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Abstract: This paper considers the determination method of deformation location of lithium
polymer batteries. Measurements are performed using the Digital Image Correlation (DIC)
technique and the obtained results are sorted into a database as a function of the charge
level. A statistically based algorithm is used to eliminate measurement errors and outliers.
This paper adopts the Weighted Ordered Weighted Averaging (WOWA) operator-based 2D
filtering method with the purpose of determining the critical regions of the cell. During the
tests, several lithium polymer batteries of the same type but in different states are
compared. Measurements on completely new and also on worn-out batteries are
performed. The results support that the regions where greater deformation is expected
during charging and discharging can be predicted. Results of investigations validate that
the proposed approach is suitable for determining the critical deformation regions with
high accuracy.
Keywords: battery swelling; battery testing; lithium polymer battery; GOM Atos; DIC
measurement; WOWA

1

Introduction

Lithium batteries are currently widely used as a popular energy storage device in
the automotive industry and among portable electronic devices as well. The main
arguments in favor of them are high energy density and long stable operation.
In the past years, lithium-based batteries have been getting widespread because of
the increasing demand, financial investments and technological advantages.
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However, there are several developments and operational issues with their use,
such as minimizing these faults, which is important for users. Numerous studies
have also dealt with the state of charge (SOC) and state of health (SOH)
estimation [1-4], temperature effect [5], or examination of cells at different
pressures [43-45]. In addition to traditional tests, mechanical-based measurements
have recently become popular, supplementing them to provide more accurate
information on the internal state of lithium-ion batteries [6]. Studies have also
been performed on cell impact [7-8], mechanical deformation [9] and pressure
[10]. In addition to external effects, improper operation, overcharging [11], deep
discharge, and a high number of cycles can lead to deformation and swelling of
the cells. The main causes of this may be an expansion of the host materials, an
expansion in the volume of the electrode, a change in pressure in the dead space of
the cell, or gas formation [12-14]. In addition to continuous use, the number of
cycles also increases, in which reversible volume change can also become an
irreversible process. This involves a mechanical reaction of the battery cells,
which can cause loss of capacity and failure. For a deeper analysis of structural
properties, the reader is referred to [13] [15] [16] papers for additional details.
Furthermore, continuous deformation can be observed even under normal,
manufacturer-recommended use. In accordance with the State-of-the-Art,
determining the critical location of this deformation is in the focus of this paper.
Well-defined cell parameters and diameters are important factors in planning
battery placement as well as SOH estimation. For this reason, measuring the
deformation of lithium batteries has become a popular area of research in recent
times. Several methods are used to measure deformation during use. Tactile tests
measure the deformation of a cell at one or a few points, [17-21] it can even be
tested together with the effect of pressure [22]. In most cases, a displacement
sensor is used to measure them [23], placed in the middle of the battery, on this
basis, a deformation map is even made [24]. The advantage of this method is that
they can even examine the cells at the system level [25] and the deformation
during storage continuously measurable [26]. The problem with this is that the
battery varies asymmetrically and amorphously, making it difficult to determine
where to measure. In addition, a number of good and useful publications have
been produced with other sensors and methods of deformation measurement:
thickness gauge [27], ultrasonic transducer pulser and receiver [28], strain sensor
[29] or high resolution dilatometry [30]. The obtained data in force-SOC
combination can even be used for charge-level estimation [31]. To better
understand cells without destruction, CT scans are performed to look for structural
defects [32] or to study the structural change of bad cells [33]. A detailed analysis
of the methods used to measure deformation can be found in the following
publications [34-35]. In this publication, we used the popular DIC technique for
high-precision analysis of deformation. Thanks to its many benefits - such as easy
experimental setups, simple implementation, high resistance to environmental
influences, variability and widely adjustable time and space resolution - DIC
technique has become widely accepted as a powerful and flexible tool for
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measuring the movement and deformation of different materials. With this
solution, measurement accuracies of up to +/– 1-2 µm can be achieved. The GOM
system has been used successfully in a number of areas [36-37]. It is also used in
the field of batteries, mostly for electrode composition testing [38] and structural
characteristics measurement [39] but has also been used for deformation
measurement [40-41] possibly in combination with other methods [42]. This paper
is structured according to the following: The measurement process section
describes the measurement procedure, tools, and data storage. In the third chapter,
the adoption of the WOWA operator is presented. The evaluation and results
section presents the measurement results using a filtering procedure.

2

Measurement Process

Intercalation between lithium batteries occurs during charging and discharging,
not in no-load condition or a discharged state, thus, there is no or a very low
degree of deformation during the interruption. This assumption was confirmed in
our previous publication by results from displacement sensor measurements [46].
Consequently, tests can be interrupted and optical measurements can be made. In
order to achieve greater accuracy and better mapping of critical locations, the tests
were performed using DIC technique. The meaning of a DIC technique is Digital
Image Correlation. According to the literature with this technique can be measure
displacement, deformation, 3D coordinates and can be made 3D scanning. In this
article, a 3D coordinates measurement was used with a 3D scanning DIC system.
The DIC system was the GOM Atos TripleScan II hardware with GOM Atos
Professional software. The ATOS Triple Scan non-contact structured blue light
3D scanner is a type of coordinate measuring machine that measures millions of
points per single scan/measurement. It uses advanced measuring and projection
techniques to produce high quality data and precision accuracy for full-object
dimensional analysis. ATOS sensors are self-monitoring systems. The sensors
identify changing ambient conditions during operation. The software of the
sensors is continuously monitoring the calibration status, the transformation
accuracy as well as environmental changes and part movements in order to ensure
the quality of the measuring data. In this research the battery was measured
several times and after that the individual measurements were assembled in the
software. This allowed a detailed analysis of the deformation. Several conditions
must be fulfilled for accurate measurement, therefore, the DIC technique requires
the following:


Reduce the reflection: The quality of preparation is important for DIC
measurements. Thus, the object to be measured should not be reflective,
otherwise, the test element should be thinly coated with special antireflex paint [47]. In this article, a MR2000 anti-reflex spray was used.
(In our case, the surface had to be treated.)
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Use reference points: Another important thing is that the camera detects
at least three reference points during the measurement. The GOM Atos
system uses special coded reference points in several sizes. For the
measurements was used 1mm and 0.8 mm coded reference points.



Taking pictures: In these tests, we used the two-camera GOM ATOS
measuring unit, where one camera digitizes based on the reference points
and the other functions as a control.



Image analysis: After recording, the deformation images are compared to
a reference or initial image using a special cross-correlation algorithm
that will extract the displacement fields.

During the tests, the following devices were used to determine the electrical
parameters: the power supply - Hameg HMP 4030, the dummy load - EL3000, the
data acquisition card - NI 9201 and lithium polymer battery – Turnigy nano-tech
LiPo 5 Ah. LabView software is responsible for test control. The tests were
performed on 3 different 5 Ah lithium polymer batteries. The cells were of the
same in type, size and capacity, the only difference being the production time.
A new and old battery was used during the measurements. In the following
distribution:


Battery number 1 (approximately 80% capacity): charging 4.2 V and
discharging up to 3 V.



Battery number 1 (6 months later):
o

Charging 4.2 V and discharging up to 3 V.

o

Charging 4.2 V and discharging up to 0 V.



Battery number 2 (approximately 30% capacity): charging 4.2 V and
discharging up to 0 V.



Battery number 3 (approximately 100% capacity): charging 4.2 V and
discharging up to 3 V.

A total of 5 charge and 5 discharge tests were performed. The general course of
the tests was as follows: fully charge the battery 100% -SOC; digitization of a
fully charged state; start discharging and interrupt, digitize every 360 s; in general,
surface measurements are made: 100%, 90%… 10% and 0% of the charge level;
conditioning for one hour; re-digitization of a fully discharged state; start charging
and interrupt, digitize every 360 s. In general, surface measurements are made at
0%, 10%… 90% and 100% of the charge level. After battery replacement, these
steps were performed on each cell.
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Figure 1
Charging and discharging characteristics of LiPo batteries

Figure 1 shows the charging and discharging current and voltage profile of a
normal (3 V) and a fully discharged (0 V) cell. The upper part of the Fig. 1 shows
the voltage / current diagrams obtained during the first test, from the left during
discharge and from the right during charging. The bottom of the Fig. 1 shows the
results of cell number two, in this test we discharged the battery to 0 V. In this
case, too, the voltage / current profiles measured during discharge are shown on
the left and the charging on the right. The numbering shown in the Fig. 1 can be
observed at interruptions, digitization has taken place at these points. Figure 1
shows that the number of interrupts varied as a function of the length of the tests.
For example, the upper right Fig. 1 had 9 interrupts, representing 11 images
(including the start and end states), and the lower left figure had 7 interrupts,
representing 9 images. The reason for this is that the battery discharges faster.
The number of digitization points created during charging also varies, which are
due to the faster charging of the cell or optimization of the measurement time. In
some cases, at the end of the charge, we digitized every 10 to 20 minutes because
in this case the charged energy is less, so the degree of deformation is smaller
based on the observations. Furthermore, in each case we store the data depending
on the charge level, therefore, it will not cause an issue with a different number of
digitization points. Figure 2 shows the results of four measurements, in each case
also showing the A (on the right side of the picture pair) and B (on the left side of
the picture pair) side of the battery. The cells change asymmetrically and
amorphously. In general, they swell during charging and contract during
discharge. Figure 2 shows the largest deviation from the initial state, which is
100% SOC during charging and 0% SOC during discharge. The lower left corner
shows the results during charging, and the lower right corner shows the fully
discharged state up to 0 V. Based on these few deep discharges, it was observed
that in the range below 3 V, contraction is replaced by swelling.
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Figure 2
Deformation images recorded using the DIC technique

All electrical and surface digitization points are stored together and arranged in
data matrices depending on the charge level.

Figure 3
Storing surface digitization data in a database
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Figure 3 shows the data aggregation. The results during the discharge of cell 2 can
be seen in the upper left image of the Fig. 3, in addition to the voltage diagram,
the points of the interruptions are also shown. In the upper right image the same
points are shown, but already as a function of the charge level. The Coulomb
Counting method was used to determine the charge level. The digitization point 7
is marked in green on the diagram, which is shown in detail in the lower part of
Fig. 3. The lower left image displays the digitization data and the lower right
image shows the data matrix as a function of the charge level.

3

Adoption of WOWA Operator for Critical Region
Detection

From the millions of measurement points created during digitization, we selected
75-80 measurement sites evenly spaced and stored them in the data matrix.
The recording of equally spaced points is automatically networked and recorded
by the GOM measuring system software. It is important to note that the same
measurement uses the same mesh for all charge levels. There is a relatively short
time (5 minutes) available for digitization during discharge and charge
interruptions, so in some cases, errors may occur. Therefore, smaller holes are
created where there is no accurate deformation information and incorrect data can
be entered here. Therefore, the results should be evaluated by a statistical method
in order to effectively filter the database from errors and outliers. Several methods
are used in the literature for similar problems [48-51]. Torres et al. present an
efficient method for post-filtering images using the WOWA-operator [52], whose
applicability in critical region determination is considered in this paper.

3.1

Mathematical Background of Aggregation Operators

The need of information fusion has become increasingly important in various
disciplines of modern engineering and artificial intelligence [53]. The aggregation
functions are mathematical functions that are used to incorporate various
information. The arithmetic mean and the weighted mean are the most wellknown aggregation operators. The main characteristic of the weighted mean is that
it permits us to weight the different data according to their relevance that is not
possible with the arithmetic mean. The arithmetic mean is given in Eq. (1).
(1)
The weighted mean can be formulated as follows:
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(2)
where wi stand for the weights of the kth data source. The weights are positive and
. The classical aggregation operators such the weighted average, are key
tools of decision theory [54]. However, nowadays they are considered particular
families of more general aggregation operators. Originally, the possible
aggregation of fuzzy sets required operations that provide a single fuzzy number
as a result of combining several fuzzy numbers [55]. Many fuzzy aggregation
operators have been presented, such as the product, t-norms, different types of
means, etc. The Ordered Weighted Averaging (OWA) operator has been
introduced in [56] by Yager, that is a class of generalized mean operator.
The OWA operator has the form [56]:
(3)
in which σ(i) corresponds to the permutation of ai, i.e. the elements of the data
vector are sorted decreasing order, from the largest value to the lowest one. This
sorting allows to give the desired importance to the largest, lowest or medium
value data. Several papers have been published about the properties and
modifications of aggregation operators [57]. It is worth noting that OWA
aggregation functions and weighted arithmetic means are special cases of Choquet
integral. A large family of aggregation functions based on Choquet integrals [58].
Their detailed properties and definition are given with respect to a fuzzy measure
[57]. When the fuzzy measure is additive, Choquet integrals become weighted
arithmetic means, and when the fuzzy measure is symmetric, they become OWA
functions. Different OWA operators are distinguished in the literature according to
their weighting function. In [59] Torra has introduced the Weighted OWA
(WOWA) aggregation function, that can be considered as the generalization of
weighted means. The weighted OWA function has two sets of weights, one of
them has the same function as the weighting vector in weighted means, wherease
the other is equivalent to the weighting vector in OWA.

3.2

Outline of the Proposed Method

Due to its excellent properties the WOWA operator has wide application
possibilities. For instance, image processing techniques can benefit from such an
approach. The efficiency of this method is that two vectors can be used to well set
the importance of data and filter out erroneous data. The other thing that makes a
statistically based analysis useful is that the differences between points close to
each other can be well filtered. The goal with these measurements is to determine
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a critical region, so outliers can make this very difficult. The first step in
processing the data is to read the database and rearrange it using the algorithm:

Figure 4
Rearrange the database

In the figure, the point to be determined is marked in yellow, and the data of the 3
X 3 matrix marked in blue were used for the determination. Based on this, a total
of 9 values were used to determine a selected point (marked in yellow).
The following relationship describes the coordinate points of the data extracted
from the matrix:
(4)
The data is transferred from the matrix to the row vector according to the
following formula:
(5)
When determining weight vectors, all values were considered to be of equal
significance.
(6)

An empirically determined weight vector can be further investigated if even finer
critical region detection performance is required by emphasizing distinct parts of
the battery. When specifying the second vector, our purpose is to eliminate, filter
out outliers and highlight critical regions.
(7)
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As a first step, we determined the coordinate points based on the following
formula:
(8)

After curve fitting, the following function was obtained:

Figure 5
Determined ω* after curve fitting

The equation after fitting the curve is as follows:
(9)
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Using ω*(x) we determined the weights:

The obtained weight vector is as follows:
(10)
The first step in evaluating the values was to load the data (heatmap of
deformation [mm]):

Figure 6
The last point of discharge is without the WOWA- based method
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The second step is to determine the corresponding 3X3 matrix for each data point
based on Eq. (4). The determined values were then sorted in ascending order and
applied to the following summary:
(11)
The final deformation point matrix was as follows:

Figure 7
The last point of discharge after using the WOWA- based method

The values shown in Fig. 7 the dimension is [mm], the battery is divided into 5
columns and 14 rows. During the test, the battery was discharged to 0 V. Based on
the results, it can be concluded that this type of deep discharge causes significant
swelling. Based on the heat map, it can be observed that the middle part of the cell
changed the most. It can be observed that the filtered data eliminate outliers,
possible errors and form a more uniform heat map. We also visualized the results
for better presentation. Figure 8 shows a comparison of the measured and filtered
values after visualization.
Visualization allows to better observe how the algorithm equalizes the surface of
the battery. By eliminating the local minimum and maximum, the critical zone can
be more easily selected. During this test, the greatest deformation occurred in the
middle of the cell. More specifically, points 6-7-8-9-10 in column 3 are the most
critical.
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Figure 8
Visualization of the results obtained with the WOWA- based method

4

Evaluation and Results

Using the WOWA-based method, we filtered all states from outliers and
potentially erroneous data and created a unified deformation map. To determine
the critical regions, all digitization states and measured points of each
measurement had to be examined. During the analysis, we observed that the
examined point was smaller or larger than the average deformation point, based on
this, it was classified as 1 or 0. The average deformation point, in this case, is the
average of the data on the unchanged side of the cell measured at the same charge
level. In all cases, the value 1 represents the critical deformation greater than
average. Values higher than average during charging and lower values during
discharge were considered 1 because contraction is expected during discharge.
Figure 9 shows the results obtained when charging side B of battery number 2 in
the case of 100% SOC.
The upper part of the Fig. 9 shows the analyzed data, the left image shows the
original data, and the right image shows the filtered results. The bottom of the Fig.
9 shows the results of the under/over test, the original data is shown in the left
image (mean value 0.109 mm) and the results filtered by the WOWA algorithm
are shown in the right image (mean value 0.108 mm). The next step in the analysis
was to fit the data to each other, hence to summarize the critical points of the
measurements for the same measurement and side (separately for A and B).
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Figure 9
Deformation average test

In Fig. 10 shows the results obtained after data alignment:

Figure 10
Deformation average test during charge (battery side B)
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It can be observed there were a total of 19 deformation states during this test and
that the upper and middle parts of the battery changed the most during these
measurements. The original data is shown on the left and the results after filtering
are shown on the right. It can be seen that the critical points and regions are better
concentrated with the filtering. The differences between sides A and B of the same
test can be observed in the following in Fig. 11:

Figure 11
Deformation average test during charge (battery side A and B)

Figure 11 shows the filtered data by using WOWA-based method. We have
already established that the cell sides change asymmetrically, and these results
support this assumption. In this measurement, the lower part of the battery is the
least critical region. In real cases, it is difficult to distinguish exactly which side A
and B of the cell are, therefore, the results should be combined. Figure 12 shows
the results of merging the two sides during charging and discharging, expressed as
a percentage.
Figure 12 shows a charge/discharge cycle for the same battery. The results are
similar, but there are also differences. The similarity is that in both cases, 8-9 rows
in the middle of the battery, the most critical region, and the bottom of the battery
were the least important. The deviation is observed in the upper part of the cell,
during discharge, the upper right image became a highly critical area. To better
assess the critical areas, all charging and discharging results were projected onto
each other. Measurements from all 10 tests (5 charges, 5 discharges) from the
three different batteries (sides A and B) were summarized.
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Figure 12
Deformation average test during charge and discharge (combined A and B)

The state after aggregating, averaging and sorting the data is as follows:

Figure 13
Critical regions of charging and discharging
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The combined results of all charge tests for all three cells are shown on the left
side of the figure, and the results after discharge are shown on the right side.
According to the result after charging, moving towards the middle of the cell, we
get the critical areas, the lower and upper parts are less dominant. During
discharge, the lower part is also less important, however, in this case, the critical
region has shifted to the right and upwards. A summary of these results is required
to determine a general case. In terms of cell criticality, the following 3 categories
were defined: 0-non-critical (0-33%), 1-moderately critical (33-66%), 2-important
region (66-100%). The final step of the study is to combine the results and form a
general classification picture. Figure 14 shows the last statement:

Figure 14
Categorized critical regions of the 5 Ah lithium polymer battery

Based on the images, it can be concluded that the critical regions occur the most
common in the middle part of the cell since measurements should concentrate
these regions. In the case of measuring in only one or a few points, it is more
likely that critical region towards the right edge are found. Furthermore, it can be
observed that the center of the cell is rarely the most ideal measuring point. Based
on the analysis and calculations, it is advisable to place the displacement sensor
above the middle, to the right, 5-6 rows 3-4 columns. The smallest deformation is
probably to be measured at the bottom of the cell. In the case of conducting charge
(see Fig. 13), test only, the middle part of the battery is the more ideal choice.
In case of discharge (see Fig. 13), it is suggested to perform the measurement a
little higher than the middle part.
Conclusions
Digitization of the battery surface is a new and state-of-the-art method for
obtaining a very accurate data set on the deformation of cells during charging and
discharging. Altogether of three lithium polymer battery measurements of the
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same type but different states are evaluated. The electrical and surface digitization
points are aggregated and arranged in data matrices depending on the charge level.
We propose the adoption of WOWA-based filtering method for the detection of
critical regions. We effectively filtered the deformation database from errors and
outliers, making it easier to identify critical points. Implementing the application
of WOWA in a 2D convolution filter to a digital image correlation procedure
presents new approach to a current engineering problem. Based on the results, it
can be concluded that the method is suitable for filtering deformation data, and
critical regions can be efficiently determined on the lithium polymer battery.
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