Matter

Stretchable, breathable, wearable batteries using a

holey design

Graphical abstract

Breathing Holes

O ﬂ O
“~
. I
Q b 1\ =\

r
\ |
¢
Battery on
clothing
Cathode Separator Anode
Highlights

e The holey battery achieves high breathability while preserving
high energy density

e It demonstrates stable electrochemical performance under
stretching and folding

e Itis compatible with conventional battery fabrication
techniques

Development

Practical, real world, technological
considerations and constraints

Authors

Lin Xu, Qiongyu Chen,
Sumedha Vishalini Pichchamuttu, ...,
Ping Liu, Teng Li, Liangbing Hu

Correspondence

lit@umd.edu (T.L.),
liangbing.hu@yale.edu (L.H.)

In brief

A novel “holey” battery architecture with
carefully placed holes creates
stretchable, breathable, and comfortable
energy storage for wearable devices. This
design maintains high capacity and
stability even under bending and
stretching, and it can be produced by
standard manufacturing methods. Twice
as breathable as cotton, it ensures user
comfort, expanding the potential of
seamlessly integrating battery
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PROGRESS AND POTENTIAL The development of the holey battery design marks significant progress
toward fully wearable energy storage devices that maintain high performance under deformation and
sustain wearer comfort. By integrating finite element method (FEM)-guided hole patterns, the new ar-
chitecture achieves notable improvements in stretchability, flexibility, and breathability without
compromising areal energy density. Remarkably, the holey structure preserves electrochemical perfor-
mance even under deformations, as demonstrated by stable capacity retention over multiple cycles
and recoverable capacity after 10% diagonal stretching or 180° folding. Moreover, the straightforward
fabrication process—relying on conventional electrode materials, consumables, and hot pressing—
lowers the manufacturing complexity and is readily scalable. The breathability, measured to be twice
that of cotton cloth, ensures that the battery’s integration into clothing will not diminish comfort, open-
ing pathways toward next-generation wearable electronics that are both practical and user friendly. As
such, this holey battery concept not only evidences impressive current achievements but also high-
lights a promising potential for large-scale, cost-effective production and broad application in wear-
able technologies.

SUMMARY

The rigid and non-breathable nature of conventional batteries has remained a significant limitation on wear-
able electronics, particularly in applications involving dynamic physical activities. Herein, we present a
"holey" battery design, which is both breathable and deformable while maintaining high energy density
and ease of fabrication. Guided by the finite element method (FEM), this design incorporates a strategic
array of holes within a standard pouch cell framework that significantly enhances the battery’s breathability
(twice as much as conventional cotton) and stretchability—maintaining robust electrochemical perfor-
mance under 10% stretching deformation. Importantly, this architecture allows for a high areal energy den-
sity, achieving 7.2 mW h/cm? in a single-layer pouch, which is scalable to 14.4 mW h/cm? using double
electrode layers. The battery is resilient under physical stress, including 10% diagonal stretching (>90%
capacity) and 180° folding (>95% capacity), with quick recovery upon release, marking a significant
advance in the field of e-textiles.
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INTRODUCTION

Flexible electronics has revolutionized the textile industry, usher-
ing in an era where textiles are not just for comfort and style but
also enhance our daily lives and well-being.”® However, a
crucial aspect that has hindered the full potential of wearable de-
vices is the rigid nature of current commercially available batte-
ries, which can limit the flexibility and usability of the de-
vices.'®"'" Furthermore, during athletic or physical activities,
garments are subjected to dynamic stretching movements.
The inherent rigidity of conventional battery systems poses a sig-
nificant constraint on such movements. For example, during
running, the chest width may experience an expansion of
approximately 10%,'® underscoring the necessity for batteries
to exhibit enough stretchability to align with the demands of
wearable applications. Such flexibility is imperative not only for
wearer comfort but also for the functional integrity of the
garment, ensuring seamless integration with the body’s natural
movements. Additionally, a significant challenge arises from
the necessity to fully seal batteries to ensure their functionality,
leading to poor breathability.'®=>? This lack of breathability is a
substantial drawback for wearable electronics and textiles, as
it can cause discomfort by trapping heat and moisture against
the skin, leading to excessive sweating and an overall uncom-
fortable experience for the user. Consequently, the development
of batteries that are not only flexible and stretchable but also
breathable is of paramount importance.”> > Additionally, for
the purpose of cost reduction, the ease of fabrication must be
a key consideration in the design and production of wearable
batteries.

Extensive research has been undertaken to address these
challenges in wearable battery technology. Initial studies have
focused on the use of flexible substrates in battery construc-
tion.?®%? For example, the work of Meng et al. utilized a Cu-
deposited conductive nonwoven cloth as the substrate material
with a wave-like device architecture to achieve electrode flexi-
bility sufficient for use on curved surfaces, like watch straps.®®
Additionally, Pu et al. demonstrated a flexible lithium-ion battery
(LIB) belt using Ni-cloth textile as a substrate and an Al pouch as
the package.” The LIB belt exhibited decent electrochemical
performance even when bent, ensuring the feasibility of wearing
it as a waist belt, etc. However, these materials, while flexible,
are not inherently stretchable, limiting their use in scenarios
involving significant strain, such as active sports. To address
this, researchers have explored using elastic materials for both
substrates and battery packaging.®*° For example, Kumar
et al. utilized poly-styrene-block-polyisoprene-block-polysty-
rene (SIS) as a hyper-elastic binder, enabling the battery to
accommodate the substantial elastic strain experienced during
vigorous activities.®* Despite this improvement in stretchability,
the use of elastic substrates often necessitates inactive additives
in the electrode materials to maintain performance under
stretching, which reduces the overall energy density of the bat-
tery.®® Moreover, both flexible and elastic battery designs
require effective sealing, which compromises the breathability.

A promising solution has been the development of fiber-
shaped batteries.®"*%2440-96 Thjs innovative design typically in-
volves using conductive wires (e.g., metal) as substrates for
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electrode materials, intertwining anode and cathode wires, and
sealing them with polymer packaging.?* Since these batteries
mimic the geometry of yarns, they can be directly woven or knit-
ted into clothing, offering similar deformability and breathability.
However, this design is not without its drawbacks. The fabrica-
tion complexity of fiber-shaped batteries is considerable,
requiring unique manufacturing procedures and equipment,
complicating large-scale commercialization and hindering
straightforward adoption in the market.® Furthermore, while
these fiber-shaped batteries are bendable and twistable, their
stretchability is limited due to the rigidity of the metal core,
posing a challenge for certain applications.”’

Herein, we demonstrate a breathable and stretchable battery
design enabled by the strategic placement of rectangular holes
that extend through a conventional pouch cell (Figure 1A). Prior
research has explored various bendable and foldable structures
in flexible electronics by implementing open-hole designs.*’~*°
For instance, Rogers et al. describe electronic devices that
leverage non-traditional geometries or structures of semicon-
ductors to impart desirable mechanical properties, such as
flexibility and stretchability.’®°" In our approach, we extend
this concept to battery systems, demonstrating its efficacy in
enhancing structural deformability. The hole pattern is deter-
mined via the finite element method (FEM) to reduce the strain
under different deformation states while keeping a small hole
area for optimal areal energy density. The periphery of each
hole is sealed to ensure no leakage, while the design otherwise
maintains the foundational architecture of conventional pouch
cells, including a cathode foil, anode foil, separator infused
with electrolyte, and laminated aluminum packaging for passiv-
ation. The inclusion of holes in the battery’s structure promotes
air circulation, effectively mitigating heat accumulation and
moisture retention. Notably, the breathability of this holey cell
design surpasses that of cotton cloth. Moreover, the holes signif-
icantly enhance the battery’s stretchability compared to pristine
pouch cells without holes. For example, we subject the holey
battery to a 10% stretching deformation and observed little
impact on its performance. Additionally, this design does not
impose extra requirements on the cathode and anode materials,
allowing the use of commercially available electrodes with no
additional non-active material. Consequently, the areal energy
density of the cell is preserved at a high level of 7.2 mW h/cm?
for a single-layer holey battery pouch, which can be further
increased by incorporating multiple electrode layers. Typical
wearable devices operate with a power consumption at the
mW level.>?~>* Using our holey battery as an example, a capacity
of 7.2 mWh/cm? would allow a mW-level sensor to operate for
~7.2 h per cm? of battery area. Thus, a 4 cm? battery could sus-
tain a device for a full day.

A comparative analysis with prior studies on the stretchability,
breathability, and areal energy density of wearable batteries is
presented in Figure 1B, and the results are summarized in
Table S1. We also calculated and compared the gravimetric en-
ergy density and volumetric energy density with other wearable
batteries studies, as shown in Table S2. Additionally, it is one
of the few designs, apart from fiber-shaped batteries, to offer
significant breathability. However, this holey battery design
stands out for its high areal energy density and excellent
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Figure 1. Schematic of holey batteries

(A) Schematic of the holey battery design for wearable applications. Holes were designed throughout the battery pouch to achieve greater breathability and
stretchability for improved comfort and wear. Conventional battery materials (cathode, anode, electrolyte/separator) are placed between packaging materials,
excluding the hole areas. This design allows for the attachment of the holey battery onto clothing via weaving for use in wearable electronics applications.

B)
Table S1),19-21:27-29,33,35-37,40-42,48

Comparison of the areal density and stretchability between our holey battery design and other reports of wearable batteries

(see

(C) Qualitative performance evaluation of the holey battery design in comparison with other wearable battery research studies (see Table S3 for more details).

stretchability compared to fiber-based batteries. It is also rela-
tively simple to fabricate compared to alternatives like elastic
substrates, which require varied passivation materials, and fi-
ber-shaped batteries, which employ an entirely different fabrica-
tion system, as illustrated in Figure 1C. This holey battery design
presents a promising and scalable method for fabricating
comfortable, wearable batteries for wearable electronics.

RESULTS AND DISCUSSION

To determine the configuration for the battery holes, we used the
FEM to evaluate the distribution of strain under different defor-
mation conditions and different hole shapes. All modeled battery
pouches have a side length of 10 cm, while the areas of the holes
are kept the same for holes with different shapes and patterns.
We first studied how strain was concentrated on battery
pouches that featured a single centered hole in the shape of a cir-
cle, square, or cross while applying a 3% horizontal edge
stretch. The distribution of the maximum principal strain after
stretching is shown in Figure S1. While stretching, the battery
pouch with a single circular hole exhibited significant strain local-

ized near the two edges of the circular hole perpendicular to the
stretch direction. Over 2/3 of the pouch area adjacent to the two
circle edges show strains greater than the applied stretch. More-
over, the strain level of the most concentrated area is ~9%,
approximately three times the applied stretch, per the well-
known analytical solution from Timoshenko.®® Similar strain
levels and distribution are also present in the pouch with a single
square hole. The strain localizations near the holes are evident;
since the overall elongation of the battery pouch is accommo-
dated mainly by a pure in-plane stretch,*® minor deflection to-
ward the out-of-plane direction can be observed from the two
simulated cases. In contrast, although the strain level of the
localized area near the tip of the cross hole is higher than 9%
due to a smaller circle radius, the region with a strain level higher
than the applied stretch is significantly reduced to 1/3 of the total
area of the pouch. The region adjacent to the single cross hole
remains at a low strain level. Such strain deconcentration bene-
fits from bulging the cross hole toward the out-of-plane
direction.

Inspired by this strain mitigation mechanism, we extended the
edge stretch simulation to battery pouches with arrayed holes in
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Figure 2. FEA of batteries with different hole patterns

(A) Strain distribution in four designs of battery pouches: with no breathing holes (planar), with circular arrayed breathing holes, with square arrayed breathing
holes, and with the designed hole array before (top row) and after (bottom row) 10% diagonal elongation. The contour color plots the maximum principal strain in

the battery pouch.

(B) Percentage of area with maximum principal strain greater than 7% in the four types of battery pouches under 7% edge stretch.
(C) Percentage of area with maximum principal strain greater than 10% in the four types of battery pouches under 10% diagonal stretch.
(D) Percentage of the less folded area of the four types of battery pouches under folding.

various shapes and compared them with the one with no holes,
as shown in Figure S2. Under a 7% horizontal edge stretch, the
planar battery pouch exhibits strain of no less than 7% across
the regions, indicating the absence of a strain deconcentration
effect. In the case of pouches with circular and square arrayed
holes, while the strains in several regions near the arrayed holes
are lower than the applied stretch, the majority of the pouches
are still in significantly high in-plane tension, as evidenced by
the wrinkling patterns appearing at the pouch center. On the
other hand, the battery pouch with our designed hole array
shows an impressive strain deconcentration effect due to its su-
perior out-of-plane deformability. In Figure S2, we see the out-
of-plane deflections in all directions, enabled by our designed
hole array, which reduced the strain to 1% or less in the central
region.

We further studied the strain deconcentration effect of the bat-
tery pouch with our designed hole array when stretched in the di-
agonal direction, along with the other 3 cases, as shown in Fig-
ure 2A. When stretched by 10% in the diagonal direction, all
the other 3 cases start to exhibit tensile instability to accommo-
date such large stretching, with the planar battery pouch twisting

4 Matter 8, 101959, March 5, 2025

and the circular and square arrayed hole battery pouches under-
going complex bending. Both deformation modes help them
deconcentrate the strain caused by large tension. Nevertheless,
the strain levels of the regions along the stretch line are still
higher than the applied stretch, which will ultimately impair the
deformability of the battery. In contrast, the battery pouch with
our designed hole array shows excellent stretchability and a pro-
nounced strain deconcentration effect under diagonal stretch,
with a strain of less than 2% in most regions of the material—a
five-times reduction compared to the applied stretch. Due to
our designed hole array, the battery pouch is free to deflect in
all directions to simultaneously accommodate large stretching
and optimize the strain deconcentration effect, thus substantially
improving its stretchability in all directions.

We also calculated the percentage of the area (number of ele-
ments in the model) with strain higher than the applied stretch
and thus quantitatively measured the strain concentration effect
in the four types of battery pouches. In the case of horizontal
edge stretch (Figure 2B), we find that only 9% of the regions in
the battery with our designed breathing hole array possess strain
higher than the 7% applied edge stretch, which is significantly
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lower than those of the planar battery (53.35%), the battery with
circular arrayed holes (31.98%), and the battery with the square
arrayed holes (41.88%). In the case of the diagonal stretch (Fig-
ure 2C), almost none of the regions (0.06%) in the battery with
our designed breathing hole array possesses strain higher than
the applied 10% diagonal stretch, indicating its outstanding
stretchability along its diagonal direction. We also investigated
the flexibility of our designed hole battery, along with the other
3 cases, in other extremely large deformation cases, such as
folding. To simulate the folding, we set the bending radius as
small as 0.5 mm (twice the thickness of the battery pouch). All
four types of battery pouches, with or without breathing holes,
present exceptional foldability with strains as low as 0.2% and
7% along the folding line when folded by 90° (Figure S3) and
180° (Figure S4), respectively. We attribute such exceptional
foldability to the ultralow bending stiffness of the battery due to
the pouch’s low thickness. Nevertheless, considering the needs
of long-time usage (e.g., cyclic folding), we still need to reduce
the folded areas as much as possible to extend the battery life.
To this end, our designed hole array battery remarkably reduced
the folded area by 79.95%, compared to the planar battery with
no holes, when being folded along the holes, nearly two times the
reduced areas by the batteries with circular arrayed (39.98%)
and square arrayed breathing holes (35.46%), as illustrated in
Figure 2D.

Samples of holey batteries with the designed hole array were
fabricated for mechanical and electrochemical testing. The fabri-
cation process of the holey batteries closely mirrors that of con-
ventional pouch cells. In this process, laminated aluminum foils
are utilized as the packaging layer, while aluminum foil coated
with cathode materials and copper foil with anode materials
are interspersed with a separator saturated in electrolyte, as de-
picted in Figure 3A. The construction of the example holey bat-
teries involved the utilization of LiFePO, (LFP), with a mass
loading of 15 mg/cm?, as the cathode material, and graphite,
with a mass loading of 7 mg/cm?, serving as the anode. The elec-
trodes, electrolyte, and packaging materials employed do not
necessitate any additional requirements, thereby enabling the
use of commercially available materials instead of novel chemi-
cals. Holes, as predetermined by the FEM designs, are then
cut through all the material and packaging layers using a razor
blade. Alternatively, precise hole fabrication for scalable produc-
tion can be achieved using techniques such as laser cutting or
mechanical die cutting.>’ > Die cutting was particularly effective
for long production runs due to its ability to produce high-quality,
uniform holes. In contrast, laser cutting provided a more flexible
and faster process for layout adjustments, though it required the
careful optimization of process parameters to avoid burning the
printed layer or substrate near the hole edges and was best
suited as the first step in the fabrication process. Notably, the
hole in the packaging layer is 1.5 mm smaller on each side
than that in the separator layer, while the holes in the electrode
layers are the largest. This configuration allows for the sealing
of both packaging layers around the hole area, ensuring that
the electrodes remain completely isolated by the separator. A
modified hot-pressing technique is employed to seal the hole
edges, involving the integration of an additional heating bar
into a standard hot presser (Figure S5). The dimensions of this
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heating bar correspond precisely to the hole area, facilitating tar-
geted sealing around the hole upon the application of pressure.
Following the sealing of all holes with the presser, the outer pe-
riphery of the cell is sealed using a conventional vacuum hot
sealer. Scanning electron microscopy (SEM) images of the cath-
ode and anode corners before and after cycling show that the
edges of the electrode materials remained intact, with no major
damage from hot pressing (Figure S6). The electrolyte is intro-
duced prior to this final sealing stage, completing the fabrication
process (see methods for details).

We then evaluated the breathability, stretchability, and func-
tionality of the battery to determine its performance for wearable
devices. Breathability assessments were conducted using an
upright cup test,?® as illustrated in Figure S7. In this test, a silica
gel desiccator was placed inside a jar with an inner diameter of 3
in. The battery samples were then sealed to the top surface of
these jars with double-sided tape, which were then placed in
an environmental chamber with a controlled relative humidity
of 70% and a temperature of 25°C. The results of the breath-
ability test are summarized in Figure S8. Comparatively, the
breathability of the holey battery outperformed that of the con-
ventional cotton cloth. The rate of water absorption with the hol-
ey battery was about twice as much as that of cotton cloth. This
finding suggests that integrating the holey battery into clothing
should not compromise the garment’s breathability. In stark
contrast, conventional batteries with a continuous pouch exhibit
no breathability.

The battery’s operational capability to light up light-emitting
diode (LED) lightbulbs under conditions of 10% stretching along
diagonal and 180° folding was also verified, as demonstrated in
Figures 3B and 3C (Videos S1 and S2). The shapes of the batte-
ries under deformation are consistent with the simulated shape
predicted by the FEM model (Figure S9). This demonstrates
the accuracy of the FEM model. Furthermore, the battery was in-
tegrated into a lab coat using cotton yarn, and its functionality
was tested under various activities, including running. Figure 3D
showcases the ability of the holey battery to power LEDs in both
static and dynamic (running) states, thereby further suggesting
its suitability for use in wearable devices (Video S3).

As illustrated in Figure 4A, the holey battery, when free of
deformation and subjected to a discharge current density of 75
mA/g, demonstrated an initial discharge capacity of 149 mA
h/g and excellent cycling stability. Its capacity retention ex-
ceeded 95% over the span of 100 cycles (Figure 4E). This finding
indicates that the presence of holes within all material layers
does not detrimentally impact the battery’s electrochemical
performance.

The electrochemical performance of holey batteries under
various deformation modes was comprehensively assessed,
as depicted in Figures 4B-4D. The tests involved subjecting
the holey battery to alternating cycles between a free-standing
mode and a 10% diagonal stretch mode, each comprising 20
charge-discharge cycles. As shown in Figure 4F, the application
of a 10% diagonal stretch to the holey battery did not hinder its
discharge capability, maintaining over 90% of its capacity rela-
tive to the free-standing mode. This resilience can be attributed
to the strategically designed hole pattern, which effectively min-
imizes the fraction of the battery subjected to significant strain
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Figure 3. Fabrication and performance of holey batteries

Matter

(A) Schematic and digital images illustrating the fabrication process of the holey batteries. Initially, holes with the designated pattern were precisely cut into
laminated aluminum foils, electrode foils, and separators using a razor blade. Hot pressing was then employed to seal the hole area, with an additional heating bar
integrated into the standard hot presser for precise heating around the hole. The outer periphery of the cell was sealed using a conventional vacuum hot sealer

(scale bar: 2 cm).

(B) The battery demonstrates operational functionality at a 10% stretch along the diagonal direction, even after 100 stretch/release cycles.
(C) The battery exhibits operational capability after undergoing 180° folding, even after 100 folding/release cycles.
(D) Upon being woven onto a lab coat, the battery serves as a functional power source for wearable devices and remains operational during dynamic activities

such as running or other physical exercises.

that could otherwise cause degradation or failure. Additionally,
the battery’s cycling stability during the stretch state was note-
worthy, with the capacity swiftly recovering upon reverting to
the free-standing state and the alleviation of strain. This behavior
was consistently observed during the second stretch-release cy-
cle, demonstrating the battery’s capability to withstand repeti-
tive stretching movements typical in active sport scenarios.
We also evaluated the battery’s performance during a 180°

6 Matter 8, 101959, March 5, 2025

folding-unfolding cycle, as shown in Figure 4G. The incorpora-
tion of holes significantly reduced the area subjected to large
strain during folding, enabling the maintenance of more than
95% of the battery’s capacity during folding, compared to its
free-standing state. The capacity also recovered upon the
release of the folding force. We also tested the performance of
a cell without holes under 180° folding, observing a slight
decrease in capacity compared to the cell with holes. This
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Figure 4. Electrochemical performance of the holey batteries under deformation

(A) Charge-discharge profile of the holey battery without deformation.

(B-D) Images depicting holey batteries during electrochemical tests in their undeformed state (B), when stretched diagonally by 10% (C), and when folded
180° (D).

(E-G) Discharge capacities and Coulombic efficiencies plotted against cycle numbers under freestanding condition (E), alternating freestanding/10% stretching
condition (F), and alternating freestanding/folding condition (G).

reduction could be due to a slight increase in the area of active  free of deformation (Figure S11A), followed by 100 stretch/free
material being deformed during folding (Figure S10). cycles with subsequent cycling (Figure S11B). Then, it experi-

Moreover, we tested the stability of the holey battery against enced 100 bending/free cycles and underwent cycling once
deformation cycles. The holey battery underwent an initial cycle  again (Figure S11C). All three charge-discharge profiles exhibit
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good similarities, affirming the holey battery’s ability to endure
multiple deformation cycles. We also tested the performance
of the battery under a 45° twisting condition, in which over
85% capacity retention was obtained compared to its free-
standing state (Figure S12). Additionally, the battery remained
functional even after washing (Figure S13). To showcase the
enhancement of the capacity of the holey batteries, we fabri-
cated and cycled a double-layer holey battery without applying
deformation. The cycling performance of the double-layer bat-
tery remains stable, as depicted in Figure S14, achieving an areal
capacity of 14.4 mW h/cm?. Additional layers could potentially
yield a higher areal energy density while maintaining favorable
mechanical properties, but this would depend on achieving
high sample consistency and precise alignment. The heat gener-
ated during discharge can pose challenges for wearable applica-
tions.®" However, in our application, the holey battery can be
charged off the body, so heating during charging is not a
concern. During discharge, with the total power consumption
at the mW level, heat generation will be below the mW level—
minimal enough to dissipate easily through airflow.®® Therefore,
heat generation is unlikely to pose an issue for this particular
application.

In conclusion, the holey battery demonstrates the ability to un-
dergo 10% stretching and 180° folding with minimal impact on
its electrochemical performance, thereby establishing its suit-
ability for wearable battery applications.

Conclusion

In summary, we have developed a holey battery design guided
by the FEM that enhances the stretchability and breathability
of pouch cells without compromising their areal energy density.
The hole structure in the battery does not adversely affect its
electrochemical performance. A capacity of 149 mA h/g and a
retention of 95% after 100 cycles can be obtained at a current
density of 75 mA/g, with a mass loading of LFP up to 15 mg/
cm?. Furthermore, through the strategic design of hole patterns,
guided by FEM analysis, we found a hole pattern leading to a
small percentage of largely strained areas. The electrochemical
performance of the holey battery is maintained when subjected
to either 10% diagonal stretching (>90% capacity) or 180°
folding (>95% capacity), with the capacity being recoverable
upon the release of external deformation forces. The areal en-
ergy density achieved is 7.2 mW h/cm? in a single-layer pouch,
which is scalable to 14.4 mW h/cm? using double electrode
layers. Moreover, the breathability of these batteries was found
to be twice that of cotton cloth, indicating that their integration
into clothing will not diminish the wearer’s comfort. In addition
to its outstanding stretchability and breathability, the design of
the holey battery does not necessitate the use of novel chemi-
cals, inactive additives, or unique fabrication processes. It is fully
compatible with commercially available electrode materials and
consumables. The hot-pressing technique employed in its con-
struction is also compatible with current pouch cell fabrication
facilities, and the additional process of making holes can be
effectively scaled up using laser cutting or blade cutting tech-
niques. It isimportant to note that more precise cutting and align-
ment techniques are essential for large-scale manufacturing of
the holey battery. Without these, local stress concentrations

8 Matter 8, 101959, March 5, 2025

Matter

around the hole corners could result in tearing and air leakage,
while misalignment could lead to short circuits. Both types of fail-
ures increase the risk of fire hazards in the device. Therefore, the
safety tolerances are highly dependent on manufacturing preci-
sion and defect minimization.

In conclusion, the development of the holey battery represents
a promising and scalable method for fabricating comfortable,
wearable batteries for wearable electronics using commercially
available materials and equipment, significantly reducing the
complexity associated with the production of such devices.

METHODS

Finite element modeling

The commercial finite element code ABAQUS/Explicit 2022 was
used in the present study. The precision of the modeling results
is ensured by a global mesh size of 0.5 mm in the element type of
C3D8R (8-node linear brick, reduced integration, hourglass con-
trol). All modeled battery pouches have a side length of 10 cm,
while the total areas of the holes are kept the same for pouches
with different shapes. Linear elastic material properties with a
density of 2.7 g/cm?®, a Young’s modulus of 70 GPa, and a Pois-
son’s ratio of 0.33 were adopted for the battery pouch. A Python
package was developed to count the number of elements in the
models with a maximum principal strain greater than the applied
stretch in order to estimate the failed area of the simulated bat-
tery panels under a variety of large deformations.

Materials

LFP powder (MTI) was used as the cathode active material, and
graphite powder (MTI) was used as the anode active material.
Ketjenblack powder (<50 nm, MSE Supplies) was used as a
conductive additive. A Celgard 2500 membrane was used as
the separator. Polyvinylidene fluoride (PVDF) powder (MTI)
served as the binder, and N-methyl-2-pyrrolidone (NMP;
99.5%, Sigma-Aldrich) acted as the solvent. Aluminum foil, cop-
per foil, and laminated aluminum were purchased from
MTI. 1.0 M lithium hexafluorophosphate (LiPFg) solution, in 50/
50 (v/v) ethylene carbonate (EC) and dimethyl carbonate (DMC)
(battery grade, Sigma-Aldrich), was used as the electrolyte. Sil-
ica gel (230-400 mesh, Natland International) was used as the
desiccant for the breathability test.

Fabrication of electrodes

Electrodes were prepared using a conventional slurry method.
Electrode particles, carbon black, and a PVDF binder with a
mass ratio of 90:5:5 were dispersed in NMP. After stirring over-
night, the cathode slurry was cast onto a carbon-coated Al foll,
and the anode slurry was cast onto a Cu foil, both with a doctor
blade, and dried at 120°C in a vacuum oven for 12 h. The mass
loading of the cathode was about 15 mg/cm?, and the mass
loading of the anode was about 7 mg/cm?.

Assembling and sealing the battery

Precise holes were cut into the laminated aluminum foil, active
material-coated foils, and the Celgard separator using razor
blades. Then, the separator layer was sandwiched between
the anode and cathode foils, with two sheets of laminated
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aluminum foil on the top and bottom. Then, the holes were sealed
using a compact vacuum sealer (Model MSK-115A-S, MTI)
with attached bars made of stainless steel within a glovebox.
Subsequently, three edges of the cell were sealed to prevent
any electrolyte leakage, and 1 M lithium hexafluorophosphate
in a 1:1 (v/v) EC/DMC electrolyte was injected into the cell.
Finally, the fourth side of the cell was sealed under vacuum.

Breathability test

The breathability of the battery was evaluated using a constant
temperature and humidity chamber (model LHS-150HC-11) un-
der controlled environmental conditions of 25°C and 70% hu-
midity. To conduct the experiment, the holey battery was dou-
ble-sided taped to the top of a container having 60 g of silica
gel, while other containers with the same amount of silica gel
were used as controls with cotton cloth and laminated aluminum
with no holes. The masses of all containers were measured every
24 h for 11 days.

Battery test

A defined cycling profile was performed using a Bio-logic VMP-
3e potentiostat, including charging and discharging phases for a
voltage range from 2.6 to 4 V at a constant current density of 75
mA/g LFP. The cycling profile was tested under conditions
including no deformation, with 10% diagonal stretching, and
with 180° bending. All deformation was applied using an Instron
3367 tensile testing machine. The battery was also woven onto a
lab coat using cotton yarn to demonstrate its functionality.
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