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Flexible batteries and supercapacitors have witnessed remarkable progress in recent years, making them
integral to the field of wearable technology. These energy devices offer the unique ability to seamlessly
conform to the wearer's movements, ensuring uninterrupted power supply for an array of smart devices.
To meet the pressing demand for high-efficiency wearable batteries, it is crucial to explore various forms
of flexibility and their impact on practical applications. This perspective critically examines the recent

advancements in one-dimensional and two-dimensional flexible energy devices, emphasizing their
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Accepted 26th April 2024 pivotal roles in enabling wearable technology to reach their full potential. Lastly, the challenges and

opportunities associated with these devices are discussed in detail, underscoring the paramount
DOI: 10.1039/d4ta02241f importance of low-dimensional flexible energy solutions in the ever-evolving landscape of wearable

rsc.li/materials-a devices.
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1 Introduction CO'SF-effectiveness, while volume anq weight are less

critical.>?* In contrast, portable electronic devices, such as
Energy storage devices are indispensable components, and smartphones and smartwatches, require high energy densities
their design must cater to specific physical and chemical and compact volume, often at the expense of cost
properties*® to meet diverse applications scenarios.>** Tradi- considerations.>*** Electric vehicles occupy an intermediate
tional power plants, like emerging wind power and solar power ~ position, considering a delicate balance between endurance
stations, demand energy storage devices with large capacity and mileage, limited physical dimensions, and the necessity for

extra-large capacity, high-energy Density, and cost-

effectiveness.’*** The emergence of wearable technology has
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Fig. 1 Timeline of the development of typical flexible batteries/supercapacitors. Panels reproduced with permission from Copyright (Wiley),

(Elsevier), (Springer Nature), (Royal Society of Chemistry).

low-dimensional structured flexible batteries and super-
capacitors, tailored to varying timelines, battery dimensions,
and device types (Fig. 1). Different wearable scenarios require
different types of flexibility. For instance, when integrating
flexible battery into soft robots, such as worm robots, stretch-
able batteries/supercapacitors are vital to accommodate the
robots' deformations.”"* In the case of a watch band (Fig. 2c),
a great degree of bendability to conform to the wrist's shape
while optimizing capacity and standby time.****"** In addition,
flexible energy devices can be designed into one-dimensional (1-
D) rubber band***** or two-dimensional (2-D) films
(Fig. 2a),** both capable of stretching, bending and twisting
(Fig. 2a and b).
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These energy devices feature similar components to tradi-
tional energy storage systems. They consist of two electrodes,
cathode and anode,*** sometimes with multiple cathodes and
anodes connected in series or parallel inside the battery.®* They
serve as the source of energy storage.** In addition, a diaphragm
or separator is crucial for separating electrodes and preventing
internal short circuit.®® The electrolyte within cell allows elec-
trical current to flow between anode and cathode.*® All the above
substances are encapsulated in a case to insulate them from the
outside environment. Flexible energy devices incorporate the
same components, albeit in flexible state. To be specific, the
flexible energy device is realized from bendable electrode,®””*
elastic electrolyte/diaphragm,”>”® as well as pliable packaging
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Fig.2 Schematic diagram of supercapacitor and battery with different
dimensions and flexibility. (@) A one-dimensional flexible energy
storage device and corresponding three flexible states. (b) A two-
dimensional flexible energy storage device and corresponding three
flexible states. (c) A hypothetical one-dimensional or two-dimensional
flexible energy device for smart watches.

material.”””® Like the traditional energy storage systems, this
type of flexible batteries/supercapacitors also can be applied to
super capacitors, lithium-ion batteries, sodium-ion batteries,
zinc-ion batteries,”®®° etc.

2 1-D flexible energy devices

A 1-D flexible energy storage string has emerged as a trans-
formative technology. They can be wound around devices or
seamlessly woven into clothing, providing a means to store and
deliver electrical energy for various electronic applications. This
innovation empowers individuals to power electronic devices
while wearing smart clothes, ushering in a new era of wearable
technology.®® Like their traditional batteries’ counterparts, 1-D
flexible energy devices consist of electrodes, electrolyte, sepa-
rator and packaging materials, among which electrode research
is the main research object. Notably, Peng's group has made
a lot of contributions to the research of 1-D flexible batteries/
supercapacitors.”****%-> They explored the fabrication of
various 1-D flexible devices, including symmetric super-
capacitors, asymmetric supercapacitors and lithium-ion
batteries. These devices are further woven into wearable flex-
ible batteries/supercapacitors.”® The remarkable progress made
by Peng's research group has resulted in practical fiber
batteries, several meters or even tens of meters in length. These
extended fibers can be woven into fabrics, and they continue to
function reliably after undergoing washing and enduring
substantial pressing, and more importantly, these fiber
batteries did not show any safety issues such as smoke, fire or
explosion after these treatments.”®

Generally, the one-dimensional electrode comes in two
primary forms. One is coaxial mode®, in which an electrode is
used as the axis, then gel electrolyte wraps on it, followed by
a layer of coaxial tubular electrode further wraps on the outer
layer as the opposite electrode. The outermost layer is the
packaging material to form a coaxial one-dimensional flexible
energy device. In the other mode, the two electrodes are wound

13674 | J. Mater. Chem. A, 2024, 12, 13672-1368I

View Article Online

Perspective
together,®® in which the axes spiral each other. In this case,
multiple electrodes can be wound to form a flexible 1-D hybrid
energy device. Alternatively, one electrode remains stationary
while the other electrode winds around it as the counter elec-
trode.*>* In this case, the axis of the non-rotating electrode is
a straight line, while the counter electrode of axis forms a helix.
The schematic representations of these three electrode combi-
nations are depicted in Fig. 3a. All of these different combina-
tions perform excellent flexibility, enabling them to be
stretched, bent or twisted (Fig. 3b). These advancements in 1-D
flexible energy devices are shaping the future of wearable
technology and energy storage.

2.1 Stretchable property of one-dimensional flexible
batteries/supercapacitors

1-D energy devices are naturally inclined to bending and
distortion, while achieving stretchability poses a significant
challenge. In the case of 1-D electrode, resilience is an essential
character. Dai's group® reported a stretchable 1-D flexible
capacitor. The flexible capacitor consists of two identical elec-
trodes, forming a symmetric supercapacitor, and the
electrolyte/diaphragm is composed of polyvinyl alcohol and
phosphoric acid hydrogel, which also act as packaging mate-
rials. Two carbon nanotube (CNT) electrodes are twisted
together to form a 1-D supercapacitor. The excellent tensile
property of the capacitor guarantees a stable electrochemical
performance (a capacity of 30.7 F g~ ') even after experiencing
a 200% stretch. This kind of flexible energy device can be woven
into two-dimensional flexible fabrics, which can be made into
clothing, effectively serving as an energy-storing textile.
However, when creating clothing from these materials, it's
imperative to consider the biocompatibility between the fabric
and the wearer's skin. A high level of biocompatibility is
essential to protect the wearer's skin or body from potential
inflammation and provide a comfortable wearing experience. At
present, biocompatibility research mainly focuses on natural
materials and non-biotoxicity, aiming to ensure the safety and
comfort of users in wearable energy storage clothing.

2.2 Bendable and twistable properties of one-dimensional
flexible batteries/supercapacitors

Bending aligns with a natural characteristic of 1-D flexible
devices, where the ability to bend makes warp formation
feasible. An impressive example in this realm was presented by
Peng's group.” They reported a bendable 1-D hybrid lithium-
ion battery, in which three different 1-D electrodes (lithium
titanate, lithium manganate, and carbon) were twisted together
(Fig. 3¢c). The hybrid fiber battery achieved a high energy density
of 50 mW h em ™ or 90 W h kg™' and a power density of 1 W
em ™ or 5970 W kg~ '. Accordingly, they also prepared a 1-D
hybrid lithium-ion supercapacitor device, featuring lithium
manganate and carbon electrodes. In comparison to 2-D elec-
trodes, the 1-D multi-electrodes can be easily combined
together. While the three 2-D electrodes need a lamination
design, implying only two electrodes can close to each other.
The flexible energy storage device offers an array of possibilities,

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Various types of one-dimensional electrodes. (a) Schematic diagram of three different types of one-dimensional electrodes assembled
into a one-dimensional device. (b) Bending and stretching photos of one-dimensional flexible batteries/supercapacitors, in which the distortion
of flexible devices can be attributed to bending. (c) A hybrid flexible energy storage device composed of three different types of electrodes, two
of which can be composed of a supercapacitor and two of which can be composed of a lithium-ion battery, in which high power density and
high energy density can be achieved through different internal and external connections. Panels reproduced with permission from (b) Chen

et al®* (Wiley) and (c) Zhang et al.®* (Wiley).

as it can be bent and twisted into various configurations,
making it highly adaptable to different application scenarios.
The ease of integration and manipulation further emphasizes
the potential of one-dimensional flexible energy devices for
a wide range of practical applications. At present, the Peng
group has successfully prepared 1D fiber batteries on a large
scale using industrial equipment, and successfully woven this
1D fiber battery into cloth, achieving a huge upgrade from
laboratory samples to industrial products.”® They creatively
used metal wires as current collectors, effectively reducing the
internal resistance of fiber batteries at ultra-long lengths,
making it possible to industrially prepare and apply such
batteries.

3 2-D flexible batteries/
supercapacitors

2-D flat batteries represent one of the most prevalent forms of
energy storage devices in use today.”* Generally, a 2-D flat energy
storage device inherits a certain angle of bendability and torsion
under a certain thickness, although stretching remains
unattainable.®**® In reality, due to requirement of a certain
volume energy density, the devise is endowed with a limited
length and width, resulting in a prescribed thickness. In order

This journal is © The Royal Society of Chemistry 2024

to meet the specific flexible energy storage systems, innovation
is essential, whether through novel materials or advanced
manufacturing processes. 2-D flexible devices necessitate
compatible 2-D flexible electrodes, electrolyte/diaphragm, and
packaging materials. Moreover, a 2-D electrode must exhibit
stretchability, torsional flexibility, and bending capabilities.
The pursuit of such innovative 2-D flexible energy devices has
the potential to usher in a new era of versatile and adaptable
energy storage solutions, pushing the boundaries of what is
achievable in practical applications.

3.1 Stretchable properties of 2-D flexible batteries/
supercapacitors

Innovative manufacturing processes have paved the way for the
development of highly elastic electrode substrate materials,
enabling the realization of stretchable property in two-
dimensional flexible batteries and supercapacitors. Yang's
team® designed a stretchable accordion-like battery as show in
Fig. 4a. The intelligent design separates the energy storage part
from the stretchable part, achieving both high energy density
and stretchability simultaneously.

The as-prepared stretchable lithium-ion battery employed
lithium cobalt oxide as the electrochemically active material
and aluminum foil as the current collector in the cathode,

J. Mater. Chem. A, 2024, 12, 13672-13681 | 13675
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Fig. 4 Different stretchability of flexible batteries and their electrical
properties. (a) Diagram of the structure of flexible accordion-like
battery and corresponding charge and discharge curves of the battery
in different states.®® (b) Schematic diagram, overall picture and scan-
ning electron microscope image of arch electrode structure, and
corresponding charge and discharge curves of the battery in different
states.®? (c) Schematic drawings and century photos of high elastic
substrates with silver layers under normal and stretched conditions
and their AC impedance curves.** Panels reproduced with permission
from (a) (Elsevier), (b) and (c) (Wiley).

graphite and copper foil collector in the anode. The cathode and
anode were wound together with the diaphragm to form a coil.
At the joint of the coil, a conductive material is made into an
accordion shape, allowing the entire battery to stretch.

The electrodes can also be molded into a certain shape to
facilitate stretchability. For instance, Peng and his team®
created arch-shaped electrodes (Fig. 4b). These electrodes
comprise lithium manganate with carbon nanotubes and
a highly elastic substrate as cathode, and lithium titanate with
carbon nanotubes and the same elastic substrate as anode.
The as-prepared cell can be stretched up to 400% without any
electrochemical performance loss. Under the 400% stretch
state, the battery could deliver a capacity of about
100 mA h g '. Another innovative approach involves the
combination of elastic substrate and current collector. Nie-
derberger's group** laid a layer of conductive silver nanosheets
on a highly elastic substrate (Fig. 4c). During stretching and
retracting process, the silver nanosheets could connect to each
other all the time, guaranteeing a stable electrical conductivity,
thus a stretchable current collector. A high elastic and
stretchable electrode can be formed by laying the active
materials on the stretchable current collector. The silver
nanosheets attached elastic substrate can be stretched to 100%
with a low sheet resistance of about 2.7 Q .

In addition to these methods, active materials combined
with graphene or carbon nanotubes offer a route to self-flexible
electrodes. Such electrodes without current collector can be
bent or twisted like paper. Ahn's group comprehensively
explored the application of graphene-based active materials in
flexible batteries, covering various types of graphene,'”
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including CVD-graphene, graphene flake, GO, rGO and
graphene-based hybrid materials. In terms of carbon nanotube-
based composite, Wei's group'* reported a stretchable
composite electrode of carbon nanotube and lithium manga-
nate (LMO) and applied in lithium-ion batteries. The as-
prepared cell could achieve 100% stretchability and maintain
electrochemical properties simultaneously.

3.2 Foldable properties of 2-D flexible batteries/
supercapacitors

The foldable properties of two-dimensional flexible batteries
and supercapacitors are harnessed through the use of polymer
materials known for their flexibility. For instance, the polymer
materials can be applied as the substrate to support the active
material, and in some cases, they can also act as both flexible
substrate and electrochemical active material. Schubert's
group'®” has systematically introduced and summarized the
application of various polymer materials in flexible batteries.
For example, polypyrroles (PPY), polythiophene (PT), poly(-
ethylenedioxythiophene) (PEDOT), and other alkoxy-sub-
stituted polythiophene have been applied in various flexible
batteries/supercapacitors due to their exceptional REDOX
activities. While, these polymer materials have relatively low
specific capacity (<100 mA h g™"), they eliminate the need for
binders as electrodes, resulting in a slight overall specific
capacity increase. The elimination of an additional flexible
substrate further enhances the overall specific capacity of flex-
ible electrodes. As a flexible and cost-effective substrate, carbon
cloth with is commonly used for flexible electrode substrates.
Wu's group'® adopted carbon cloth and thermoplastic poly-
urethane (TPU) as conductive and flexible substrate to load the
3,4,9,10-perylenetetracarboxylic diimide (PDI) active material
(Fig. 5a). This innovative approach resulted in the creation of
a foldable electrode with a specific capacity of about
120 mA h g~ ". Such foldable electrodes have been successfully
applied in flexible lithium-ion battery, showcasing their ability
to power LED light perfectly when bent at 180°. These devel-
opments highlight the promising potential of foldable two-
dimensional flexible batteries and supercapacitors for a wide
range of applications.

As mentioned earlier, the graphene demonstrates its versa-
tility by forming composites with various materials, especially 2-
D REDOX active materials, to create flexible electrodes. In 2017,
Feng's group'®* made an exciting advancement by combining
graphene with vanadium pentoxide (V,0s) nanobelt to prepare
flexible electrodes for symmetric supercapacitors (Fig. 5b). The
electrode was not limited to supercapacitors and could also
function as a cathode in lithium-ion batteries. Both graphene
and V,0s5 exhibit 2-D sheet-like characteristics, and V,0s5 readily
attached on the surface of graphene layers, forming a 2-D flat
and self-supporting electrode.

In addition to using flexible materials, innovative preparation
methods can also make electrodes bendable and flexible. For
example, in 2022, Wang's group simulated the bendable proper-
ties of books and produced book-like bendable flexible electrodes,
which were successfully used in flexible lithium-ion batteries and

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Diagram and electrochemical performance of different flexible
batteries/supercapacitors that can be bent or twisted. (a) Schematic
diagram of an electrode with carbon cloth loaded active materials.*%*
(b) Synthesis process of graphene oxide loaded vanadium pentoxide
flexible electrode.*®* (c) A fabrication process of spine-like flexible
electrode.’®® (d) Schematic diagram of book-like flexible electrode
preparation and (f) cycling performances.’®® (e and g) Charge-
discharge curves and cycling performances of a spine-like battery in
different flexible states.’®® Panels reproduced with permission from (a)
(Elsevier), (b), (c), (e) and (g) (Wiley) (d) and (f) (Royal Society of
Chemistry).

sodium-ion batteries. Capacities of 5.88 mA h cm™> and

524 mA h cm™ were obtained in lithium-ion batteries and
sodium-ion batteries. And the battery is used in smart insoles,
flexible LED arrays and Android smart watches.'*

3.3 Twistable property of 2-D flexible batteries/
supercapacitors

In general, while stretchable energy devices can typically be
twisted, it's important to note that not all twistable energy
devices are necessarily stretchable. Highly elastic materials,
such as polymers, are frequently used in flexible batteries and
their electrodes. However, these materials have lower power and
energy density compared to traditional metal foil substrates.
Innovation in the electrodes manufacturing process is an
effective way solve the above issue. In terms of torsional elec-
trodes, Yang's group'®® introduced a spine-like cell design with
multiple sections and small intervals between them (Fig. 5c).
When applied in lithium-ion batteries, the conventional lithium
cobaltate (LCO) as cathode with aluminum foil as current

This journal is © The Royal Society of Chemistry 2024
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collector and graphite as anode with copper foil as current
collector. The as-prepared battery could maintain excellent
capacity even when subjected to bending and twisting (Fig. 5d).
Notably, innovations in electrode and cell manufacturing
processes hold great potential for practical implementation in
flexible battery production by battery manufacturers.

4 Flexible electrolyte & diaphragm

Except electrodes, suitable electrolyte and diaphragm are crit-
ical components in the development of flexible batteries/
supercapacitors. Gel electrolytes are commonly used in flex-
ible energy devices, serving as both electrolyte and dia-
phragm.’” Zhi's group'® prepared a super stretchable gel
electrolyte using sodium polyacrylate and cellulose. The gel
electrolyte can be stretched as large as 800% in a 2-D cell and
500% in a 1-D fiber cell. Kyu's group'® explored a polymer
electrolyte with poly(ethylene oxide) (PEO), succinonitrile (SCN)
(solid plasticizer) gels, and bis(trifluoromethane)sulfonimide
(LiTFSI) as conductive salt (Fig. 6a and b). This polymer elec-
trolyte with excellent ionic conductivity and certain stretch-
ability was subsequently applied in the flexible lithium-ion
battery by Peng's group (Fig. 6c¢).”” Niederberger's group
dispersed LiTFSI in polyacrylamide hydrogel and applied as
both diaphragm and electrolyte.** Specifically, acrylamide
monomer and ammonium persulfate were dissolved in water
initially, and then obtained the polyacrylamide hydrogel via
a polymerization process. After that a high concentration of
LiTFSI aqueous solution was added and comprehensively stir-
red to prepare the flexible gel electrolyte. The as-prepared gel
electrolyte inherits wide working voltage window, high elasticity
and high ionic conductivity, as shown in Fig. 6d and e.

The resulting flexible dual-ion cell could be folded freely.
Additionally, cells utilizing the gel electrolyte, often referred to as
solid-state batteries, are safer than their liquid electrolyte coun-
terparts due to the gel's high operating voltage and temperature.
In addition to conventional energy devices, gel electrolytes find
utility in flexible dual-ion batteries. These environment ally
friendly and cost-effective devices have high voltage and show
promise in the realm of flexible energy devices. In 2018, a dual-
ion gel electrolyte (Fig. 6f-h) was prepared by copolymerizing
poly(vinylidene fluoride-hexafluoro propylene)(PVDF) with poly(-
ethylene oxide)(PEO) and then incorporating graphene
oxide(GO)."***** The electrolyte featured an abundance of 3D
channels, facilitating the rapid movement of conductive ions.
The resulting flexible dual-ion cell could be folded arbitrarily.
Moreover, cells made with the gel electrolyte, also known as solid
state batteries, are safer than their liquid electrolyte counterparts
due to the relatively high operating voltage and high operating
temperature of the gel electrolyte.

5 Flexible packaging materials

A flexible packaging is essential for isolating the interior
components of a battery or capacitor from the surrounding
environment. In certain prototype energy storage devices, gel
electrolyte can even play the role of packaging material. For

J. Mater. Chem. A, 2024, 12, 13672-13681 | 13677
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Fig. 6 Schematic diagram of various flexible electrolytes. (a) Binary phase diagram of the PEO/SCN mixture, and (b) chemical structures of the
LiTFSI electrolyte.’®® (c) The gel electrolyte was applied to the stretchable lithium ion battery, and the battery photos before and after the
stretching.?? (d) Schematic illustration of the design concept of PAM-WiS gel electrolyte, and (e) photos of the unstretched and stretched
electrolyte.** (f) Schematic of the 3D porous polymer network, and (g) optical photographs of the dual-ion gel electrolyte, and (h) the electrolyte
is applied to a bendable dual-ion battery, and the battery photos before and after bending.**® Panels reproduced with permission from (a) and (b)

(ACS Publications), (c)—(h) (Wiley).

instance, some 1-D flexible energy devices lack traditional
packaging and consist only electrodes and gel electrolyte.””
Some traditional materials, such as aluminum plastic film, are
often used as packaging materials for the lithium-ion battery.
The aluminum plastic film is composed of two layers of poly-
mers and an aluminum foil in between, which can be bent and
twisted. Through the above-mentioned new techniques, such as
accordion-like and spine-like production processes, the
aluminum-plastic film can also inherit the stretchable property.
Other flexible polymers, such as polystyrene, poly-
dimethylsiloxane (PDMS), and silicone rubber, are suitable
choices for packaging. In flexible energy devices, packaging
materials not only serve the purpose of environmental isolation
but must also possess flexibility. Therefore, many packaging
materials with the above-mentioned characteristics have
potential to be applied in soft energy devices.

6 Conclusions and outlooks

In this perspective, we systematically overview the 1-D and 2-D
forms flexible energy devices, taking into account various types of
flexibility, including bending, twisting and stretching. We also
delve into the essential components of these devices, including

13678 | J. Mater. Chem. A, 2024, 12, 13672-13681

flexible electrodes, electrolyte/diaphragm and packaging mate-
rials. A comparative analysis of typical flexible batteries/
supercapacitors are summarized in Table 1, highlighting their
electrode characteristics, electrolytes, diaphragms, packaging
materials, flexibility types, and bending performance.

Generally, the flexible electrodes with elastic substrates or
special flexible nodes behave a lower energy density compared
with non-flexible counterparts. Traditional metal foil can only
be bent or distorted to a certain extent; thus, a high-elastic
substrate is critical to obtain a flexible electrode that can be
bent, twisted and stretched.

Compared to traditional liquid electrolytes and polymer
membranes (e.g:, PE, PP), the gel electrolyte is more widely used in
flexible batteries/supercapacitors due to its natural flexible and
ionic conductive properties. After dissolving salts, the gel elec-
trolyte has the ionic conductivity as an electrolyte, and separates
electrodes as a diaphragm. The packaging material is required to
separate the inside of the device from the outside environment. In
flexible energy devices, it must be endowed with flexibility as well.

Despite some significant progress made in flexible energy
storage devices, there are still many challenges need to be
overcame. Thus, the current challenges and prospective
research focus in this field are summarized as follows:

This journal is © The Royal Society of Chemistry 2024
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Aluminized pouch

bags

LiPF, in ethylene carbonate/diethyl

carbonate, celgard separators

LiCoO,, graphite,

metal foil

About 180° bent,
about 60° twist

Bent, twisted

Li-ion battery
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The issue of reduced electrochemical performance after defor-
mation is a critical concern. Adding conductive carbon mate-
rials into substrates or using conductive polymers are effective
way to alleviate the performance loss of the distorted electrode.
While the low density of polymers and carbon materials would
reduce the power and energy density. Novel electrode fabrica-
tion processes, such as adding flexible nodes to the electrodes,
could realize an improved volumetric power and energy densi-
ties compared to soft substrates. However, the conventional
materials and current collectors tend to be unstretchable more
or less, making it crucial to simultaneously enhance the power
density, energy density and flexibility in electrodes for future
research.

Similar to the elastic substrate, the gel electrolyte also
behaves a low density. At present, the gel electrolyte displays the
thickness of few hundred microns to a millimeter, which greatly
affects the device volume energy density and power density.
However, reducing the thickness of gel electrolyte may risk
internal short circuit, especially in stretched state. Therefore,
the development of ultra-thin and flexible solid-state electro-
lytes emerges as a promising avenue for future research.

Moreover, attention to flexible packaging material is also
essential. Because the flexible packages are typically composed
of polymers, research efforts in producing ultra-thin polymer
materials hold promise in this field.
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