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Abstract: With the advent of flexible/wearable electronic devices, flexible lithium-ion batteries (LIBs) have attracted significant attention as
optimal power source candidates. Flexible LIBs with good flexibility, mechanical stability, and high energy density are still an enormous chal-
lenge. In recent years, many complex and diverse design methods for flexible LIBs have been reported. The design and evaluation of ideal
flexible LIBs must take into consideration both mechanical and electrochemical factors. In this review, the recent progress and challenges of
flexible LIBs are reviewed from a mechano-electrochemical perspective. The recent progress in flexible LIB design is addressed concerning
flexible material and configuration design. The mechanical and electrochemical evaluations of flexible LIBs are also summarized. Furthermore,
mechano-electrochemical perspectives for the future direction of flexible LIBs are also discussed. Finally, the relationship between mechanical
loading and the electrode process is analyzed from a mechano-electrochemical perspective. The evaluation of flexible LIBs should be based on
mechano-electrochemical processes. Reviews and perspectives are of great significance to the design and practicality of flexible LIBs, which is

contributed to bridging the gap between laboratory exploration and practical applications.

Keywords: flexible lithium-ion batteries; flexible materials; structural design; mechanical and electrochemical coupling

1. Introduction

With the increasing interest in flexible/wearable electron-
ic and medical devices, flexible energy-storage devices have
attracted attention as power sources and have played an in-
dispensable role in the development of these flexible techno-
logies [1-6]. Lithium-ion batteries (LIBs) are the optimal
candidates owing to their stable cycle life, high energy dens-
ity, and low cost [7-8]. Conventional LIBs consist of rigid
electrodes, electrolytes, separators, and packaging materials.
Conventional LIBs structures mainly include prismatic, coin,
and cylindrical shapes with rigid packages [9]. With conven-
tional LIBs, their use with flexible/wearable devices is diffi-
cult as the active material can be removed from the current
collector under a mechanical load. This phenomenon leads to
an increase in internal resistance, particle isolation, and capa-
city decay. Compared with conventional LIBs, flexible LIBs
possess excellent mechanical properties including stretchab-
ility, foldability, bendability, and twistability [10—11]. While
flexible LIBs have decades of development history, they still
present the greatest challenge for practical application in
flexible/wearable devices [12].

The key challenges of flexible LIBs are overcoming the ri-
gidity of traditional materials and battery structures and im-
proving their safety under mechanical deformation. Match-
ing between the materials and battery structure is an import-
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ant factor that affects the performance of flexible LIBs [13].
To overcome these above greatest problems, enormous ef-
forts have been expended in the development of flexible ma-
terials and structural designs. Various flexible materials have
been used to replace traditional current collectors and rigid
electrodes [14—17]. Different flexible carbon-based materials,
such as carbon textiles [18—19], graphene film [20-22], or
carbon nanotubes [23-26] have been reported to replace ri-
gid materials due to excellent conductivity and flexibility.
Other functional materials have also been developed for flex-
ible LIBs, including flexible polymer electrolytes [27—32]
and polymer packaging materials [33-34]. In addition, the
flexibility of the battery has been improved by suppressing
the stress concentration in electrodes during mechanical de-
formation through structural design [35]. A variety of novel
flexible battery configurations have been widely studied,
such as thin film [36], cable-type [37-38], wave-like [39],
origami [40-41] and node-type [42]. These flexible battery
configurations can maintain excellent electrochemical per-
formance under mechanical deformation. Therefore, signi-
ficant progress has been made in the development of flexible
materials and structural designs. Nevertheless, the energy
density cannot meet the demands of practical applications
[13]. The electrochemical performance, mechanical proper-
ties, and flexibility are important factors to consider when
designing flexible batteries. However, there is no unified
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standard for comprehensively the performance of flexible
LIBs. Hence, there are still many major challenges in the
design, manufacture, and evaluation of flexible batteries.

To date, there have been many excellent reviews on flex-
ible LIBs, providing the development history and summariz-
ing recent progress. Previous reviews have mainly focused
on flexible materials [43] and designconfigurations [35], and
have paid little attention to the methods used for the evalu-
ation [44] of flexible batteries. In this review, the develop-
ment and challenges of flexible LIBs were discussed from a
mechano-electrochemical perspective. The recent progress in
flexible LIBs design is addressed concerning flexible materi-
al and configuration design. We reviewed the evaluation
methods with respect to mechano-electrochemical processes.
Fig. 1 summarizes the flexible materials, configurations, and
evaluation methods. Upon the current progress, major chal-
lenges and perspectives on the future development of flex-
ible LIBs are highlighted from a mechano-electrochemical
view. This review is expected to provide novel macro-scale
and micro-scale perspectives for overcoming challenges,
which can be used to guide the optimal design of flexible
LIBs and for understanding the essential mechanisms.
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Fig. 1. Summary of flexible materials, configurations, and
evaluation methods of flexible LIBs.

2. Flexible materials design

Conventional LIBs are prone to stress concentration and
safety problems during mechanical deformation due to the
presence of rigid materials. Thus, the rigid materials used in
conventional LIBs are not suitable for flexible LIBs. Flexible
materials are indispensable for flexible batteries. Designing
suitable flexible materials is a major challenge for the devel-
opment of flexible batteries with excellent performance. In
recent years, great progress has been made in flexible materi-
als, which can ensure that the batteries can adapt to mechan-
ical deformations. Most researchers have focused on flexible
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electrode materials, electrolytes, and packaging materials.
2.1. Flexible electrodes

Traditional electrodes are prepared by coating a slurry of
the active material, conductive carbon, and binder on metal
current collectors (Cu or Al) [45]. The active materials were
shaded from the current collectors during mechanical de-
formations owing to the weak binding force, which leads to
the battery performance degradation [9,46]. Flexible LIBs
should maintain excellent mechanical and electrochemical
performance under various mechanical deformations. Flex-
ible electrodes are the key factors affecting battery perform-
ance. A wide variety of flexible electrode materials has
emerged, including self-supporting electrodes [47], flexible
current collectors [48], and flexible electrode configurations
[41].

2.1.1. Flexible carbon-based materials

Carbon-based materials such as carbon nanotubes [23,49],
carbon cloth [19,50], and graphene [21-22], have been
widely used as flexible electrodes and current collectors due
to their excellent electrical conductivity and flexibility. Car-
bon nanotube (CNT) films are the most promising current
collectors and have been widely applied in flexible LIBs. Hu
et al. [51] have reported flexible paper flexible LIBs in which
free-standing CNT thin films and flexible paper were used as
current collectors and separators, respectively, as shown in
Fig. 2(a). LiCoO»(LCO) and Li,Ti;O,(LTO) materials were
coated onto CNT thin film to form flexible electrodes. Then,
the flexible LCO/CNT and LTO/CNT were bonded to both
sides of the paper peeling process with a rod to form a flex-
ible paper battery with a thickness of only 300 um. The
cross-sectional SEM images of the paper battery are shown in
Fig. 2(b) [51]. The self-discharging performance was ap-
proximately 0.04%, and the voltage decreased by 2% after
cutting off the powder, as shown in Fig. 2(c) [51]. The flex-
ible paper-based LIBs exhibited a high energy density of 108
mW-h-g"' and excellent mechanical flexibility due to the
strong adhesion and mechanical durability of the flexible
electrodes.

In order to improve the electrode conductivity and capa-
city of flexible LIBs, graphene films have also been used in
flexible batteries as optimal candidates, due to their high sur-
face area, stability, flexibility, and excellent conductivity.
The graphene has higher specific surface area than CNT. Shi
et al. [52] have designed flexible LIBs composed of integ-
rated graphene-based electrodes. The flexible free-standing
electrodes were prepared via vacuum filtration. As shown in
Fig. 2(d) and (e), the graphene/LTO electrode (G-LTO) has a
more stable interface than conventional electrodes(Al-LTO).
The graphene-based electrode exhibited excellent flexibility
(Fig. 2(f)). The potential difference increased with increasing
current density; however the conventional electrodes showed
a higher overpotential. As shown in Fig. 2(g)(i), the flexible
LIBs exhibited lower polarization and excellent rate per-
formance compared to the conventional electrodes, which
was attributed to the stable interface between the active ma-
terials and graphene. In conclusion, the G-LTO electrodes



N. Li et al., Mechano-electrochemical perspectives on flexible lithium-ion batteries

1021
©
25 =
e ——— b
> 2.0 =00k cossosssssessseany 1100 2
> < sof°® 480 3
o L E =
o LSF 2 gt 160 5
= = L i 2
210+ 40 = Capacity 40 e
> = 201« Columbic efficiency| 20 _;
S ool T
05t %0 5 10 15 20° 8
Cycle number
0 1 1 1 1
0 100 200 300
Time / h

r

G-LTO

—05C
—1C
—2C
—5C
—IOC

AI-LTO 1200 ("3
1006
1000 = G-LTO
u AI-LTO
800

600

—05C
—1C
—2C
—5C
—10C

400

Polarization, AE / mV

200

8

0.6
0 20 40 60 80 100120140160180200
Specific capacity / (mAh-g™")

Fig. 2.

"0 20 40 60 80 100120140160180200
Specific capacity / (mAh-g ™)

481
OSC 1C 2C SC 10C
Rate

Flexible carbon-based materials: (a) schematic of the paper LIB with free-standing film electrode; (b) SEM image of the

cross-section of the paper LIB; (c) self-discharge curves of the full paper LIB; SEM images of the cross-section of (d) G-LTO and (e)
AI-LTO:; (f) photograph of a G-LFP; rate performance of (g) G-LTO and (h) AI-LTO; (i) comparison of the polarization of differ-
ent electrodes at different current densities. (a—c) Reprinted with permission from L. Hu, H. Wu, F.L. Mantia, et al., Thin, flexible
secondary Li-ion paper batteries, ACS Nano, 4(2010), No. 10, p. 5843 [51]. Copyright 2010 American Chemical Society; (d-i) [52] ©
IOP Publishing. Reproduced with permission. All rights reserved.

exhibited stable electrode processes due to their faster ion
transport and high electrolyte wettability. In conclusion, flex-
ible carbon-based electrodes are thin, showed good flexibil-
ity and electrochemical properties. CNT and graphene films
were used as a flexible substrates, and active materials coated
on the substrate through doctor-blading or vacuum filtrations
processes. The flexible electrode has poor adhesion, so the
interface stability needs to be improved. However, compared
with the traditional lithium-ion battery, the capacity of the
flexible battery obtained by the above method is relatively
low, which is difficult to meet the practical applications.
2.1.2. Flexible electrode structure design

Although the flexible film electrodes have excellent flex-
ibility, stress concentration would still occur in the electrodes
during continuous mechanical deformation. To solve this
problem, novel electrode configurations and three-dimen-
sional electrodes have been designed. Bao ef al. [53] have re-
ported patterned electrodes with serpentine-shaped networks.
The patterned electrodes were prepared by 3D-printed tech-

nology, as shown in Fig. 3(a), and then the free-standing ser-
pentine-shaped electrodes were acquired through vacuum
drying and demoulding. The stretchability of the serpentine-
shaped patterned electrode network was demonstrated by fi-
nite element simulation. For the flexible LIBs, Li,Ti;O;,
(LTO) and LiFePO, (LFP) were chosen as the positive elec-
trode and negative electrode respectively. The electrolyte is 1
M LiPF; in EC-DEC with 1:1 by volume. The capacity reten-
tions of LFP and LTO electrodes could still reach 92% and
88% after stretching 100 times, as shown in Fig. 3(b). The
full batteries showed stable electrochemical performance,
powering a light-emitting diode (LED) under different mech-
anical deformations. The excellent extendibility and mechan-
ical durability were attributed to suitable configuration
design. This serpentine-shaped electrode would provide a
new strategy for the design and manufacture of stretchable
LIBs [53]. Poor contact occurs inside the free-standing ser-
pentine-shaped electrode, and the free-standing electrode
cracked during extreme deformation. Hence, elevating inter-



1022 Int. J. Miner. Metall. Mater., Vol. 29, No. 5, May 2022

(a) C 2> ® :
Viscous LTO LFP 40L, 03CLFP printed
elgctrode > 35| J'l
inks <
[
230}
S
> 25 —— Pristine
20 ——— Stretched 100 times

0 40 80 120 160
Capacity / (mAh-g™)

ZnCo,0, nanowire
arrays/carbon cloth

ZnCo,0,/carbon cloth
- (anode)

Separator
e

Bowl-like N

"\

LiCoO,

Liqtid Al foil
electrolyte (cathode)

Porous ACT/NiS—graphene Flexible lithium-ion battery

Cotton textile Porous ACT/Ni—graphene

4 C cycling under
150 L in-situ bending

120 \\'—-\N

50 100 150 200
Cycle

180 (2)

Capacity / (mAh-g™)
P
ISERS)

W
(=]
T

=]

[=]

Fig. 3. Flexible electrode structure design: (a) 3D-printed patterned stretchable electrodes; (b) cycle performance of LFP cathode at
0.3 C under different states: pristine and stretched 100 times; (c) schematic of the fabrication process of flexible lithium-ion batteries
with active cotton-textile; (d) schematic of the fabrication of flexible lithium-ion battery with the hierarchical 3D ZnCo,04 nanowire
arrays/carbon cloth as negative; (¢) SEM images of patterned current collectors: Al and Cu foil; (f) photographs of a flexible battery
under mechanical deformation; (g) discharge capacity of the flexible battery at the current density of 4 C under in-situ bending: a
bending speed of 30 mm-min~' with an applied force of 11.0 N. (a-b) Reprinted from Energy Storage Mater., 33, Y.H. Bao, Y. Liu,
Y.D. Kuang, et al., 3D-printed highly deformable electrodes for flexible lithium ion batteries, 55-61, Copyright 2020, with permission
from Elsevier [53]; (¢) reprinted with permission from Z. Gao, N.N. Song, Y.Y. Zhang, et al., Cotton-textile-enabled, flexible lithium-
ion batteries with enhanced capacity and extended lifespan, Nano Lett., 15(2015), No. 12, p. 8194 [18]. Copyright 2015 American
Chemical Society; (d) reprinted with permission from B. Liu, J. Zhang, X.F. Wang, et al., Hierarchical three-dimensional ZnCo,0,
nanowire arrays/carbon cloth anodes for a novel class of high-performance flexible lithium-ion batteries, Nano Lett., 12(2012), No. 6,
p- 3005 [19]. Copyright 2012 American Chemical Society; (e—g) reprinted with permission from M.H. Park, M. Noh, S. Lee, et al.,
Flexible high-energy Li-ion batteries with fast-charging capability, Nano Lett., 14(2014), No. 7, p. 4083 [54]. Copyright 2014 Americ-
an Chemical Society.

collector. The ACT/NiS,-graphene electrode was prepared
by two-step heat treatment, as shown in Fig. 3(c). The flex-

face contact is very important. Chemical contact is more
stable than physical contact. In-situ grown on flexible sub-

strate is an effective method.

Three-dimensional flexible current collectors have been
developed to improve the stability of electrodes. Carbon cloth
and conductive carbon textiles have been the most frequently
reported owing to their excellent mechanical strength, com-
mercial feasibility, and flexibility. Many electrode materials
can be directly grown on the three-dimensional carbon-based
substrates, such as nanowires, nanosheets, and nanotubes.
Such three-dimensional free-standing electrodes fabricated
using an in situ growth method is an effective method to pre-
pare flexible electrodes for LIBs. Gao ef al. [18] have repor-
ted the use of an active cotton textile (ACT) as the current

ible LIBs assembled using the ACT/NiS,-graphene electrode
showed excellent flexibility and electrochemical perform-
ance during bending, which was attributed to the multiscale
porous hierarchical structure of ACT. During mechanical de-
formation, no cracks were generated in the active particles
because the hollow structure of the ACT fibers buffered the
stress concentration. Liu et al. [19] have fabricated hierarch-
ical 3D ZnCo,0, nanowire arrays/carbon cloth anodes for
flexible LIBs. Fig. 3(d) shows the schematics of the elec-
trodes and flexible LIBs. After bending 120 times, the flex-
ible LIBs exhibited similar discharge capacity and platforms.
In conclusion, 3D carbon-based current collectors have been
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demonstrated to provide a good opportunity for the commer-
cialization of flexible batteries owing to their lightweight,
high mechanical strength, and strong adhesion with the act-
ive materials. In particular, the strong adhesion with the act-
ive materials can maintain the structural stability of the elec-
trode and improve its conductivity. The porous structure in-
creases the wettability of the electrolyte and the active sur-
face area, which is beneficial for accelerating Li" transporta-
tion and the stability of electrode reactions [19].

The above-mentioned flexible electrodes are different
from conventional electrodes, such as energy density and
conductivity. The design of flexible batteries based on tradi-
tional metal collectors is an inevitable trend. Active materials
are removed from the metal current collector during mechan-
ical deformation owing to their lower adhesion. To solve this
problem, many researchers have studied patterned metal foil.
Park et al. [54] have reported the use of comb-patterned Cu
and Al foils as current collectors, which can improve adhe-
sion to the electrode (Fig. 3(e)). The width of the omb-pat-
terned Cu and Al foil was 50 um, which was optimal for el-
evating the mechanical strength of the current collector and
adhesion to active materials. The flexible full batteries using
comb-patterned Cu and Al foils were bent by a testing ma-
chine (Fig. 3(f)) at a bending speed of 30 mm-min ' under an
applied force of 11.0 N. The flexible full battery showed the
discharge capacity of 90 mAh-g™ after 200 cycles under in-
situ bending at a current density of 4 C (Fig. 3(g)) [54]. The
comb-patterned Cu and Al foil, a combination of microsacle
and nanoscale patterns, significantly increases the mechanic-
al strength of the current collector and the adhesion of active
materials to the current collector. Compared with the elec-
trodes that active materials shedding from the current collect-
or, the comb-patterned current collector exhibited better rate
performance. This work has developed flexible batteries with
fast charging capability by using high-power cathode and an-
ode materials and honeycomb-patterned current collectors.
Hence, a patterned current collector is an effective method
for fabricating flexible LIBs.

In summary, free-standing carbon-based electrodes and
flexible electrode structure designs are the future develop-
ment directions for flexible electrodes. They exhibit strong
adhesion to active materials, which can enhance Li" trans-
port. The good conductivity and porous structure can provide
pathways for ion and electron transport, which is beneficial
for the stability of the electrochemical kinetic process during
mechanical deformation. However, during extreme deforma-
tions, the flexible electrodes maybe occur wrinkle, fractures,
and delamination. The manufacturing processes of the above-
mentioned flexible electrodes are complex and the cost is ex-
pensive. It is enhancing major challenge to enhance the en-
ergy density of flexible LIBs.

2.2. Flexible polymer electrolyte

The electrolyte is an indispensable part of LIBs, and plays
a role in transporting Li-ions. The electrolyte should have
high ionic conductivity and insulation resistivity. The elec-
trolytes of conventional LIBs are liquid, mostly composed of

ester and ether electrolytes that are combustible. LIBs are
prone to liquid leakage under continuous mechanical loads,
causing safety hazards. Furthermore, side reactions includ-
ing dendrites growth, electrolyte decomposition, and gas
evolution may occur on the surface of the electrode or elec-
trolyte. Lithium dendrites can pierce the separator, resulting
in thermal runaway and explosions. In recent years, the fur-
ther development of inorganic solid electrolytes and polymer
electrolytes has significantly enhanced the safety of LIBs. In-
organic solid electrolytes (ISEs) have high ionic conductiv-
ity, high rigidness, and high interface resistance, which are
not suitable for flexible LIBs [9]. Solid polymer electrolytes
are widely used in flexible batteries because of their good
mechanical flexibility and excellent interface stability.

Lee and his colleagues have prepared a new type of ul-
trathin and deformable polymer electrolyte (N-PCPE) com-
posed of a plastic crystalline polymer electrolyte and porous
non-woven polyethylene terephthalate (PET) fabric [28]. N-
PCPE possesses excellent mechanical strength owing to its
three-dimensional network structure. The N-PCPE electro-
lyte could be deformed arbitrarily, as shown in Fig. 4(a). The
LTO negative electrode, N-PCPE, and LCO positive elec-
trode were assembled into a battery with an all-plastic film.
The resulting pouch battery-powered LED in both bent and
no-bend states (Fig. 4(b)—(d)). As shown in Fig. 4(c), the
voltage remained stable during the different bending deform-
ation processes. The pouch battery assembled with N-PCPE
exhibited stable electrochemical performance even in a
severely wrinkled state, and there was no internal short cir-
cuit between the electrodes. N-PCPE exhibits both high ion-
ic conductivity and mechanical flexibility, and this electro-
lyte can provide important support for the development of
flexible batteries, especially for safety. In addition, flame-re-
tardant and stable polymer electrolyte membranes have been
fabricated by the Kyu’s research group. The polymer electro-
lyte was prepared using cross-linkable polyurethane as the
precursor; the preparation process is shown in Fig. 4(e) [55].
The polymer electrolyte membrane (PEM) was transparent
and could be arbitrarily bent and twisted (Fig. 4(f)). The PEM
exhibited an ionic conductivity of 8 x 10™* S-cm™ at room
temperature. The LFP and graphite were used as the positive
and negative electrodes. The full battery was composed of
LFP, PEM, and graphite, and could powder a LED during the
bending process (Fig. 4(g)). The PEM electrolyte exhibited
good electrochemical performance in the full battery, with
80% capacity retention after 250 cycles.

Therefore, The safety and flexibility of flexible LIBs are
improved by using solid polymer electrolytes. However,
compared with liquid electrolytes, the ionic conductivity and
interface stability still needs to be improved. Currently, in
situ polymerization methods and additives have been widely
used to evaluate interface stability and reduce interface res-
istance. Hence, the development of novel solid-state polymer
electrolytes with high conductivity is very important for flex-
ible LIBs. In addition, enhancing the stability of the interface
between solid polymer electrolyte and electrode should be
paid attention to flexible lithium-ion battery.
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Flexible polymer electrolytes: (a) photograph of an N-PCPE electrolyte with the different bending states; photographs of

pouch LIBs with the N-PCPE electrolyte in (b) the pristine and (c) bent states; (d) voltage of the pouch LIBs during the bending test;
(e) synthesis of polyethylene glycol-bis-carbamate (PEGBC) and polyethylene glycol-bis-carbamate dimethacrylate (PEGBC-DMA);
(f) PEM electrolyte under the bent and twisted states; (g) photograph of flexible solid-state LIB powering LED. (a—d) K.H. Choi, S.J.
Cho, S.H. Kim, et al., Adv. Funct. Mater., 24, 44 (2014) [28]. Copyright 2014 Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced
with permission; (e-g) reprinted from Solid State Ionics, 320, G.P. Fu, M.D. Soucek, and T. Kyu, Fully flexible lithium ion battery
based on a flame retardant, solid-state polymer electrolyte membrane, 310-315, Copyright 2018, with permission from Elsevier [55].

2.3. Flexible packaging materials

LIBs are packaged in sealed containers to prevent the
electrolyte from coming into contact with the external atmo-
sphere. The packaging materials generally comprise either an
aluminum-plastic film, steel shell, or aluminum shell, which
are inert and do not participate in any reactions. However,
these packaging materials have high stiffness, which results
in uneven stress in the electrode and the electrolyte. Cur-
rently, most of the reported flexible LIBs are mainly based on
pouch batteries, in which laminated or wound cells are en-
capsulated by an aluminum-plastic film. The aluminum-
plastic film is mainly divided into three layers: nylon, metal
Al foil, and polypropylene film. The aluminum-plastic film
has low flexibility, which depends on the thickness of the
nylon and metal layers. Flexible packaging materials that
prevent electrolyte leakage are very important for flexible
LIBs.

To address the inflexibility of aluminum-plastic films,
most polymer materials have been applied to packaging flex-
ible LIBs, such as polydimethylsiloxane (PDMS) [56] and
polyimide films (PI) [57]. Gao and his colleagues have pro-
posed a new type of flexible and self-healing all-fiber-based
solid-state lithium-ion battery shaped like a spring. The SnO,
quantum dots @ reduced graphene oxide (RGO) and LiCoO,
were used as negative and positive electrodes, respectively.
The electrolyte used poly(vinylidenefluoride-co-hexa-fluoro-
propylene, PVDF-co-HFP) soaked in LiClO, with EDC/EC.
Self-healing carboxylated polyurethane (PU) was used as the
packaging material for self-healing the spring-like LIBs as
shown in Fig. 5(a) [34]. The self-healing spring-like LIBs ex-
hibited good electrochemical performance. The capacity of
the flexible self-healing LIBs was 82.6 mAh-g"' under a

series of mechanical deformations. When the current density
was 0.1 A-g', it maintained a capacity of 50.1 mAh-g ' after
the fifth healing. Polydimethylsiloxane (PDMS) exhibits ex-
cellent mechanical strength and flexibility. Most of the cur-
rently reported thin-film batteries are encapsulated with
PDMS to maintain good deformability. The flexibility of
thin-film batteries may mainly originate from the PDMS
packaging materials, as the flexibility of the electrode or
electrolyte materials has not been well proven. Koo et al. [36]
have reported bendable inorganic thin-film battery based on
PDMS that was solid-state (Fig. 5(b)). The solid-state bend-
able battery exhibited a capacity of 106 uAh-cm 2.

PDMS was also known as a silicone high-elastomer with
good tensile properties that can withstand more than 100%
stretch. Hence, it is widely used in stretchable flexible LIBs.
Xu et al. [56] have designed a stretchable flexible battery
with a typical structure and PDMS, which was used to isol-
ate the electrodes and electrolytes from the air to protect
them. As shown in Fig. 5(c), the stretchable flexible battery
exhibited stretchable deformation ability. The excellent
stretchability was attributed to the self-similar serpentine in-
terconnects and low-modulus silicone elastomers. The
stretchable batteries can achieve reversibility of up to 300%
while maintaining a capacity density of 1.1 mAh-cm .

Compared with aluminum-plastic films, the flexibility of
polymer materials is more suitable for the packaging and
practical application of thin-film batteries. Flexible pack-
aging is a novel approach for next-generation flexible elec-
tronic devices. However, polymer packaging materials have
some deficiencies. For example, waterproofing ability is not
as good as that of aluminum-plastic films. In the future, im-
proved flexibility of aluminum-plastic films is a great chal-
lenge for the development of flexible LIBs.
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Fig. 5. Flexible polymer packaging materials: (a) self-healing carboxylated polyurethane (PU); (b) photographs of a bendable inor-
ganic thin-film battery with PDMS packaging material; (c) stretchable batteries with PDMS. (a) Reprinted from Nano Energy, 51,
J.Y. Rao, N.S. Liu, Z. Zhang, ef al., All-fiber-based quasi-solid-state lithinm-ion battery towards wearable electronic devices with out-
standing flexibility and self-healing ability, 425-433, Copyright 2018, with permission from Elsevier [34]; (b) reprinted with permis-
sion from M. Koo, K.I. Park, S.H. Lee, et al., Bendable inorganic thin-film battery for fully flexible electronic systems, Nano Lett.,
12(2012), No. 9, p. 4810 [36]. Copyright 2012 American Chemical Society; (c) reprinted by permission from Springer Nature: Nat.
Commun., Stretchable batteries with self-similar serpentine interconnects and integrated wireless recharging systems, S. Xu, Y.H.

Zhang, J. Cho, et al., Copyright 2013 [56].
3. Mechanical structure of flexible batteries

In recent years, great efforts have been made to realize
flexibility by changing the battery design. During mechanic-
al deformation, it was observed that the active materials were
removed from the current collector, increasing the contact
resistance [9,58—60]. Therefore, it is necessary to design flex-
ible LIBs based on the traditional industrial electrode struc-
ture and manufacturing methods that maintain relatively high
energy density and electrochemical performance. A series of
novel structural designs were applied to flexible LIBs to en-
hance their mechanical flexibility and electrochemical per-
formance stability. When the flexible LIBs were deformed,
the stress concentration mainly occurred in specific regions.
In this section, the recent developments of flexible LIBs with
regard to structural design are discussed, including electrode
configurations and battery configurations.

3.1. Patterned configuration

The development of the electrode configuration is re-
viewed. The electrode configurations mainly focus on
designing novel electrode structures and optimizing tradi-
tional electrode structures to enhance adhesion and mechan-
ical stability, such as fiber electrodes, kirigami-based planar
electrodes, stretchable electrodes, and 3D electrodes. Park et
al. [42] have designed post-patterned electrodes based on a
traditional electrode, which were then wound into node-type
flexible LIBs (Fig. 6(a)). The post-patterned electrodes were
fabricated using an additional traditional electrode prepared
by slurry coating and rolling processes. The traditional elec-
trode exhibited delaminated active materials and cracks in
both positive and negative electrodes after 200 cycles (Fig.

6(b)). Nevertheless, the post-patterned electrodes retained a
complete surface with no damage. Furthermore, the node-
type flexible LIBs with post-patterned electrodes exhibited
better electrochemical performance and flexibility. The node-
type flexible LIBs could power LED under different bending
states (Fig. 6(c)). After bending 3000 times, up to 80% capa-
city was retained (Fig. 6(d)), and the node-type flexible LIBs
showed no discernible capacity loss compared with un-
stressed LIBs.

However, post-patterned electrodes may cause an elec-
trode contact mismatch during battery assembly, and the pre-
paration processes are complicated, increasing the time and
cost [61]. Therefore, this research group has designed a 3D
interlocking electrode structure with opposite patterning. The
3D interlocking electrode structure was fabricated by pat-
terned rolling the entire cell, as shown in Fig. 6(e) [61]. Com-
pared to the above patterning process, the 3D interlocking
structure electrodes exhibited no structural deformation un-
der mechanical deformation, mainly because of the good
matching between the electrodes. The 3D interlocked LIBs
exhibited better electrochemical performance, with 80% ca-
pacity retention after 100 cycles after flexing 4000 times
(Fig. 6(f)). While the normal LIBs retained only 50% of their
capacity. The 3D interlocked LIBs were used to power LED
under mechanical deformation, as shown in Fig. 6(g) and (h).
The patterned electrode structure demonstrates that the
mechanical and electrochemical stability of flexible LIBs can
be enhanced by designing commercial electrode configura-
tions. These studies provide a new opportunity for the devel-
opment of high-energy flexible LIBs based on manufactur-
ing processes of the traditional LIBs. However, during pre-
paration processes of patterned electrodes may cause irre-
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Fig. 6. Patterned configuration: (a) schematic of the node-type LIBs with postpatterned LiCoO, and graphite electrodes; (b) dam-
age sites of nonpatterned and postpatterned electrodes after 200 cycles; (c) photographs of the node-type LIBs under flexing test; (d)
cycle performance of the node-type LIBs with flexing and in the unstressed state; (e) schematic of the assembly process for flexible 3D
interlocking LIBs; (f) cycle performance of flexible 3D interlocking LIBs; (g-h) application scenario display of flexible 3D interlock-
ing LIBs. (a—d) M. Park, H. Cha, Y. Lee, J. Hong, S.Y. Kim, and J. Cho, Adv. Mater., 29, 1605773 (2017) [42]. Copyright 2017 Wiley-
VCH Verlag GmbH & Co. KGaA. Reproduced with permission; (e-h) H. Cha, Y. Lee, J. Kim, M. Park, and J. Cho, Adv. Energy
Mater., 8,1801917 (2018) [61]. Copyright 2018 Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission.

versible damage to the original electrodes, which would
make the electrchemical performance of battery decreased
owing to side reactions.

3.2. Full battery configuration

Recent developments in battery configurations for flex-
ible LIBs have been widely reported. The battery configura-
tions focus on multidimensional structures. The novel flex-
ible LIBs configurations mainly include fabric-like [62],
cable-type [37], fabric-like [63], wave-like [29,39,64], and
origami structures [65]. The fabric-type lithium-ion battery
has been considered to have great potential in flexible wear-
able devices [66]. Peng's research group has been committed
to developing fiber-like batteries in recent years, with the
goal of large-scale industrialization of fiber batteries. To
manufacture long fiber electrodes and high-performance
flexible fiber batteries has become a key problem [67-69].
Kwon et al. [37] have designed a cable-type battery with hol-
low multihelix electrodes, in which the balance of battery ca-
pacity was achieved by adjusting the number of negative

electrodes and the thickness of the positive electrodes (Fig.
7(a)). The cable-type battery can be applied in any field ow-
ing to linear shape and omni-bearing flexibility, providing a
reliable strategy for the realization of wearable devices. The
cable-type battery belongs to 1D linear structure design,
which may damage the fiber electrode with deformations.
The electrode damage can be alleviated by reserving the
stress concentration positions based on Origami technology.
Origami/kirigami technology can be applied to the optimal
design of traditional LIBs for planar structures. Recently,
Song et al. [65] have reported origami LIBs with good fold-
ing, bending, and twisting properties, as shown in Fig. 7(b).
The origami LIBs were fabricated by Miura folding to form
"mountain" and "valley" creases, which played a connecting
role. Hence, the origami LIBs can be compressed in one or
two directions to realize various angular deformations. Ow-
ing to the limitations of the origami structure in the stretch-
ing direction, this team also designed kirigami-based flexible
LIBs to expand stretchability by combining cutting and fold-
ing. The cable-type and origami flexible LIBs exhibited good
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Kwon, S.W. Woo, H.R. Jung, et al., Adv. Mater., 24, 5192 (2012) [37]. Copyright 2012 Wiley-VCH Verlag GmbH & Co. KGaA. Re-
produced with permission; (b) reprinted by permission from Springer Nature: Nat. Commun., Origami lithium-ion batteries, Z.M.
Song, T. Ma, R. Tang, et al., Copyright 2014 [65]; (c) G.Y. Qian, B. Zhu, X.B. Liao, et al., Adv. Mater., 30, 1704947 (2018) [70]. Copy-
right 2018 Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission; (d) X.B. Liao, C.M. Shi, T.Y. Wang, et al., Adv.
Energy Mater., 9, 1802998 (2019) [71]. Copyright 2019 Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission.

electrochemical performance, while their energy density was
relatively low.

Although great progresses have been made in flexible
LIBs, it remains challenging to simultaneously obtain high
flexibility and high energy density. In order to elevate the
high energy density, inspired by the spine structure, Qian et
al. [70] have designed a spine-like flexible, as shown in Fig.
7(c). The spine-like configuration realized the decoupling of
energy storage regions and the flexible regions that endured
deformation. The spine-like flexible LIBs have used LiCoO,
and graphite as the positive and negative electrodes, respect-
ively. The energy density of spine-like flexible LIBs exceeds
85% of that of prismatic batteries with the same volume. The
energy density of the flexible full LIBs can reach 242
W-h-L™"' because 90% of the area is used to store energy. The
spine-like batteries maintain excellent performance under dy-
namic and different mechanical deformations owing to the
decoupling design. Inspired by origami folding, this team
also reported a zigzag-like battery with high foldability and
high energy density, as shown in Fig. 7(d) [71]. As the length
ratio of the foldable flexure hinge between the rigid electrode
parts can approach zero, the energy density of zigzag-like

batteries could reach 275 W-h-L™, which is 96.4% of that of
traditional stacking batteries. The zigzag-like battery showed
stable cycle performance during 45000 cycles of continuous
dynamic loading with 130 degrees.

The high energy density flexible LIBs, such as spine-like
and zigzag-like, can bend only in a single direction. Flexible
LIBs may require arbitrary deformations for practical applic-
ations. Our research group reported novel bidirectional flex-
ible snake-origami LIBs inspired by chemical molecular
structures, as shown in Fig. 8(a) [72]. The bidirectional flex-
ible snake-origami batteries are composed of rigid and soft
regions. The rigid regions were used to provide energy, and
soft regions were designed as deformation units. The flexible
snake-origami batteries exhibited a stable electrochemical
performance during different deformations, as shown in Fig.
8(b). As shown in Fig. 8(c) and (d), compared to the previ-
ous and commercial flexible LIBs, the flexible snake-ori-
gami batteries showed a high energy density of 357 W-h-L™
and unique bi-directional deformation owing to the decoup-
ling design. We have also established a principle between
geometric parameters, energy density, and flexibility, which
is used to demonstrate the validity of utilizing rigid-soft
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display and robot. Reprinted from Ref. [72].

coupled structures to endure various deformations [72]. The
flexible snake-origami batteries were used to provide energy
for flexible LED screens and smart robots to demonstrate
possible application scenarios.

In summary, the structural design has proven to be an ef-
fective strategy for flexible batteries with both high energy
density and excellent mechanical stability. During mechanic-
al deformation, the stress concentration mainly emerges in
specific areas of the flexible LIBs. However, the overall per-
formance of the battery is slightly affected by continuous de-
formations owing to unstable kinetic reactions and the un-
even distribution of electrolytes. When designing a flexible
battery, it is necessary to carefully consider the balance
between energy density, geometric configuration, and flexib-
ility, which is used to achieve balanced performance for
practical application. Therefore, it is still a great challenge to
realize the actual flexibility and no damage, as the flexible
LIBs must maintain stable electrochemical reactions under
various mechanical loads. In the future, the coupling design
of flexible material and battery structure is the development
direction of the flexible battery.

4. Mechano-electrochemical
ation

coupling evalu-

Flexible LIBs have made great progress in terms of flex-

ible materials and structural design in recent years, providing
important technical support for the development of wearable
devices. However, effective evaluation of the flexibility, dur-
ability, and electrochemical performance of flexible LIBs has
become a key challenge. Recently reported evaluation meth-
ods and parameters are diverse and lack unified standards,
which makes it difficult to accurately and uniformly evaluate
flexible LIBs. The evaluation of flexible LIBs should be
based on mechano-electrochemical processes. The common
deformations mainly included bending, stretching, folding,
and twisting. The evaluation methods mainly focus on finite
element simulation, geometric parameters, and electrochem-
ical analysis.

4.1. Mechanical stability

Numerical simulations, such as finite element simulations,
are widely used to analyze the stress distribution of flexible
batteries under mechanical loadings [73-75]. As shown in
Fig. 9(a) and (b), the stress distribution of the joint-like flex-
ible battery was studied using finite element simulation un-
der different deformation states [76]. The finite element sim-
ulation results have demonstrated that the stress was mainly
concentrated on the connecting part between the two cylin-
ders. The stress distribution of electrode materials with dif-
ferent shapes can also be analyzed using a finite element sim-
ulation. Chen and his colleagues have analyzed different
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electrode configurations, and found that a wavy electrode
structure was more suitable for the flexible batteries. The
simulation results have demonstrated that the wrinkled struc-
ture can release strain by changing its shape with an out-of-
plane bend, as shown in Fig. 9(c), even though the electrode
materials are stiff [77]. Song et al. [65] designed an origami
battery that can withstand high-strength deformation, which
can create a compact, deformable 3D structure by folding
two-dimensional planar structures along predetermined
creases. In Fig. 9(d), the finite element simulation results of
the origami structure under different deformations indicate
that the strain was very small at a strain level of 0.001%,
which demonstrated the stability of the battery structure [65].
Qian et al. [70] have analyzed the effective bending stiffness
of spine-like batteries using an analytic method. They defined
a relative bending efficiency parameter, k/k,, that describes
flexiblity. As shown in Fig. 9(e), k/k, is a function of the gap
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length, denoted by x. The finite element analysis of the stress
distribution of the spine-like, prismatic, and stacked batteries
in a bending state was conducted. The results demonstrated
that the spine-like structure had high flexibility, as shown in
Fig. 9(f), with the stress mainly concentrated in the gap. For
the structural design of flexible batteries, finite element simu-
lation is a very effective method for determining the rational-
ity and stress distribution of structures. Nevertheless, the
model of battery structure in finite element simulation is quite
different from the real geometric configuration, ignoring the
influence of the electrochemical environment.

4.2. Mechanical and electrochemical coupling process

The flexible LIBs can bring about opposite tensile/com-
pressive stresses on the electrodes under mechanical loading.
The geometric parameters commonly used to evaluate the
flexibility of flexible limbs are R, €, and L. R is used to de-
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Fig. 9. Finite element simulation: (a) human-joint-inspired structural design; (b) finite element simulation results of a bendable and
twistable flexible battery; (c) strain distribution of wavy-like battery; (d) strain distribution of Origami LIBs; (e—f) finite element sim-
ulation of spine-like battery. (a—b) reprinted with permission from A. Chen, X. Guo, S. Yang, ef al., Human joint-inspired structural
design for a bendable/foldable/stretchable/twistable battery: Achieving multiple deformabilities, Energy Environ. Sci., 14(2021), No. 6,
p- 3599 [76]. Copyright 2021 Royal Society of Chemical; (c) D.P. Qi, Z.Y. Liu, Y. Liu, et al., Adv. Mater., 27, 5559 (2015) [77]. Copy-
right 2015 Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission; (d) reprinted by permission from Springer
Nature: Nat. Commun., Origami lithium-ion batteries, Z.M. Song, T. Ma, R. Tang, et al., Copyright 2014 [65]; (e-f) G.Y. Qian, B.
Zhu, X.B. Liao, et al., Adv. Mater., 30, 1704947 (2018) [70]. Copyright 2018 Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced

with permission.
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scribe the bending radius, and 6 is the bending angle. The dis-
tance between the two ends of the cell after bending is L.
While the three parameters are suitable for macro-scale stress
analysis, they are not suitable for accurately describing the
stress distribution of internal multi-layer structures. If para-
meter b is used to describe the thickness of a neutral plate,
then a multilayer battery structure can be regarded as a com-
posite plate structure with the friction force between the
plates determined using the analytical method. The frictional
force is related to the thickness of the neutral plane and the
force caused by bending. However, the change in the friction
coefficient due to the uneven distribution of the electrolytes is
not considered. Thus, the analysis of the accuracy of the in-
ternal stress distribution requires further study. The internal
environment of a flexible battery is a multifield coupling en-
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vironment under mechanical loading. The changes in the in-
ternal structure and environment are dynamic processes,
which complicate the accurate description of the internal
stress distribution.

Currently, most researchers have focused on the stability
of the electrochemical performance during different mechan-
ical deformations described by the above geometric paramet-
ers. In Fig. 10(a) and (b), Kown et al. [37] have investigated
the voltage stability with various bending deformations every
20 min, with cable-type batteries exhibiting good voltage sta-
bility. In addition, Li et al. [78] have also reported three para-
meters (L, 6, and R) to explain the relationship between the
electrochemical performance and the bending state, where L
is also described as the device length, as shown in Fig. 10(c).
The capacity retention was used to represent the stability of
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meters; (d) capacity retention of flexible batteries; (e) schematic illustration of softness. (a—b) Y.H. Kwon, S.W. Woo, H.R. Jung, et
al., Adv. Mater., 24, 5192 (2012) [37]. Copyright 2012 Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission; (c—e) re-
printed from Joule, 3, H.F. Li, Z.J. Tang, Z.X. Liu, et al., Evaluating flexibility and wearability of flexible energy storage devices, 613-

619, Copyright 2019, with permission from Elsevier [78].
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the electrochemical performance under changing geometric
parameters. The capacity retention decreased with a decrease
in bending radius, as shown in Fig. 10(d), indicating that ca-
pacity retention is closely related to the geometric paramet-
ers. In Fig. 10(e), softness is defined as the distension height
and was used to represent the deformation ability. In conclu-
sion, the researchers have proposed evaluation parameters
and corresponding test methods for flexible batteries and
electrode materials. Most experimental characterization
methods are based on measuring the electrochemical per-
formance under different deformation processes and evaluat-
ing the deformability with corresponding geometric paramet-
ers.

The change in the charge-discharge curves under deform-
ation has also been explained by the relationship between
mechanical loading and electrochemical reactions. As shown
in Fig. 11(a) and (b), the zigzag-like flexible batteries were
tested under different mechanical deformations [71]. The
charge-discharge curves exhibited good stability in the bend,
flexed, and folded states, as shown in Fig. 11(a). The charge-
discharge curves exhibited regular changes with continuous
folding/bending states, which demonstrated that the electro-
chemical reactions were affected by folding deformation.
The voltage fluctuations were lower than 1 mV. Qian et al.
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[70] have proved the structural stability of spine-like batter-
ies with dynamic flexing. The spine-like battery exhibited re-
latively stable electrochemical performance under dynamic
flexion, as shown in Fig. 11(c). In contrast, the prismatic bat-
teries exhibited severe voltage jitter with dynamic flexion, as
shown in Fig. 11(d). The discharge voltage of the spine-like
battery was stable even with continuous flexion and twisting,
as shown in Fig. 11(e), with voltage fluctuation lower than
0.02 mV in Fig. 11(f). Therefore, the spine-like battery ex-
hibited excellent flexibility and stable electrochemical per-
formance.

From the charge-discharge curves of the flexible LIBs in
Fig. 11 all showed voltage jitter under deformations. Hence,
the polarization and other side reactions may occur in the bat-
tery. The kinetics of electrode processes is constantly chan-
ging with dynamic flexion. To summarise, the service pro-
cess of flexible batteries is a mechano-electrochemical pro-
cess. The voltage curve and electrochemical performance are
only macroscopic representations of the battery, and they
cannot represent internal electrode reaction changes. The
above phenomena can only indicate that the internal electro-
chemical environment has changed. Yet the underlying reas-
ons need to be analyzed and characterized by other experi-
mental techniques.
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Mechanical and electrochemical coupling process: (a—b) charge-discharge curves of zigzag-like flexible batteries with vari-

ous mechanical deformations; (c) charge-discharge curves of spine-like flexible batteries under dynamic flex testing; (d) charge-dis-
charge curves of prismatic batteries under dynamic flex testing; (e—f) discharge curve of the spine-like battery under continuously
flexed and twisted states. (a—b) X.B. Liao, C.M. Shi, T.Y. Wang, et al., Adv. Energy Mater., 9, 1802998 (2019) [71]. Copyright 2019
Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission; (c—f) G.Y. Qian, B. Zhu, X.B. Liao, et al., Adv. Mater., 30,
1704947 (2018) [70]. Copyright 2018 Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission.

4.3. Kinetics of electrode processes

The electrode reactions are affected by the internal elec-
trochemical environment, which changes with mechanical
deformation. Hence, the electrode reactions depend on the

mechano-electrochemical coupling process, which requires
both excellent flexibility and stable electrochemical reaction
processes. Establishing the relationship between mechanical
flexibility and electrochemical performance to evaluate the
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comprehensive performance of flexible batteries is a key
problem.

When the battery is subjected to a certain external load,
the internal complex electrochemical environment changes
dynamically. Electrochemical impedance spectra (EIS) is
commonly used to study the kinetics of electrode processes.
Our group has used EIS to study the change in the kinetics of
electrode processes with different mechanical deformations.
Fig. 12(a) shows that there was a slight shift in the EIS spec-
tra with every kind of mechanical deformation [72]. The dis-
tribution of relaxation time (DRT) method was used to fur-
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ther analyze the EIS results in Fig. 12(b). The resistance
change may be caused by variations in the local electrolyte
distribution or kinetics of electrode processes. Cho and his
colleagues have reported 3D interlocked flexible LIBs with
3D patterned electrodes. The 3D interlocked flexible LIBs
were flexed 5000 times, and the battery was disassembled for
examination of the electrode. The disassembled electrodes
were then reassembled into a half-cell. Electrochemical im-
pedance tests were performed on the reassembled half-cells
under a different state of charge (SOC). The images in Fig.
12(c) show that there were no significant changes in the dis-
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Fig. 12. Kinetics of the electrode processes: (a) electrochemistry impedance spectra and (b) distribution of relaxation time of bi-dir-
ectional flexible LIBs with various mechanical deformations; electrochemistry impedance spectra of normal and 3D interlocking
LIBs with the (c) reassembled cathode and (d) anode after flexing 5000 times; (e) electrochemistry impedance spectra of spine-like
flexible LIBs for the unflexed state, and after bending 10000 times; (f) flectrochemistry impedance spectra of zigzag-like flexible bat-
teries under different bending states. (a—b) Reprinted from Ref. [72]; (c—d) H. Cha, Y. Lee, J. Kim, et al., Adv. Energy Mater., 8,
1801917 (2018) [61]. Copyright 2018 Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission; (e) G.Y. Qian, B. Zhu,
X.B. Liao, et al., Adv. Mater., 30, 1704947 (2018) [70]. Copyright 2018 Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with
permission; (f) X.B. Liao, C.M. Shi, T.Y. Wang, et al., Adv. Energy Mater., 9, 1802998 (2019) [71]. Copyright 2019 Wiley-VCH Ver-

lag GmbH & Co. KGaA. Reproduced with permission.
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assembled positive electrode after flexing 5000 times, which
demonstrates that the patterning process had little influence
on the positive electrode [61]. It was found that the imped-
ance changes of the disassembled graphite electrode were ob-
vious with different SOC states, particularly the solid electro-
lyte interphase (SEI) resistance and charge transfer resist-
ance, as shown in Fig. 12(d). When the flexible LIBs are sub-
jected to several deformations, the adhesion between the
components is weakened, leading to severe stratification or
delamination of the active materials. Eventually, the SEI
films reformed on the surface, and these active materials
were removed from the electrode. As shown in Fig. 12(e)—(f),
some researchers have studied the electrochemical imped-
ance spectra of flexible batteries before and after bending,
and the electrochemical impedance changes slightly [70-71].
This indicates that the internal electrochemical environment
of the flexible battery changed with bending, and the corres-
ponding kinetics of electrode processes were also affected.
Electrochemical impedance can reflect the changes in the in-
ternal kinetic parameters to a certain extent. While most re-
searchers have only studied the EIS of a single state, and the
EIS with both various states and processes has been lacking.

Hence, it is necessary to establish the relationship between
the charge-discharge curve, electrochemical impedance, and
mechanical parameters, which are used to describe the
mechano-electrochemical process. In conclusion, the intern-
al environment of flexible batteries is affected by a complex
multi-field coupling process. How to establish the relation-
ship between macro deformation and internal dynamic
change is the key challenge. We can develop novel experi-
ments to explore the mechano-electrochemical mechanism,
such as in-situ technology. Therefore, it is necessary to estab-
lish a multi-field coupling method to evaluate the flexibility
and electrochemical performance of flexible batteries.

5. Conclusions and perspectives
5.1. Conclusions

In this review, we have discussed the progress of flexible
LIBs concerning flexible materials, structural design, and
evaluation methods. Firstly, flexible materials and structural
design have been used to improve the flexibility of flexible
batteries. The flexible electrodes and current collectors have
been used to solve the active material delamination, and en-
sured the interface contact during the bending tests, such as
free-standing electrodes. The electrolyte leakage during flex-
ing tests, leading to unsafe events, is the key issue to achiev-
ing the stable performance of flexible LIBs. Therefore, flex-
ible solid polymer electrolytes have been widely studied for
flexible LIBs due to their high safety. The traditional pack-
ing materials are relatively rigid and have been replaced by
PDMS and other polymer materials to promote flexibility.
Secondly, in an effort to improve energy density and flexibil-
ity, structural designs of flexible LIBs have focused on elec-
trode configurations and full-cell configurations. The main
electrode configurations have focused on multi-dimension

structures, including thin films, wavy-like, fabric-like, and is-
land connections. However, combining the electrode config-
urations with flexible packing materials can improve the
flexibility and stability of flexible LIBs. Novel configura-
tions with the decoupling of energy storage and mechanical
deformation have been designed, such as spine-like, zigzag-
like, node-type, and snake-origami, allowing unprecedented
electrochemical performance. In conclusion, the design rules
of flexible LIBs should consider the balance between mech-
anical flexibility, energy density, and electrochemical per-
formance. Up to date, the evaluations of flexible batteries
have focused on numerical simulations and experimental
characterizations that are used to analyze mechanical flexib-
ility and electrochemical stability. The evaluation methods
for the flexible batteries have not been unified, and it is ne-
cessary to develop a unified characterization method or eval-
uation standard. For example, the kinetics of electrode pro-
cesses can be affected by mechanical loading, while the
mechanism is not clear.

Although great progresses have been made in the flexible
batteries in recent years, there are still some challenges that
need to be overcome. In the future, the development of flex-
ible batteries can focus on the following challenges: (1) nov-
el structure design with arbitrary deformation direction; (2)
development of unified evaluation methods and standards;
(3) exploring of the mechanism about how mechanical de-
formations affect the electrode reactions; (4) large-scale and
low-cost fabrication of flexible batteries. The development of
flexible LIBs will promote the commercialization of wear-
able and flexible devices.

5.2. Perspectives

The electrode process of flexible LIBs can be divided into
the following parts: liquid-phase mass transport in the elec-
trolyte, charge transfer on the surface, and solid-phase diffu-
sion in the particles [79]. The mechanical deformation has an
impact on the electrode process, and the mechano-electro-
chemical mechanism is discussed based on the kinetics of
electrode processes.

5.2.1. Mechano-electrochemical effects on the liquid-phase
mass transport

It is noted that the mechanical forces directly impact the
geometrical parameters of the flexible batteries, and
mechano-electrochemical effects can vary in different elec-
trode processes. In the liquid-phase mass transport, the mech-
anical influence is affected by the geometry of the internal
structures, including the porous electrode, separators, and
voids of the flexible batteries. The geometric parameters of
the flexible LIB structure changed during the deformation
process. When a certain force is applied to flexible LIBs, the
battery deforms. The deformation of flexible LIBs can result
in a change in the connection between the electrode and sep-
arator, and the spacing distribution between separator and
electrode becomes inconsistent. For example, the porosity
and tortuosity of the separators changed with deformation,
and deformation of flexible LIBs may cause an uneven distri-
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bution of electrolytes. In the flexible LIBs, the electrochem-
ical processes of liquid-phase mass transport would be af-
fected by the porosity and tortuosity of the separators, which
results in voltage polarization and non-uniform ionic current
between the electrodes.

5.2.2. Mechano-electrochemical effects on charge transfer
on the surface

In the LIBs, the interface reactions induced by charge
transfer can be divided into the following types: lithium
dendrites, electrolyte decomposition, and solid electrolyte in-
terphase (SEI). The interface reactions are related to charge
transfer on various types of particle surfaces. Charge transfer
depends on many factors, such as ion concentration, overpo-
tential, and effective contact area. When a certain force is ap-
plied to flexible LIBs, some changes occur. In particular,
there may be an uneven distribution of electrolytes and Li
ions on the surface of the reaction particles, as well as over-
potential changes on the local surface induced by the dis-
placement of the electrode and separators. The separators and
electrodes away from each other result in changes in the in-
terface resistance in terms of geometric changes. The uneven
distribution of electrolytes causes non-uniform ion distribu-
tion, resulting in non-uniformity of surface polarization. In
addition, the peeling of the active material off the current col-
lector has an impact on electron transfer, leading to the loss
of reactivity. Therefore, the interface reactions are affected
by the deformations of the flexible LIBs.

5.2.3. Mechano-electrochemical effects on the solid-phase
mass transport

The solid-phase reaction is related to the ionic diffusion
coefficient in the solid, which is affected by the mass trans-
port, ionic diffusion at the porous electrode surface, and sol-
id-phase diffusion [79]. The stress concentrates on the elec-
trodes, resulting in surface morphology changes, cracks in
the electrodes, phase transformations, etc. These challenges
of electrodes affect the ion transport path and ionic diffusion
coefficient. Furthermore, the uneven distribution of stress
leads to the change in the intermolecular forces. Intermolecu-
lar forces have an impact on lattice mismatch and can result
in possible phase formation/transformation.

Overall speaking, the mechanical deformations on flex-
ible LIBs would have an impact on the kinetics of electrode
processes. Without carefully considering the mechano-elec-
trochemical effects, the mechanical deformations would in-
duce unexpected side reactions, such as electrolyte decom-
position, the evolution of lithium dendrites, and gas emission.
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