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Featured Application

The proposed magnetic field sensor array offers a scalable and noninvasive solution for
battery diagnostics by mapping magnetic fields during charging and discharging under
normal operating conditions. Although this study focused on these states, the system’s
capability enables broader applications, including health monitoring, safety assessment,
and overall performance evaluation.

Abstract

Ensuring safety in energy storage systems increasingly relies on advanced diagnostic tools,
among which magnetic field mapping plays a critical role. This work aims to develop
and validate a high-sensitivity magnetic field sensor array for accurate field mapping and
preliminary battery diagnostics. We present a 4 x 4 array of magnetic sensors integrated
with a calibration procedure to ensure accurate output. The system was experimentally
tested by characterizing the magnetic field generated by two planar copper conductors.
Finite element simulations were performed for comparison and validation. Experimental
measurements exhibited strong agreement with the simulation results, confirming the
reliability of the sensor array. Next, the system was employed to map the magnetic field dis-
tribution of a pouch-type lithium-ion battery, demonstrating its capability for noninvasive
diagnostics. Although this study focuses on magnetic field measurement rather than direct
battery diagnosis, the results suggest that the proposed system—capable of measuring
magnetic fields in batteries operating under normal conditions—could also perform these
measurements under abusive conditions, thereby enabling diagnostic assessments. The pro-
posed sensor array provides a scalable and precise solution for low-intensity magnetic field
mapping, with potential applications in battery health monitoring and safety assessment.

Keywords: battery safety; magnetic diagnostics; magnetic field imaging; magnetic field
sensor array

1. Introduction

Electrochemical-magnetic coupling in lithium-ion batteries falls into two main cate-
gories: external magnetic fields influencing performance [1,2] and intrinsic magnetic fields
enabling diagnostics [3-6]. While the former addresses ion transport and reaction kinet-
ics, the latter—an emerging approach—underpins this work, which leverages magnetic
signatures for noninvasive electrochemical state monitoring.

Magnetic field sensing is increasingly recognized as a critical tool for safety monitor-
ing in energy storage systems [3-6], complementing its established roles in geophysics,
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biomedical diagnostics, navigation, and electromagnetic compatibility testing, as well as
advanced electromagnetic system characterization [7]. The growing demand for compact,
high-resolution, and low-noise magnetic field sensor arrays reflects the need for precise
spatial mapping of magnetic fields [8-11]. In battery applications, magnetic sensing offers
a noninvasive means of health monitoring and defect detection, enabling identification
of anomalies such as tab or weld faults, irregular current paths, and localized short cir-
cuits [3-6]. In some cases, magnetic measurements even correlate with state of charge
(SOC) [12].

Safety monitoring varies across battery-powered systems: large platforms like EVs
rely on Battery Management Systems (BMSs) [13,14], whereas smaller devices often use
simplified versions [15]. However, once a battery is removed for storage, servicing, or
recycling, BMS data is typically unavailable, leaving first responders and handlers without
critical safety information [16,17]. Magnetic diagnostics can bridge this gap by detecting
internal current distributions and field anomalies that thermal imaging may miss.

Infrared cameras remain essential for identifying thermal instabilities [18-20], but
their accuracy is limited by environmental factors [21,22], slow response to rapid com-
bustion, and inability to reveal internal defects or SOC [23,24]. Conventional diagnostic
techniques, such as voltage monitoring and electrochemical impedance spectroscopy (EIS),
provide valuable insights into battery health and performance. However, EIS requires
specialized equipment, controlled experimental conditions, and presents significant chal-
lenges for application in large-format cells or battery packs [25]. In contrast, magnetic
field sensing offers a fully non-contact and scalable solution, enabling real-time monitoring
without interfering with the battery structure or demanding complex setups, making it
highly suitable for integration into battery management systems. Furthermore, magnetic
sensing delivers direct information on current distribution and fault signatures [26-30],
serving as a powerful complement to thermal diagnostics for early warning and enhanced
situational awareness.

In this context, magnetic sensing should be viewed as a complementary tool that
enhances battery surveillance capabilities by adding layers of information such as internal
current distribution and magnetic field anomalies that thermal diagnostics alone cannot
provide. This dual-modality approach strengthens early warning systems and situational
awareness, especially when conventional data are limited. Although many techniques were
not initially designed to fill diagnostic gaps, they can be repurposed effectively for fault
detection and performance assessment [31]. Early studies showed that mapping magnetic
fields leaking from cells revealed conductivity loss and short circuits, linking reduced
conductivity to cycle deterioration [32]. One-dimensional scanning methods extended this
work to diagnose capacity consistency across packs by detecting current imbalances [33],
whereas sensor arrays and finite element simulations reconstructed current density maps
and identified SOC anomalies such as dendrite formation [28]. Magnetic imaging also
proved effective for collector defect detection [29]. More advanced three-dimensional
electrochemical-magnetic-thermal models captured short circuits and cracks through dis-
tinct signatures [27], and gradient-based analysis distinguished internal faults from general
degradation [29]. Instrumentation systems with hundreds of magnetic pixels refined spatial
resolution, uncovering exponential current profiles and recording transient equalization
events [34]. Most recently, real-time magnetic field imaging introduced destructive interfer-
ence techniques to accentuate defect spots and classify failure modes such as tab connection
faults or electrode misalignment [26].

Most existing systems rely on mechanical scanning, where a sensor is moved across
the battery’s surface. While this method offers flexibility in sensor positioning, it suffers
from significant drawbacks: mechanical complexity, slower sequential data acquisition,
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and limited ability to capture transient events. Scaling to larger systems further amplifies
these issues, such as size, weight, vibration sensitivity, and the need for precise alignment
and stable power sources increase setup time and reduce portability, making field deploy-
ment challenging. In contrast, array-based (static grid) systems eliminate moving parts,
enabling simultaneous, high-resolution measurements across the entire battery surface.
This supports real-time monitoring and enhances fault detection accuracy. However, these
systems come with their own trade-offs: higher upfront hardware costs, the need for pre-
cise synchronization, and increased data processing demands. Despite these challenges,
array-based designs offer superior scalability, reliability, and responsiveness compared to
scanning-based approaches.

Building on this, our device employs a 4 X 4 sensor grid as an initial testbed, and
although the results presented in this paper involve manual scanning of the grid, this
configuration serves as a proof of concept for an intrinsically scalable, with the goal of
upscaling to larger arrays in the future. Such scalability will enable measurements to
be performed without the need for spatially scanning the samples. Combined with the
interpolation procedure introduced in this paper, the approach is expected to enhance
diagnostic resolution and robustness, advancing battery safety through improved detection
of internal faults and anomalies. Although the motivation for this development is battery
diagnostics, the array can capture spatial magnetic field distributions across a planar sur-
face, enabling applications such as magnetic imaging [35], material characterization [36],
and environmental field mapping [37,38]. This paper presents a dual objective. First, it
details the design and implementation of the magnetic field sensor array (MFSA) and
compares theoretical predictions with experimental measurements of magnetic fields gen-
erated by planar copper conductors. Once validated, the MFSA is applied to monitor the
magnetic field near the surface of a lithium-ion pouch cell during controlled charge and
discharge cycles.

This paper is organized as follows: Section 2 outlines the experimental setup, includ-
ing the MFSA design, sample configurations, measurement protocol, and the theoretical
framework for validation. Section 3 presents and discusses both experimental and nu-
merical results, highlighting the application of the MFSA to characterize the magnetic
field distribution on a lithium-ion battery. Finally, Section 4 summarizes the findings and
suggests directions for future work.

2. Materials and Methods

Section 2.1 provides a detailed description of the MFSA. Sections 2.2 and 2.3 present
the samples under investigation, followed by the experimental procedure in Section 2.4. The
data postprocessing approach is introduced in Section 2.5, and the numerical framework
employed for validation is outlined in Section 2.6.

2.1. The Magnetic Field Sensor Array

Figure 1 shows the developed MFSA used to measure local magnetic fields near the
surface of the samples. The array consists of a 4 x 4 grid of MMC5983MA sensors from
MEMSIC (Tianjin, China) [39], which are 3-axis anisotropic magnetoresistive magnetome-
ters offering 18-bit resolution, a 800 uT full-scale range and a maximum output data rate
of 1 kHz. The sensors actually measure the three components of the magnetic flux density
vector, which we will refer to by magnetic field or B field, for short. These specifications
make the system well-suited for precision magnetic field mapping. The sensors also feature
integrated temperature sensing and built-in degaussing circuitry, which improve measure-
ment stability and accuracy in environments with variable thermal or magnetic conditions.
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The MMC5983MA is packaged in a 16-pin Land Grid Array (LGA) with dimensions of
1.0 x 3.0 x 3.0 mm.

(b)

Figure 1. MFSA with 16 sensors arranged in a 4 x 4 grid. (a) Top view with sensor centers marked as

orange dots; (b) Bottom view showing two multiplexers and components for I2C communication.

Sensors are arranged on a rigid, 1 mm thick PCB with 6 mm center-to-center spacing in
both vertical and horizontal directions in the plane of the array, Figure 1a. Future work may
focus on developing sensor grids on flexible substrates [40], enabling measurements across
nonplanar or irregular sample surfaces. Therefore, the 4 x 4 array of magnetometers can
be represented by a square of 16 dots, where each dot represents a sensor. It captures the
magnetic field components By, B, within the plane of the MFSA, whereas B; is measured
perpendicular to the plane.

Since the MMC5983MA has only one fixed I?C address (0x30), to operate multiple
sensors sharing the same I>C address simultaneously, the MFSA architecture incorporates
two TCA9548A multiplexers, configured at addresses 0x70 and 0x71. Each TCA9548A
controls eight independent channels, allowing for a total of sixteen sensors to be managed.
The MFSA is connected to the ESP32 microcontroller, that dynamically drives these chan-
nels, ensuring that only one sensor communicates on the I?C bus at a time. This approach
prevents address conflicts while maintaining consistent and reliable data flow. Sequential
data acquisition is optimized to minimize switching delays and deliver continuous, precise,
and synchronized magnetic measurements. Additionally, a graphical user interface (GUI)
was developed for this project to facilitate the selection of the communication port with
the ESP32, as well as the real-time visualization and recording of the system’s generated
data. The result is a modular, extensible, and interactive measurement platform, specifically
designed for spatial magnetic field mapping.

The accuracy of the MFSA was validated using a magnetic field generated by
Helmholtz coils and measured with a Wavecontrol SMP3 equipped with a WPH-DC
probe (0.1 uT resolution) (Wavecontrol, Barcelona, Spain). For all 16 sensors, the relative
deviation between measured sensor values (B;) and expected values (B,), expressed as
AB (%) = | Bs — Be | /B, x 100, was under 1% throughout the 10-100 uT range. The experi-
mental resolution of the MFSA is approximately 1 puT. Based on the sensor datasheet, the
MEFSA’s estimated per-axis noise density falls within the nT//Hz range. All measurements
were conducted at room temperature, around 22 °C.

2.2. Planar Copper Conductors

Figure 2a,b shows the copper samples used to evaluate the array’s ability to accurately
map the magnetic fields across a surface. For clarity, we refer to these samples as CsA
and CsB, respectively. Each sample is composed of copper approximately 0.6 mm thick.
CsA measures 90 x 60 mm, whereas CsB measures 55 x 60 mm. In Figure 2a, the current
collectors are center-aligned and placed on opposite sides, whereas in Figure 2b, they are
located on the same side. This difference in configuration leads to distinct magnetic field
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distributions for each sample. During the experiments, both samples were subjected to a
direct current of 1 A.

3.7V Li-ion Battery  HXJNLDC
654060 2100mAh 7.77Wh
Charging limit voltage:4.2V
ACAUTION

Please compare the polarity of the connector
before use, and do not connect in reverse.
Do not put in high temperature environment
Do not use the battery with col

nspicuous =
damage or deformation ép E E‘ K3
b4

©

Figure 2. Samples used for magnetic field mapping: (a) Copper plate sample with opposed current

collectors, CsA. (b) Copper plate sample with collectors on the same side, CsB. (¢) Lithium-ion battery.
In (a,b), MFSA is shown in contact with sample surfaces. Images are not to scale.

2.3. Lithium-Ion Battery

To illustrate the use of the MFSA in assessing battery operation, we measured the
magnetic field near the surface of a lithium-ion cell under active discharging and charging
cycles. The test subject was a 3.7 V, 2100 mAh, 654060 pouch-type battery with nominal
dimensions of approximately 6.5 x 40 x 60 mm, Figure 2c. This type of rechargeable cell is
commonly found in DIY electronics, portable devices, and other low-power applications.
Discharging and charging tests were both conducted at 1 A (C-rate of 0.5C) and 2 A (1C)
at constant current condition. At a 1C rate, the battery discharged from 4 V to 3.3 V over
approximately 22 min, providing a discharge capacity of 730 mAh and delivering about
2.4 Wh of energy.

2.4. Measurement Procedure

Prior to each measurement, background magnetic fields, originating from Earth’s
geomagnetic field and surrounding equipment, were compensated by performing an offset
calibration. This calibration utilized the sensor’s integrated set/reset degaussing function
to nullify residual magnetization and stablish a zero-field baseline for subsequent readings.
Next, the samples CsA and CsB were subjected to a 1 A direct current, and the resulting
three components of B at the surface were measured. Because the MFSA covers an area of
18 x 18 mm, scanning the entire surface of the CsA and CsB samples required manually
repositioning the array across 15 distinct locations, resulting in a total of 240 measurement
points, Figure 3. An improved version of the MFSA is being developed to enable full-
surface measurement of samples with similar dimensions, eliminating the need for sensor
repositioning. In Figure 3, each gray rectangle represents a measurement position of the
MFSA for sample CsA (the same procedure was applied to the sample CsB). Since three B-
field components were recorded at each point, the data set includes a total of 720 individual
parameters. At each location, the MFSA collected data for approximately one minute.
Given the experimental acquisition rate of roughly 600 ms, each session yielded 100 data
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samples per component of B for each of the 16 sensors. The final experimental values
represent the average of these 100 readings for each component of B.

Figure 3. Surface measurement points on sample CsA mapped by the MFSA. Each gray square repre-
sents an MFSA position and contains 16 orange dots indicating the sensor grid. The same procedure
was applied to sample CsB and the battery. Sensor spacing: 6 mm vertically and horizontally.

The procedure to measure the battery’s generated B field mirrored that used for copper
samples. Because the battery surface area is smaller than that of the copper samples, nine
distinct measurement points were sufficient to cover its surface. The B field has been
recorded during both charging and discharging phases at constant currents of 1 A and 2 A
(0.5C and 1C, respectively), using an EBC-A20 Battery Tester (ZKETECH, Shanghai, Chine).
Notably, a residual magnetic field distribution was observed at the surface of the battery
even when it was disconnected, likely originating from trace magnetic elements in the
cathode material or from the wiring and terminal connections. The residual field measured
prior to and following discharge appears either unaffected by the battery’s SOC or reflects
polarization-related magnetic fields [29] that cannot be resolved by the MFSA. Additional
research is needed to substantiate this interpretation. Consequently, the battery’s B field
data presented in the following section collected during active charging and discharging is
the result of the subtraction of this residual field.

2.5. Post-Treatment of the Experimental Data

Once the in-plane components of B (By and B,) were measured at each point of the
surface (as illustrated by the dots in Figure 3 for the sample CsA), a 3rd-order interpolation
function, based on cubic polynomials in each spatial dimension [41], was applied to
smoothly estimate values between the measured data points. This procedure was applied
to both the copper samples and the battery. The B, component was not analyzed in this
work. Wolfram Mathematica 14.3.0 was employed to perform interpolation and create 2D
field distributions and vector plots.

2.6. Numerical Computation of the Magnetic Field of the Copper Samples

The components of the B field were computed for the samples CsA and CsB. As an
initial step, a DC voltage is applied across the sample terminals to establish a constant
current of 1 A. This produces a current density vector, which varies with the spatial
coordinates x and y. Because no potential difference exists along the thickness (z-axis),
the out-of-plane component of the current density vector, J,, can be disregarded. To
perform these calculations, we have used FEMM 4.2 software [42], a finite element package
designed for solving two-dimensional magnetostatic and low-frequency electromagnetic
problems. After determining the components J, and ], as functions of x and y over the
sample geometry, the magnetic field components By, By and B, were computed via numerical
integration of the Biot-Savart equation across the surface defined by —65 mm < x < 65 mm and
—40 mm < y <40 mm, at a given height z from the plane. To account for sensor thickness,
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the plane used for field calculations was positioned at z = 0.5 mm from the surface of
the sample. The initial Fortran 90 program was written by one of the authors (LM) and
subsequently reviewed and optimized with the assistance of Copilot to ensure accurate
and efficient computation of the magnetic field components.

3. Results and Discussion

This section presents both the experimental and numerical results. Section 3.1 focuses
on the analysis of samples CsA and CsB to evaluate the MFSA capability to measure B at
the sample surface. Section 3.2 then examines the magnetic field measurements obtained
from the battery.

3.1. Magnetic Field of Copper Samples

Figure 4a,b shows the experimental and simulated distributions of B at the surface of the
CsA sample, subjected to a 1 A direct current flowing from the left to the right terminal. The
color scale represents the magnitude of the in-plane component of B, | B;| = (B,? + Byz)l/ 2,
which spans from zero up to approximately 54 pT near the terminals, but has been clipped
at 35 uT to enhance visual clarity. Arrows in both figures depict the vector field formed by

the By and By components.
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Figure 4. Comparison of magnetic field distributions on sample CsA: (a) Experimental and (b) simulated.
A1 A DC flows from the left to the right terminal.

Clearly, the component B, is predominant as a result of the primarily horizontal
current distribution, which is dictated by the conductor’s geometry. In Figure 4a, the
orange dots indicate the 240 measurement locations used to reconstruct the full surface
distribution via interpolation, as detailed in Sections 2.4 and 2.5. The FEMM data shown
in Figure 4b were generated according to the methodology described in Section 2.6. The
vertical dotted lines mark the positions where the fields are plotted as a function of y, as
shown below.

A similar analysis was conducted on sample CsB, which was likewise exposed to
a 1 A direct current. Figure 5a,b displays the spatial distribution of |B; | at the surface
of the sample, obtained from both experimental measurement and simulation, with the
current flowing from the upper to the lower terminal. As in Figure 4, the maximum | By |
was capped at 35 uT for visual clarity. In both figures, arrows illustrate the vector field
distribution. In Figure 5a, orange dots mark the measurement locations of the components
of B, as previously described. The figures show a B field distribution consistent with a
current entering through the upper terminal, predominantly flowing in the vertical di-
rection, and exiting through the lower terminal. The slight field irregularities observed
near the current pads in Figure 5a may be attributed to the imperfect geometry of the
sample, as well as interpolation errors in measured regions with significant field varia-
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tion. Figure 5a also shows a high field pattern extending beyond the sample boundaries,
which originates from the wires connecting the sample to the current power supply, as
Figure 2b shows.

y (mm)

,;:z\‘ 7
5 R [By| (uT) 1 Bl (uT)
el TR B
A g [
= 20 g -20
el o F0
s t [
= . 0 V) H : -0
i~~~ ] Boh b . L I O N
60 -20 0
x (mm)
(b)

Figure 5. Comparison of magnetic field distributions on sample CsB: (a) Experimental and (b) simulated.
A1 A DC flows from the upper to the lower terminal.

Figure 6a compares experiment and simulation along the vertical axis (y) at three fixed
horizontal positions x = —40 mm, —30 mm, and 0 mm, corresponding to the dotted vertical
lines labeled A, B, and C in Figure 4a and A’, B/, and C’ in Figure 4b. The comparison
indicates that, overall, only minor discrepancies exist between the experimental measure-
ments and the simulation results. These findings are also in qualitative agreement with
those previously reported by Lee et al. [26]. Similarly, Figure 6b shows the magnetic field
variation along y at x = —23 mm, —15 mm, and 0 mm, corresponding to the dotted lines
labeled A, B, and C in Figure 5a and A’, B/, and C’ in Figure 5b. Slight discrepancies between
the numerical calculations and experimental results are noted, mainly due to the factors
mentioned above and the displacement of the sensor grid over the sample, as outlined in
Section 2.4. Similarly to the previous sample, the overall distribution of | B; | observed here
is in qualitative agreement with that reported in [26].

35 - o Exp.(A) 35 - o Exp. (A)
—Sim. (A’) —Sim. (A’)
30 4 o Exp. (B) o Exp.(B)
—~ ' —Sim. (B") —~ —Sim. (B')
g_ g_ Exp. (C)
= = —Sim. (C")
) =)

45 -30 15 0 15 30 45 -45 -30 -15 0 15 30 45
y (mm) y (mm)
(a) (b)

Figure 6. Measured (dots) and simulated (lines) magnetic field variations along the y-axis at three
fixed x-positions. (a) Positions A, B, C (A’, B/, C’) correspond to vertical lines in Figure 4a,b.
(b) Positions A, B, C (A, B/, C') correspond to vertical lines in Figure 5a,b.

Figures 4-6 demonstrate that the MFSA reliably measures the magnetic field in the
uT range near the surface of a planar sample. The system shows consistent performance
in detecting both the x and ¥ components of the B field, as highlighted by the dominant
field orientations in samples CsA and CsB. Additionally, the results show that the sensors
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are highly sensitive, capable of detecting small field variations and measuring fields below
5 uT. In summary, the measurements and numerical simulations conducted on the copper
samples have enabled us to assess and validate both the capabilities and limitations of the
MFSA. Despite several experimental sources of error—including low magnetic fields below
the resolution threshold of =1 pT, a 6 mm physical spacing between sensors, misalignment
from manually shifting the MFSA across the 15 positions illustrated in Figure 3, and
interpolation errors particularly in regions with steep field gradients—the sensors array
demonstrate sufficient reliability for investigating surface magnetic fields ranging from
1 uT to several tens of uT. In the next section, the MFSA and the established measurement
procedure are employed to examine the B field characteristics of a lithium-ion battery
during operation.

3.2. Magnetic Field of a Lithium-Ion Battery

Figure 7 illustrates the measured B field near the battery surface under various condi-
tions. For visual clarity, the maximum field values have been capped at 65 uT. Figure 7a,b
depicts discharging and charging at a constant current of 1 A, whereas Figure 7c,d shows
the same processes at 2 A. In each figure, color shading represents the magnitude of the
tangential component of B, | B¢ | (as defined in Section 3.1), arrows indicate the direction of
the field lines, and the + and — symbols denote the battery’s positive and negative terminals.
Additionally, the grid of orange dots represents the 144 measurement points employed to
reconstruct the complete surface distribution through interpolation, as previously outlined.
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Figure 7. Measured magnetic field distribution at the battery surface shown in Figure 2c. (a,b) represent
constant-current discharge and charge at 1 A, respectively, whereas (c,d) represent constant-current
discharge and charge at 2 A.
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The magnetic vector field pattern indicates a complex internal current flow within
the battery. During discharging, as displayed in Figure 7a,c, where current exits through
the positive terminal, the magnetic field near the terminals is predominantly vertical, as
anticipated. However, farther from the terminals, particularly near the horizontal axis
at the center of the battery, the rightward field suggests an upward vertical current path.
Unlike the present case, the sample in Figure 5a,b exhibits a leftward magnetic field near
the horizontal axis at its center, despite sharing a similar geometry and current path from
the lower terminal. Analogous reasoning is also valid for the charging mode shown in
Figure 7b,d. This intricate behavior reflects the specific internal architecture of the battery,
the analysis of which lies beyond the scope of this study.

The vertical lines labeled A, B, C in Figure 7a and A’, B/, C' in Figure 7c correspond to
positions at x = —26 mm, —18 mm, and 0 mm. The field values along these lines, plotted
as functions of y, are presented in Figure 8a,b. These plots reveal a slightly asymmetrical
double-peak structure in the field near the terminals, as illustrated by curves A and B in
Figure 8a and A’ and B’ in Figure 8b. Batteries with counter-side central alignment tabs
have shown a similar effect, as noted in [26]. Such asymmetry likely arises from several
factors: the configuration of internal current paths and electrode geometry, variations in
conductivity and microstructure between anode and cathode materials that affect current
distribution across the surface, and design elements such as external wiring and pad
placement, which can further introduce imbalances in the magnetic field intensity [5].
Comparison of the field values during discharge at 1 A and 2 A indicates that the amplitude
observed at 2 A is approximately twice that measured at 1 A, is agreement with the linear
dependence of field intensity on current magnitude predicted by theory.

Discharging 1A Discharging 2A
1 <A 1 2 <A’
60 - oB
| <C
50 +
40 ~

y (mm)
(b)

Figure 8. Measured magnetic field versus battery width (y) at selected positions along its length,

corresponding to the vertical dashed lines in Figure 7a,c. Field distribution during constant-current
discharge is shown for 1 A in (a) and 2 A in (b). The lines in all curves in (a,b) are guides to the eye.

Furthermore, no significant quantitative difference in the field values has been ob-
served between the discharging and charging modes, suggesting that the observed magnetic
field behavior is predominantly governed by the charging/discharging current magnitude
rather than the direction of charge transfer, as mentioned in Section 2.4. However, a tran-
sient phenomenon known as the recovery effect, where the battery voltage rises toward an
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equilibrium level after discharge and disconnection, is likely to produce a subtle magnetic
signature in the pT range [43]. Ongoing work is focused on adapting the present system to
measure magnetic susceptibility, thereby enhancing sensitivity into the pT//Hz range.

The results presented in this section further demonstrate that the MFSA can measure
the magnetic field distribution near the surface of a battery. From these measurements, the
corresponding current distribution in the battery can be reconstructed using an inverse
problem approach [8,44-47]. This analysis lies beyond the scope of the present work and
will be pursued in future studies. As part of these efforts, we will also employ magnetic field
measurements to characterize defects and critical internal behaviors in lithium-ion batteries,
particularly those associated with localized heating and potential thermal runaway. An
innovative visualization method was proposed in [26], where the current-induced magnetic
field of the operating battery is canceled by the opposing field of a conductor with identical
geometry placed beneath the cell and carrying the same current in the opposite direction.
This suppression isolates the defect-related magnetic field, and future work will focus
on implementing and evaluating this technique. Therefore, by associating magnetic field
magnitude and direction with current distribution and electrochemical dynamics, SOC
estimation can be achieved with greater precision under variable conditions. Lastly, note
that different battery architectures may produce distinct magnetic field patterns; however,
the proposed device aims to deliver relative measurements of these distributions. By
linking a damaged battery to its magnetic field signature, a diagnostic framework can be
established. In this study, the absolute magnetic field configuration at the surface is less
relevant than the difference between the magnetic field patterns of a battery in normal
operation and the same battery under abusive conditions.

4. Conclusions

We present the magnetic field sensor array (MFSA), consisting of 16 high-sensitivity
magnetometers arranged in a 4 x 4 grid. This system is designed to capture all three com-
ponents of a magnetic field within the uT range at 16 spatially distinct points separated by
6 mm both vertically and horizontally. In this work, we focus on mapping the magnetic field
distribution near the surface of two planar copper samples and a low-power lithium-ion
pouch battery. An experimental procedure was implemented to scan sample surfaces larger
than the array and to interpolate field values between grid points. The main objective of
this paper is to demonstrate the array’s capability to map magnetic fields while introducing
a device with an inherently scalable structure. We are currently developing an 8 x 8 version
of the system, which will enable mapping in a manner similar to a magnetic camera.

The B field of copper samples was numerically simulated using finite element analysis.
The strong agreement between simulated and experimental measurements validated the
accuracy of both the device and the experimental procedure, enabling reliable evaluation of
the unknown magnetic field of a battery under both charging and discharging conditions.
The device operated effectively without requiring a magnetic shield, owing to its built-in
set/reset degaussing function, which facilitates future deployment in field applications. The
results demonstrate the array’s potential for capturing magnetic signatures associated with
battery operation. A follow-up study will explore its use in identifying faulty conditions in
lithium-ion batteries.

Future work will focus on increasing the sensor density within the MFSA to enable the
analysis of larger samples and capture temporal fluctuations in a magnetic field. Expanding
the sensing area will allow for comprehensive surface mapping of samples smaller than the
grid dimensions. Additionally, we aim to extend this research toward characterizing battery
aging and state of health through magnetic field measurements. Planned experiments
include subjecting batteries to control external stresses (thermal, mechanical, and electrical)
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while monitoring magnetic field variations. Establishing correlations between abnormal
behavior and magnetic signatures is expected to reinforce the MFSA’s potential as a robust
tool for battery safety diagnostics.
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