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Abstract: The inspection of the quality of welds in battery packs plays an important role in ensuring
safety during the manufacturing and operation of energy-storage devices in automotive vehicles
during service. This research investigated the novel application of laser Doppler vibrometry, a widely
used non-destructive optical technique for modal analysis, to the post-weld evaluation of micro-TIG-
welded interconnections in lithium-ion supercells. The experimental modal analysis showed features
in the modal models of the supercells that were unique to their welding conditions. The comparisons
between the supercells showed an absence of linear correlations between the modal parameters and
the welding current, as well as differences in the welding parameters obtained from the negative
and positive terminals of the cylindrical cells. These findings suggested that the modal parameters
of the supercells were more strongly influenced by the rigidity of the structural materials than by
the localized compliance of the welded interconnections. While this investigation demonstrated a
method for using laser Doppler vibrometry to distinguish between different welding conditions in
lithium-ion supercells at a structural level, further development is needed to identify the weld quality
of individual interconnections.

Keywords: laser Doppler vibrometry; experimental modal analysis; lithium-ion cell; welding

1. Introduction

In this study, we present a demonstration of laser Doppler vibrometry (LDV) for the
purpose of the post-weld evaluation of battery welds. Herein, it is demonstrated that this
non-destructive testing (NDT) technology can serve as a means for comparing battery
modules with welds of varying quality, thereby providing valuable information for quality
control in efficient production.

1.1. Current Trends in Industrial Joining

Industrial joining is progressing towards a paradigm of Intelligent Welding Systems.
These systems have been characterized by Wang et al. as automated systems that can
intelligently adjust processes in customized production while maintaining high standards
of quality [1]. These systems have been enabled in part by harnessing recent develop-
ments in smart industrial control, connectivity, and artificial intelligence that are more
widely transforming production throughout the manufacturing sector. These developments
include inspection technologies that are applied before, during, and after the welding pro-
cess that are utilized for the preparation of joining processes, the optimization of weld
stability, and quality control [2]. Optical sensors are most commonly used for process
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optimization; photodiodes and cameras observe vapor plumes at UV-visible frequencies,
while thermal radiation and its distribution are observed in the IR-range by spectrometers
and pyrometers [3–7]. Other automated techniques include acoustic emission [8,9], ultra-
sound [10,11], and X-ray radiography [12]. Because these individual technologies have
specific competencies and limitations in identifying particular types of defect, state-of-the-
art defect-detection utilizes multiple-sensor fusion in order to complement the capabilities
of specific sensors [13,14]. Examples include the combination of multiple photodiodes
and optical and spectroscopic sensors [15,16]. Common to the development of automated
control and default detection is a reliance on machine learning in order to recognize and
interpret features [17,18]. Machine vision is a prominent example of a non-contact detection
technique that has been applied to the intelligent detection of welds. It has been particu-
larly favored for its comparatively low cost, high speed of operation, and reportedly high
precision [19–21].

1.2. State-of-the-Art in Micro-Welding Evaluation Technologies and Their Relation to
Battery Joining

The use of microtechnology has increased over the last few years towards a state
where micro-welding has achieved significant importance for producing components from
thin sheets. Microtechnology has thus been demonstrated as a valuable enabler for various
industrial applications, including battery-interconnection welding, micro-turbine fabrica-
tion, and micro-electronics [22–25]. A requirement for micro-welding is an efficient joining
method that can address the joining challenges associated with thin sheet welding, such
as overheating, deformation, twisting, and good part fit-up [26,27]. Therefore, attention
to the precise control of the power input is crucial during the micro-welding process. An
instructive application for micro-welding is its use for joining batteries for electric vehicles.
Joining in automotive traction batteries takes place after the production of the lithium-ion
cells, which itself is a lengthy process that includes electrode preparation, cell assembly,
and battery electrochemistry activation [28]. Battery packs are typically assembled from
numerous modules that are packaged together with auxiliary components, such as electrical
cables. Each module may contain several individual cells, or the modules may be further
subdivided into groups that are termed sub-modules, super-cells, or strings, which them-
selves contain as many as tens of cells, depending on the format and size of the cells [29–31].
Joining processes that are utilized during the manufacturing of battery packs includes
structural and thermal joining that is related to the battery enclosure, such as the use of
potting compounds and phase-change materials for heat management [32] or the riveting
of sheet metal [33]. In addition to the joining of structural materials, an indispensable
joining operation inside modules is the creation of the electrical interconnections between
individual cells and busbars, which serves to connect them as functional energy-storage
systems [34]. The various joining techniques that have been adopted for automotive battery
system manufacturing include ultrasonic welding, resistance spot/projection welding,
micro-TIG, ultrasonic wedge bonding, micro-clinching, soldering, laser welding, magnetic
pulse welding, and mechanical assembly [35]. One such widely used micro-processes is
micro-tungsten inert-gas (micro-TIG) welding, which is a well-known joining technique
for many industrial applications. This includes thin-tab– cell-terminal joining, which has
the advantages of relatively low equipment cost, good quality of control and process
monitoring, and low variation in process parameters [36,37].

2. Laser Doppler Vibrometry as a Technology for Post-Welding Evaluation

LDV operates on the principle of measuring the Doppler frequency shift of light that
has been scattered from a moving surface. This frequency shift is proportional to the veloc-
ity of the moving surface, which permits the measurement of the velocity of a vibrating
surface by observation of the scattered light. This is commonly achieved with laser systems
by interferometrically combining the scattered light with a reference beam [38]. Since
acceleration and displacement can be derived from velocity, this technique is a ubiquitous
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resource for experimental modal analysis and structural health monitoring. The high
precision afforded by contemporary LDV systems has seen their use in a wide range of
applications in which non-contact measurement is beneficial, from microscopic organic
tissue to large civil structures [39–41]. A noteworthy application of LDV is in the modal
analysis of ultra-light structures, for which the mass of even relatively lightweight contact-
measurement sensors, such as miniature accelerometers, is enough to bias results [38,42,43].
Furthermore, non-contact techniques such as LDV offer an advantage for observing sur-
faces that might not be accessible to physical sensors. Vibrometry spectra yield copious
data relating to the amplitude, frequency, and phase of the dynamic response of a target
surface. For experimental modal analyses, spectra are obtained at numerous points to
broadly characterize the target surface, such as through the use of an automated scanning
system [44]. The results are collated in order to determine the modal response of the un-
derlying structure. By contrast, for the purpose of structural health monitoring, long-term
changes in resonance spectra can be correlated with specific changes in the structure at a
discrete number of locations [45,46]. Structural health monitoring and experimental modal
analysis are examples of activities in which LDV fulfils a role in the inspection of products
for quality control. In addition, LDV makes a notable contribution to quality management
as an enabling technology for evaluating processes as part of quality assurance [47]. An
example of this is its use for the process optimization of wire bonds for semiconductor chip
manufacturing, in which the high sensitivity and accuracy of LDV are valued for enabling
fine control of manufacturing processes [48–50].

By comparison with optical methods, vibrometry is under-investigated as a means
of evaluating the quality of welds. This is partly because of the inconvenience posed by
mechanical noise in the production environment, which influences the efficacy of vibration
and acoustic detection methods [3,4]. Nonetheless, LDV has been applied in defect detection
for ultrasonic welding processes, where it is a valuable technology for making precise
measurements of the amplitude and frequency of devices, such as sonotrodes and wire
bonders [51]. Reporting on several studies that used either LDV, high-speed cameras, or
digital image correlation to observe changes in the geometry of ultrasonic welds, Balz
et al. surmised that the outcome of such a complex and highly dynamic process can be
appropriately evaluated by post-weld characterization [52]. The quality of ultrasonic welds
can thus be inferred by observation of the dynamics of the welding apparatus and the
surfaces of the welded substrates. This is necessary in cases in which the welded region is
located between substrates, and is therefore inaccessible to direct observation. For example,
Balle et al. monitored the amplitude and frequency of vibration of a sonotrode during
the ultrasonic welding of aluminum- and carbon-fiber-reinforced plastic sheets [53]. Lu
et al. took a similar approach by using LDV to observe the relative movements of the anvil,
sonotrode, and aluminum substrates of an ultrasonic welding process. The samples were
produced at different welding energies and tested to destruction by lap-shear strength. A
strong correlation was reported between the lap-shear strength and the characteristics in
the velocity of the sonotrode and substrates. Microstructural characterization confirmed
that this correlation was associated with favorable bonding at the interface [54]. Lu’s
post-weld characterization method showed that the quality of the welds from a particular
repeatable joining process could be adequately inferred from the velocity measured with
LDV, provided that the welding process was stable, controlled, and corroborated by prior
destructive testing.

LDV is also prevalent in the optimization of electronic interconnections in semicon-
ductor device fabrication. In addition to its use for industrial-process optimization, LDV
has been employed to observe the displacement of wire bonds in response to mechanical
excitation for the purpose of determining their fatigue endurance [55–58]. This approach to
determining fatigue life by observing long-term changes to the displacement of an intercon-
nection is similar to the practice of using LDV for structural health monitoring. A poorly
adhered or detached wire bond is expected to move with greater freedom with respect to
its substrate, which results in greater amplitudes of displacement and vibration damping
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than a well adhered wire bond. This behavior influences the properties of resonance and
damping that are observed in a comparison of the vibration spectra of well bonded and
poorly bonded interconnections. Examples of this approach include Gaul et al.’s report on
the correlations between the vibration amplitude of a tool tip with the occurrence of partic-
ular stages of operation of an ultrasonic wire bonder [59] and Qin et al.’s description of the
correlations between specific vibration harmonics in the signal of the tool-tip amplitude of
an ultrasonic wire bonder and the quality of bonds [60]. These methods are similar to Lu’s
indirect inference of weld quality by LDV, insofar as the relevant features in a spectrum can
be correlated with the changes in the stiffness of the interconnection area.

2.1. Applicability to Weld Evaluation in Lithium-Ion Cells

Welded interconnections are present in energy-storage systems using a wide variety
of chemistries, such as lead–acid, nickel–cadmium, and sodium–sulfur batteries. They are
present in air, rail, and road transportation vehicles, as well as in stationary energy-storage
for utility-scale renewable energy generation [61–63]. An illustrative example of how the
quality of interconnections can affect user safety and manufacturing productivity is the
weld quality of wire bonds or tabs between individual lithium-ion cells for automotive
traction [35]. Poorly controlled weld penetration can puncture cells, which may lead to
explosions or the emission of harmful gases. Alternatively, a loss of voltage caused by the
failure to form adequate welds on a particular cell or module can lead to the scrappage of an
entire battery [64]. Kang and Cai demonstrated that the vibration dynamics of battery tabs
can be modeled by representing these thin metallic strips as beams that deform primarily
in flexion in response to the vibration applied by an anvil during ultrasonic welding [65,66].
Additionally, process optimization that seeks to improve weld quality has been shown to
coincide with minimal losses of energy through vibration [67]. These findings of greater
vibrational damping in poorly welded tabs and the previously discussed methods for the
inference of weld quality described by Balz and Lu suggest the applicability of LDV as a
technique for the post-weld assessment of tabs in batteries.

2.2. Hypothesized Vibration in Battery Tabs and Coupons

Following the aforementioned work of Kang and Cai [65–67], it is assumed that the
interconnections in batteries, such as that shown in Figure 1, deform by flexion in response
to forced vibration. The tabs are presumed to vibrate in the manner of beams that are pinned
to the busbar lattice of the battery module and to the weld at the center of the terminal
of the cell, as shown in Figure 2. Furthermore, it is assumed that the dynamic response
of the interconnection is dependent on the stiffness and vibration-damping properties
of its welded connection to the lithium-ion cell. Consequently, it is predicted that the
forced vibration of tabs will be associated with a larger displacement in poorly welded
tabs that are less rigidly bonded to the substrates of the terminals of cells. Therefore, this
greater displacement is predicted to coincide with lower resonance frequencies and higher
damping ratios. This is presumed to be observable from the shape of peaks in the vibration
spectra obtained from poorly welded tabs.
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3. Methods

As it is presumed that weaker welds are characterized by greater compliance, the
central hypothesis for this investigation is that there should be an observable correlation
between welding quality and the resonance or damping properties of bonded substrates.
Therefore, the primary aims of this investigation were to test this hypothesis and to evaluate
vibrometry as a means of detecting differences in welding quality.

3.1. Lap-Shear Coupons

Experimental design followed the approaches reported by Lu et al. and Das et al. [36,54],
in which welding parameters were correlated with metrics for weld quality. The testing
method for single lap shear, materials of the coupons, and welding processes were thus
chosen to be representative of conditions typical for welds in lithium-ion cells.

3.1.1. Manufacturing and Joining of the Lap-Shear Coupons

Copper–steel laps were made from C101 copper sheet and Hilum nickel-coated steel
sheets, both with a thickness of 0.3 mm, which were cut to lengths and widths of 100 mm
and 25 mm, respectively, as shown in Figure 3. Each pair of copper and steel laps was
joined with a single-spot weld at the center of an overlapped length of 12.5 mm.
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Figure 3. Dimensions of copper–steel single-lap-shear coupons.

Sets of coupons were joined at three different conditions of weld quality, ranging from
well optimized welding parameters to poorly adhered welds. All welds were made using
a bespoke micro-TIG welding station at the Energy Innovation Centre (EIC) at Warwick
Manufacturing Group (WMG), University of Warwick. Differences in weld quality were
achieved by varying the current while keeping other welding parameters constant. Current
was chosen as a variable because it could be controlled most reliably to give a predictable
difference in weld quality. Constant variables included a flow rate of argon of 3 L/min
and rising, peak, and falling durations of welding of 1 ms, 40 ms, and 30 ms, respectively.
The amplitude of voltage applied by the electrode was limited to a minimum of 16 V and
a maximum 31 V during each welding operation. A fixture held the laps in place during
welding, so that each coupon would be joined repeatably in the same position, as shown
in Figure 4. Four sets of ten coupons were joined, with variable parameters shown in
Table 1. Plansee WL20 16-mm-diameter TIG electrodes (Plansee, Slough, UK) were used in
all operations and a new electrode was used for each set of coupons.
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Table 1. Weld quality of lap-shear coupons by current.

Weld Quality Current (A)

Well optimized 160
Intermediate 130

Poor 110
Not viable 100

3.1.2. Single-Lap-Shear Strength

Coupons were destructively tested to determine single-lap-shear strength. This was
undertaken on the coupons by tensile testing on an Instron 30 kN universal test frame
(Instron, High Wycombe, UK), with guidance from testing standard ISO 4587:2003 [68].
These tests yielded a dataset on the peak force of the coupons, which was taken as a metric
of shear strength.
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3.2. Supercells

Supercells intended to represent the collective behavior of cells in a demonstration
application were designed to be lightweight and simple, without features, such as unsup-
ported surfaces or unnecessarily large masses of highly damping materials, that might be
expected to bias modal properties. Supercells were manufactured in-house at Warwick Man-
ufacturing Group, University of Warwick, and each contained 10 Panasonic NCR18650BD
3000 mAh cylindrical lithium-ion cells (Panasonic Industry Europe GmbH, Bracknell, UK),
as shown in Figure 5. The cells were cycled with a Maccor Model 4300 Desktop Automated
Test System battery cycler (Maccor, Tulsa, OK, USA) in order to condition the cells with a
voltage of approximately 3.0 V prior to assembly. They were packaged using 4-mm-thick
PVC plastic face sheets and held together with thin polyethylene tubes. Opposing sides
of the supercells featured busbar lattices that were machined from 0.25-mm-thick copper
sheets. These busbar lattices featured flat tabs that were welded to the terminals of the
cylindrical cells. Surfaces were bonded together using a cyanoacrylate adhesive, which is
favored as a relatively low-damping adhesive in vibration testing [69,70].
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Figure 5. Supercell with 10 cylindrical cells.

A total of four supercells were manufactured and joined with a different configuration
of weld quality, with the intention of observing the relationship between welding current
and modal properties. The same welding process was used for joining the supercells as
was used for the lap-shear coupons, as described in Section 3.1.1. A new electrode was
used for welding the tabs onto each busbar. The first supercell was joined with a current of
160 A, the second with a current of 130 A, and a third with a current of 110 A. The fourth
‘mixed’ supercell was joined with a mixture of 160 A, 130 A, and 110 A welds, as shown in
Figure 6.
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3.3. Experimental Modal Analysis

Modal analysis is the characterization of a system with respect to its dynamic me-
chanical properties. Modal analysis seeks to accurately specify the modal model of a
system, which includes its natural frequencies, damping ratios of resonance, and the mode
shapes associated with its resonance. Experimental modal analysis (EMA) can be used
to determine characteristics of a modal model by comparing the measured response of a
system to an inputted vibration or impact [71]. This is expressed by a frequency response
function (FRF), which is the quotient of the response and excitation signals for the whole
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bandwidth of examined frequencies. FRFs are usually obtained as the spectra of measured
acceleration or velocity signals in response to an excitation acceleration or force that have
been collected in the time domain and converted by fast Fourier transform to the frequency
domain. Mode shapes can be accurately determined if FRFs are obtained at a sufficient
number of locations on the structure in order to adequately represent geometric patterns of
resonance of the system. Once FRFs ae obtained, modal parameters can be estimated by
curve-fitting techniques of the FRFs with multiple-degrees-of-freedom (MDOF) or single-
degree-of-freedom (SDOF) models, the latter being more relevant when modes are well
separated and lightly damped [72].

For this investigation, EMA was carried out using a single-point Polytec PSV-500
XTRA scanning vibrometer, shown in Figure 7. The laser-scanning head of the PSV-500
contains mirrors that permit the laser beam to be directed in different locations across a
surface without the need to manually adjust the position of the tripod between individual
measurements. An infrared laser was used for its suitability for use on reflective metallic
surfaces, such as the copper battery tabs observed in this investigation. EMA was un-
dertaken on the data collected from LDV using the complex mode indicator function AI
(CMIF-AI) algorithm in PolyWave 21.1 software (Polytec Ltd., Coventry, UK). CMIF-AI
finds peaks in the magnitude and phase components of multiple FRFs using a singular
value decomposition method that computes CMIF functions for each FRF and plots them as
a function of frequency. Peaks and mode shapes are identified in the plots of these functions,
after which the algorithm estimates damping values from its computed eigenvalues.
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Figure 7. Polytec PSV-500 XTRA laser vibrometer scanning system.

The algorithm also applies an additional SDOF peak picking code to improve its
estimation of natural frequencies and damping ratios for each mode shape. The code utilizes
the ‘half-power bandwidth’ method for estimating damping ratios [73]. The damping ratio
for a given SDOF peak is equal to the inverse of twice the quality factor, which is a
measure of the ‘sharpness’ of a peak. This is calculated by dividing two times the frequency
associated with the peak value of acceleration at its maximum by its bandwidth in units
of the frequency domain. The bandwidth is measured at two points, respectively, on the
rising and falling slopes of the peak corresponding in acceleration to a fraction of 3 dB
lower than the peak maximum [74]. In this investigation, all values of damping ratios are
presented as a percentage.

The damping ratio (ζ) and quality factor (Q) for a given peak with resonance frequency
(f0) and the rising (f2) and falling (f1) frequencies associated with the bandwidth of the peak
are given by the following [74], as illustrated in Figure 8:

ζ =
1

2·Q =
f2 − f1

2·f0
(1)
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Experimental Modal Analysis of Supercells

LDV was undertaken on supercells that were suspended on bungee cords in a free–free
condition, with forced vibration applied by a miniature shaker, as shown in Figure 9. Forced
vibrations were applied to the busbars of the supercells through a polyamide stinger by a
SmartShaker K2004E01 (The Modal Shop, Cincinnati, OH, USA) miniature electrodynamic
shaker that was positioned in a horizontal orientation. The shaker and the aluminum
frame from which supercells were suspended were fixed onto a base plate. The reaction
force from the shaker onto the stinger arm was measured with a piezoelectric 208C02 force
sensor (PCB Piezotronics, Depew, NY, USA). The magnitude of vibration observed by the
vibrometer was thus quoted relative to the reaction force measured from this sensor, in
units of force per velocity. Outputs from the vibrometer and the force sensor were acquired
by the PSV-500 data acquisition system (Polytec Ltd., Coventry, UK) and interpreted by
PSV 10.0.1 vibration analysis software (Polytec Ltd., Coventry, UK).
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Figure 9. EMA of supercells in a free–free condition.

A low level of forced vibration was continuously applied by the shaker by generating
a white-noise signal with an amplitude of 0.5 g over a range of frequencies from 5 Hz to
5000 Hz. For this range of frequencies, the noise-limited resolution of the PSV-500 scanning
head is at least 0.3 µms−1 Hz−0.5 [75]. The vibrometer sequentially collected 20 individual
spectra of magnitude and phase, with a sample time for each spectrum of 0.64 s. These were
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transformed to the frequency domain using a Hanning windowing algorithm and averaged
to give a single FRF spectrum for each location of measurement. Spectra were discretized
with 3200 lines within the measured bandwidth, giving a resolution of 1.5625 Hz for each
increment in the frequency domain. The vibrometer range was set to 50 mms−1. As shown
in Figure 10, FRFs were collected from 100 locations: 9 points in a rectangular grid on
each tab and 10 points on the busbar. LDV was undertaken on either side of the supercell,
so that FRFs were alternately collected from tabs connected with either the positive or
negative terminals.
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Figure 10. Observation locations on the 110 A supercell. (Left): from the side of the busbar with
positive cell terminals. (Right): from the side of the busbar with negative cell terminals.

4. Results
4.1. Lap-Shear Strength

As shown in Figure 11, a strong linear correlation was found between the peak force
and the welding current, with the highest strength being recorded for the coupons welded
with a current of 160 A. All of the coupons were observed to fail due to the mechanical
failure of the welds, rather than the yielding of the metallic laps.
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4.2. Experimental Modal Analysis of Supercells
4.2.1. Negative Terminal

The heatmaps shown in Figure 12 show the frequency and damping ratios for the
first five modes of resonance for each of the supercells, obtained from the results of the
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EMA undertaken on the negative terminals. It was hypothesized in Section 2.2 that the
sub-optimal welds would be more mechanically compliant than the stronger welds and,
therefore, would resonate at lower frequencies and with higher damping ratios. However,
in contradiction of this hypothesis, the resonance frequencies of the first four modes were
significantly lower, and the damping ratios were generally higher, for the 110 A supercell
than those of the 160 A or 130 A supercells. In addition, the highest damping ratio, of 8.0%,
for the first mode of resonance was measured for the 160 A supercell, while the lowest
damping ratios were measured for the 130 A supercell.
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The scatter plots in Figure 13 show the mean resonance frequency and the mean
damping ratio of the first five modes for the supercells, as observed from the negative
terminals. The weakness of the correlation between either the resonance frequency or the
damping ratio and the welding current can be seen from the respective Pearson correlation
coefficients of 0.34 and 0.27. This means that, unlike the strong and linear correlation
between the force and the welding current observed for the lap-shear coupons in Figure 11,
neither the resonance frequency nor the damping ratio were reliable predictors of the
welding current.

Notably, the mixed supercell showed both similarities to and differences from the other
supercells that appeared to be contradictory, since a mixture of weld currents was expected
to give rise to modal parameters that were intermediate between those observed for the best
and for the least optimized welds. For example, the last four modes for the mixed supercell
were characterized by frequencies that were intermediate between the 160 A and 130 A
supercells. By contrast, the damping ratios for the same modes most closely resembled the
110 A supercell. Furthermore, the first mode was characterized by a frequency of 800.0 Hz
and a damping ratio of 2.4%, which were the highest and lowest, respectively, of all the
supercells, and which were expected for the best-optimized welds. The modal model of
the mixed supercell was therefore characterized by parameters that bore some similarity to
the other supercells, while also possessing features that were not otherwise present in any
of them. Taken as a whole, these differences show that each supercell was characterized
by a unique modal model with parameters that were not directly governed by a linear
relationship with the welding current.
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Figure 13. Scatter plots, with the Pearson correlation coefficient, of the mean resonance frequency
(left) and the mean damping ratio (right) of the first five modes, as observed from the negative
terminals of the 110 A, 130 A, 160 A, and mixed supercells.

The modal models were also unique at the level of the cell tabs. Figure 14 shows the
analysis of the averaged spectra from the nodes at the centers of the tabs of the cylindrical
cells on the negative terminals. The prominent resonance peaks in these spectra of the tabs
coincided with the frequencies of the mode shapes obtained from the EMA of the supercells,
with only moderate variance in their magnitudes. This suggests that the resonance of the
tabs was more strongly influenced by the overall behavior of the supercell structures, that
is, the dynamic contribution of the cylindrical cells and the structural materials, rather
than by the local compliance and damping of the interconnections. Additionally, if the
welding current were associated with a strong influence on the local resonance properties
of the tabs, a high degree of variance would have been observed in the averaged spectrum
for the supercell with mixed welds. Instead, the averaged spectrum was characterized by
relatively low variance, as shown by the shaded region in Figure 14.
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Figure 14. Mean spectra obtained from the tabs at the negative terminals of the supercells. Each
line in bold is the mean of 10 FRFs obtained from the centers of each of the welded tabs. Shaded
regions represent one standard deviation from the mean of the magnitude. Annotations mark the
resonance frequencies of mode shapes obtained by EMA (of the first, second, third, fourth, and fifth
mode shapes).

4.2.2. Positive Terminals

The heatmaps in Figure 15 show the frequency and damping ratios for the first five
modes of resonance, as obtained from the EMA undertaken on the busbar with positive
terminals. The heatmaps show that the modes of resonance for the 130 A supercell occurred
at higher frequencies and with lower damping ratios than any other supercells. This is
contrary to the prediction described in Section 2.2, from which the highest frequencies
and lowest damping ratios were expected for the best-optimized welds, which should be
associated with the 160 A supercell rather than the 130 A supercell. Furthermore, also
contrary to this prediction, the resonance frequencies were consistently lower for the 160 A
supercell than for the 110 A supercell. The scatter plots in Figure 16 show the mean
resonance frequency and damping ratio for the first five modes for the supercells from the
positive terminals. The respective Pearson correlation coefficients of 0.23 and 0.02 show a
weak negative correlation for the mean resonance frequency and a negligible correlation
for the mean damping ratio with the welding current. None of the above findings support
a significant correlation between the modal parameters and the welding current for the
positive terminals. This is the same conclusion as that formulated for the negative terminals
in Section 4.2.1, although there were numerical differences in the resonance frequencies and
damping ratios between the negative and positive terminals. For example, the frequency
of the first mode of resonance was at least 200 Hz higher for the 110 A, 130 A, and 160 A
supercells at the positive terminals. This suggests that the EMA was influenced by the
internal structure of the cylindrical cells.



Energies 2022, 15, 4379 14 of 20

Energies 2022, 15, x FOR PEER REVIEW 15 of 21 
 

frequency of the first mode of resonance was at least 200 Hz higher for the 110 A, 130 A, 
and 160 A supercells at the positive terminals. This suggests that the EMA was influenced 
by the internal structure of the cylindrical cells. 

 
Figure 15. Heatmaps of resonance frequencies and damping ratios of supercells observed from the 
positive terminals, with respect to welding current and mode number. 

 
Figure 16. Scatter plots, with the Pearson correlation coefficient, of the mean resonance frequency 
(left) and the mean damping ratio (right) of the first five modes, as observed from the positive ter-
minals of the 110 A, 130 A, 160 A, and mixed supercells. 

Figure 15. Heatmaps of resonance frequencies and damping ratios of supercells observed from the
positive terminals, with respect to welding current and mode number.

Energies 2022, 15, x FOR PEER REVIEW 15 of 21 
 

frequency of the first mode of resonance was at least 200 Hz higher for the 110 A, 130 A, 
and 160 A supercells at the positive terminals. This suggests that the EMA was influenced 
by the internal structure of the cylindrical cells. 

 
Figure 15. Heatmaps of resonance frequencies and damping ratios of supercells observed from the 
positive terminals, with respect to welding current and mode number. 

 
Figure 16. Scatter plots, with the Pearson correlation coefficient, of the mean resonance frequency 
(left) and the mean damping ratio (right) of the first five modes, as observed from the positive ter-
minals of the 110 A, 130 A, 160 A, and mixed supercells. 

Figure 16. Scatter plots, with the Pearson correlation coefficient, of the mean resonance frequency
(left) and the mean damping ratio (right) of the first five modes, as observed from the positive
terminals of the 110 A, 130 A, 160 A, and mixed supercells.

The modal model of the positive terminals of the supercell with mixed welds dis-
played similarities, differences, and unique properties compared with the other supercells,
which was similar to the finding for the EMA of the negative terminals. For example, the
frequencies of the third, fourth, and fifth modes and the damping ratios of the third and
the fourth modes of resonance occurred intermediately between the highest and lowest
values for the other supercells, while the frequencies of the first and second modes ere the
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lowest, and the damping ratios of the first, second, and fifth modes were the highest, for
any of the supercells.

The modes of resonance from the EMA of the positive terminals coincided with the
resonance peaks observed from the welded tabs on the positive terminals, as shown in
Figure 17. These spectra are characterized by low variance in the mean of the magnitude, as
shown by the shaded regions in the plots. This is particularly notable for the spectra of the
supercell with mixed welding currents, which shows low variance despite containing tabs
with a range of welding currents. This suggests that the dynamic properties were more
strongly influenced by structural rather than local features within the supercells, which is
the same conclusion as that determined for the negative terminals in Section 4.2.1.

1 
 

 
Figure 17. Mean spectra obtained from the tabs at the positive terminals of the supercells. Each
line in bold is the mean of 10 FRFs obtained from the centers of each of the welded tabs. Shaded
regions represent one standard deviation from the mean of the magnitude. Annotations mark the
resonance frequencies of mode shapes obtained by EMA (of the first, second, third, fourth, and fifth
mode shapes).

4.2.3. Summarizing Discussion for Experimental Modal Analysis of Supercells

• The heatmaps and Pearson correlation coefficients showed either weak or negligible
linear correlations between the resonance frequency or the damping ratio and the
welding current. This is contrary to the hypothesis that the sub-optimally welded tabs
would be more compliant and therefore resonate at lower frequencies and with higher
damping ratios than the well optimized welds.

• The individual supercells were characterized by modal models with distinct fea-
tures, but lacked clear trends between the modal parameters and the welding cur-
rent. This was particularly notable for the supercells with mixed welds, which had
both similarities with and differences from the other supercells, as well as unique
properties that were not intermediate between their optimally and sub-optimally
welded counterparts.
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• The averaged spectra from the tabs of the cells showed resonance peaks that were
consistent with the frequencies of the mode shapes obtained from the EMA of the su-
percells. These spectra were characterized by low variance from the mean magnitude.
This suggests that the modal models were influenced to a greater degree by structural
materials than by the local compliance and damping of the welds.

• While the above findings are applicable to the EMA undertaken at both the negative
and positive terminals, numerical differences were found in the resonance frequencies
and damping ratios observed at either terminal. This suggests that the local internal
structure of the cylindrical cells played a role in influencing the modal parameters,
even if it did not strongly influence the overall trends.

5. Conclusions

LDV was investigated as a means of identifying the post-weld quality of the tabs of
lithium-ion cells. The main hypothesis of this investigation was that the poorly welded
tabs would be more compliant than the optimally welded tabs. The sub-optimally welded
tabs would therefore vibrate with lower resonance frequencies and higher damping ratios,
which should be observable from the FRFs. The trends in the modal parameters obtained
by the EMA would therefore serve as accurate predictors of the weld quality.

The single-lap-shear testing of the coupons found a strong linear correlation between
the peak force and the welding current, confirming a relationship between the mechan-
ical properties and the weld quality. LDV was performed on four structurally identical
supercells that each contained 10 cylindrical cells. The supercells were welded with either
160 A, 130 A, 110 A, or a mixture of welding currents. The individual supercells were
characterized with unique modal models but, contrary to the hypothesis, and counter to the
lap-shear results, no significant correlations were found between the resonance frequency
or the damping ratio and the welding current. The relative independence in the modal
parameters of the supercells with mixed welding current and low variance in the magni-
tude of FRFs obtained at their tabs suggested that the modal models were influenced to a
greater extent by the stiffness of the cylindrical cells and structural materials than by the
local compliance of the welds. The minor differences in a comparison between the modal
parameters obtained from the negative and positive terminals of the supercells suggest
some influence of the local structural properties in the cylindrical cells.

In conclusion, differences in the modal models between the supercells that were joined
with different welding currents were clearly identifiable from the EMA obtained from LDV
of the interconnections between the cylindrical cells and the busbars. Although the modal
models for each supercell were unique, the absence of significant correlations between the
locally observed modal parameters and the welding current means that modal parameters
cannot be used as reliable predictors of weld quality.

From an industrial-applications perspective, this technique has practical applicability
for distinguishing between supercells that feature differences in welding quality. If a
modal model is obtained using LDV for an energy-storage system with nominally optimal
welding quality, the modal models obtained from other structurally similar products can be
compared with the designated ‘optimal’ archetype in order to check their welding quality.
If the modal models were to differ in some respect, this would alert the manufacturer to
the existence of a physical difference between two products that might otherwise look the
same during a visual inspection. This is particularly relevant in the case of internal defects,
which may not be visible from the surface of the product. Because this investigation did not
establish significant correlations between the modal parameters and the welding current, a
limitation of this technique is that it is unable to distinguish local features. Therefore, an
operator would not know which of the welds were sub-optimal or to what extent they were
different. Additionally, without better knowledge of structure–property correlations, it is
not currently possible to clarify whether differences in modal parameters are associated
with defects that are unrelated to the welding quality or with benign flaws that do not have
a measurable influence on the function of the product. Welded interconnections are present
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in batteries featuring different chemistries, such as lead–acid and sodium–sulfur, and are
utilized in applications ranging from transportation to renewable generation. LDV will
therefore be applicable as an inspection technology for a wide variety of applications for
energy-storage systems beyond the lithium-ion supercells investigated in this study.

This investigation showed that LDV is a viable method for distinguishing between
lithium-ion energy-storage systems manufactured with different levels of welding quality.
However, further development is needed in order to identify the welding quality of specific
interconnections and for disambiguating features in FRFs that are associated with structural
properties but that are unrelated to welding quality.
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