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METHOD AND SYSTEM FOR INTEGRITY TESTING OF PACKAGES

FIELD OF INVENTION

The present invention relates broadly to a method and system for integrity testing of
packages, in particular to the non-destructive inspection of the integrity of package sealing,
quality of the package body and packaged content, e.g. for pharmaceutical, medical supplies,
food & beverage packaging.

BACKGROUND

Any mention and/or discussion of prior art throughout the specification should not be
considered, in any way, as an admission that this prior art is well known or forms part of
common general knowledge in the field.

Safety, quality and quantity of produced drugs and medicine in pharmaceutical industries and
food & beverage in consumables industries highly dependent on the efficiency and efficacy
of packing as well as quality assurance. Any deviation from maintaining stringent quality
standards in the products puts the consumers’ life at risk. In particular, over-the-counter
(OTC) drugs, medicines, various forms of food products and beverages, which are mass-
produced and packaged at a very high speed, may suffer from defective packaging and
accidental incorporation of impurities and unwanted substances. In addition, unintentional
incorporation of impurities or/and product into the seal can lead to potential leak/breach
before the stipulated expiry date.

Both pharmaceutical/medical equipment and food & beverage industries use various
packaging which requires the sealing of ends. In a fully integrated fast production line, it is
extremely challenging to check every package. Poor or tampered sealing increases the risk of
exposure to external environmental factors such as microbes, gas, light and temperature,
which could degrade product quality and prove fatal for consumers. Recognizing defects,
leaks, and/or potential compromises in such packaging without compromising on the
throughput is a challenge.

Popular approaches in pharmaceutical/medical equipment and food & beverage industries for
package integrity testing include vacuum leak test, internal pressure method, water tank test,
trace gas detection method and visual inspection. Most existing test methods for form filled
packages require offline analysis, use of expensive equipment, have low throughput and high
processing time, and generate large rejects and waste, which affects the production/packaging
cost and time. In addition, these tests are limited to only identifying confirmed leaky or
defective seals, whereas weak seal integrity, which can be compromised before reaching the
customers, are overlooked.
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Embodiments of the present invention seek to address at least one of the above problems.

SUMMARY

In accordance with a first aspect of the present invention, there is provided a method for
integrity testing of packages, the method comprising the steps of disposing least a portion of
the package relative to a multi-electrodes structure, the multi-electrodes structure comprising
at least first and second arrays of electrodes; applying an AC bias voltage to the multi-
electrodes structure; measuring an electrical property of the portion of the package is
measured over a frequency range; and determining the integrity based on the measured
electrical property over the frequency range; wherein disposing the portion of the package
relative to a multi-electrodes structure comprises disposing the portion of the package
between the first and second arrays of electrodes; and wherein measuring the electrical
property of the portion of the package comprises using

- a plurality of electrodes of at least one of the first and second arrays of electrodes and at
least one of the electrodes of the other one of the first and second arrays of electrodes, or

- at least three of the electrodes of one of the first and second arrays of electrodes;
for location resolved integrity testing of the package.

In accordance with a second aspect of the present invention, there is provided a system for
integrity testing of packages, the system comprising a multi-electrodes structure configured to
be disposed relative to least a portion of the package, the multi-electrodes structure
comprising at least first and second arrays of electrodes; a source configured to apply an AC
bias voltage to the multi-electrodes structure; a measurement unit configured to measure an
electrical property of the portion of the package over a frequency range; and a processing unit
configured to determine the integrity based on the measured electrical property over the
frequency range; wherein multi-electrodes structure is configured to dispose the portion of
the package between the first and second arrays of electrodes; and wherein the measurement
unit is configured to use

- a plurality of electrodes of at least one of the first and second arrays of electrodes and at
least one of the electrodes of the other one of the first and second arrays of electrodes, or

- at least three of the electrodes of one of the first and second arrays of electrodes;
for location resolved integrity testing of the package.

The electrical property may comprise one or more of a group consisting of capacitance,
resistance, phase and impedance.
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BRIEF DESCRIPTION OF THE DRAWINGS

Embodiments of the invention will be better understood and readily apparent to one of
ordinary skill in the art from the following written description, by way of example only, and
in conjunction with the drawings, in which:

Figure 1 A shows a schematic drawing of a good package with content.

Figure 1 B shows a schematic drawing of a defective seal package, i.e. tampered/partial seal
and body.

Figure 1 C shows a schematic drawing of a defective package, i.e. defective package body
and unwanted substance/impurities in package.

Figure 1 D shows a schematic drawing of a defective package, i.e. unwanted
substance/impurities incorporated in seal.

Figure 2 A shows a schematic drawing of a perfectly sealed seal area without any
defects/leaks/impurities.

Figure 2 B shows a schematic drawing of a tampered/partial seal damage, i.e. with hole/air
gaps in seal area.

Figure 2 C shows a schematic drawing of a seal area incorporating impurities/unwanted
substances.

Figure 2 D shows a schematic drawing of a cross section view of a whole package with
impurities/unwanted substances in package 210 and damaged package body.

Figure 3 A shows a schematic drawing of a multi-electrodes structure comprising first (e.g.
top) and second (e.g. bottom) arrays of electrodes connected to a multiplexer, a frequency
response analyzer and a data acquisition system (DAQ), according to an example
embodiment.

Figure 3 B shows a schematic drawing of a seal area with holes/leaks and impurities
incorporated under test between the top and bottom electrode arrays of Figure 3 A.

Figure 3 C shows a schematic drawing of an entire package with holes/leaks and impurities
(inside the package) present under test between the top and bottom electrode arrays of Figure
3A.

Figure 3 D shows a schematic drawing of the seal area with holes/leaks and impurities
incorporated under test between the top and bottom electrode arrays of Figure 3 A with the
top array of electrodes shown in flipped orientation on the right side.

Figure 4 A shows plots of Capacitance (F) vs frequency (Hz), for the different experiment
cases using one set of electrodes on opposing sides, according to an example embodiment.



10

15

20

25

30

35

WO 2021/029825 PCT/SG2020/050460

Figure 4 B shows a schematic side view of different possible scanning patterns using pairs of
a plurality of electrodes of at least one of the first (e.g. top) and second (e.g. bottom) arrays of
electrodes and at least one of the electrodes of the other one of the first and second arrays of
electrodes, according to example embodiments, for location resolved integrity testing of the
package.

Figure 4 C shows a schematic top view of different possible scanning patterns using pairs of
at least three of the electrodes of one of the first and second arrays of electrodes, according to
example embodiments, for location resolved integrity testing of the package.

Figure 5 A shows plots of Capacitance (F) vs respective pairs of electrodes at different
locations of a package, according to example embodiments.

Figure 5 B is a schematic drawing illustrating the locations of the electrodes for the
measurements in Figure 5 A.

Figure 5 C shows a photograph of the package with an illustration of one of the arrays of
electrodes for the measurements in Figure 5 A.

Figure 6 shows some examples of electrode distributions according to different example
embodiments.

Figure 7 shows schematic diagrams of different electrode configuration which may be used
according to various embodiments.

Figure 8 shows a flow chart illustrating a method for integrity testing of packages, according
to an example embodiment.

Figure 9 shows a schematic diagram illustrating a system for integrity testing of packages,
according to an example embodiment.

DETAILED DESCRIPTION

Embodiments of the present invention provide a non-destructive system and method for
location resolved integrity testing of a package for identifying compromised and potentially
compromised units in package seals, which can advantageously be integrated fully with the
production line. Hence, embodiments of the present invention preferably allow for cheap and
fast online analysis for every package output to reduce wastage without affecting the yield.

The detection scheme employed according to example embodiments uses an array of
electrodes on opposing sides of the package seal, preferably covering the entire seal/package
for location resolved integrity testing of the seal/package. The captured electrical impedance
profile is used to identify leaks/defects and potential compromises of the seal/package area.
Such a multi-electrode detection setup is connected to a multiplexer and then a frequency
response analyzer, which generates an excitation signal creating an electric field of varying

4



10

15

20

25

30

35

WO 2021/029825 PCT/SG2020/050460

frequencies as the input to the system, according to an example embodiment. The output
response is analyzed in the form of an electrical quantity, for example, capacitance and/or
inductance. The presence of a defect, for example, torn seal, leads to air gap/lack of
packaging material, which generates a distinctive capacitance reading when compared to a
well-sealed package. Similarly, incorporation of unwanted impurities in the seal region will
cause variation in either or both of the time and frequency domain of the capacitive
impedance measured, hence indicating potential seal compromise. With differing layout,
arrangement and scanning pattern of the sensor array according to various embodiments, this
approach gathers spatial distribution of unwanted impurities for location resolved integrity
testing of the package, which can be used for further seal integrity analysis. For example, any
deviation from the expected overall capacitance between any scanning patterns in the array
will alert the packaging line and divert the defective samples for replacement or re-sealing
according to an example embodiment. By altering the size and shape of the electrodes in
various embodiments, this technique can be used to analyse packages, their seals and contents
of various shape, size and materials.

Preferably, a conventional multiplexer data acquisition system can be used for fast data
sampling according to an example embodiment.

Preferably, sensor arrays are designed with different dimension to have the appropriate
number of electrode pairs for sufficient electrical profiling resolution, according to example
embodiments.

Preferably, an electrical profile image is generated for noise invariant and more accurate
artificial intelligence integration, according to an example embodiment.

Preferably, a material capacitance signature database is collected according to an example
embodiment.

As mentioned in the background section, package sealing at high speed could suffer from
defects such as incomplete seal, tampered seal, seal that incorporates defects, and
accidentally sealing impurities and unwanted substances. As such, quality and quantity
packing is greatly compromised and hence the need for quality assurance. Any deviation
from maintaining stringent quality standards in the products of pharmaceutical and medical
supply and food and beverage industries puts the consumers’ life at risk. Both
pharmaceutical/medical equipment, and food & beverage industries use various packaging
approaches that requires the sealing of ends. In a fully integrated fast production line, it is
extremely challenging to check on every package. Poor or tampered sealing increases the risk
of exposure to external environmental factors such as microbes, gas, light and temperature,
which could degrade product quality and prove fatal for the consumers. Recognizing
defects/leaks/potential compromises in such packaging without compromising on the
throughput is a challenge.

Figure 1 shows a schematic representation of a package seal without and with possible
example defects. A) Good package 100 with content 102 in there. B) Defective seal package
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104, i.e. tampered/partial seal e.g. 106 and body 108. C) Defective package 110, i.e. defective
package body 112 and unwanted substance/impurities e.g. 114 in package 110. D) Defective
package 116, i.e. unwanted substance/impurities e.g. 117 incorporated in seal e.g. 118.

Figure 2 shows schematic cross section views of package area and seal area without and with
possible example defects. A) Perfectly sealed seal area 200 without any
defects/leaks/impurities. B) Tampered/partial seal 202 damage, i.e. with hole/air gaps e.g.
204 in seal 202 area. C) Incorporating impurities/unwanted substances e.g. 206 in seal area
208. D) Cross section view of whole package 210 with impurities/unwanted substances e.g.
212 in package 210 and damaged package body 214.

Existing approaches in pharmaceutical/medical equipment and food & beverage industries for
package integrity testing include vacuum leak test, internal pressure method, water tank test,
trace gas detection method and visual inspection. The majority of such methods require
offline analysis, the use of expensive equipment, have low throughput and high processing
time, and generate large rejects and waste, which affects the production/packaging cost and
time. In addition, these tests are limited to only identifying a confirmed leaky or defective
seal, whereas weak seal integrity which can be compromised before reaching the customers
are overlooked.

A system focusing on exploring an electrical quantity, which differs with and without proper
sealing is provided according to example embodiments for location resolved integrity testing
of the seal/package. In accordance with example embodiments, an external entity perturbs the
electric field and hence changes the measured complex impedance. An array of electrodes are
placed on opposing sides of the package/package seal covering the entire area under test as
shown in Figure 3.

Figure 3 shows schematic representations of electrode array and testing scenarios according
to example embodiments. Figure 3 A shows a Multi-electrodes structure 300 comprising first
(e.g. top) and second (e.g. bottom) arrays 301a, b of electrodes connected to a multiplexer
302, a frequency response analyzer 304 and a data acquisition system (DAQ) 306. Figures 3
B shows a seal area 308 with holes/leaks 310 and impurities 312 incorporated under test
between the top and bottom electrode arrays 301 a, b. Figure 3 C shows an entire package
314 with holes/leaks 316 and impurities 318 (inside the package) present under test between
the top and bottom electrode arrays 301 a, b. In the embodiment shown in Figure 3, the arrays
301a, b have the same lay-out (top array 301a shown in flipped orientation on the right side
of Figure 3 D for comparison with array 301b shown in Figure 3A. However, the first and
second arrays may have different respective lay-outs in different embodiments. Also, the
specific lay-out shown in Figure 3 is by way of example only, not limitation.

The multi-electrodes structure 300 is connected to the multiplexer 302 and then the frequency
response analyzer 304, which generates an excitation signal creating an electric field of
varying frequencies as the input to the multiplexer 302/electrode array 300 system. The
output response is analyzed in the form of an electrical quantity, for example, capacitance. A

torn seal leads to air gap/lack of packaging material (compare 310) which alters the
6
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capacitance reading captured. Similarly, incorporation of unwanted impurities in the seal
region (compare 312) will also cause variations in either or both of the time and frequency
domain of the capacitance measured. By varying the pairs of excited electrodes, the presence
of a defect or leak can be identified at its location. With differing layout, arrangement and
scanning pattern of the sensor array according to various embodiments, this approach gathers
spatial distribution of unwanted impurities/defects which can be used for further seal integrity
analysis. For example, any deviation from the expected overall capacitance between any
scanning patterns in the array will alert the packaging line and divert the defective samples
away from the main production line. In addition, by altering the size and shape of the
electrodes, changing the arrangement of array and/or signal enhancement using software
techniques, embodiments of the present invention can be used to analyses the entire package
beyond just the seal area with high precision and accuracy with potentially predictive
capability.

Monitoring, for example, the capacitance change can advantageously enable classification of
good and defective samples in real-time with high throughput to match the sealing/packaging
process throughput, according to example embodiments. Furthermore, capacitance
fingerprints can be created to quantify the defect based on the extent of the damage,
according to an example embodiment.

Experimental setup according to an example embodiment

Conductive material is used for the construction of metal electrodes of the arrays 301a, b. The
array 301a, b of plate electrodes e.g. 320 is placed out uniformly on respective base substrates
322a, 322b that are designed to cover the testing area, as shown for example in Figure 3B.
Different package 314 materials are used in an example test as will be described in more
detail below, and sealing is completed using heat. The testing was done over a frequency (f)
range from 100 Hz to 1 MHz at an AC bias voltage of 1 V to get impedance, capacitance and
Phase using a E4980AL LCR meter.

The experiments were done using the multi-electrodes structure 300 for the following cases
listed below (see Figure 4):

L Baseline — to obtain the electrical signature without any package under test
IL. Plastic_Ref - well sealed plastic package is under test

III.  AR_Ref - well sealed aluminium package is under test

IV.  MR_Ref - well sealed metallic package is under test

For each of cases II-1V, different amounts of impurities/liquid were incorporated in the seal
area as follows:

_10mg - 10mg of impurities/liquid is incorporated in seal area

_20mg - 20mg of impurities/liquid is incorporated in seal area
7
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_20mg - 20mg of impurities/liquid is incorporated in seal area

Figure 4 A shows plots of Capacitance (F) vs frequency (Hz), for the different experiment
cases mentioned above using one set of electrodes on opposing sides. In the experiments,
there are a total of 14 electrode pads in top array and 14 electrode pads in the bottom array,
according to an example embodiment. Each capacitance vs frequency line plot in Figure 4A
is the measurement between one of the top to one of the bottom electrode pads, perpendicular
to each other, when different materials are between them. The bias voltage is applied only on
the targeted pair of electrode pads, and the rest of the electrode pads are grounded.
Capacitance measurement of other combinations of electrode pairs can be collected
sequentially for location resolved measurements according to example embodiments. It is
noted that the pair of electrode pads can include electrodes only from the top array or only
from the bottom array.

Figures 4 B and C show schematic side and top views of different possible scanning patterns
using a plurality of electrodes of at least one e.g. 400a of the first (e.g. top) and second (e.g.
bottom) arrays 400a, b of electrodes and at least one of the electrodes of the other one e.g.
400b of the first and second arrays 400a, b of electrodes, for example respective
measurements of electrode pairs (401-402), (401-403), (401-404), (401-405), and (401-406),
for location resolved integrity testing of the package, by way of example, not limitation. Also
shown are possible scanning patterns using at least three of the electrodes of one e.g. 400a of
the first and second arrays400a, b of electrodes, for example respective measurements of
electrode pairs (407-401), (407-408), (407-409), and (407, 409), for location resolved
integrity testing of the package, by way of example, not limitation. It is noted that instead of
sequential measurements, one-to-many electrodes measurements may be performed
simultaneously in different embodiments.

As can be seen in Figure 4 A, the frequency response scans for capacitance are readily
distinguishable between the different materials and different amount of defects incorporated
using the multi-electrodes structure 300, i.e. a single pair of electrodes of the arrays 301a, b
of electrodes. In general, as the dielectric material in the region increases, the capacitance
captured increases as well. Discrepancies from this trend are due to variation in test seal area
and in proper sealing, which can be identified with increasing the number of tests and data
collected. As such, the presence of seal, material of seal, quality of seal can advantageously
be identified and classified. In addition, using different scanning patterns of the electrode
pairs of the arrays of electrodes, an electrical signature of the package/package seal can be
recorded as shown in Figure 5.

Figure 5 A shows plots of Capacitance (F) vs respective pairs of electrodes at different
locations, as illustrated in the image in Figure 5 B. Testing using a good plastic package and
plastic package with different amounts of impurities/liquid incorporated, as well as a baseline
(Air) are shown.
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In Figure 5 A, major change in capacitance occurs in regions of 3c, 4d, 10j and 11k when a
package is introduced, where the number e.g. 3c refers to the pair of top and bottom
electrodes at the location as illustrated in Figure 5 B. This is because the folding 500 of the
sealed package 502 is located at that area, as can be seen in Figure 5 C. In addition, the
overall capacitance increases as more impurities/liquid are incorporated in the package.

As described above, embodiments of the present invention can provide an electrical quantity
measuring system using a multi-electrodes structure with first (e.g. top) and second (e.g.
bottom) arrays of electrodes which allows for classification of package material, package
profile, and various defect conditions. The above described experiment and data collected
shows the effectiveness of such systems according to example embodiments. Development of
an electrical signature database can preferably allow for machine learning implementation
which enhances the sensing capability of such systems according to example embodiments.

Modifications according to different example embodiments

The use of above described multi-electrodes structure allows defect identification on both the
package seal and package itself. It does not require contact with the package and it is non-
destructive. To fit different package type and testing requirements, the multi-electrodes
structures can be arranged in various lay-outs/distributions to ensure high accuracy,
sensitivity and precision of detection. Furthermore, collected data from various scanning
patterns, e.g. between opposing side (e.g. top and bottom) electrode arrays can be used to
create a model of the package/package seal profile which helps with implementing machine
learning and other classification algorithms. Figure 6 shows some examples of electrode
distributions according to different example embodiments, by way of example, not limitation.

Similarly, the electrode design in each array can help to focus the electric field differently in
different example embodiments and hence can be used for different sensing situations. For
example, Figure 7 shows a range of designs ranging from simple single plate to complex
circular interdigitated design which produces a highly concentrated electric field which will
drastically increase the sensitivity of the detection, by way of example, not limitation.
Different structures such as pyramidal, and saw tooth textured electrodes can be used to
identify specific defects in hard to reach areas or uncommon package shape and designs.

Specifically, Figure 7 shows schematic diagrams of: plate electrode, interdigitated ring
electrodes, different meandering electrodes, circular interdigitated, different pyramids-
textured electrodes, saw tooth-textured electrodes, and pores-type electrodes which may be
used according to various embodiments.

Figure 8 shows a flow chart 800 illustrating a method for integrity testing of packages,
according to an example embodiment. At step 802, at least a portion of the package is
disposed relative to a multi-electrodes structure, the multi-electrodes structure comprising at
least first and second arrays of electrodes. At step 804, an AC bias voltage is applied to the
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multi-electrodes structure. At step 806, an electrical property of the portion of the package
over a frequency range is measured. At step 808, the integrity is determined based on the
measured electrical property over the frequency range, wherein disposing the portion of the
package relative to a multi-electrodes structure comprises disposing the portion of the
package between the first and second arrays of electrodes; and wherein measuring the
electrical property of the portion of the package comprises using

- a plurality of electrodes of at least one of the first and second arrays of electrodes
and at least one of the electrodes of the other one of the first and second arrays of electrodes,
or

- at least three of the electrodes of one of the first and second arrays of electrodes;
for location resolved integrity testing of the package.

The electrical property may comprise one or more of a group consisting of capacitance,
resistance, phase and impedance.

The portion of the package may comprise a seal portion and the integrity is determined based
on identifying trapped particles or holes in the seal portion based on the measured electrical
property of the seal portion over the frequency range.

The portion of the package may comprise a body portion and the integrity is determined
based on identifying trapped particles or holes in the body portion based on the measured
electrical property of the body portion over the frequency range.

The multi-electrodes structure may be operated within a frequency range of about 100 Hz to
1 MHz.

Determining the integrity may comprise applying a machine learning approach.

Applying the AC bias voltage to the multi-electrodes structure may comprise multiplexing an
excitation signal for creating an electric field of varying frequencies and applying the
excitation signal to pairs of the plurality of electrodes of the at least one of the arrays of
electrodes and the at least one of the electrodes of the other one of the first and second arrays
of electrodes, or to pairs of the at least three of the electrodes of one of the first and second
arrays of electrodes. The AC bias voltage may be applied to the pairs of electrodes
sequentially or in a one-to-many measurement configuration.

Measuring the electrical property may comprise measuring the electrical property, during
scanning of the excitation signal, across the respective pairs of the plurality of electrodes of
the at least one of the arrays of electrodes and the at least one of the electrodes of the other
one of the first and second arrays of electrodes, or across the respective pairs of the at least
three of the electrodes of one of the first and second arrays of electrodes.

10
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Remaining electrodes of the first and second arrays that are not amongst a target pair of
electrodes for measurement may be grounded during applying the measuring of the electrical

property.

A number and/or distribution of the electrodes in the first and/or second arrays of electrodes
may be chosen to achieve a desired testing area and/or profile.

Figure 9 shows a schematic diagram illustrating a system 900 for integrity testing of
packages, according to an example embodiment. The system comprises a multi-electrodes
structure 902 configured to be disposed relative to least a portion of the package 904, the
multi-electrodes structure 902 comprising at least first and second arrays 906, 908 of
electrodes; a source 910 configured to apply an AC bias voltage to the multi-electrodes
structure 902; a measurement unit 912 configured to measure an electrical property of the
portion of the package 904 over a frequency range; and a processing unit 914 configured to
determine the integrity based on the measured electrical property over the frequency range;
wherein multi-electrodes structure 902 is configured to dispose the portion of the package
904 between the first and second arrays 906, 908 of electrodes; and wherein the measurement
unit 912 is configured to use

- a plurality of electrodes of at least one of the first and second arrays 906, 908 of
electrodes and at least one of the electrodes of the other one of the first and second arrays
906, 908 of electrodes, or

- at least three of the electrodes of one of the first and second arrays 906, 908of
electrodes;

for location resolved integrity testing of the package.

The electrical property may comprise one or more of a group consisting of capacitance,
resistance, phase and impedance.

The portion of the package 904 may comprise a seal portion and the integrity is determined
based on identifying trapped particles or holes in the seal portion based on the measured
electrical property of the seal portion over the frequency range.

The portion of the package 904 may comprise a body portion and the integrity may be
determined based on identifying trapped particles or holes in the body portion based on the
measured electrical property of the body portion over the frequency range.

The source 910 and the multi-electrodes structure 902 may be configured to be operated
within a frequency range of about 100 Hz to 1 MHz.

The processing unit 914 may be configured to apply a machine learning approach for
determining the integrity.

The system may comprises a multiplexing unit 916 configured to multiplex an excitation
signal for creating an electric field of varying frequencies from the source 910 for applying
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the excitation signal to pairs of the plurality of electrodes of the at least one of the arrays 906,
908 of electrodes and the at least one of the electrodes of the other one of the first and second
arrays 906, 908 of electrodes, or to pairs of the at least three of the electrodes of one of the
first and second arrays 906, 908 of electrodes. The multiplexing unit 916 may be configured
to apply the AC bias voltage to the pairs of electrodes sequentially or in a one-to-many
measurement configuration.

The measurement unit 912 may be configured for measuring the electrical property, during
scanning of the excitation signal, across the respective pairs of the plurality of electrodes of
the at least one of the arrays 906, 908 of electrodes and the at least one of the electrodes of
the other one of the first and second arrays 906, 908 of electrodes, or across the respective
pairs of the at least three of the electrodes of one of the first and second arrays 906, 908 of
electrodes.

The system 900 may be configured such that remaining electrodes of the first and second
arrays that are not amongst a target pair of electrodes for measurement are grounded during
the measuring of the electrical property.

A number and/or distribution of the electrodes in the first and/or second arrays 906, 908 of
electrodes is chosen to achieve a desired testing area and/or profile.

As described above, methods and systems according to example embodiments can identify
the type of defects (no seal, seal torn, no product, contaminated etc.), defect location and
quantify defects (size of holes/gaps, amount of product, etc.) by comparing against control
standards (well-sealed packages). As mentioned above, such a method and system according
to example embodiments can generate large dataset due to multipoint scanning/multiple
electrodes possibilities. These electrical fingerprints can serve as input patterns for machine
learning systems to quantitatively and qualitatively identify and classify defects, according to
example embodiments.

Embodiments of the present invention can have one or more of the following features and
associated benefits/advantages:

Identify potential leak/breach through area | Existing methods are limited to identify a confirmed leaky
profiling or defective seal, weak seal integrity which can be
compromised before reaching the customers are
overlooked. By varying the fineness/layout/structure of the
sensor array, example embodiments are able to capture
seal profile which enable seal integrity checking to even
identify potential leaks/breaches.

Ability to integrate with modeling By exciting different pairs of electrodes according to

algorithm and machine learning to enhance example embodiments, a comprehensive dataset of
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seal checking capability impedance distribution between various scanning patterns
are collected. This dataset is advantageous for accurate
modeling of the seal profile which allows machine learning
algorithm to identify any potential leak/breach/defects.

High throughput for rapid in-line inspection | capacitancefimpedance/phase based screening is highly
sensitive to leaks and can screen defects instantly. Example
embodiments can provide a real-time package integrity
inspection that allows processing/packaging issues to be
resolved in production/packaging line at the speed of the
machine throughput.

Nondestructive and low cost Example embodiments use a non-destructive approach
with low cost and simple portable circuitry and allows re-
packaging of defective units without generating wastage
unlike the large reject packets from current leak test
methods.

Electrical mode of inspection Example embodiments can provide instantaneous results
and eliminate the need for off-line sampling, which
minimizes waste (time, work-backs, materials and labor)
compared to the existing methods requiring complex
analysis, labor and off-line sampling.

Industrial applications of embodiments of the present invention include, but are not limited
to, during pharmaceutical drug manufacturers, medical equipment suppliers and food &
beverage manufacturers seal packages production at high speed. During this process, there is
a high probability for improper sealing, lack of product filling, torn seal, accidental
incorporation of impurities and other particles in seal etc., which leads to poor sample quality
and hygiene issues.

Existing methods for leak/breach/particle incorporation testing for such packages are highly
dependent on the material and the nature of the product. The majority of the existing methods
suffer from low throughput, are destructive to both package and product and are unable to
detect if impurities are incorporated into the seal which may lead to potential leak/breach.
Due to low throughput and slow test time, manufacturers have to adopt random sampling test
process which is limiting and generates huge financial loss in terms of package reject and
waste disposal when a defective product is found.

The electrical screening approach according to example embodiments of the present
invention can preferably solve the above issues:

- detect tampered/poor seals for different type/quantity of product as well as cavity/seal
material.

- identify unwanted particles or/and materials incorporated in the seal itself which
introduces potential leaks/breaches.
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- identify and locate defective seals at a rapid rate in-line, thereby increasing the
throughput during packaging and reducing wastage.

- recognize poorly sealed contents non-destructively, thus allowing re-packaging and no
product wastage.

Aspects of the systems and methods described herein, such as devices and methods for the
application of the bias signal, devices and methods for measurement of the electrical
property, and devices and method for machine learning processing may be implemented as
functionality programmed into any of a variety of circuitry, including programmable logic
devices (PLDs), such as field programmable gate arrays (FPGAs), programmable array logic
(PAL) devices, electrically programmable logic and memory devices and standard cell-based
devices, as well as application specific integrated circuits (ASICs). Some other possibilities
for implementing aspects of the system include: microcontrollers with memory (such as
electronically erasable programmable read only memory (EEPROM)), embedded
microprocessors, firmware, software, etc. Furthermore, aspects of the system may be
embodied in microprocessors having software-based circuit emulation, discrete logic
(sequential and combinatorial), custom devices, fuzzy (neural) logic, quantum devices, and
hybrids of any of the above device types. Of course the underlying device technologies may
be provided in a variety of component types, e.g., metal-oxide semiconductor field-effect
transistor (MOSFET) technologies like complementary metal-oxide semiconductor (CMOS),
bipolar technologies like emitter-coupled logic (ECL), polymer technologies (e.g., silicon-
conjugated polymer and metal-conjugated polymer-metal structures), mixed analog and
digital, etc.

The above description of illustrated embodiments of the systems and methods is not intended
to be exhaustive or to limit the systems and methods to the precise forms disclosed. While
specific embodiments of, and examples for, the systems components and methods are
described herein for illustrative purposes, various equivalent modifications are possible
within the scope of the systems, components and methods, as those skilled in the relevant art
will recognize. The teachings of the systems and methods provided herein can be applied to
other processing systems and methods, not only for the systems and methods described
above.

The elements and acts of the various embodiments described above can be combined to
provide further embodiments. These and other changes can be made to the systems and
methods in light of the above detailed description.

In general, in the following claims, the terms used should not be construed to limit the
systems and methods to the specific embodiments disclosed in the specification and the
claims, but should be construed to include all processing systems that operate under the
claims. Accordingly, the systems and methods are not limited by the disclosure, but instead
the scope of the systems and methods is to be determined entirely by the claims.
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Unless the context clearly requires otherwise, throughout the description and the claims, the
words "comprise," "comprising,” and the like are to be construed in an inclusive sense as
opposed to an exclusive or exhaustive sense; that is to say, in a sense of "including, but not
limited to." Words using the singular or plural number also include the plural or singular
number respectively. Additionally, the words "herein," "hereunder,” "above," "below,” and
words of similar import refer to this application as a whole and not to any particular portions
of this application. When the word "or" is used in reference to a list of two or more items,
that word covers all of the following interpretations of the word: any of the items in the list,
all of the items in the list and any combination of the items in the list.

15



10

15

20

25

30

WO 2021/029825 PCT/SG2020/050460

CLAIMS
1. A method for integrity testing of packages, the method comprising the steps of:

disposing at least a portion of the package relative to a multi-electrodes structure, the multi-
electrodes structure comprising at least first and second arrays of electrodes;

applying an AC bias voltage to the multi-electrodes structure;
measuring an electrical property of the portion of the package over a frequency range; and
determining the integrity based on the measured electrical property over the frequency range;

wherein disposing the portion of the package relative to a multi-electrodes structure
comprises disposing the portion of the package between the first and second arrays of
electrodes; and

wherein measuring the electrical property of the portion of the package comprises using

- a plurality of electrodes of at least one of the first and second arrays of electrodes
and at least one of the electrodes of the other one of the first and second arrays of electrodes,
or

- at least three of the electrodes of one of the first and second arrays of electrodes;
for location resolved integrity testing of the package.

2. The method of claim 1, wherein the electrical property comprises one or more of a
group consisting of capacitance, resistance, phase and impedance.

3. The method of claims 1 or 2, wherein the portion of the package comprises a seal
portion and the integrity is determined based on identifying trapped particles or holes in the
seal portion based on the measured electrical property of the seal portion over the frequency
range.

4. The method of any one of the preceding claims, wherein the portion of the package
comprises a body portion and the integrity is determined based on identifying trapped
particles or holes in the body portion based on the measured electrical property of the body
portion over the frequency range.

5. The method of any one of the preceding claims, wherein the multi-electrodes structure
is operated within a frequency range of about 100 Hz to 1 MHz.

6. The method of any one of the preceding claims, wherein determining the integrity
comprises applying a machine learning approach.

7. The method of any one of the preceding claims, wherein applying the AC bias voltage

to the multi-electrodes structure comprises multiplexing an excitation signal for creating an

electric field of varying frequencies and applying the excitation signal to pairs of the plurality
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of electrodes of the at least one of the arrays of electrodes and the at least one of the
electrodes of the other one of the first and second arrays of electrodes, or to pairs of the at
least three of the electrodes of one of the first and second arrays of electrodes.

8. The method of claim 7, wherein the AC bias voltage is applied to the pairs of
electrodes sequentially or in a one-to-many measurement configuration.

9. The method of claims 7 or 8, wherein measuring the electrical property comprises
measuring the electrical property, during scanning of the excitation signal, across the
respective pairs of the plurality of electrodes of the at least one of the arrays of electrodes and
the at least one of the electrodes of the other one of the first and second arrays of electrodes,
or across the respective pairs of the at least three of the electrodes of one of the first and
second arrays of electrodes.

10.  The method of claims 7 or 8, wherein remaining electrodes of the first and second
arrays that are not amongst a target pair of electrodes for measurement are grounded during
applying the measuring of the electrical property.

11.  The method of any one of the preceding claims, wherein a number and/or distribution
of the electrodes in the first and/or second arrays of electrodes is chosen to achieve a desired
testing area and/or profile.

12. A system for integrity testing of packages, the system comprising:

a multi-electrodes structure configured to be disposed relative to least a portion of the
package, the multi-electrodes structure comprising at least first and second arrays of
electrodes;

a source configured to apply an AC bias voltage to the multi-electrodes structure;

a measurement unit configured to measure an electrical property of the portion of the package
over a frequency range; and

a processing unit configured to determine the integrity based on the measured electrical
property over the frequency range;

wherein multi-electrodes structure is configured to dispose the portion of the package
between the first and second arrays of electrodes; and

wherein the measurement unit is configured to use

- a plurality of electrodes of at least one of the first and second arrays of electrodes
and at least one of the electrodes of the other one of the first and second arrays of electrodes,
or

- at least three of the electrodes of one of the first and second arrays of electrodes;

for location resolved integrity testing of the package.
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13.  The system of claim 12, wherein the electrical property comprises one or more of a
group consisting of capacitance, resistance, phase and impedance.

14.  The system of claims 12 or 13, wherein the portion of the package comprises a seal
portion and the integrity is determined based on identifying trapped particles or holes in the
seal portion based on the measured electrical property of the seal portion over the frequency
range.

15.  The system of any one of claims 12 to 14, wherein the portion of the package
comprises a body portion and the integrity may be determined based on identifying trapped
particles or holes in the body portion based on the measured electrical property of the body
portion over the frequency range.

16.  The system of any one of claims 12 to 15, wherein the source and the multi-electrodes
structure are configured to be operated within a frequency range of about 100 Hz to 1 MHz.

17.  The system of any one of claims 12 to 16, wherein the processing unit is configured to
apply a machine learning approach for determining the integrity.

18.  The system of any one of claims 12 to 17, wherein the system comprises a
multiplexing unit configured to multiplex an excitation signal for creating an electric field of
varying frequencies from the source for applying the excitation signal to pairs of the plurality
of electrodes of the at least one of the arrays of electrodes and the at least one of the
electrodes of the other one of the first and second arrays of electrodes, or to pairs of the at
least three of the electrodes of one of the first and second arrays of electrodes.

19.  The system of claim 18, wherein the multiplexing unit is configured to apply the AC
bias voltage to the pairs of electrodes sequentially or in a one-to-many measurement
configuration.

20.  The system of claims 18 or 19, wherein the measurement unit is configured for
measuring the electrical property, during scanning of the excitation signal, across the
respective pairs of the plurality of electrodes of the at least one of the arrays of electrodes and
the at least one of the electrodes of the other one of the first and second arrays of electrodes,
or across the respective pairs of the at least three of the electrodes of one of the first and
second arrays of electrodes.

21.  The system of any one of claims 18 to 20, wherein the system is configured such that
remaining electrodes of the first and second arrays that are not amongst a target pair of
electrodes for measurement are grounded during the measuring of the electrical property.

22.  The system of any one of the preceding claims, wherein a number and/or distribution
of the electrodes in the first and/or second arrays of electrodes is chosen to achieve a desired
testing area and/or profile.
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