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Abstract - The  focus  of this study is to evaluate the 
image contrast, denoted ABM, for various packaging 
materials,  and  defect types and  their  sizes. This study 

Integral (BAI)  method to  visualize  and  evaluate 
applied the pulseecho Backscattered  Amplitude 

defects in  the  seal  area of flexible food  packages 
which  might cause both  economic loss and  health 
hazards. This method  yields  an  image,  the  BAI-mode 
image. It has been shown that there is a direct 
relation  between  the  defect  size  and  ABAI  value,  and 
that different defect types and packaging materials 
have  a  significant  impact on the ABAI value. 

I. INTRODUCTION 
There  are two major defects found  in  the  seal 

region  of  flexible  food  packages:  channel  leaks  and 
weak seals [l]. Channel leaks might  cause  a  pathway 
for microbial  penetration  that eventually results in 
the  spoilage  of  the  product. The weak seal that is 
generally  caused  by  wrinkles or product  involvement 
in  the  seal area causes  the  seal strength to decrease, 
and  that  gives rise to  product  deterioration  during 
storage [2]. Because  both types of defects bring 
about  health  hazards  and  economic loss, it is 

presence of such defects. 
imperative that  packaging be checked  for  the 

A  new  technique called, Backscattered  Amplitude 
Integral (BAI) method,  which yields an image (the 
BAI-mode  image) has been introduced  for  detection 
of  small defects [3]. This technique has demonstrated 
the  capability of detecting channel defects in  the 10- 

or high  impedance  (water)  material is present  within 
pm range regardless of  whether low impedance  (air) 

the  channel  defect. 
In this  study,  channel defects (air-filled  and 

water-filled) in  the  range  from 6 to 100 pm in 

to 150 pm  in  diameter  within  the  seal  region of both 
diameter  and  inclusion defects in the  range  from 20 
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plastic  trilaminate  and  aluminum  foil  pouches  were 
created in the laboratory. Mouse tail tendon as a 
simulation of typical biomaterial  was  used  to 
generate  inclusion defects. The purpose of this study 
is to  evaluate  the contrast descriptor, ABAI, for two 
packaging materials, three  defect  types  and  sizes. 

II. METHODOLOGY 
SampIe Preparation 

Microwaveable  plastic  (Fuji  Tokushu  Shigyo  Co. 

trilaminate  films  were  used for sample  production. 
Ltd., Set0 Aichi, Japan) and  aluminum  foil 

plastic  film [4] were 110 pm  and 2380 d s ,  and  those 
The  thickness  and  sound  speed  for  the  transparent 

2460 &S. Two types  of  defect  were  created,  namely, 
for  the  opaque  aluminum  foil  film  were 120 pm  and 

channel  and inclusion. 

Fine Wire  Company, Grover City, CA)  with 6,  10, 
Smooth, die-drawn  tungsten  wires  (California 

prepare  channel  defect. Mouse tail  tendons  (provided 
15, 37, 50, 75 and 100 pm diameters were  used to 

by  Beckman  Institute's  Animal  Care  Facility, 
Urbana, IL) with 20-150 pm diameters were  used to 
prepare  inclusion  defects.  After  the  wire  and  the 

were  sealed into place by  an  automatic  heat  sealer 
tendon  were  located  between  two  layers of film, they 

(Doboy,  HS-C42051,  Doboy,  Co.,  New  Richmond, 
W). The sealing  temperature  for  plastic  and 
aluminum  foil  was 132 and 152 "C,  respectively. The 
longitudinal axis of  wire  and  tendon  was 
perpendicular to the  sealing  direction. The sample 
was left to  cool for about 5 min  following  sealing. 

removing the  wire  after cooling. To  prepare  the 
Air-filled channel defects were  prepared  by  axially 

water-filled  channel  defects, samples were  immersed 
into the water  bath,  and  the  wire  was  axially 
removed.  Next,  both  ends of channel opening and 
tendon  were  fused  to assure the  integrity of the 
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defects’  contents. Light transmission microscope  was 
used to independently measure defects [3]. 

System Description and Data Acquisition 
The  sample was located in  a  water tank (-20T) 

so that the defect orientation was approximately 
normal to the sound  beam direction. A  pulser- 
receiver  (Model 5800, Panametrics, Waltham, MA) 
in pulse-echo  mode  was  used  with  a spherical 
focused  ultrasonic  transducer (Panametrics V317, 
Waltham, MA), measured center frequency of 17.3 
MHz.  The  Radio-Frequency @F) echo signal from 
the pulser  receiver  was digitized (5OOMsh) using  a 
LeCroy  9354TM (Chestnut, NY) oscilloscope. 

The  sample  was scanned in  a rectangular grid 
pattern  by  moving  the transducer with  an  automatic 
micro-positioning  system @aedal, Inc.,  Harrison 
City, PA). The linear and rotational accuracy  of the 
system are 2  pm and O.OIo, respectively. A  host PC 
(486-66MHz) controlled the positioning system, 
pulser-receiver and oscilloscope, which  were 
connected to GPIB-board.  The distances between 
grids were 30 p in the direction parallel to the seal 
direction (also transverse to the defect’s longitudinal 
axis) and 100 pm in the direction perpendicular to 
the seal direction ( 3 0 p  x 100 pm step sizes). 
Field-of-view  varied  from 1.5 mm x 1.0 mm to 2.0 
mm x 4.0 mm area. Data were transferred to a SUN 
Sparc 20  workstation  for off-line processing. 

BM-mode imaging 
Each RF waveform was Hilbert-transformed, 

the BAI  value  for  each point. The two-dimensional 
and  the resulting envelope was integrated to obtain 

BAI-matrix  was linearly interpolated by  a factor of 
two  in the sealing direction (30pd2)  and by  a 
factor of  seven transverse to sealing  direction 
(100pd7) yielding an image pixel size of 15.0pm x 

normalized to produce a gray scale image,  BAI-mode 
14.3pm. The interpolated BAI matrix was 

image  [3]. All calculations were done by the built-in MATLAB” functions. 

AL3AI Contrast Descriptor 
The ABAI contrast was calculated by 

= BAIbackgmund - (1) 
where BMbackpund is the average BAI value of  ten 
spatially  separated locations from regions,  which do 
not  include the defect. BAIdefect is the average BAI 
value  in the defect location. Fig. 1 indicates the 
reference region and defect location on the  BAI- 

Suhimilge  from the Subimage  from lhe 
background  region Dffect defect region 

3.0 mm 

Figure 1: Normal incidence 17.3MHz BAI-mode image 

seal  region of plastic  pouch. ABAI was 
ofwater-filled channel defect  (38pm) within the 

calculated from the  region within the dashed 
rectangles 

mode image. For calculation purposes, “Imcrop” 
built-in image processing function in MATLAB@, 
was  used.  Individual subimage areas were  0.3 mm x 
0.3 mm, and  ten different subimages were  used  to 
estimate the BAIbackwound value. The  same  procedure 
was  followed  for the calculation of  BAIdefect. 
However, only one suhimage was selected which 
longitudinally covered the  defect  region (Fig. 1). 

Statistical Analysis 
Regression analysis between the size of defects 

and ABM contrast values for  each  defect  type  was 
executed. In addition to this, one way  ANOVA  test 
(at a significance level  of a4.05) was  performed  to 
test  if there was  a difference between defect types 
and between packaging types in regard to ABM 
contrast values. All of statistical calculations were 
performed  by the built-in functions in Microsoft 
Excel” 97. 

III. RESULTS & DISCUSSION 

Channel defects were classified as:  air-filled 
channel defect within plastic (ACP), water-filled 
channel defect within plastic (WCP),  air-filled 
channel defect within aluminum foil (ACA), and 
water-filled  channel defect within  aluminum  foil 
(WCA). Since seven different tungsten wires (6, 10, 
15, 38,50,75, and 100 pm) were  used to create these 
defects, and since five replications for  each  wire size 
were produced, thirty-five channel defects  were 
fabricated  for each group. Thus, a  total of 140 
channel  defect samples were evaluated. Also, 
eighteen inclusion defects within plastic (IDP) and 

were  evaluated. 
fifteen inclusion defects within aluminum  foil  (IDA) 
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defects and  tendons  was  elliptical. The major  axis of 
The cross-sectional  shape  of  almost  all  channel 

the  ellipse  was  in the direction  parallel  to the heat 

ranged  from 0.88 to 1.76, and  the  mean  and  the 
sealing direction. The major axis  to  minor axis ratio 

standard deviation of this ratio were  1.16 f 0.14 for 
channel  defects. This ratio for  tendons  ranged from 

this ratio were  2.14 f 0.81. The size  measured  in  the 
1.02 to  3.72,  and  the mean and  standard  deviation  of 

major  axis is the  value  quoted  hereafter for the  size 
of  both  channel  and  inclusion  defects. 

Fig. 2  shows the relationship between  the 

ABM values  with their respective defect sizes 
ABM value  and  defect size. The  relationship  of 

showed  a  linear  correlation  for each sample  group. 
Table I indicates  the  slope  of line-fit (defect size vs. 
ABM) of  raw  data for each sample group and  the 

by the linear  regression. The line-fit of each sample 
corresponding  correlation  coefficient (R') obtained 

obtained by the  regression  analysis.  High  correlation 
group in Fig.  2  was drawn according to results 

coefficients  clearly  indicate  that  the ABAI contrast 
value  decreased as the  defect  size  decreased,  i.e. BAI 
values  in  the  defect  region (BAIdefect) became  close 
to  those  in  the reference region (BMbckground) while 
the  defect  size declined. 

level of a=0.05, ABAI values  obtained  for  plastic 
According  to  ANOVA test at  a  significance 

samples  were  significantly  lower  than @<O.OOI) 
those  obtained  for  aluminum  foil  samples. 
Furthermore,  the ABM of  water-filled  channel 
defects (WCP)  was  higher than that  of  air-filled 
channel  defects  (ACP)  within  the  seal  region of 
plastic  (p=0.043). On the contrary, the ABAI of 
water-filled  channel defects (WCA)  was  lower  than 

Table I. Slope of line-fit (defect size vs. D A I )  for each 
sample  group and correlation  coefficients 
obtained from linear  regression  analysis 
(p<O.OOl for each group). 

Slope (V.s/m) 

0.233 
0.250 

WCA 
0.359 
0.317 
0.124 
0.081 

Coefficient (R2) 
Correlation 

0.89 
0.88 
0.91 
0.79 
0.75 

0 "  'IDA 

0 a, Q) 60 80 I r n  la, IQ) 160 
Defect diameter, pm 

Figure 2: The size of defects vs.  ABAI (x: ACA, +: WCA, 

of each  group  was drawn according  to  its 
A: WCP, 1: ACP, -: IDP, U: IDA). The line-fit 

regression  constants. 

that ofair-filled channel defects (ACA)  within  the 

the ABM value of inclusion defects within  the  seal 
seal region  of  aluminum  foil  (p=0.033).  Moreover, 

region of plastic  was  higher  than  that of aluminum 
foil (p =0.012). Fifteen samples from  each group 
(IDA and IDP) were  compared  for  this  outcome. 

with  defect type, its size, and  the  material  used  for 
Consequently,  the contrast descriptor, ABM, varies 

packaging. 
The size of defects on the BM-mode image  is 

much  larger  than its actual size, and  the  same result 
was also supported  by  a recent study [3].  All 
channel defects (>Ispm in  diameter)  were  easily 

as 6-pm channel defects could be detected  by  this 
seen in the BM-mode image.  Even though as small 

technique,  some  small  channel defects (S15prn) were 
not  identifiable,  and  the  calculation  of ABM without 
lmowing  the  exact  location  of  the  defect  was 
impossible.  A new technique in a  recent  study [6], 
which  uses  the  same  three-dimensional  data  set  used 
in  BAI-mode  imaging,  has  the  ability  of  detecting  the 
small defects that BM-mode imaging  could  not 
identify. This new high-contrast  image  technique 

conventional C-scan  processing, which  includes  only 
looks like C-mode imaging. However,  unlike 

a  portion of the  sample  under  investigation,  the 
signal  has been differently processed  before 
processing  the  image (refer to [6]). After  placing  the 
image  obtained  by this technique  and  the BM-mode 
image  side  by side, the location  of  the  defect on the 
BAI-mode  image  was  determined,  and  consequently, 
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&AI contrast  value of these unidentified samples, 
too, were  calculated. 

of  subwavelength  detection of channel  defects, e.g., 
BAI-mode  imaging technique has the  capability 

detection  of  channel defects in sizes below  100 pm 
while h (=cif) for  plastic is 138 pm  and h for 
aluminum  foil  is  142  pm at the center  frequency of 
17.3  MHz. In addition, all  inclusion defects (20- 
ISOpm)  prepared  by  the  tendon  were  identified  by 
this  technique. Therefore, the BM-mode imaging 
technique  also has the capability of  detecting  small 
tendons  down  to 2Opm. According to the  several 
experts’  opinion [l], detection  of  channel  leaks as 
small as 50 pm  in  diameter by an  in-line  inspection 
system  can  provide  an  adequate safety assurance. In 
addition  to that, the  human visual inspection of such 
defects is mandated (US Code  of  Federal 
Regulations  (9CFR$381.301(d) [5 ] ) ,  and  human 
ocular  resolution is approximately SO pm. In that 
regard BM-imaging technology  already satisfies this 
regulation. 

ABM can be used  in two means.  First,  the  BAI- 
mode  image  itself  is  limited  for  characterizing  the 

packaging  material  and  by estimating what  kind of 
defect  in  terms  of its size. However, by knowing  the 

defect  might be involved to contaminate  the  seal 
region  of  the  package,  the  size  of  the  defect  can be 
approximated  using the calibration curve (ABAI vs. 
defect  size).  Different defects have a different impact 
on the ABAI value for the same packaging  material. 
After  recognizing  all defect types within  the  seal 
region  of  a  packaging material, the calibration  curves 
would  be  prepared  for each recognized  defect  type in 
the  laboratory.  Second, ABAI contrast  descriptor on 
BAI-mode  image  can provide the safety requirement. 
After  the  minimum  defect  size is safely  identified  by 
BAI-mode  image  (15 p in this study),  the 
corresponding  minimum ABAI contrast value  can be 
set. This  minimum value would  provide  a  criteria 
whether  the  package is rejected from  the  inspection 
line or not, i.e.,  packages having a  higher ABAI 
contrast  value  than  the  minimum  requirement  would 
be  rejected  from  the inspection line. However, 

research. The calculation  of ABAI contrast  descriptor 
application  of results in this study will  require further 

requires  manual data collection for  the  time  being. A 
new technique,  which recognizes the defect on the 

BAI-mode image and  automatically  calculates  the 
ABM contrast descriptor, is necessary  for 
automation  purposes. 
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