mm) 2.15 No input needed 2.72 2.42
BD(–6dB) (µm) 173 No input needed 193 176

Fig. 3. (a) Illustration of the heat sealing process; (b) the channel
defect sample structure.



Then the heating bar was heated to the designated tem-
perature (~130 �C) within a user-specified amount of
time. The heat was applied from the heating bar and
passed through the sublayers. The inner sealant layers
were melted and fused together. The sample was then
cooled to room temperature.

To fabricate different-sized channel defects, tung-
sten wires with different diameters (6, 10, 15, 25, 38,
50, or 75 �m) were sandwiched transversely to the
sealing direction between two inner sublayers. After
the sample had cooled, the tungsten wire was
withdrawn along its axial direction from the fused plas-
tic sample in degassed water to create a water-filled
channel defect [Fig. 3(b)].

3.2. Experimental Characterization

The “pulse-echo reference measurement” proce-
dure measures rf echo waveform, with the same
equipment settings, from both a reference material plate
whose impedance value is known and the unknown
material whose impedance value is to be determined.
A simple follow-up mathematical operation calculates
the acoustic impedance value for the unknown mater-
ial by taking the amplitude ratio between the two
measurements. To measure the package sample
impedance profile, a package sample was perpendicu-
larly cut with a one-sided razor blade to obtain its
cross section. Two steps were involved in measuring
the impedance profile: (1) A focused transducer
(37.4 MHz, BD(–6dB) � 52.9 �m) scanned a flat Plexi-
glas surface whose impedance value was known
(reference echo). (2) The transducer scanned the
package sample cross-section (220-�m thick) at 5-�m
step increments, with the beam axis parallel to the
package sample planar surface (Fig. 4). The rf echo
waveform at each scan location was compared with the
reference rf echo waveform to determine the imped-
ance. Due to the cross-section edges, it was necessary
to correct the impedance values at both ends of the
impedance profile.

Optical microscopic images of the package sample
cross-section were obtained to observe microstructure
features. Several measured sample impedance profiles
along the sample cross-section thickness dimension
were examined in order to have a quantitative imped-
ance measurement. To characterize the package sample
cross-section, the 2D impedance map was normalized
to the maximal impedance value in the scan region and
displayed as an acoustic image. In all these images and
impedance measurements, the transducer was placed on

the right side, which made the sample right edge to be
the package sample “front wall.”

The microstructure of the package sample without
channel defect was investigated to establish a general-
ized impedance profile for the intact region. The
optical microscopic and acoustic images (Fig. 5) of the
package sample cross-section were obtained. Both
images showed clear sublayer features. They also
demonstrated that the package sample had asymmetric
acoustic properties. The vertical bright strip at 300 �m
in axis-1 [Fig. 5(b)] corresponded with the PVDC sub-
layer in one package film. This PVDC sublayer had the
maximum impedance value in the acoustic image. The
PVDC sublayer in the other package film should have
had a corresponding vertical bright strip at 100 �m in
axis-1 if the impedance profile were symmetric as the
nominal values predicted (see Sec. 3.1). However, no
obvious vertical bright strip appeared in the acoustic
image at 100 �m in axis-1.
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Fig. 4. Package sample cross-section impedance measurement.

Fig. 5. (a) Optical microscopic image and (b) acoustic image of a
package sample, without channel defect.



Two measured impedance profiles at two ran-
domly chosen horizontal cuts in Fig. 5(a) are shown in
Fig. 6. The maximum impedance occurred near the
front wall and a dip appeared behind the maximum
impedance sublayer. The impedance at the package
sample back wall was less than that at the front wall.

Although identical in nominal impedance proper-
ties before heat sealing, the two binding films showed
an asymmetric impedance profile after sealing (Figs. 5
and 6). The multiple reflections in the asymmetric sub-
layers would behave with more complexity than in the
presumed symmetric sublayers.

The package samples with 75-�m-diameter
(Fig. 7) and 38-�m-diameter (Fig. 8) water-filled chan-
nel defects were examined. The shapes of the channel

defects were not perfect circles as that of the tungsten
wire cross-section shape. The same observation was
also made previously.(1,4) The channel defects appeared
to be elliptically shaped, and the channel defect con-
tours were not smooth, demonstrating an impedance
perturbation region surrounding the channel defect. The
position of the channel defect was not exactly centered
between package sample walls.

The impedance profiles in Figs. 5–8 span approx-
imately 300 �m while the sealed package samples
are only 220-�m thick. The thickness difference was
introduced by the transducer focal beam spot [BD(–6dB)

� 52.9 �m] at both edges. The finite beam spot size
of the transducer limits the impedance profile mea-
surement resolution. The measured acoustic impedance
profiles are approximated impedance maps.

4. CAUSE OF THE MICROSTRUCTURE
FORMATION

The experimental characterization of the package
sample cross-section identified many microstructure
features such as asymmetric impedance profiles, ellip-
tic channel defect shapes, nonsmooth channel defect
contours, and position shifts of channel defects. The
elliptic shape might be caused by the material alteration
induced by the applied static pressure from both sides
of the sample (axis-1) during the heat sealing process,
while there were no constraints from the other two sides
(axis-2). The nonsmooth contour could be attributed to
withdrawing of the wire manually after the sample had
cooled. The heat conductivity of the tungsten wire is
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Fig. 6. Two impedance profiles of a package sample, without
defect.

Fig. 7. (a) Optical microscopic image and (b) acoustic impedance
image of a package sample containing a 75-�m-diameter water-filled
channel.

Fig. 8. (a) Optical microscopic image and (b) acoustic impedance
image of a package sample containing a 38-�m-diameter water-filled
channel.
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significantly greater than those of the package sample
sublayer materials (Table II) so that the tungsten wire
acted as a heat sink that attracted more heat flow in
the defect region than in the intact region during the
heating process.

The microstructure formation cause was investi-
gated. The two sheets of plastic film were tightly
clamped between one heating bar (with a flat nonstick
coating) and one pressure bar (thick flat silicone
rubber) during the sealing process (Fig. 3). Heat was
transferred from the heating bar and reached the con-
tacting surfaces of the two films, causing them to melt
and merge together. The impedance values at the pack-
age sample back wall were always less than those at the
front wall, and the back wall was the surface in contact
with the heating bar (Fig. 3); this led to an intuitive
guess that the single-sided heating during the sealing
process caused the asymmetric impedance profile.

The heat-sealing process is a typical heat-conduc-
tion process. When molecular random motion exists
and a temperature gradient is present, heat transfer
occurs via the conductive process, which is described
by the heat-conduction equation(23) given by

(4)

where T is the temperature [T(x, y, z, t)], h is the ther-
mal conductivity of the material, � is the mass density,
c� is the specific heat, and q is the heat generation rate
per unit volume. The operator �2 is the Laplacian.

Considering the package sample thickness (220
�m) and the heating time (usually 1 ~ 2 s), a transient
thermal finite-element analysis (FEA) was performed
using ANSYS (ANSYS Inc., Canonsburg, PA) to solve
the heat conduction Eq. (4) in 2D and verify this
conjecture.

The material properties (�, c�, h) are listed in
Table II. Table II also lists the material melting points.
The exact thermal conductivity and specific heat were

unavailable for the polyvinylidene chloride used in the
samples. Because the thermal analysis is not an exact
quantitative analysis, these values are set by taking
appropriate values from other similar material such as
polystyrene. All the material properties in Table II are
cited from Refs. 23–25.

The configuration of the thermal FEA is illustrated
in Fig. 9(a). To make the simulation more realistic to
the heat-sealing situation, a 2000-�m-thick rubber layer
was included to simulate the pressure bar that was in
close contact with the top edge of sheet A in Fig. 3(a).
The initial temperature was set at room temperature
(293 K). The boundary condition on the bottom edge
of sheet B was set as an incoming heat flux from the
heating bar, representing an intimate contact between
the heating bar and the package material. The circle in
Fig. 9(a) was the 38-�m-diameter tungsten wire cross
section. The eight Xs were the designated temperature
observation points (A, B, C, D, E, F, G, and H). Point
A was on the bottom edge of sheet B. Point D was on
the interface between sheets A and B. Point G was on
the top edge of sheet A. Point H was on the top edge
of the rubber layer.

A 24-VAC electrical current was applied on a
metal strip of the heating bar. By electric-to-thermal
energy conversion, heat was then emitted from the two
flat surfaces of the metal strip, half going to the pack-
age sample material and the other half going to the
opposite direction. The measured electrical resistance
of the metal strip was 1 . The electric-to-thermal en-
ergy conversion is assumed to be 50%. (It is difficult
to quantitatively estimate the actual conversion per-
centage. The 50% estimation considers both the energy
conversion efficiency and the energy loss in heat
transfer from the metal strip to the package material.)
The total thermal power emitted from the heating bar
is thus Q � 50% � 50% � U2/R � 0.25 � (24 � 24/1)
� 144 W, where U � 24 V was the root-mean-square
voltage applied on the metal strip(26). The area of the
heating bar was 0.4 m by 0.08 m. Thus, the heat flux
would be Q/A � 144/(0.4 � 0.08) � 45 kW/m2. The
heat flux had a constant value of 45 kW/m2 from 0.1 to
1.6 seconds, representing the heating phase. The heat
flux was zero from 1.6 to 3.0 seconds, representing the
cooling phase.

The thermal FEA was conducted on both the pack-
age samples with and without tungsten wire. Figure 9(b)
shows that the temperature changed at different rates
with different package sample depths. The temperature
difference of about 150 K along the 220-�m sample
thickness was demonstrated in the single-sided heat-seal-
ing process. The maximum temperatures of the curves

Subwavelength Defect Detection Mechanism 109

Table II. Material Thermal Properties

Conductivity Density Specific heat Melting
Material h [W/(mK)] ρ [kg/m3] cν [J/(kgK)] point [K]

Polypropylene 0.1–0.13 900 2000 403
Polyvinylidene N/A 1650 N/A 423

chloride (use 0.05) (use 0.157)
Polystyrene N/A 1050 0.157 N/A
Oriented nylon 0.0138 1140 9.31 �10�7 N/A

(at 357.9 K)
Tungsten 179 19300 134 3653

(at 273 K)
Rubber 0.163 1150 2009 N/A



in Fig. 9(b) were inversely proportional to their depths
from the bottom edge of sheet B. The temperatures in
sheet B (TB, TC, and TD) exceeded the material melting
point at the end of the heating phase whereas the tem-
peratures in sheet A (TE, TF, and TG) did not exceed the
material melting point at the end of the heating phase.
The two sheets would have melted at their contacting
surfaces but experienced different temperature–time

history. The actual package seal condition would depend
on the heat flux and the heating time.

The introduction of the tungsten wire not only re-
duced the maximum temperature shown by each tem-
perature curve, but also caused the curves around the
tungsten wire region [TC and TE in Fig. 9(b)] to con-
verge more closely than that of the no tungsten wire
case. It showed that the tungsten wire functioned as a
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Fig. 9. (a) ANSYS heat conduction FEA configuration; (b) temperature-time history
inside the package sample during the heat-sealing process. The heating starts at
t � 0.1 s and ends at t � 1.6 s.



heat sink to attract a large amount of heat to its
surrounding region. The intensive heat flow and the
presence of the tungsten wire in this region could
possibly alter the material properties around the
tungsten wire.

Further experiments were done to investigate the
cause of the microstructure formation. Figure 10 shows
the measured package sample cross-section impedance
profiles for four cases. Figure 10(a) was the profile for
a single-sheet package film. The impedance profile
showed a maximum impedance sublayer (PVDC sub-
layer). After sealing the two package film sheets [A and
B in FIG. 3(a)], the PVDC sublayer near the top edge
of sheet A had the maximum impedance, but the other
PVDC sublayer impedance decreased [Fig. 10(b)]. The
impedance profile was asymmetric (see description
for Fig. 6). The sealed package sample underwent the
second sealing process with the upper side down [flip
A and B in FIG. 3(a)] after the first sealing was done.
The measured impedance profile [Fig. 10(c)] regained
symmetry, and the sharp dips after the PVDC sublayer
became less striking. The double sealing made the
impedance profile return to symmetry because each
side of the sample experienced one heating process,
exerting a balanced impact on the impedance profile.
Furthermore, the third heat-sealing process was done

after the double sealing. This time the impedance
profile [Fig. 10(d)] became irregular because of the
overheating after the triple-sealing process. However,
the asymmetric pattern appeared again, with the
maximum occurring near the front wall.

These experiments and the FEA analysis support
the intuitive conjecture about the formation cause of
the package sample microstructure. It is the single-
sided heating that causes the asymmetric impedance
profile for the package sample. The unbalanced heat
conduction induces asymmetric property changes
during the sealing process.

5. NUMERICAL RESULTS AND DISCUSSION

5.1. Generalized Impedance Model

A generalized impedance profile was proposed
based on the microstructure characterization of the
package sample. The generalized impedance model
(Fig. 11) includes features for intact package-sealing
region and channel defect region.

For the intact package-sealing region, the model
considers (1) asymmetric impedance profile across
the six sublayers whose thicknesses were depicted in
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Fig. 10. Package sample impedance profiles: (a) single sheet, no sealing; (b) double sheets, sealed once; (c) double sheets, sealed twice from
both sides; (d) double sheets, sealed three times with two on one side and one on the other side.



Sec. 3.1, (2) bonding sublayer (impedance deviation sub-
layer) between the two plastic films, and (3) frequency-
independent weak attenuation inside the packaging
material. The establishment of a generalized imped-
ance model for the intact region is a prerequisite before
building up the model for the channel defect region.

For the channel defect region, the model considers
(1) elliptically shaped channel defect with a nonsmooth
contour, (2) annular impedance transition region
surrounding the channel defect, and (3) channel defect
position shift along the sample thickness dimension.
These features were observed in Sec. 3.2.

5.2. Simulated Echoes

By implementing the proposed impedance model,
we hope to establish a generalized model that would
produce the simulated rf echo waveforms with high
similarity to the measured echoes (Fig. 1) so that the

above impedance model could be examined in a nu-
merical approach.

Four simulations were done for four different
impedance maps. For the control case (case 1), the
impedance profile was symmetric. Case 2 used an
asymmetric impedance profile, without any defect.
Case 2 was used to test the generalized impedance
model for the intact region. Case 3 added a water-filled
channel defect to the impedance map of case 2. Fur-
thermore, case 4 added the annular impedance region
to the impedance map of case 3. The difference between
cases 3 and 4 was the annular impedance region in the
impedance map. The four impedance profiles along the
sample thickness dimension in the proposed impedance
model are shown in Fig. 12(a). Figure 12(b) shows the
simulated impedance map of case 4, which is a pack-
age sample with a 38-�m-diameter channel defect and
the annular impedance region. The ultrasonic beam was
incident from the right in both figures.

The channel defect was modeled as an ellipse with
a 38-�m major axis and a 30-�m minor axis. The minor
axis was parallel with the beam axis. The defect was
filled with water (� � 1000 kg/m3, c � 1485 m/s) and
there was a 20-�m-thick surrounding annular region
whose impedance was greater (0.2 ~ 0.6 Mkg/m2s) than
that of the intact region. The nonsmooth channel con-
tour was constructed by inwardly or outwardly shifting
a small position offset between 0 and 6 �m randomly
on the smooth elliptic contour. The channel defect had
a 35-�m position shift toward the package sample front
wall. The package material attenuation coefficient was
set as 20 dB/mm, which was a measured value from a

112 Yin, Morris, and O’Brien

Fig. 11. Proposed package sample microstructure impedance model.
The bottom edge corresponds with the contacting surface with heat-
ing bar during heat-sealing process.

Fig. 12. Generalized impedance model: (a) impedance profiles for the four cases
(case 1, symmetric impedance without defect; case 2, asymmetric impedance with-
out defect; case 3, asymmetric impedance with a water-filled channel; case
4, asymmetric impedance with a water-filled channel and an annular impedance
region); (b) impedance map of the defect sample for case 4.



pulse-echo insertion-loss measurement of the package
sample at 17.3 MHz. The attenuation coefficient in the
annular region is unavailable. In the annular region, the
attenuation coefficient was assumed to be 40 dB/mm.
Implementing frequency-dependent attenuation coeffi-
cients in FDTD simulation is a complicated task.
Because the annular region is very small, and the trans-
ducer bandwidth is about 8 MHz, both attenuation
coefficients were assumed to be frequency independent
without losing too much accuracy while keeping the
FDTD simulation simple.

The simulated rf echo waveforms for the four
cases were obtained. Both echo waveforms and their
frequency-domain amplitude are plotted for compari-
son. Figure 13 presents the comparison between the
measured echo from intact region and the simulated
echoes from the symmetric (case 1) and the asymmet-
ric (case 2) impedance profiles. The simulated echo in
case 2 resembled the measured echo better than that
from case 1 did. Figure 14 presents the comparison
between the measured echo from the defect and the
simulated echoes from the asymmetric impedance with
water-filled channel only (case 3) and with both water-
filled channel and annular impedance region (case 4).
Adding an annular impedance region affected the
echo waveform and further simulated the pulse-echo
detection better than would have been the case if only
a channel were present.

The normalized cross-correlation coefficient R be-
tween the simulated echo waveform and the measured
echo waveform was calculated as a quantitative index
of similarity between them. 	BAI was also calculated
for the experiment measurement and for cases 3 and 4.
The 	BAI is defined as |BAIflawed – BAIintact |/BAIintact,

which is the BAI-value contrast between defective and
intact regions. 	BAI indicates the image contrast in a
BAI-mode image (see Sec. 1 for BAI-mode images).
Table III summarizes the R values and the 	BAI val-
ues. Case 2 has a higher R value (97.7%) than that of
case 1 (80.4%) when compared with the measured echo
from the intact region. Case 4 has a higher R value
(95.7%) than that of case 3 (88.4%) when compared
with the measured echo from the channel defect region.
The 	BAI value for case 4 (0.1167) is closer to that of
the experiment (0.0901) than that of case 3 (0.0305).
These results provide quantitative support for the hy-
potheses of the asymmetric impedance profile and the
annular impedance region. The simulated results match
with the experimental results very well for the proposed
impedance model.

5.3. Discussion

The asymmetric impedance profile, along with the
uniform attenuation in the material, was used to deter-
mine the rf echo waveform in the intact region. The
echo amplitude was not zero between the two echoes
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Fig. 13. Comparison between the measured echo waveform and the
simulated rf echoes for cases 1 and 2: (a) time-domain waveforms;
(b) frequency-domain amplitude.

Fig. 14. Comparison between the measured echo waveform and the
simulated rf echoes for cases 3 and 4: (a) time-domain waveforms;
(b) frequency-domain amplitude.

Table III. Normalized Cross-Correlation Coefficients and ∆BAI
Values

Case 1 Case 2 Case 3 Case 4 Experiment

R 80.4% 97.7% 88.4% 95.7% N/A
Note for R Against the Against the

measured echo measured echo
from intact region from defect

∆BAI N/A N/A 0.0305 0.1167 0.0901



from package sample front and back walls because
the corresponding impedance in this region was not
uniform. The impedance variation caused reflections.

The channel defect alone could not produce a
significant echo waveform variation in the time inter-
val between the two echoes from the front and back
walls of package sample. The insertion of the tungsten
wire during the heat-sealing process took up the
volume originally occupied by the package material.
Consequently, the annular region was produced by
material alteration during the heat-sealing process.
Because of the material alteration, this annular region
tended to be more solid-like with impedance value
higher than that of its surrounding medium. The im-
pedance difference between the annular region and
the defect region (water) increased. As a result, the
rf echo waveform had a significant amplitude variation
in the channel defect region due to the increased
impedance difference.

The shape and position of the channel defect also
played an important role in determining the rf echo
waveform. If the defect shape were smooth and round,
caustics would occur because the perturbation of the
smooth scatterer acted as a focal lens to the incident
acoustic rays. The caustics might have then produced
an enhancement of the echo amplitude from behind
the smooth scatterer, depending on the shape of the
curvature. If the distance happened to be inside the
package sample, then the echo amplitude would have
increased behind the defect. However, the measured
echo from the channel defect showed that the echo
amplitude decreased from behind the defect when
compared with the echo from the intact region. The
nonsmooth defect contour disrupted the condition to
form caustics by randomly diverting the acoustic rays
into different directions around the defect.

Because of the limited understanding of mi-
crostructure information, several assumptions had to be
made to estimate the details of the package sample. For
example, the acoustic impedance measurement provided
only an approximate impedance map due to the trans-
ducer lateral resolution (BD–6dB � 52.9 �m). It is a very
challenging task to model every aspect of the pulse-echo
subwavelength defect detection process.

6. CONCLUSIONS

A theoretical modeling study was undertaken to
investigate the pulse-echo subwavelength defect
detection mechanism through both experimental char-
acterization and numerical modeling studies. The

impedance profiles in the flexible package samples
were asymmetric due to the single-sided heat-sealing
process. A generalized impedance model of the pack-
age sample with a channel defect was proposed and
evaluated through numerical simulation in this study.
The simulation results verified the model and explained
the origin of the rf echo amplitude variations between
the echoes from the intact and channel defect regions.
The asymmetric impedance profile of the package
sample, along with the uniform attenuation, caused
the amplitude variations of the echo waveform from
the intact region. Material alteration around the chan-
nel defect effectively enlarged the defective area, which
increased the defect detectability during the pulse-echo
detection process. This alteration of the structure’s
material and the apparent subsequent enhancement of
the BAI values indicate several intriguing possibilities.
The first of these is that the detection of naturally
occurring defects without the material changes, and
subsequent impedance difference to provide a strong
backscattering interface, would be less certain. It also
indicates that there is further work necessary in the
understanding of the nature of the material alterations
that are apparently occurring in the polymer structure
and morphology as a result of the formation of these
artificially created defects. Understanding the funda-
mental pulse-echo subwavelength defect detection
mechanism has thus improved our knowledge in mate-
rial characterization and nondestructive evaluation
using ultrasonic pulse-echo techniques.
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