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Identification of the state-of-health (SoH) of Li-ion cells is a vital tool to protect operating battery packs against accelerated 
degradation and failure. This is becoming increasingly important as the energy and power densities demanded by batteries and the 
economic costs of packs increase. Here, ultrasonic time-of-flight analysis is performed to demonstrate the technique as a tool for 
the identification of a range of defects and SoH in Li-ion cells. Analysis of large, purpose-built defects across multiple length scales 
is performed in pouch cells. The technique is then demonstrated to detect a microscale defect in a commercial cell, which is 
validated by examining the acoustic transmission signal through the cell. The location and scale of the defects are confirmed using 
X-ray computed tomography, which also provides information pertaining to the layered structure of the cells. The demonstration of 
this technique as a methodology for obtaining direct, non-destructive, depth-resolved measurements of the condition of electrode 
layers highlights the potential application of acoustic methods in real-time diagnostics for SoH monitoring and manufacturing 
processes. 
© 2020 The Author(s). Published on behalf of The Electrochemical Society by IOP Publishing Limited. This is an open access 
article distributed under the terms of the Creative Commons Attribution 4.0 License (CC BY, http://creativecommons.org/licenses/ 
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The ubiquity of Li-ion batteries across a wide range of sectors 
has resulted in an increased focus on the safe construction and 
operation of electronic devices. While catastrophic failure events of 
Li-ion cells are high profile,1–4 they are also rare. Despite this, 
accelerated degradation and failure of batteries can occur due to a 
range of manufacturing faults including the presence of foreign 
bodies, misaligned electrodes and poor construction of cells.5 One of 
the most noted cases of Li-ion battery failure was that of the 
Samsung Galaxy Note7 mobile phone battery which resulted in at 
least 96 reports of battery failure within two months of release.6,7 

The high-profile nature of these battery failures points to the need for 
a robust and efficient screening process that can be used both on a 
manufacturing line and as a field-deployable technique. Such a tool 
should also enable an improved understanding of battery 
degradation8 by providing active monitoring of the physical condi-
tion or state-of-health (SoH) across the cells full lifecycle. While full 
recycling of batteries remains challenging, there is increasing 
interest in the repurposing and reuse of Li-ion batteries in second-
life applications. When the capacity and power capability drops so 
that the battery is no longer fit for purpose in first-life applications 
(often reported as a 20% drop in initial capacity), there remains 
substantial economic value both in the materials, which comprise the 
battery, and in the remaining capacity. 

The degradation of battery performance has been shown to 
correlate with physical changes in the constituent material and 
internal architecture of the cell. At the electrode particle level, 
cracking, and the consequently enhanced particle porosity, and 
dislocation from electronic pathways, has been shown to accelerate 
ageing in both electrodes.9–12 This behaviour has also been observed 
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at larger scales with reports of the cracking of the composite 
electrode structure being correlated to a drop in cell capacity.13,14 

New, high-throughput, in-line techniques for battery quality assur-
ance (QA) are required; however, at present, this monitoring is 
typically performed using optical techniques, which may not be 
sufficiently sensitive to identify sub-surface defects.15 While not yet 
capable of achieving the required rates for battery QA, the 
development of X-ray computed tomography (X-ray CT) techniques 
has occurred at a remarkable pace; for example Kok et al.16 have 
demonstrated the potential for the evaluation of a full battery in 80 s. 

In addition to the value of in-line monitoring of manufacturing 
processes to cell producers, field-deployable techniques enable the 
routine evaluation of cell SoH. These tools must be comparatively 
compact, low cost and offer fast and reliable results. One such 
technology, which has particular promise in this area, is ultrasonic 
acoustic analysis. The ultrasonic time-of-flight (ToF) technique 
utilises material interfaces to partially reflect signals transmitted 
from a point source. Material properties including density, porosity 
and strain affect the propagation of waves through layers, which, in a 
battery, can provide access to a number of relevant parameters, 
including the state-of-charge (SoC), electrode condition and poten-
tially the presence of internal defects. The ability to detect small-
scale defects has further potential to supplement current techniques 
applied to SoH monitoring.17 While the SoH of batteries remains an 
ill-defined area, routes to access a SoH metric include the analysis of 
the rate of change of capacity18 or the internal resistance.19 

However, this can be complicated by the SoC and temperature of 
cells, the change of open circuit voltage (OCV) during a cells life 
and external electrical noise. At present, the degradation of batteries 
is typically determined through predictive modelling due to the 
substantial difficulty in monitoring the complex nature of battery 
degradation, particularly with the SoH being a highly application 
dependent characteristic. Statistical and model-based methods are 
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commonly employed to mitigate these effects20–23 with predicted 
performance compared to measured parameters. However, this 
increases the computational expense of battery management systems 
(BMSs) and the methods are limited by the accuracy of the predicted 
behaviour. In contrast to computational approaches, a physical 
measurement, such as ultrasonic time-of-flight analysis, to determine 
the SoH of Li-ion batteries has the potential to feed into BMSs and 
provide degradation and failure information, including forewarning 
of catastrophic events, in real-time without the need for complex 
calculations. 

Reports of ultrasonic analysis of batteries have increased in 
number and complexity since initial studies performed by Ohzuku et 
al.24 who identified particle cracking during cycling using passive 
acoustic spectroscopy in a Li/MnO2 cell. This technique was also 
applied by Villevieille et al.25 who used passive acoustic emission 
spectroscopy to monitor morphological changes in a Li/NiSB2 cell 
and identify the growth of the solid electrolyte interphase (SEI) 
during the first cycle and Rhodes et al. who investigated Si 
electrodes in cells.26 Sood et al. advanced this work reporting for 
the first time a drop in through-cell acoustic transmission with 
cycling associated with cell swelling/gas formation.27 This work 
demonstrated the feasibility of using pulse-echo techniques in Li-ion 
cells; however, the cell used showed severe degradation at a 
comparatively low cycle rate, with effective failure of the cell 
occurring after approximately 75 cycles. Hsieh et al. presented a 
significant development on this work with operando monitoring of a 
cell throughout multiple cycles using transmission ultrasonic ToF 
techniques.28 This work identified changes in both the reflected and 
transmitted acoustic profiles associated with the lithiation/delithia-
tion process in the electrodes at low cycling rates. Building on this, 
model development was undertaken by Davies et al.,29 who 
identified key parameters which govern the acoustic signal, in-
cluding the bulk and shear moduli, and Poisson ratio. Previous work 
by the authors has highlighted the need for spatially resolved 
acoustic measurements and also examined the effect of high-rate 
operation, identifying a method for quantifying the “electrochemical 
stiffness” induced in materials under these conditions.30,31 While the 
majority of published work has investigated the use of ultrasound 
techniques to monitor reversible, expected changes arising in cells 
due to cell cycling, a recent report by Bommier et al. demonstrated 
the use of the technique to identify Li plating in small pouch cells.32 

This work presents the validation of spatially resolved acoustic 
ToF measurements in identifying cm-mm scale faults within custom-
built cells. The use of the technique is further demonstrated on a 
commercial cell to detect a microscale-manufacturing defect, the 
presence of which is corroborated via X-ray CT. 

Experimental 

Bespoke cells were constructed with individual layers of elec-
trode removed to generate defects in the electrode stack. The cells 
were constructed using 11 graphite negative electrode layers and ten 
LiNi0.6Mn0.2Co0.2O2 (NMC, Targray, Quebec, Canada) based posi-
tive electrode layers stacked and sealed in a laminated Al pouch. To 
reduce the risk of Li plating and localised cell shorting, 9.5 g of 
dimethyl carbonate (DMC, anhydrous, >99%, Sigma Aldrich, 
Missouri, USA) was used as an analogue for the electrolyte to 
mimic the acoustic properties of commercial electrolytes without the 
presence of Li+ salts. During the construction process, deliberate 
defects were introduced to the cell with the third negative electrode 
cut in half and one half removed from the stack in one cell. A second 
defect was introduced in a second cell by dissolving the active 
cathode material away from the surface of the current collector using 
the solvent N-methyl-2-pyrrolidone (NMP, anhydrous, 99.5%, 
Sigma Aldrich). Commercial Li-ion cells composed of a LiCoO2 

(LCO) positive electrode with a graphite negative electrode were 
also examined (PL-402248-2C, AA Portable Power Corp., 
Richmond, CA, USA). Acoustic and X-ray imaging of these cells 

were performed at their initial OCV of 3.6 V with subsequent 
imaging performed at similar conditions. 

Ultrasonic ToF measurements of the lab-built Li-ion pouch cell 
analogue were conducted using an Olympus Focus PX phased array 
instrument (Olympus Corp., Japan). A 10 MHz 1D linear phased 
array probe consisting of 64 transducers and an active aperture of 
64 mm with an element pitch (centre-to-centre distance between 
elements) of 1 mm. The probe was fitted with a 0° Rexolite wedge to 
protect the surface of the transducer. For cell mapping measure-
ments, the active aperture of the probe was reduced to match the 
width of the cell. Movement along the length of the cell was 
measured using an Olympus GLIDER 2-axis encoded scanner with 
the step size set at 1 mm to give a resolution of ca. 1 mm2. Elements 
were pulsed in groups of 16. Analysis of the measured signals was 
performed using the OmniPC software with visualisation undertaken 
in Matlab. Further pulse-echo ToF measurements were performed on 
commercial 400 mAh LiCoO2/graphite cells using a Panametrics 
5052PR pulse-receiver to excite the ultrasound transducer. The 
response signal was recorded using the same Panametrics pulse-
receiver unit which was in turn connected to a Tektronix TBS 1052-
EBU digital oscilloscope. The measurements were taken at a rate of 
1 Hz with 64 signals averaged to give the final waveform and 
minimise the impact of external noise effects. The measurements 
were obtained with a 1 MHz (Panametrics) transducer with a 
12.7 mm diameter at an appropriate drive level to ensure the 
response signal was not of sufficient amplitude to saturate the 
receiver. Ultrasonic transmission measurements were obtained by 
using a second receiving probe (5 MHz, Olympus Corp., Japan) with 
a diameter of 6.35 mm placed on the opposite side of the cell and 
connected to the oscilloscope. A uniform pressure between the 
transducer(s) and cell was maintained by placing a 200 g weight on 
one transducer prior to all measurements with the receiver transducer 
placed below this when transmission measurements were obtained. 
The waveforms were exported from the oscilloscope as a .csv file 
prior to analysis in Matlab. To facilitate acoustic measurements an 
ultrasonic couplant (D12 Couplant, Olympus Corp., Japan) was 
placed between the cells and transducers prior to all measurements. 

The internal characteristics of the lab-built cells were identified 
via X-ray CT, conducted using a Nikon XT-225 instrument (Nikon 
Metrology, Tring, UK). These scans were obtained at an accelerating 
voltage of 180 kV and an incident beam power of 18.5 W, using a W 
target and a 1 mm Cu filter. To minimise artefacts in the image, 3176 
projections were obtained for each scan with the geometric 
magnification of the system resulting in a pixel size of approximately 
24.5 μm. Reconstruction of the radiographic images was performed 
using “Nikon CT Agent” software, which enabled the visualisation 
of the electrode layers, and current collection tabs within the cell. 
The commercial cells were imaged using a Zeiss Xradia Versa 520 
(Carl Zeiss XRM, Pleasanton, CA, USA) with an accelerating 
voltage of 80 kV and a total power of 10 W. A total of 1601 
projections were collected with a magnification of 0.4× used to 
obtain a resolution of 7.7 μm. Reconstruction of the acquired images 
was conducted using proprietary software (‘Reconstructor Scout-
and-Scan, Zeiss, Carl Zeiss, CA, USA) with visualisation of all 
reconstructed datasets being performed using Avizo Fire 9.4 (FEI, 
France). 

Results and Discussion 

In order to leverage acoustic techniques in a QA or quality 
control (QC) process it must be demonstrated that ToF-based 
techniques can establish a significant and reproducible signal 
variation between pristine regions and those that contain defects. 
The interpretation of acoustic ToF signals in Li-ion batteries is 
governed by a number of factors including the condition and 
mechanical properties of the constituent materials and the internal 
architecture of the cell. In a cell under electrochemical load this 
becomes increasingly challenging due to SoC-dependent variations 
in electrode properties which affect the speed of sound (c) in a  
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material; most noticeably the Young’s modulus (E), density (ρ) and 
Poisson ratio (υ)29 as seen in Eq. 1, where K and G are the bulk and 
shear moduli respectively (Eqs. 2 and 3). 

4K + G
3c = [ ]1 

r 

K = 
E [ ]2

( - n)3 1  2  

G = 
E [ ]3

( + n)2 1  

These considerations are not required when analysing a cell 
which has been allowed to rest at open circuit, removing any 
variation in the SoC and consequently the condition of the 
constituent layers and any potential electrochemical stiffness derived 
from cycling.31 Under these circumstances, any change in the ToF 
will be entirely governed by the physical distance between the 
interface causing reflections and the transducer. However, in Li-ion 
batteries, the layered structure provides a number of component (i) 
velocities in each composite material, which must be considered to 
facilitate appropriate analysis and obtain direct measurements of 
depth (z). 

=i n  

= å ci ( , ¼) · zi [ ]  ToF r t  4 
i=1 

While in principle this is a relatively facile calculation, the 
impact of a large number of factors (which may be spatially variant), 
including, particle size, density, local electrode composition and 
tortuosity, provide significant challenges to directly measure thick-
nesses in real cells. The amplitude of the reflected peaks at an 
interface is governed by the reflection coefficient (R) which indicates 
the extent to which an incident acoustic wave is reflected. This 
coefficient depends on the relative acoustic impedance (Z) of the two 
materials at the interface, and is calculated as shown in Eq. 6. 

= rc [ ]Z 5 

Fig. 1b, is unlikely to be measured in a healthy cell at OCV, as this 
change would require a change in the physical properties of the 
materials at the interface. A shift in the amplitude for a cell at rest is 
indicative of a defect in a region located at a prior ToF and is due to 
the reduced transmission of acoustic waves through the cell. Finally, 
the absence of a peak (Fig. 1c) would most likely be due to a severe 
defect in a cell, such as the removal of an electrode layer. The loss of 
a peak and subsequent features in a waveform is indicative of the 
presence of a non-acoustically conductive layer, provides a facile 
method for determining the presence of degradation indicators such 
as accumulated gas pockets and delamination in cells. 

To validate the use of this technique against known defects, the 
phased array probe was rastered across a cell to provide a scan of the 
cell in three dimensions, namely, x, y and ToF, corresponding to a 
thickness, as shown in Fig. 2. 

Following the full three-dimensional acoustic scan, individual 
peaks were examined to understand the spatially variant changes in 
the waveforms obtained. A consistent delay was applied to the 
signals to remove the peaks associated with the ringing of the 
transducers, which were also shifted in ToF due to the presence of 
the delay block. The total delay applied was consistent across all 
measurements. To ensure a minor peak shift had not caused any 
variation, the maximum amplitude over a 0.4 μs range was plotted. 
Slight variations in the signal amplitude were observed across all 
peaks due to the packaging of the pouch cell, which allowed slight 
movement of both the electrode layers and electrolyte. However, 
when interrogated, a single peak located at ca. 2.0 μs was observed 
to show an approximately constant amplitude (Region 1) before a 
sharp deviation from this expected amplitude; seen in Region 2 
where the peak amplitude approaches zero. The large change in the 
gradient of the amplitude is indicative of either a large shift in the 
peak location or the absence of a peak in this location as described in 
Figs. 1b, 1c. The peak at 2.0 μs is observed to be the third significant 
peak in the acoustic signal, suggesting the defect observed occurs in 
the third layer of the cell, in this instance, corresponding to the 
removed anode layer in the deliberately constructed cells. This is 
further corroborated via the reconstructed tomography image shown 
in Fig. 2c. While there is a region of reduced ToF peak amplitude 
after the large gradient (Region 2 in Fig. 2b), variations in the 
measured values can be seen to increase from zero as the raster 
moves towards the other end of the cell (Region 3). The signal in 
Region 3 is complicated by the increasing degree of curvature of the 

2⎞
⎠

⎛
⎝

1⎜   

Despite the complications outlined above, acoustic techniques 

Z Z2 cell due to the pressure from the transducer. It can also be seen in the - [6]R = X-ray image (Fig. 2c), that the cell allows movement of the entire Z + Z1 2 
electrode region, which contributes to slight variations in the 
location of peaks. This effect is most likely to occur in Region 2 
where the weight of the transducer is not uniform across the surface 
of the cell due to the removal of the anode layer (seen in Fig. 2c) in a 
similar manner to an anchoring effect previously reported.21,22 This 
boundary region will result in a sudden reduced constriction on the 
anode layer, which will tend to bend towards the free space due to 
the pressure of the transducer and the edge of the electrode layer. 
Measurement in regions where this variation in pressure occurs (i.e. 
Region 2) is facilitated by the couplant, which is in sufficient 
quantity to ensure no air gaps are present between the transducer and 
the cell. 

In examining the regions above, it is evident that there is intimate 
contact between the layers and electrolyte due to the presence of 
subsequent peaks, which can only be measured in the presence of an 
acoustically conductive medium. In this instance, propagation is 
achieved through the liquid DMC electrolyte, which is in excess 
when compared to industrially formulated pouch or prismatic cells. 
Deeper examination of individual waveforms from the aforemen-
tioned regions provides further evidence that there is a relative 
change in position of the electrode layers in the cell as seen in Fig. 3. 

The variation in signal between Region 1 and 2 is evident across 
all ToFs in Fig. 3a, with better agreement evident only in the first 
echo peaks, i.e. those occurring from ca. 6.9 μs onwards. These echo 
peaks are associated with the waveform passing through the entire 

can provide highly resolved results that can be used to detect 
changes in well-characterised systems. Employing this approach, 
acoustic ToF signals can be subtracted from known standards and 
variations in rectified peak locations can be observed in a two-
dimensional map. These changes in peak behaviour may arise due to 
a range of physical factors in a cell, some of which are outlined in 
Fig. 1. 

The first and most likely cause of a variation in total amplitude 
over a given ToF range in a Li-ion cell at OCV will be due to a 
physical shift in the interface location as outlined in Fig. 1a. A shift 
in the interface towards or away from the transducer caused by 
electrode layer expansion or contraction will change the measured 
amplitude of the peak at a given ToF value with the apparent 
amplitude of the peak decreasing directly as a result. This shift in 
ToF as a result of cycling has been reported in a number of 
works28,31 and can be accounted for in a monitoring system by 
ensuring a range of ToF values are included in any peak analysis 
with only the maximum amplitude being assessed. The extent of the 
range will be determined by the resolution of the measurement; 
however, it should be sufficient to accommodate slight structural or 
surface variations, which may manifest over nanosecond timescales. 
An actual change in the peak amplitude at a given ToF, shown in 
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Figure 1. A number of potential peak variations in acoustic ToF analysis of Li-ion batteries including (a) a change in measured amplitude due to the interface 
physically moving in z, (b) a measured increase in the amplitude due to a change in the ratio of acoustic impedances at a given interface and (c) the complete 
absence of the interface being measured. 

Figure 2. Diagnostic analysis of a Li-ion pouch cell with a large anode defect (in this instance one electrode layer removed in one half of the cell) showing (a) a 
sample acoustic signal from the area without the defect highlighting the third layer within the cell as the peak of interest; (b) a 2D raster of acoustic scans 
corresponding to the amplitude variations of the peak at ca. 2.0 μs (with a 0.4 μs range applied to account for small ToF shifts) and (c) a reconstructed X-ray CT 
of the cell confirming the defective region in the cell. Regions are indicated 1, 2 and 3 to aid later discussion. 

cell and reflecting off the back of the cell and therefore, when 
analysing potential movement in the electrode layers in a cell, should 
be considered in a different manner. In contrast, there is similarity 
between the peaks in Region 2 and 3 until ca. 2.0 μs. Following this 
peak, minor variations in the waveforms are evident in each region, 
suggesting a movement of the component layers before similarity is 
once again observed from ca. 4.8 μs until the echo peaks are 
measured at 6.9 μs. The variations in the region 2.0–4.8 μs begin 
with the third major peak and suggest that the bending effect noted 
previously propagates through several layers before the layers are 
sufficiently constrained due to the pressure applied by the weight of 
the transducer and the neighbouring electrode layers. It can also be 
seen that the signal obtained in Region 3 has a more periodic 
structure, in contrast to the irregular peak locations in Region 2. This 
suggests that in Region 2 the pressure of the transducer is acting 
across a sufficiently large area to press the remaining electrode 
layers together and is not influenced by the “ledge effect” seen in 

Region 2. The variations in the individual signals shown in Fig. 3 
highlight a challenge in applying single measurements to detect 
defects which occur over large areas of the cell (i.e. larger than the 
transducer). The variations also point to the importance of not only 
applying a uniform weight, but also a consistent force when using 
single-point measurements as the relative changes in a waveform 
will not be observed across the cell. 

Having validated the technique against large defects (i.e. the 
absence of an entire electrode layer), the potential use of acoustic 
spectroscopy as a tool to detect in-electrode defects was examined. 
Delamination of electrode layers is highly detrimental to cell 
performance and a predictor of the onset of cell failure.13,14,16 As 
a proxy for electrode delamination a region of cathode located in the 
fourth layer of a cell similar to that discussed previously was 
removed prior to sealing, with the results shown in Fig. 4. 

Once more, it can be seen that spatially resolved pulse-echo 
imaging can be used to identify defective regions in the electrode. 



Journal of The Electrochemical Society, 2020 167 120530 

Figure 3. Example waveforms highlighting the relative change in displacement between the transducer and electrode layers caused by the ledge effect, showing 
a large variation throughout the waveforms between Region 1 and 2 and a similarity in waveforms until ca. 2 μs between Region 2 and 3. 

Figure 4. Diagnostic approach to identifying defects in cathode deposition (a) shown in a photograph prior to cell sealing (b) a single acoustic scan highlighting 
the ToF peak of interest at 2.5 μs and (c) a 2D raster showing a region corresponding to that highlighted in the photograph demonstrating the efficacy of the 
technique. 
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Figure 4 shows the amplitude of the peak that can be ascribed to the 
interface of the electrolyte and bare current collector; the apparently 
reduced amplitude in the surrounding regions is therefore explained 
by the scenario shown in Fig. 1a. The image in Fig. 4c was obtained 
similarly to that shown in Fig. 2b with a candidate peak identified at 
ca. 2.5 μs analysed across the lateral extent of the defective battery. 
A region corresponding to the defect shown in Fig. 4a can clearly be 
seen, with this area also correlating a variation in amplitude of the 
fourth significant peak and therefore the defect located in the fourth 
layer. Variations in the amplitude can be observed across the defect, 
with this ascribed to pressure variations as the transducer is rastered 
across the surface of the battery. The demonstration of this technique 
to detect defects at resolutions below the electrode thickness 
indicates significant promise for the deployment of acoustic techni-
ques as a tool for both in-line QA of coating processes, by imaging 
the underside of coated electrodes, and as a final QC metric for cell 
assembly. Indeed, given the ongoing improvement in X-ray imaging 
times, ultrasonic measurements could be used as a preliminary 
screening technique as part of a wider triage process to mitigate 
against cell defects, preventing catastrophic failures and associated 
economic costs for cell manufacturers. 

While the validation of defects on a millimetre scale has an 
impact for the in-line deployment of ultrasonic ToF techniques, the 
identification of foreign artefacts, localised defects or delamination 
at a micrometre scale would allow the technique to be deployed to a 
wider range of users. Commercial cells are more finely optimised for 
performance, and, as a result are typically more rigid and contain 
less electrolyte than lab-built pouch cells. The scale of defects which 
are most likely to arise in commercial cells would be expected to be 
smaller than the diameter of a transducer; and therefore, unlikely to 
result in measureable variations in electrode location. As such, a 
single transducer placed in the correct location is likely to be 
sufficient to capture the effect of defects. However, it should be 
highlighted that architectural features and large defects may extend 
beyond the scope of a single transducer, and, defects may occur at 
any position in the cell emphasising the need for spatially resolved 
examinations.30 To investigate the application of this technique to a 
commercial cell, two 400 mAh batteries, one pristine and one with a 
defect, were examined, with the results shown in Fig. 5. 

The ultrasonic waveform associated with the pristine cell in 
Fig. 5a is indicative of the regular layered structure expected in a Li-
ion pouch cell, as seen in Fig. 5c. The signals obtained in the pristine 
commercial cell can be seen to be more homogenous then those 
obtained in the lab-built cell highlighting the potential use of this 
technique as a QA/QC diagnostic. As previously highlighted, 
deviations from this structure have been associated with capacity 
fade and cell failure13,14,16 making such deviations a candidate 
metric to interrogate the SoH of batteries. The waveform acquired 
from the defective cell (Fig. 5b) shows significant variations from 
the pristine waveforms at ToF above ca. 1.25 μs suggesting the 
defect is located in the region of this ToF. It should be noted that in 
contrast to the previous results no delay block was used in this 
instance so the initial signal contains peaks associated with the 
ringing of the transducer. The absolute amplitude and periodicity of 
the signal is observed to decrease substantially throughout the 
primary signal in Fig. 5b alongside the disappearance of the first 
and second echo peaks located at ca. 6 and 11 μs, respectively. The 
absence of these echo peaks suggests that the waveform is not able 
to propagate through the cell to the rear casing and back to the 
transducer due to some form of defect. While no macroscale gassing 
of the cell was observed prior to measurement the presence of gas in 
the region adjacent to the defect cannot be ruled out and may explain 
the substantial drop in signal propagation beyond the defect. Having 
obtained this waveform, the cell was examined using high-resolution 
X-ray CT to understand the cause of the signal attenuation. Once 
reconstructed, a single defect was identified in the second cathode 
layer, as highlighted in Fig. 5. The nature of this defect could not be 
fully determined; however, it was observed to be ca. 20 μm in  
diameter. Secondary effects of this defect were noticed in a 200 μm 

radial region (highlighted in blue boxes in Figs. 5d, 5e) in the 
electrode plane with a small increased distance (>5 μm) observed 
between the second anode and cathode layers. It is suggested that 
this increased distance introduced an acoustically resistive void, 
which affected the propagation pathway for the acoustic signal 
resulting in a large acoustic impedance and consequently a high 
degree of signal attenuation. In this instance, the peaks located after 
the signs of degradation may correspond to echo reflections, which 
manifest between the transducer and the defective layer due to the 
large reflection coefficient (described in Eq. 6) at the electrode/void 
interface. These peaks may also arise due to reflections that occur 
beyond the defect with a significantly attenuated signal. 

To confirm this hypothesis the transmission of acoustic waves 
through the pristine and defective cells was investigated using two 
transducers as explained previously, with the results shown in Fig. 6. 
It is evident that the presence of the internal defect significantly 
retards the transmission of an acoustic wave through the battery. The 
high amplitude transmission peak, which begins at ca. 2.5 μs in the 
pristine cell, is not present in the defective cell, with subsequent 
peaks also not observed. It can also be seen that the signal recorded 
contains significantly fewer component peaks. The substantially 
reduced transmission of the acoustic signal provides further evidence 
as to the presence of an acoustically insulating layer suggesting the 
defect observed in Figs. 5d, 5e resulted in a separation of the 
component layers, through either physical means or the formation of 
a layer of gas. 

The use of pulse-echo techniques has been shown to provide 
depth-resolution, offering the opportunity to pinpoint the location of 
defects in cells. However, the technique must be tailored for the 
appropriate thickness range to ensure the received signal is suffi-
ciently large to be recorded while also not exceeding the maximum 
amplitude recordable by the transducer. This limitation could be 
overcome by recording the response to sequential pulses of varying 
amplitude to probe a range of depths. The use of acoustic 
transmission techniques to identify defects has been shown to have 
the advantage of a more facile analysis; however, the technique does 
not provide information relating to the internal structure of the cell. 
It is also likely that transmission measurements would provide a 
simpler correlative tool for the identification of voids caused by 
either gas or defect formation in cells with no need for a priori 
knowledge of cell componentry or condition. The optimised nature 
of commercial cells, with a minimal electrolyte volume will also aid 
the use of this technique when compared to lab-built cells. 

Conclusions 

Acoustic pulse-echo spectroscopy was performed on lab-built 
cells with in-built defects and on pristine and defective commercially 
available cells, with acoustic transmission used to corroborate the 
presence of such defects. These measurements were further validated 
using X-ray computed tomography to highlight the potential of 
acoustic measurements as a quality assurance and quality control 
tool in manufacturing, operational and end-of-life scenarios. The 
presence of defects were clearly identifiable in the characteristic 
ultrasonic waveforms with the importance of spatial resolution 
highlighted in the lab-built cells, where the defects were sufficiently 
large to result in widespread variability in the cell condition. The 
microscale defect observed in the commercial cell was sufficiently 
characterised using a single transducer providing a pathway for 
direct SoH monitoring in Li-ion cells. 

The techniques described in this work benefit from the relatively 
compact, low-cost nature of the componentry, in addition to rapid 
data acquisition, which offer the potential to form part of an in-line 
QA triage system to identify potentially problematic cells in real-
time prior to deeper analysis using complimentary methodologies. 
Acoustic spectroscopy may further substantially enhance SoH 
monitoring of batteries, with the time-series information currently 
being readily analysed by on-board BMSs in a wide array of Li-ion 
battery packs. Furthermore the application of frequency domain 
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Figure 5. Identifying microscale defects in commercial pouch cells using ultrasound pulse-echo techniques. The spectra associated with pristine (a) and 
defective (b) cells are shown, with a reconstructed X-ray tomography slice of the pristine cell shown in (c). Following the identification of a suspected defect 
using ultrasound techniques the cell was examined using X-ray tomography with the presence of a single defect in the cell confirmed, as shown in (d), (e). 
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