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Abstract — Hermetically-sealed flexible food packages
require effective seal integrity tests for quality assurance
purpose. 10-µm-diameter channel defects can propagate
microorganisms into food. The channel diameter limits
of human inspection are about 50 µm in transparent
food packages. A reliable methodology is thus needed
to detect 50-µm-diameter and smaller channels. The
pulse-echo Backscattered Amplitude Integral (BAI)mode imaging technique [UFFC Trans, 45:30, 1998]
has been developed and demonstrated by us to 100%
reliably detect 38-µm-diameter and larger channels in
plastic films tested using a static stop-and-go transducer
scanning pattern. In this study, we examined
experimentally the spatial sampling issue of the BAImode imaging technique with a new real-time
transducer scanning protocol to simulate continuous
package production line motion. A focused transducer
(17.3 MHz, –6-dB pulse-echo focal beam diameter of
173 µm) acquired RF data in a zigzag raster scanning
pattern from plastic film samples bearing point
reflectors arranged in a rectangular grid of varying
spacings. The contrast-to-noise ratio (CNR) and the
average BAI value difference (¨%$,  EHWZHHQ GHIHFWHG
and background regions were assessed to quantitatively
study image quality versus the varying grid size and the
changing spatial scanning step sizes. For any given
spatial grid size, the CNR and ¨%$,YDOXHVGHJUDGHGDV
scanning step size in each spatial dimension increased.
When the ¨%$, GURSSHG EHORZ  RI WKH PD[LPXP
BAI value, the point targets could not be separated in
the image.

I. INTRODUCTION
Flexible food packages are produced by hermetically
fusing opposing seal surfaces to avoid post-process

contamination of the product. Both channel leaks and
imperfect bonds could degrade package seal integrity
and provide pathways for microbial penetration that
could cause product spoilage. The smallest possible
channel defects detectable by human observers are
about 50 µm in diameter in transparent food
packages. However, independent studies [1] have
shown that certain microorganisms can transit
through 10-µm-diameter channels. Therefore,
effective and reliable seal integrity tests are needed to
ensure the safety and shelf life of the food in
hermetically-sealed flexible food packages.
The pulse-echo Backscattered Amplitude Integral
(BAI)-mode imaging technique [2][3] has been
developed and demonstrated by us to detect channels
as small as 38 µm in diameter with 100% detection
rate in bonded 2-layer plastic film samples (thickness
110 µm per layer) tested using a focused 17.3-MHz
transducer. The acoustic image formation process is
quite simple and does not require heavy
computational burden. Moreover, channel defects as
small as 6 µm in diameter could be detected
occasionally. The quantity used to construct BAImode image is called the BAI value which, by its
name, is computed by integrating the RF echo signal
envelope at each transducer sampling position.
In our previous studies, RF data were acquired in a
static rectilinear stop-and-go transducer scanning
pattern. We employed in this experimental study a
real-time zigzag raster scanning pattern where the
package sample moves continuously in the y direction
while the focused transducer moves back and forth in
the x direction. The zigzag scanning pattern requires
the investigation of the spatial sampling resolution
issue of the BAI-mode imaging technique. In this
study, a focused transducer (17.3 MHz, -6-dB focal

beam diameter of 173 µm) acquired RF data in a 2D
zigzag raster scanning pattern from plastic film
samples bearing tiny printer toner spots arranged in a
rectangular grid of varying spacings. These toner
spots served as point reflectors. BAI-mode images
were formed with the experimental data collected by
the transducer scanning system. Quantitatively, the
contrast-to-noise ratio (CNR) and the average BAI
value difference between defected and background
regions (¨%$,  ZHUH DVVHVVHG WR HYDOXDWH WKH LPDJH
quality versus the changing grid sizes (distance
between adjacent point reflectors) and the changing
transducer spatial scanning step sizes.

II. EXPERIMENTAL SYSTEM AND DATA
PROCESSING
The scanning and data acquisition system (Figure 1)
consists of focusing transducer (Panametrics V317),
three-linear-axis positioning system, pulser/receiver
(Panametrics 5800PR), digital oscilloscope (LeCroy
9354TM), system controller (Pentium 166MHz PC)
and control software.

stored as binary data files for off-line data processing
on a UNIX workstation using Matlab.
In the off-line data processing, each RF echo signal is
first Hilbert transformed to get its envelope. The BAI
value at each location is then obtained by integrating
over the entire signal envelope. If a defect is present,
the RF echo waveform will be different from that of
the intact background region because the
backscattered energy changes. The BAI value
variation indicates potential defects. These BAI
values obtained are in 2D zigzag raster pattern due to
transducer scanning pattern. The BAI-mode image is
constructed upon the BAI value matrix mapped at the
rectilinear grid from the zigzag raster pattern by
inverse distance interpolation. Figure 2 is a BAImode image example showing a 2D zigzag scanning
pattern. The rectangular vertical black region at
x≅25.5 mm is a 38-µm-diameter channel defect. The
circles overlaid on the zigzag raster pattern are –6-dB
pulse-echo focal beam spots at each transducer
scanning location.

Figure 1: Data acquisition system block diagram

The transducer, a nominal 20-MHz-center-frequency,
6.35-mm-diameter, f/2 immersion-type spherically
focused transducer, was characterized using the
pulse-echo field measurement technique [4].
According to the characterization measurement, the
center frequency is 17.3 MHz and the bandwidth is
7.35 MHz. The focal length is 12.4 mm and the –6dB pulse-echo focal beam diameter is 173 µm.
Operating in the Transmission/Receiving (pulseecho) mode, the transducer sends out a pulse and
receives the echo signal at each location (xi, yi) from
the sample. The digital oscilloscope collects the RF
echo waveform at 500 Msample/sec with 256 time
sequence samples at each scanning location. The 3D
ultrasound data set {p(xi,yi,tj): (xi,yi) ∈ planar sample
surface to be scanned, tj∈[t1,t2], j=0,1,…255} are

Figure 2: 2D real-time zigzag raster scanning pattern

III. SPATIAL SAMPLING STUDY
Five point-reflector samples, labeled from a through
e, were made by using a 1200-DPI laser printer to
print rectilinear toner dots array with different grid
sizes on transparency films. The grid sizes are 848,
742, 636, 527.5, and 424 µm, respectively. The
scanning area is a rectangle with 3 mm in the x
direction and 2 mm in the y direction. The spatial
scanning steps change in both x and y directions. The
x step size is 25 µm. Changing the x step size could
be simulated in off-line data processing by picking up
waveforms at the desired sampling locations from the
3D data set. For instance, to simulate a 50-µm x step
size and a 100-µm x step size, waveforms are picked

up every two and every four sampling locations,
respectively. The x step sizes are chosen to be 25, 50,
75, 100, 125, 150, 200, 250, 300, 375, 500, 600, 750,
and 1000 µm, which correspond with 120, 60, 40, 30,
24, 20, 15, 12, 10, 8, 6, 5, 4, and 3 sampling points in
the x direction. Figure 3 (a)-(c) illustrate the oversampling, critical-sampling and under-sampling
situations in the x direction in terms of the
comparison between x step size and –6-dB focal
beam diameter. For each sample, y step size is set to
be 200, 300, 400, and 500 µm. Note that the faster the
sample moves, the larger the y step size is. Figure 3
(d)-(f) demonstrates the effect of sample continuous
motion on the y step size in real-time scanning. Thus,
only four scans (x step size = 25 µm, y step size =
200, 300, 400, and 500 µm) are needed for each
sample, which reduces data acquisition labor
drastically.

IV. RESULTS
Using the zigzag-scanning pattern, twenty scans were
done over the five samples with different scanning
step sizes. The ¨%$, DQG &15 YDOXH FXUYHV ZHUH
obtained for each sample.

Figure 4: Simulation of changing x-stepsize,
y-stepsize=200 µm, grid sample-c

Figure 3: Changing the x step size [(a), (b), (c)]
and changing the y step size [(d), (e), (f)]

Two descriptors, ¨%$, DQG &15 DUH GHILQHG
quantitatively assess the BAI-mode image quality.
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In (1)-(4), subscripts b and d stand for background
region and defected region, respectively. Nb and Nd
are the total numbers of pixels in the background and
the defected regions, respectively. Image pixel value
p represents the corresponding BAI value at the
specific point.

Figure 4 shows an example of changing x step size.
The y step size is 200 µm. The sample being scanned
is c. For the over-sampling cases (x step size ≤ 200
µm), there was no significant change in image quality
according to both subjective evaluation and
quantitative assessment of ¨%$, DQG &15 FXUYHV
For the under-sampling cases (x step size ≥ 200 µm),
the image quality degraded gradually but noticeably
as the x step size increased. Subjective assessment
shows that when x step size was greater than twice of
the –6-dB pulse-echo focal beam diameter (x step size
≥ 375 µm in this case), the BAI-mode image started
losing the true details of sample structure. Even when
the x step size was 1 mm, the transducer was still able
to detect the point reflectors. The step size margin
was fairly large for simple detection purposes.
Overall assessment of the five samples indicated that
when the ¨%$, GURSSHG EHORZ  RI WKH PD[LPXP
BAI value, the boundary between point reflectors and
background could not be identified distinctly in the
image.
Figure 5 shows the ¨%$, DQG &15 FXUYHV YHUVXV
spatial scanning step sizes. The four curves represent
the four different y step sizes. For any given spatial
grid size, the CNR and ¨%$, YDOXHV GHJUDGHG DV

scanning step size in each spatial dimension increased
as did the image quality. This observation was
consistent with our previous spatial sampling study
results for channel defects [5].

Figure 5: ¨%$, and CNR vs. spatial sampling step sizes

Figure 6 shows the ¨%$,DQG&15FXUYHVYHUVXVWKH
changing point-reflector grid size. ¨%$, DQG &15
values decreased as grid size reduced. But the
variation of the ¨%$, FXUYHV ZDV PXFK ODUJHU WKDQ
that of CNR curves. The CNR curves showed more
consistent decreasing pattern than the ¨%$, FXUYHV
did when grid size reduced. It might suggest that
CNR is a more appropriate performance index for
quality assessment of the BAI-mode image.

mode image system is less sensitive to the variation
of backscattered energy and less robust when the
scanning step size becomes larger. Noticeable image
quality degradation occurs after the x step size
exceeds twice of the -6-dB focal beam diameter. But
the step size margin is fairly large for simple
detection purposes. There is a trade-off between the
BAI-mode image quality and the spatial sampling
step sizes of the real-time scanning pattern. Although
the scanning efficiency improved, increasing
scanning step sizes in both spatial dimensions
sacrifices the image quality. The –6-dB focal beam
diameter of the focused transducer should be
considered as a major factor in determining the
transducer spatial scanning step sizes.
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