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Next-generation wearables will interface intimately with the human body either on-skin, implanted or
woven into clothing. This requires electrical components that match the mechanical properties of
biological tissues — stretchability (up to 60% strain) and softness (Young's modulus of ~1 kPa to 1 MPa).
As wearables become increasingly complex, the energy and mechanical requirements will increase, and
an integrated power supply unit such as a soft and stretchable battery is needed to achieve autonomy
and wireless operation. However, two key challenges remain for current stretchable battery technology:
the mechanical performance (softness and stretchability) and its relation to the size and charge storage
capacity (challenge ), and the sustainability and biocompatibility of the battery materials and its
components (challenge Il). Integrating all these factors into the battery design often leads to a trade-off
between the various properties. This perspective will evaluate current strategies for achieving sustainable
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stretchable batteries and provide a discussion on possible avenues for future research.

1 Introduction

Commercial wearable electronics are rigid or flexible smart
devices worn either on the body or as clothing to provide
functionalities like fitness data tracking and health monitoring,
and for communication and entertainment. These devices
improve the convenience and quality of human life by providing
data connectivity between the user and their environment,
especially in the era of digitalisation and big data. On the other
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Perspective

hand, next-generation wearables will interface more intimately
with the human body either on-skin, implanted or woven into
clothing (Fig. 1a)."* They will advance healthcare technologies
for applications in neuroscience, medical diagnostics and
therapy, sensors for environmental and food monitoring and
facilitate futuristic consumer electronics such as electronic (e-)
skin, e-textile systems, and soft robotics.*® However, wearable
devices have a variety of form factors and contain multiple
electrical components (sensors, integrated circuits, transistors,
capacitors, antennas, displays, conductive tracks, etc.) to
perform intricate functions, which makes integration a chal-
lenge. Recently, significant advances have been made to enable
the electronic components in wearables to match the mechan-
ical attributes of biological tissues - stretchability (up to 60%
strain) and softness (Young's modulus of ~1 kPa to 1 MPa).>™**
This can facilitate stable contact between the device and the
tissue during dynamic deformation while minimising inflam-
matory foreign body response and discomfort to the user.” As
wearables become increasingly complex and incorporate wire-
less communication, so would the demand for energy
consumption, and to achieve autonomy, a reliable and contin-
uous power supply unit such as a soft and stretchable battery is
needed (Fig. 1a)."

A variety of strategies have been proposed to achieve
batteries (and their respective components, Fig. 1b) with
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stretchability over 50% strain.’*” However, challenges remain
with respect to the form factor, softness, biocompatibility, and
sustainability. It is desirable to maximize the active material
content of the battery to improve the attainable battery capacity,
but this often results in stiffening of the electrodes thereby
decreasing softness and stretchability.”® Furthermore, most
reports do not consider size as a factor and it has been observed
in commercial wearables that as the level of functionality
increases, batteries occupy a larger volume within the device.*
This is more pertinent for next-generation wearables as minia-
turisation is crucial for integration with the user,*® especially for
implantable devices where volumetric space is a limitation.**>*

Another major issue lies in the dependence on unsustain-
able and non-biocompatible Li-ion battery (LIB) materials and
chemistries. Despite their high energy density and long life
cycle, active materials based on transition metals rely on finite
resources that are mostly non-biodegradable,**** and the use of
flammable and toxic organic solvent-based electrolytes poses
safety risks for on-skin or implanted applications.”**® This
places stricter requirements on the barrier properties of the
encapsulation that necessitates thicker layers to ensure her-
meticity.> The utilisation of non-biodegradable petroleum-
based elastomers (silicone, styrene block copolymers, etc.) as
binders, encapsulation, and separator materials,**** along with
expensive and finite conductive metal nano-fillers (Au, Ag, etc.)
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Fig.1 An overview of the key points discussed in the perspective. Illustrations of (a) the role of the battery in powering the next generation of
wearables, (b) a stretchable battery and its respective components and (c and d) the key factors of the challenges discussed.
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in the current collectors® contributes to the depletion of finite
resources and complicates the disposability or recyclability of
the battery after use, which adds to the growing problem of e-
waste.*

Ultimately, to realise sustainable and autonomous next
generation wearables, the development of soft, stretchable,
compact, and biocompatible batteries that uses abundant or
renewably sourced materials and are biodegradable or recy-
clable is crucial. However, integrating all mentioned factors in
the battery design often leads to a trade-off between the various
properties. Thus far, numerous comprehensive reviews have
covered in detail the various strategies of achieving soft and
stretchable batteries."** There are also several focused reviews
ranging from structural engineering to enable stretchability,***
battery systems such as aqueous,***”*® metal-air,*” nanowire,*®
and microbattery,* and application centred topics for skin-
interfaced and implantable wearables.>*>** Here, we will not
delve into details of the various strategies as they have been
previously covered in review articles. Instead, we will provide
our perspective on the challenges facing the current stretchable
battery technology, which are the mechanical and electro-
chemical performance (challenge I) and its sustainability and
biocompatibility (challenge II), as illustrated in Fig. 1c and d,
respectively, and provide a guideline for future development.

2 Challenge | — mechanical and
electrochemical properties

In this section, we will first describe the role of each battery
component and the required design parameters (Section 2.1). It
will be followed by a discussion on the balance between the
dimensions, mechanical properties, and charge storage
capacity of the battery (Section 2.2). Next, we made a critical
assessment of the conventional metrics used to report the
mechanical and electrochemical performances of stretchable
batteries (Section 2.3). Based on this, we recommended several
metrics that should be reported to reflect the overall battery
performance. The discussion will then briefly compare the
commonly used strategies to enable stretchability in batteries in
Section 2.4 with an in-depth focus on the intrinsic method and
its variants (fluid, elastomer, and gel-based) in Section 2.5.
Lastly, in Section 2.6, the importance of the encapsulation will
be deliberated.

2.1 Stretchable battery components and design parameters

The fundamental mechanism of storing and converting chem-
ical energy to electrical energy is identical for conventional
(rigid and flexible) and stretchable batteries, while the material
selection and design parameters for the battery components
differ. Significant efforts have been made to improve the
performance of conventional batteries, with the primary focus
placed on the active electrodes, electrolytes and separator
components.**** To design a stretchable battery, a holistic
approach, which considers all components (Fig. 1b), is required
as each layer plays a distinct yet interconnected function that
simultaneously demonstrates good electrochemical
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performance while accommodating mechanical stress during
operation.

In its simplest form, a battery is an electrochemical cell
consisting of two active electrodes (cathode and anode) sepa-
rated by an electrolyte that facilitates the transport of the dis-
solved ions.*® The process of storing chemical energy involves
electronic and ionic transport (and storage) in the active elec-
trodes. Ions are transported and inserted into the bulk of the
electrode, where redox reactions occur via a faradaic electron
transfer process within the active material at a given electro-
chemical potential. The energy is thus stored in the bulk volume
of the electrode and its capacity depends on the mass loading of
the active material. A physical separator is also typically used to
act as an electrical insulation barrier between the active elec-
trodes while permitting ion-conduction within the electrolyte
medium. The current collector interfaces with the active elec-
trode and high electrical conductivity are essential to facilitate
electrical transport within the electrodes to allow for efficient
charging and discharging of the battery. Lastly, the encapsula-
tion is necessary for holding the internal components in place,
especially during mechanical deformation, and to protect the
cell from internal leakage and gas/liquid permeation to and
from the external environment.

The key differentiating material between conventional and
stretchable batteries is that the latter typically utilises elasto-
mers to induce stretchability and softness into the various
components of the cell. Elastomers are commonly employed as
a binder in the active electrode and current collector, as well as
in the physical separator and encapsulation components. An
essential design parameter is the Young's modulus of the full
cell, which must be soft enough to ensure conformability with
the surface of the biological tissue. Mechanical adhesion
between each component is also crucial to ensure that delam-
ination is avoided when the battery is place under strain.*®

2.2 Balance between dimensions, mechanical properties,
and energy storage capacity

The physical and mechanical properties of a wearable device
such as its weight and size, and softness and stretchability are
essential in ensuring that the user feels comfortable under
prolonged contact and under dynamic movement. An effective
approach to impart these properties is the utilisation of ultra-
thin form factors, as demonstrated by optoelectronic devices
and thin-film transistors,*”*® which follows the relation:

(1) As the thickness (d) decreases, the bending stiffness (k) of
an object exponentially decreases based on the equation, k = E
x I = E(wd®/12), where E is the Young's modulus, I is the
moment of inertia, and w is the width of the object.*

(2) As the thickness decreases, the bending radius (R) of an
object that is subjected to a bending strain (¢) decreases linearly
according to the equation, R = d/2¢ (Fig. 2a).>°

Therefore, a material can be rigid in the axial direction, but if
made thinner it can easily bend. However, such an approach
cannot be applied to batteries due to the following relation:

(3) Increasing the mass loading of active material often leads
to thicker and stiffer electrodes.

This journal is © The Royal Society of Chemistry 2023
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Fig.2 Illustrations of a rectangular shaped beam that is (a) bent and (b)

stretched, where d is the thickness, R is the bending radius, and F is the
force needed to deform the object. (c) The trade-off between the
charge storage capacity and the mechanical properties of the battery.

Indeed, the charge storage capacity increases with higher
mass loading that leads to a larger volume of the electrode.****
Typically, batteries are made thick or with a large area to have
enough energy to power the target device. For a relatively thick

Young’s modulus
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and large material system to conform on the dynamic and
uneven surfaces of the human body, its Young's modulus
(softness) and stretchability must closely match the mechanical
properties of the surface that it is interfacing based on relation
(1) and the following:

(4) As the thickness and the width increase, the force (F) that
is needed to deform an object having a certain Young's modulus
(E) linearly increases according to the equation, F=¢ x A=E X
e X A=E x ¢ x (d x w), where g, ¢, and 4, are the stress, tensile
strain, and cross-sectional area of the object (Fig. 2b).

Essentially, there is a trade-off between the volume and the
capacity of the electrodes, and the attainable softness and
stretchability (Fig. 2c). This is likely due to a large volume
percentage of inactive elastomer binder (with respect to the
active material loading) that is needed to retain stretchability
and softness, which often comes at the cost of reduced energy
density.”** The difference in the mechanical properties of
conventional battery materials, elastomers, and representative
biological tissues is shown in Fig. 3. As such, new battery
designs or the use of inherently softer materials could balance
the dimensions, mechanical properties, and performance of the
battery electrode.

2.3 Assessment of mechanical and battery performance
metrics

2.3.1 Stretchability. In Table 1, a summary of representa-
tive battery systems using the various strategies to enable
stretchability is presented. The reported mechanical properties
of stretchable batteries have mainly been focused on the
capacity retention of the cell under uniaxial tensile strain. The
stretchability reported in Table 1 varies from 20% to 300%,
except for the 1300% compressibility of origami batteries.***
Reports on stretchable wearable devices typically emphasise on
their high stretchability beyond 100% strain.® However, the
range of strain that most body parts experience is less than 20%,
except for the joints (e.g., ankle, wrist, finger, knee, and elbow)
and face with a maximum strain around 40% to 60%. As such,
batteries that can withstand repeated biaxial stretching at 30%
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Fig. 3 Young's modulus (top) and elongation at break (bottom) of conventional battery materials and elastomers in comparison with repre-
sentative biological tissues (*maximum tensile strain in biomechanical environment).®>4-%°
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strain or more would satisfy the stretchability requirement for
most wearable applications (Fig. 4). Elasticity is the ability of the
material to return to its original shape after deformation. It is
an essential mechanical property that needs to be charac-
terised. In the case of devices that are applied onto growing
tissues, viscoplasticity may be desirable and this has been
achieved for neural electrodes consisting of stretchable
conductors and substrates.®® Such properties can be investi-
gated via cyclic stress-strain measurements, creep and stress
relaxation tests, and dynamic mechanical analysis.**®

2.3.2 Softness. The softness of the battery has often been
overlooked and arguably, it is more relevant for the conform-
ability and comfortability of the battery for device integration
than high stretchability. It is well known that the mechanical
mismatch between the soft tissues (Young's moduli of 1-100
kPa) and rigid devices (1-100 GPa) for implants causes inflam-
matory foreign body response and discomfort.*® In the case of
stretchable batteries, the Young's modulus of a full cell is not
commonly reported.®»*7® It was only recently that an all-
hydrogel stretchable battery reported its Young's modulus of
the full cell with a tissue-like softness of 80 kPa.®* The battery
had adhesive catechol groups in the encapsulation layer that
enabled stable attachment and conformability onto a porcine
heart, where the battery powered an ultrasoft sensor that
detected the change in strain induced by the heartbeat. The
report also demonstrated the capacity retention of the battery
beyond the standard uniaxial tensile stretching, to include
bending at 180°, twisting at 90°, and lap-shearing mechanical
tests. These conditions are more realistic compared to only the
uniaxial tensile stretching data that are typically reported for
stretchable batteries. Furthermore, reporting the overall
Young's modulus of the full battery cell along with its dimen-
sions would provide information on the force needed for
deformation. These mechanical characterisation methods are
essential for assessing meaningful functional information
when designing stretchable batteries and for device integration
considering the different mechanical properties of various parts
of the body and internal organs (Fig. 4).

2.3.3 Electrochemical performance. Besides the mechan-
ical properties of stretchable batteries, a direct comparison of
their electrochemical performance has been difficult since
different normalisation metrics (areal, volumetric, and gravi-
metric) are used to report the battery capacity, and their energy
and power densities. There have been efforts towards stand-
ardising the reporting of battery data, which are applicable for
stretchable batteries.””® As shown in Table 1, areal capacities
are typically used to report the performance of stretchable
batteries (values in parentheses were estimated from the
gravimetric capacities and mass loadings). As size and
compactness are essential factors for stretchable batteries,
normalising the battery performance (capacity, energy, and
power densities) by its volume will be useful when comparing
different systems and for device scaling and integration.
Moreover, reporting of the gravimetric capacity could also be
used to elucidate the efficiency of the active material in storing
energy in the electrode when compared to its theoretical
capacity. This can then be used to optimise the properties of the
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Fig. 4 A table illustrating the relationship between the modulus of the biological tissues and its biomechanical environment with the corre-
sponding bioelectronic devices and their power consumption. This figure was modified from the original figure. Reproduced with permission.> ©
2022 Wiley-VCH GmbH. Images of bioelectronic devices reproduced with permission: sweat sensor,” peripheral nerve stimulator (courtesy of
Bioventus), pacemaker (courtesy of MAYO Foundation), smart lens,”? and deep brain stimulator.”> © 2014 IEEE.”* © 2020 The Authors, some rights
reserved; exclusive licensee AAAS.”2 © 2021 The Authors, under exclusive licence to Springer Nature America, Inc.”
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Fig. 5 Representative examples of the three variations of the intrinsic strategy. (a) Fluid-based battery and a schematic showing the battery
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VCH GmbH. (b) Elastomer-based battery and a schematic of the battery components (top), highlighting the use of a single SIBS elastomer in all
components (bottom). Reproduced with permission.®®* © 2021 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH. (c) Gel-
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Reproduced with permission.*?®2 © 2022 Wiley-VCH GmbH.*° © 2019 The Authors.**?

22724 | J. Mater. Chem. A, 2023, 11, 22718-22736 This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ta03482h

Open Access Article. Published on 20 September 2023. Downloaded on 2/20/2026 9:39:50 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Perspective

electrode (access to the active material, film morphology, elec-
trical conductivity, tortuosity for ion diffusion, etc.) to improve
the battery performance. Finally, the amount of charge stored
(capacity) and the useable energy of a device (energy) should be
reported as the latter is often omitted in battery data reporting.

2.4 Strategies to enable stretchable batteries

There are two broad categories, the structural engineering of
rigid or flexible materials to impart stretchability, and the use of
materials with stretchability that is intrinsic to the bulk of the
system (Table 1). The most straightforward structural engi-
neering method is connecting rigid islands of individual battery
cells by stretchable serpentine interconnects.**”” However, the
unit size of individual cells is typically on the mm-scale and the
majority of the occupied space within the battery is taken up by
the inactive interconnects. Another method is fabricating wavy
and origami structures. This involves the buckling or folding of
the battery and its components to accommodate the release of
strain along the folding direction to gain stretchability. The
battery has a 3D structure on the mm-scale and deforms in the
out-of-plane direction, which might limit the conformability
and scaling of the cell dimensions.**** Fibre-shaped batteries
have unique 1D structures, which consist of forming layered
twisted fibres of each component to create a single battery cell
and has shown promise for e-textile applications.”®”® The most
promising structural engineering method is kirigami
patterning via laser ablation.*® It enables both uniaxial and
biaxial stretchability on otherwise intrinsically rigid materials
and their conformability can be enhanced if they adapt soft and
stretchable conductive hinges at the tips of the kirigami
cuts.®>®" As for form factors, batteries that possess 2D struc-
tures, omnidirectional stretchability and deformation are well
suited for conformability onto diverse surfaces.®**' In this
regard, batteries using porous micro-structured electrodes and
intrinsically stretchable materials are favourable.®>** Hybrid
approaches using both structural and intrinsic methods have
been applied for stretchable batteries with porous microstruc-
ture electrodes or kirigami electrodes where the other compo-
nents such as the gel electrolyte/separator and elastomer
substrate/encapsulant are intrinsically stretchable.®*%

2.5 Intrinsically stretchable batteries

Intrinsically stretchable battery designs are attractive due to
their versatile form factor, omnidirectional stretchability, and
tuneable softness. Such design strategies have the potential for
commercialisation as the components can be manufactured
using similar slurry casting and lamination processes used by
conventional batteries.">® There are three variations of the
intrinsic method as illustrated in Fig. 5.

2.5.1 Fluid-based. Firstly, a fluid is a substance that has no
fixed shape and yields easily to external pressure. Fluid-based
stretchable batteries exploit this property in the form of
composites based on pastes or liquid metal alloys such as
eutectic Gallium Indium (EGaln) as either the active electrode,
current collector, or both. Interestingly, the first stretchable
battery reported in 2010 was fluid-based. It employed carbon
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grease as its current collector and a composite paste consisting
of carbon black and electrolyte solution mixed with the corre-
sponding Zn or MnO, particles as the anode and cathode,
respectively. As employed in many other stretchable batteries,
gel electrolytes and elastomer packaging were used for the
battery. Liquid metal-based stretchable batteries are particu-
larly interesting as they have high electrical conductivity and
redox activity of the Ga species (Fig. 5a).**% EGaln can be
directly employed as either the anode or the current collector in
the form of a composite with Ag flakes and an elastomer,
styrene-isoprene-styrene (SIS). In the latter case, a composite of
melted Ga, carbon black, and SIS formed the anode.** Owing to
the fluid nature of the materials, printing techniques such as
screen and 3D printing can be easily employed to fabricate the
battery. The main concern is the risk of leakage, which places
stricter requirements on the elastomer packaging.

2.5.2 Elastomer-based. Another variation of the intrinsic
method is the dispersion of filler materials within an elastomer
matrix to form a stretchable conductive composite. The current
collector is typically based on a composite of nano- and micro-
structured conductive fillers such as carbon black, carbon
nanotubes (CNTs), Ag flakes and nanowires (NWs), and Au
nanosheets and nanoparticles with either silicone or styrene
copolymer elastomers.”*® ' In some cases, more than one
conductive filler with different aspect ratios is introduced into
the elastomeric matrix to improve the electromechanical prop-
erties of the current collector during deformation. Similarly,
active electrode composites are formed in the same manner but
with the addition of redox-active particles along with a carbon
based conductive filler.”**”* Elastomers are also used as the
separator to hold the liquid electrolyte and to electrically insu-
late the active electrodes, either as nanofiber mats or porous
membranes.*»*>

A key example of this variation is the use of poly(styrene-
isobutylene-styrene) (SIBS) as a single elastomer in all compo-
nents of a Zn-MnO, battery (Fig. 5b).” Composites of the
current collectors and active electrodes were prepared by
dispersing the conductive fillers and active material particles
into a SIBS matrix and the inks were doctor bladed onto a SIBS
encapsulation substrate. The porous SIBS separators were
fabricated via solvent evaporation-induced phase separation.
Due to the thermoplastic nature of SIBS, the components were
assembled into a full cell by hot pressing, which created
a strong adhesion between the different layers. The low gas and
water permeability of the SIBS encapsulation allowed this
battery to withstand 39 washing cycles and retain 78% of elec-
trolyte after 523 days. The approach delivered good mechanical
robustness, a high reversible specific capacity of 160 mA h g~
and a capacity retention of 75% after 500 charge and discharge
cycles. Interestingly, the volume fraction of the binder used in
the active electrode composite was relatively low and the
mechanical characterisation for the active electrode was not
reported. It suggests that the key material design is to obtain
good overall mechanical and electrochemical performance at
the cell level, the adhesion and electrical connection between
the intrinsically stretchable current collector and the active
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electrode composites, and a robust separator to electrically
insulate the electrodes while permitting ion conduction.

The elastomer method was also applied into designing
stretchable microbatteries.** This unique battery concept is
essential in addressing the size constraints for wearable appli-
cations, as mentioned earlier in Section 1. To enable this, recent
reports utilised aqueous Zn-ion battery chemistries with an
intrinsically stretchable current collector composite consisting
of CNTs as the conductive filler with an elastomer binder, while
the active-electrodes are either electrodeposited® or slurry cast
over the current collector.” Both methods exploited electrode
designs that enable stretchability and compactness at the
battery cell level. The latter work by Bai et al®® used an inter-
digitated electrode design that harnesses heterogeneous stiff-
ness to create spatially non-uniform strain distributions to
selectively reduce the actual strains on individual electrodes,
achieving stretchability up to 200% strain, while retaining
electrochemical performance (510 pA h cm™?). The former work
by Li et al.®* used a concentric circle electrode structure that
induced a high electrical field intensity and energy distribution
to enhance the electrochemical performance (0.25 mW h cm™?)
and enabled stretchability up to 40% strain.

Another interesting elastomer method to maximise the
amount of active material is the use of AgNWs.*® They possess
bifunctionality by acting as the current collector and the redox-
active material for a Ag-Zn battery system. AgNWs can undergo
reversible cathodic reaction into Ag oxides while Zn was elec-
trodeposited on the AgNWs as the anode. Intrinsically stretch-
able composite electrodes were fabricated by embedding
AgNWs into the polydimethylsiloxane (PDMS) elastomer matrix,
which also acts as the encapsulation layer. The high-aspect ratio
of the 1D AgNWs provided an interconnected percolation
network and intrinsic stretchability into the composite. The full
cell observed an increase in capacity from 0.19 mA h cm ™2 at 0%
strain to 0.27 mA h cm™> at 80% strain. The full cell could
withstand up to 1000 cycles without obvious capacity degrada-
tion at both relaxed and stretched states. However, the PDMS
elastomer had limited insulating capability to prevent leakage
of the electrolyte under prolonged periods.

Alternatively, organic active materials have shown potential
as they are generally softer than their metal-based counterparts.
An intrinsically soft and ultrathin stretchable organic-based
battery with moderately large output currents (=40 A g~ ' and
400 pA cm?) has been reported.”” The organic electrodes were
based on hybridising CNT nanosheets with hydrophilic redox-
active polymers, poly(TEMPO substituted acrylamide) and
poly(anthraquinone-substituted ethyleneimine), as the cathode
and anode polymers, respectively. The active electrodes were
ultrathin (=100 nm) and had 700% stretchability. In a full cell
configuration, a 250 nm thick poly(styrene-butadiene-styrene)
encapsulation layer and a 50 pm thick, soft polyethylene glycol
electrolyte hydrogel based on a NaCl solution were used. The
overall cell had a calculated flexural rigidity of 107> nN m, which
allowed it to conform easily onto human skin. More impor-
tantly, despite the thinness of the active electrode, the battery
achieved good current outputs. The utilisation of soft organic-
based active materials could potentially lead to the design of
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thicker active electrodes (to gain higher capacity), while
retaining softness.

2.5.3 Gel-based. Gels are physically or chemically cross-
linked polymer networks that can hold large amounts of fluids
(water or organic solvents) through intermolecular interactions
(e.g. ionic and/or hydrogen bonding) between the compo-
nents.”® Due to the large amount of fluids within the polymer
network, the young's modulus is closer to that of biological
tissues and its ionic conductivity is generally higher. Intrinsi-
cally stretchable batteries using ion-conducting gels as both the
electrolyte matrix and binder for the active electrode have
recently gained much attention. Mackanic et al. developed
a supramolecular composite containing an ion-conducting soft
block copolymer segment, poly(propylene glycol)-pol(ethylene
glycol)-poly(propylene glycol), and a strong quadruple
hydrogen-bonding motif, 2-ureido-4-pyrimidone, which had
high ionic conductivity (1.2 x 10~* S em ') and mechanical
toughness (29.3 MJ m~*) when mixed with an ionic liquid,
lithium bis(trifluoromethanesulfonyl)imide, a SiO, ceramic
additive and diethylene glycol dimethyl ether as a plasticizer.*®
The supramolecular ion conductor was also used as a binder in
the active electrode and the LIB full cell could retain 92% of its
capacity at 70% strain. In another example, Hong et al. devel-
oped a series of ion/organogels based on polyvinylidene
difluoride (PVDF).”* When soaked in an ionic liquid carbonate
electrolyte, PVDF formed a mass-spring elastomeric network
consisting of rigid domains with high crystallinity and swollen
amorphous domains with high ion mobility that functioned as
the electrolyte component. PVDF was also functionalised with
hydroxyl groups to increase the adhesion with the active mate-
rials when used as an elastomer binder. In combination with
a stretchable current collector and a polyisobutylene (PIB)
elastomer encapsulant, an intrinsically stretchable LIB printed
on a stretchable fabric was demonstrated.

As described in Section 2.3.2, an all-hydrogel battery was
demonstrated.®* In the paper, both LIB and Zn-ion battery (ZIB)
chemistries were used. Despite exhibiting excellent softness
and conformability, the aqueous system is limited by its narrow
electrochemical window and poor temperature tolerance. An
interesting approach to solve this issue is the replacement of
water with a deep eutectic solvent (DES) to fabricate an all-
eutectogel stretchable battery (Fig. 5¢).’*° DESs have similar
characteristics to ionic liquids such as good thermal and
chemical stability, a wide electrochemical potential window and
low vapor pressure, but are potentially cost-effective and envi-
ronmentally friendly compared to ionic liquids.’®* The all-
eutectogel battery used the same DES and a similar polymer
network across all the components, which formed a strong
dynamic hydrogen bonded network that enabled self-healing of
the full cell. The all-gel-based strategy is an effective way to
obtain tissue-like softness for stretchable batteries.

2.6 Encapsulation

The barrier properties of the battery encapsulation are an
important factor to ensure hermetic seals from moisture and
oxygen and minimising internal leakage of the electrolyte.

This journal is © The Royal Society of Chemistry 2023
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However, stretchable and low-permeability materials do not
exist, but in general, the commonly used stretchable elastomers
based on butyl rubbers such as SIBS and styrene-ethylene-
butadiene-styrene (SEBS) have lower permeability than PDMS
and polyurethane (PU) based elastomers.'* Liquid metal alloys
such as EGaln have shown excellent barrier properties when
coated as a thin layer over a polydimethylsiloxane (PDMS)
elastomer encapsulation for a stretchable electronic device'**
and on PU for a stretchable battery.'® Aside from protecting the
battery components, the encapsulation plays a key role in
determining its degradability or recyclability. It is the first layer
that must disintegrate before the internal components can be
broken down or be recycled. The challenge is identifying and
designing suitable materials that are stable during battery
operation and degrade at the end-of-life. This will be discussed
further in Section 3.3.

3 Challenge Il — sustainability and
biocompatibility

Sustainability in conventional battery technologies has been
evaluated extensively.'®'*® It emphasizes the importance of
considering the environmental, ethical, and social aspects
associated with the life cycle of the battery in terms of mining of
finite raw materials, their manufacturing processes, the battery
chemistry used and the disposability or recyclability of the
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battery components at the end-of-life. A recent perspective by
Maria-Magdelana Titirici pointed out that despite the tremen-
dous progress in battery research, its focus has been on
attaining high performance while often disregarding the
sustainability aspects of the battery life cycle.'® A similar case
can be made for stretchable batteries. As discussed in challenge
I, a variety of strategies have been developed to enable and
improve the mechanical and electrochemical performance of
stretchable batteries. However, the prevalence of the use of
unsustainable, non-degradable, and non-biocompatible battery
materials and chemistries remains.

E-waste generated by current electronic devices accounts for
approximately 50 million tons of solid waste and its plastic
packaging adds another 150 million tons, with the majority
ending up in landfills and incinerators that leach out toxic
chemicals or microplastics, which are harmful to the environ-
ment."*® The ecological impact is even higher for the battery
unit, as it is considered the most hazardous component in an
electronic device. While recycling can mitigate the e-waste
crisis, the huge variety of battery (and electronic device)
configurations complicates the process.”* Furthermore, as the
number of wearable devices is projected to reach one trillion by
2035, the use of finite resources and problems with e-waste
will intensify if no sustainable solution is developed. Addi-
tionally, stringent biosafety requirements on the types of battery
materials and chemistries are needed for stretchable batteries
as they are expected to play a key role in powering wearables
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Illustrations of (a) representative examples of the active electrodes and/or current collectors used in transient and biodegradable batteries

— biodegradable metals and metal oxides (top) and organic redox-active materials, Eumelanin (1), Quercetin (2) and Riboflavin (3) (bottom), (b)
processing methods suitable for printing of the stretchable battery materials and components, and the chemical structures of (c) the biode-
gradable elastomers PGS and POC (Section 3.3), and (d) the natural biopolymers used as the hydrogel matrix for the electrolytes (Section 3.5).
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that interact closely with the human body.*"** It is imperative
that future stretchable battery design concepts not only focus
on high performance but also encompass the sustainability and
biocompatibility aspects of the battery system.

3.1 Stretchable transient and biodegradable batteries

A potential solution to the e-waste and biocompatibility issue is
the emerging concept of transient and biodegradable
batteries."*** They have limited life spans and undergo natural
degradation processes into bioresorbable products that are safe
for the human body and the environment. These batteries are
highly suited for applications where long-term battery life is not
essential, such as temporary medical implants and disposable
sensors. Particularly, in vivo biodegradation of implants avoids
the necessity for a secondary surgery to recover the device at the
end-of-use, minimising the associated costs and risks of
discomfort and harm to the patient. Similarly, the disposal of
transient sensors (including the battery) used for environ-
mental monitoring or on-skin application can potentially be
compostable and thrown-away safely without harming the
environment.®* However, despite being soft, most reported
transient batteries have limited mechanical flexibility and
stretchability.

In a prototypical transient battery, the active materials and
current collectors are primarily based on abundant and
degradable metallic electrodes such as Zn, Mg, Fe, W, Mo and
Mn, and their oxide counterparts are typically MoO3; and MnO,
(Fig. 6a). These metals have irreversible ductility and are not
stretchable, and so far only a couple of examples have inte-
grated stretchability into biodegradable batteries.®*'** In both
examples, laser ablation was used to structurally engineer
kirigami patterns of the degradable metal component (Mg and
Mo) to impart stretchability, while for one of the examples the
oxide component (MoO;) was a paste-based composite using
an edible plant derived polysaccharide xanthan gum as
a binder. Natural polymers such as protein-based gelatin and
another polysaccharide alginate were used as a stretchable
hydrogel electrolyte separator, which contain biocompatible
salts relevant to their battery chemistries. Only one of the
examples used a biomass-derived biodegradable synthetic
polyester-based elastomer, poly(glycerol-sebacate) (PGS) as the
encapsulation,® while a kirigami patterned cellulose paper
was used in another report."* In both cases, the disintegration
of the battery was initiated by physiological fluids at
a controlled rate and the degraded products can either be
absorbed or excreted by the body's metabolic system. The
abovementioned examples highlight a promising material
selection and processing method that could pave the way to
address the sustainability and biocompatibility challenges in
stretchable batteries. In the following sections, we will discuss
these points in detail.

3.2 Processing methods

Solution-based methods such as spray, gravure and flexo-
graphic printing are known for their scalable and large-area roll-
to-roll processing and are widely used for commercial rigid or
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flexible batteries.*>®* They are applicable for stretchable
batteries that have low resolution patterns, but for diversifica-
tion of form factors other processing methods should be
employed (Fig. 6b). Additive manufacturing such as 3D
printing, inkjet, direct ink writing, and laser-ablation transfer
printing are seen as a sustainable energy and material efficient
production process that can construct complex multilayer
structures with high resolution.'® This method is suited for
manufacturing of battery arrays with different form factors or
directly integrating the battery into the device.'” They are also
applicable for high resolution patterning of stretchable elec-
tronic materials and devices."” The main advantage of such
methods is the avoidance of using tedious conventional clean-
room lithography fabrication, which requires wet processing
steps (such as washing, etching, developing, etc.) which are not
environmentally friendly and have a limited scope of compat-
ible substrates. This is particularly important for biodegradable
materials as they are generally sensitive to humidity, heat and
prone to oxidation, and thus compatible fabrication processes
that can be conducted under ambient conditions are
favourable.''*">

Laser-ablation techniques are particularly adapted to process
a variety of transient organic and inorganic materials as they
minimise the risk of degradation of the material through oxida-
tion during fabrication®* and were used to pattern kirigami
structures for the stretchable and biodegradable battery materials
mentioned in Section 3.1. Recently, this method was also used to
engineer intricate 3D micropillar active electrodes on metallic
serpentine structures to assemble a stretchable microbattery with
a high areal capacities of 2.5 mA h cm™>.*>* However, LIB mate-
rials and chemistries and a petroleum-based PDMS encapsula-
tion were used, but the potential of this technique to engineer 3D
microbattery designs that enable more compact battery struc-
tures with higher capacities is preferable for device integra-
tion.**'** Moreover, incorporating lasering techniques into the
battery material production line for large-scale roll-to-roll
manufacturing are potentially feasible.**

Solution-based methods such as inkjet, direct ink writing,
and 3D printing open the possibility of printing of functional
inks, gels and pastes that could enable the processing of
a wider scope of stretchable battery designs (Section 2.4).%
Promisingly, a fully 3D printed biodegradable flexible super-
capacitor has been reported.”” As for stretchable batteries,
nano-cellulose was used as a binder to 3D print a Li-ion battery
cell with serpentine structures to enable deformable electrodes
and the separator.”” The full cell was able to withstand
stretching at 50% strain over 50 cycles. Although unsustain-
able, the printing of fluid-based liquid*** and Li-ion'**'*’
electrode composites demonstrates the potential of this
method as a feasible manufacturing process.** The main
challenge for solution-based methods is the preparation and
optimisation of inks for battery components that consist of
biodegradable materials and green solvents, an area which has
not been widely explored."'>**® Nonetheless, the low energy
consumption and ambient conditions required for printing of
biodegradable materials could lead to a more environmentally
friendly manufacturing process.
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3.3 Elastomers (encapsulation and binder)

The elastomer plays a key role in embedding stretchability and
softness into the materials and components of the battery,
either as a binder in the form of a composite with the relevant
filler (conductive and/or redox-active particles) as the current
collector and active electrode, as a porous separator membrane
or as the encapsulation layer. Moreover, as discussed in Section
2.6, the ability of the encapsulation to breakdown determines
the biodegradability of the cell and the recyclability of the
internal components. Petroleum-based thermoset elastomers
such as PDMS form permanent covalent crosslinked networks
that make them insoluble and difficult to disintegrate. On the
other hand, thermoplastic elastomers based on styrene block
copolymers dissolve easily in certain solvents and were recently
shown to facilitate the recycling of the internal components
(metal conductive fillers, microchips, etc.) of a soft electronic
device when used as the binder and encapsulation materials.**
If appropriate recovery processes are in place, the utilisation of
such elastomers can be considered sustainable as it emphasises
on a closed-loop circular economy that promotes recycling of
not just the elastomer but also the costly internal components
likely sourced from finite raw materials."°

For transient batteries, biomass derived synthetic polyesters
such as polylactide, poly(lactic-co-glycolic acid), and poly-
caprolactone are commonly used as the encapsulation and the
separator components.'**'** However, these polymers lack the
tensile properties needed for stretchable applications.*" Synthetic
biodegradable elastomers (bio-elastomers) typically have higher
elongation, better elasticity and a lower Young's modulus, and if
the monomers are derived from renewable biomass sources and
can degrade into bioresorbable products, it addresses the
sustainability and biocompatibility aspects of challenge II.*3>73

The most promising bio-elastomers are polyester based
poly(1,8-octanediol-co-citrate) (POC) and PGS and their deriva-
tives, which are commonly used for soft tissue engineering
(Fig. 6¢).*** So far only a handful of examples have used these
bio-elastomers for stretchable applications, primarily as the
encapsulation substrate for batteries (as discussed in Section
3.1),%® supercapacitors,**® biosensors*” and soft printed circuit
boards.'**** PGS was also used as a dielectric component for
a cardiovascular pressure sensor.’® A PGS derivative with photo-
cross linkable groups has also been used as a binder with Ag
nanowires for a flexible edible battery*** and was used in a 3D
printable bioink with Zn metal.***

In conventional battery electrodes, sustainable binder alter-
natives such as water-processable polysaccharides (cellulose,
alginate, chitosan, etc.) and protein-based (gelatin and
caseinate) materials have been proposed to replace non-
biodegradable and petrochemical-derived fluorinated and
styrene rubber polymers.****** However, to embed stretchability
and softness, a higher volume fraction of the elastomer is
typically needed to maintain the mechanical properties of the
composite."® Here, the challenge remains of balancing high
active material loading without affecting the mechanical prop-
erties of the active electrode. Regardless, synthetic bio-
elastomers are potential candidates as the binder material

This journal is © The Royal Society of Chemistry 2023
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along with natural biopolymers (silk, gelatin and alginate),
which have been used to make stretchable electronic conduct-
ing composites.**”*** Similarly to conventional elastomers, the
barrier properties are also another limitation. Sustainable
alternatives to liquid metal-based barriers such as plant-derived
hydrophobic coatings that have been used for cellulosic fibres
in textiles could be integrated with bio-elastomers.* It is rec-
ommended that future work should focus on evaluating the use
of bio-elastomers as stretchable battery materials either as
a binder, separator, and encapsulation.

3.4 Active materials and current collectors

As briefly highlighted in Section 3.1, biodegradable metals and
metal oxides are commonly employed as the active materials for
transient batteries. An advantage is that the metals also func-
tion as the current collector due to their relatively high
conductivity, which can minimise the number of materials used
within a battery cell. They also corrode naturally inside the body
at controlled rates without harming human health.*** Similarly,
the metal oxides (MoO; and MnO,) undergo dissolution into
their ionic compounds and are biocompatible at certain dosage
limits, while the release of the ions can be controlled by the rate
of degradation of the bio-elastomer encapsulation.****** The
most promising sustainable stretchable battery system is Zn-
MnO, since the active components are abundant and biode-
gradable and it can operate in aqueous electrolytes.>”**"!3
Various strategies to enable stretchability have been imple-
mented for this system as highlighted in challenge I (Section
2.5), but non-biodegradable elastomers and materials were
utilised for various components of the battery.'>*~'*® A potential
way forward would be to incorporate and evaluate the
mechanical and electrochemical compatibility of the synthetic
and natural bio-elastomers into the components of such battery
systems.

These degradable metals are highly abundant, but they are
still a finite resource, and the environmental concerns of
mining are still problematic.’**'** Furthermore, high tempera-
ture synthesis processes for metal oxide-based cathodes are
energy intensive and not environmentally friendly.*** Batteries
based on organic active materials are poised as a cost-effective
and sustainable alternative to their inorganic counterpart, due
to their low temperature synthesis and processing, and espe-
cially if the precursors are based on renewable biomass
feedstock.'®*™%¢ A couple of reports have shown the use of
organic active materials for stretchable batteries either fully
organic'® or as a cathode material paired with a biodegradable
metal.’*® However, the battery was not fully biodegradable, and
the organic active materials were petrochemical based
including its passive components. Additionally, organic active
electrodes are well-suited for biocompatible alkali (Na* and K")
and multivalent (Mg>" and Zn>") electrolyte systems and can be
paired with the relevant biodegradable metal'*>'”* or be made
fully organic.'™*

Biodegradable batteries using organic active materials
have been reported but are not stretchable. Some key exam-
ples include the use of a biologically derived Eumelanin
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[llustration of the technology road map for sustainable stretchable batteries for next generation wearables. Images of wearable devices

reproduced with permission: conformal batteries in a pocket vest (courtesy of Military & Aerospace Electronics) and a wristband,*®® a textile
battery (courtesy of Hackster), an epidermal battery,**® and an implantable battery.5* © 2021 American Chemical Society.*®® © 2022 Springer

Nature Ltd.**® © 2022 Wiley-VCH GmbH.®*

molecule (a melanin pigment), which is a quinone based
redox-active species, as an anode material along with a MnO,
cathode and a biocompatible aqueous Na-ion electrolyte.'”>
Similarly, a recent report showed an edible battery made from
entirely food ingredients and additives.’”® The fully organic
battery was based on riboflavin (cathode), which is Vitamin B,
and quercetin (anode), which is a naturally occurring flavo-
noid molecule found in fruits and vegetables. These biologi-
cally derived materials have in wvitro and in vivo
biocompatibility and are biodegradable.'”* Edible batteries
are particularly interesting for applications such as dispos-
able food monitoring sensors or to power biosensors that
monitor gastrointestinal diseases. For these examples,
stretchability was not demonstrated but the concept and
materials can be applied to stretchable batteries especially
since organic materials are generally softer than metal-based
materials which could enable truly soft and stretchable
components and material composites.

Another worthy mention is the development of stretchable
aqueous metal-air batteries for wearables.’” These battery
systems do not require water and/or oxygen free environments
during assembly and have lenient encapsulation requirements
and high operational safety due to the utilisation of oxygen from
ambient air, and the required mass and volume of the electrode
can be scaled down without sacrificing charge storage capacity.
A handful of examples have demonstrated stretchable Zn-Air
battery concepts using structural engineering methods of fibre
and wavy shaped components with excellent stretchability
(>500% strain) and high-power densities of 210.5 mW c¢cm 2,17
and kirigami-patterning of the battery.'”®

22730 | J. Mater. Chem. A, 2023, 11, 22718-22736

3.5 Electrolytes

Aqueous electrolytes are well suited for stretchable batteries
since they are non-flammable, which enhances battery safety,
and are environmentally friendly, making them appropriate for
greener manufacturing processes and minimising complica-
tions upon the disposal of the cell at the end-of-use.””*”” Natural
biopolymers (gelatin, silk, cellulose, lignin, and chitosan) have
been increasingly implemented for various types of battery
chemistries as the hydrogel matrix."”**”® These hydrogels are
biodegradable, intrinsically soft, and can easily be made
stretchable.'® They can also provide better interfacial contact
with the electrode material, which lowers the internal resistance
of the cell," mitigate issues with dendrite formation of the
biodegradable metal anodes,’®™* and dissolution of the
cathode materials.’® However, the main drawback of aqueous
electrolytes is their narrow electrochemical stability window of
1.23 V. Highly concentrated “water-in-salt” electrolytes can
effectively expand this window by reducing the amount of “free”
water that can undergo electrolysis.*®*® However, not much focus
has been given to developing biodegradable natural polymer-
based water-in-salt electrolyte systems.'® As mentioned in
Section 2.5.3, DESs are a potential non-aqueous alternative to
extend the electrochemical stability window, while retaining
flame retardant and anti-freezing properties.'* It has been
suggested that certain DESs are generally biocompatible and
show favourable biodegradability.’*® However, recent reports
have put into question the true sustainability of DESs in terms
of their production methods and their environmental and
human impact.**** Thus it presents an opportunity to develop
new sustainable electrolyte systems for stretchable batteries.

This journal is © The Royal Society of Chemistry 2023
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In general, the leakage of the battery electrolyte should be
avoided at all costs due to the use of toxic electrolytes, or in the
cases where it is biocompatible, to prevent the degradation of
battery operation. This results in thick encapsulations, which
will increase the volume of the battery and the eventual wear-
able device. To eliminate this issue, designing battery electrodes
that can operate with physiological fluids (sweat, blood, serum,
gastric fluids, etc.) as the electrolyte would remove the need for
stringent encapsulation layers, and if the electrolyte were to leak
out it will not be harmful to the human body or the environ-
ment. This has been referred to as an “opening-up system”.**
However, operating the battery on purely bodily fluids would
limit the capacity due to the low electrolyte concentrations
within the body. Nevertheless, a stretchable battery that can
operate with bodily fluids using components and materials that
are biocompatible and biodegradable would be ideal, but
further developments are needed.

4 Conclusion

In conclusion, stretchable battery technology still faces several
challenges that need to be addressed to progress the develop-
ment of next-generation wearables (Fig. 7). We recommend that
the evaluation of the mechanical performance should include
realistic conditions (biaxial tensile stretch, twisting, bending,
and lap-shearing) and the reporting of the cell young's modulus.
Based on the biomechanical environment of various parts of the
body (Fig. 3 and 4), softness is arguably more important to
ensure conformability and easy integration into the wearable
device, and batteries that can withstand cyclic stretching at 30%
strain or more would satisfy the stretchability requirement for
most wearable applications. The two categories, structural
engineering and the intrinsic method, offer potential solutions
to engineer stretchability into the various battery components
and should be implemented according to the requirements of
the wearable device application. Combining the common tran-
sient battery chemistries (e.g., Zn and Mg ions), softer organic-
based redox materials, biocompatible electrolytes, and bio-
elastomers such as PGS and POC derivatives could potentially
integrate all the key factors (Fig. 1c and d). However, they require
further investigation in terms of electrochemical stability and
performance. Future research should also focus on developing
sustainable processing methods (printing and additive
manufacturing) that would suit biodegradable materials, espe-
cially the preparation and optimisation of inks for stretchable
batteries. It is recommended that to study the impact of the
battery on the environment and human health, the biodegra-
dation and biocompatible experiments should follow the stan-
dard procedures.****** More importantly, performing a life cycle
assessment for stretchable batteries including their materials
selection, manufacturing processes, and disposal or recyclability
at the end-of life would aid in establishing design rules and
policies for the commercialisation of the technology.*”
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