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Abstract 
Lithium-ion (Li-ion) batteries have been fabricated in various ways to im-
prove flexibility. Flexibility could be enhanced via active materials, separators, 
electrodes, and electrolytes, which could then be integrated to form flexible 
electronic devices with promising electrochemical properties compared to 
traditional non-flexible Li-ion batteries. Recent progress towards flexible Li- 
ion batteries fabrication, materials, and their electrochemical properties are 
investigated in this review. Additionally, recent developments in electronic 
devices utilizing flexible batteries and their future applications are explored. 
Portable and wearable electronics, as the primary beneficiaries of the flexible, 
rechargeable, and high-performance Li-ion batteries, are examined. In the 
end, various applications and challenges of flexible batteries in healthcare and 
various energy storage systems, considering practical implementation, are ar- 
gued. 
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1. Introduction 

Lithium-Ion (Li-ion) batteries have been modified in various ways to improve 
flexibility. One of the areas that have resulted in an extensive interest in terms of 
flexibility is the use of substrates made of paper for the Li-ion batteries. Howev-
er, flexibility can be enhanced in various components of Li-ion batteries such as 
the active materials, separators, carbon nanotubes, and electrolytes, which are 
then integrated to form devices with better electrochemical properties [1].  

The batteries, as well as other devices used in energy storage, have increasingly 
been made using either textile components or paper. The use of the paper-based 
substrate has been on the rise due to various advantages, it has over other mate-
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rials. While flexibility is an important feature or characteristic of the material, its 
intrinsic nature also provides other advantages. The substrate can offer outstand-
ing or high performance while at the same time saving on cost and supporting 
multi-functionality [2].  

The paper-based material also exhibits higher versatility and more effective dis-
posability than silicon or glass, which are conventionally inflexible materials. Apart 
from being ubiquitously accessible and combustible, the paper is also economi-
cally disposable, biodegradable, and biocompatible [3]. These properties are ex-
hibited by the paper substrate since its main constituent is cellulose, which offers 
desirable qualities in terms of porosity and flexibility. Combining it with carbon 
nanotubes further improves the characteristics. 

Additionally, the paper also provides a large surface area for the storage of 
reagents while it also has the ability to wick liquids through the action of capil-
larity [4]. 

In this review, recent flexible batteries fabrication, materials, and their proper-
ties are explored. The difference between a typical Li-ion cell versus a flexible 
paper-based cell is investigated. Recent research findings on flexible paper-based 
substrates in Li-ion batteries to improve their applications in high energy and 
power requirements are reported. Various recent flexible batteries based on their 
electrochemical performance, mechanical and material properties, flexibility are 
compared and investigated. 

In the end, the main beneficiaries of the flexible Li-ion batteries in the health-
care industry, wearable electronics, and renewable energy systems are discussed, 
and their future prospect due to their capacity to generate high power and densi-
ties of energy while offering a guarantee of a long lifespan are explored. 

2. Flexible Batteries Fabrication, Materials, Electrochemical  
and Mechanical Properties 

2.1. Rigid Li-Ion Cells versus Flexible Paper-Based Cells 

Li-ion batteries manufacturing has adopted the new developments and advance-
ments made in the use of paper substrates. The use of paper in the manufactur-
ing of flexible Li-ion batteries began with the exploration of the material as a 
feasible substrate in devices used to store energy, which showed its excellent 
conductivity, porosity, and stability in both mechanical and chemical perspec-
tives [4] [5] [6]. However, technological advancements in this area have also 
witnessed various challenges.  

The difference between a typical Li-ion cell versus a flexible paper-based cell 
consists of a cellulose-bound graphite anode, cellulose-bound LiFePO4 cathode, 
and a standard glass-wool separator soaked in a liquid electrolyte is depicted as 
following (see Figure 1).  

Li-ion battery has been one of the primary devices that have benefitted from 
the developments in flexible and portable electronics. A simple and flexible Li-ion 
battery can be fabricated on a nanocomposite substrate paper that has a cathode  
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Figure 1. A standard Li-ion cell (upper image) versus a flexible paper-based cell consist of 
a cellulose-binded graphite anode + cellulose-binded LiFePO4 cathode + glass-wool sepa-
rator soaked in a liquid electrolyte (lower image) [6]. 
 
and anode made of a Li layer of metal [3]. Numerous explorations have been 
carried out to use flexible paper-based substrates in Li-ion batteries to improve 
their applications in high energy and power requirements and replace Ni-Cd or 
Ni-MH types. The interest in flexible electronics has led to various research in 
the use of paper, textile, and polymer substrate in Li-ion batteries. The porous 
nature of these materials has enhanced the research studies since it enhances the 
generation of power [7]. 

2.2. Fabrication, Material, Electrochemical and Mechanical  
Properties 

One of the studies was conducted by developing a Li-ion battery of single-walled 
carbon nanotube/poly-cellulose paper (SWCNT/PP). Using LiFePO4 and Li4Ti5O1 
electrodes, the full cells based on the SWCNT/PP exhibited a rapid capacity of 
discharge of about 153.3 mA∙hg−1 with 90.6% of columbic efficiency at 0.1˚C [2] 
(see Figure 2). Using special cellulose of nano-fibrillated type that served as 
electrode binder and material for separation, the manufacture of the battery was 
done by paper-making process. The resulting Li-ion batteries were established to 
have strong mechanical properties, flexibility, excellent cycling properties.  

Flexible Li-ion batteries have also been made on the basis of the paper-based 
hierarchical TiO2 of film electrode where the paper filters were considered as the 
skeletons for the formation of the film. The application of the TiO2 film in the 
Li-ion batteries showed that the performance rate increased while the capacity 
remained relatively constant at about 100 mA∙hg−1 even when the rates rose to 
20˚C. However, research in this area is complicated by the complex processes, 
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Figure 2. (a) Schematic SWCNT/PPs fabrication process. (b) SWCNT/PPs showing flex-
ibility behavior [2]. 
 
which also increase the associated costs. The costs can be decreased by reducing 
complexity, such as using readily available paper for fabrications. The paper can 
be coated with materials such as carbon nanotube [8] [9] (see Figure 3).  

In Figure 4, a schematic of the flexible Li-ion paper battery (paper as both the 
separator and the mechanical support can be seen lighting up a LED device. 

Generally, the paper-based substrate enhanced film adhesion compared to 
other materials such as plastics. It also streamlined or simplified the process of 
coating and reduced the costs. The study indicated that the conductive paper 
could be applied as a current collector with considerable success, in which case 
they can replace the metallic types with estimated capacitance retention of 95% 
within 280 cycles [2]. As well as exhibiting good cycling performance, the Li-ion 
batteries managed to register 0.01% capacity decay within 220 cycles. It can be 
established that flexible paper-based Li-ion batteries have much better power 
sources in relation to the generation of both current and power compared to 
electrochemical and biofuel batteries.  

Additionally, the Li-ion paper-based batteries have the ability to keep a charge 
for more extended periods. However, one of the drawbacks of these flexible 
Li-ion batteries is the need to have several functional layers that are deposited on 
the paper, which means design and fabrication complexities. Electrode degrada-
tion due to external loading, inefficient performance, and the complicated pro-
cedure of preparing the cells are also challenges faced in using the flexible Li-ion 
batteries [10]. Additionally, integrating with other electronics makes it necessary 
to have excellent packaging and insulation techniques. 

Flexible Li-ion batteries also employ paper-folding techniques to compact 
the battery and enhance its energy in every footprint surface area. The art used 
in paper-folding has been used frequently to increase compactness in Li-ion 
batteries while at the same time offer other benefits. Since paper is used as a 
substrate in these batteries, the paper-folding techniques have been sufficiently 
exploited in their manufacturing. The application of the techniques is impor-
tant because it offers a high density of real energy using conventional mate-
rials. 
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Figure 3. (a) Heavy metal foil, i.e. Cu foil traditional conductors (b), ((c), (d) thin conduc-
tors, conductive paper to replace traditional conductors based on paper and textiles [8]. 
 

 

Figure 4. (a) Schematic of the flexible Li-ion paper battery (paper as both the separator 
and the mechanical support) (b) Picture of a flexible Li-ion battery lighting up a LED de-
vice [8]. 
 

Li-ion batteries have been found to benefit from the techniques, including the 
simple methods and the complex ones such as Miura folding [11] (see Figure 5). 
A research study used Li-ion batteries made from CNT papers to ensure the 
coated areas were conductive. Scanning electron microscopy (SEM) was used in 
the generation of images, which showed rope formation of the CNTs that were 
uniformly distributed on the paper surface. Cheng et al. made important find-
ings in relation to the flexibility of Li-ion batteries using paper substrates. 

The loss due to irreversible capacity was attributed to the interphase creation 
at the solid electrolyte or other reactions like those with functional groups on the 
carbon nanotubes, which were unavailable after the initial charge. The experi-
ment also assessed the impact of paper-folding on the electrodes’ characteristics, 
with copper and aluminum foils being used to provide extra current collectors. 
With different cell geometrical arrangements, it was established that the folded 
cells exhibited similar voltage profiles to those of the unfolded and planar 
cells. Additionally, they showed the same gravimetric capacities. A further ex-
amination of the charge and discharge curves for both unfolded and folded cells  
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Figure 5. Left: (a) Schematic of folding procedures for batteries with one fold, two folds, 
and three folds. (b) Schematic showing planar, unfolded full cell, and (c) full cell with one 
fold. Right: (a) Schematic of Miura folding procedures sealed in Parylene-C (unfolded 
state). (b) Photographs of Miura folding to compact the battery to its folded state [11]. 
 
showed that the Li-ion batteries’ real capacity increased relatively with the in-
crease in the number of folds due to the increase in the active surface area [11].  

The folded cells’ columbic efficiency was found to be higher for the folded 
than the unfolded cells, which was attributed to the contact improvement be-
tween CNTs and the active components after the folding process. The flexibility, 
high conductivity, and electrochemical performance of Li-ion batteries are thus 
maintained even after multiple folding [12].  

It has also been discerned that flexible Li-ion batteries did not exhibit signifi-
cant delamination, cracking, or microstructure alteration, which was prominent 
in the planar electrodes. The new flexible shapes of the Li-ion battery have enabled 
manufacturers to solve problems in planar structures related to bulkiness and ri-
gidity [13]. Therefore, new developments can be said to have improved adapta-
bility, flexibility, miniaturization, and weave-ability.  

The importance of flexible Li-ion batteries in energy storage has increased the 
interest in the area, especially with the growing application of such devices in 
modern systems. Some modern applications with vastly applied thin, flexible de-
vices include sensing using radio frequency, interactive packaging, and other 
consumer products [14]. 
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Recently, the Li-ion batteries have employed the same technology where the 
paper is used as a separator while the current collectors are implemented using 
CNT films. Through the process of lamination, the freestanding CNT films and 
other materials of the Li-ion battery are integrated on one paper sheet, which is 
used not only as of the separator membrane but also as a mechanical substrate. 
The use of the current collectors for the cathode and anode is justified by its de-
sirable qualities, such as low film resistance of about 5 ohm/sq, the lightweight of 
about 0.2 mg/cm2, and better flexibility. Even after packaging, the Li-ion batte-
ries, which are also rechargeable, still show robust flexibility by the ability to be 
bent downwards up to 6 mm with a thickness of just 300 µm [15] (see Figure 6). 

According to Hu et al., 2010, when all Li-ion battery components are lami-
nated into a single sheet, the intrinsic porous nature of the paper is used as a low 
impedance separator while also offering excellent cyclability, which ensures there 
is a degradation of the battery event after recharging in 300 cycles. The CNT 
films can be coated with stainless steel (SS) in a solution or aqueous process con-
sisting of 10% sodium dodecylbenzene sulfonate (SDBS), which is the surfactant 
[15]. They suggest that there is a weak interaction between CNT films and metal 
substrates, which enables the manufacturing process to fabricate the films with 
the electrodes of the battery and the current collector. The double-layered film 
offers good mechanical integrity and the desired flexibility.  
 

 

Figure 6. (a) Schematic of fabrication process of free-standing LCO/CNT: The CNT film 
is doctor-bladed onto the SS substrate and dried. Next, an LTO or LTO slurry is doc-
tor-blade-coated on top of CNT film and dried. Then, they are immersed into DI water, 
and LCO/CNT can be peeled off (b) (Left) LTO/CNT double layer film coated on SS sub-
strate; (middle) the double layer film can be easily peeled off from the SS substrate in DI 
water; (right) the final free-standing film after drying. (c) Schematic of the lamination 
process with a rod and a thin layer of wet PVDF on paper. (d) Schematic of the final pa-
per Li-ion battery device [15]. 
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The use of paper-like membrane or substrate as a separator in various energy 
storage devices has always been done, for example, in supercapacitors. However, 
the same technology has been adopted for Li-ion batteries, where the paper is 
used in separation as well as mechanical support. Large fibers and roughness are 
visible on the Xerox paper surface under SEM examination. The peak to valley 
roughness is estimated at about 10 µm and while the fibers are about 20 µm in 
diameter [4]. 

The lack of micro-sized holes on the paper surface gives it an excellent feature 
for use as a Li-ion separator. The importance of lamination cannot be underes-
timated in the whole process. It provides a practical approach or way of ad-
dressing leakage problems associated with the use of Xerox paper as the separa-
tor. This can be demonstrated by coating the flexible Li-ion battery’s electrodes 
with similar slurries that are placed directly on any side of the paper. It is found 
that there is occasional leakage problem of electrode materials leading to device 
shorting through the Xerox paper. Therefore, the lamination process is essential 
in avoiding leakage issues since there is a form of a solid film that is integrated 
with the current collector, which is visible through SEM. The morphology is 
continuous with a considerable thickness of 2 µm, which prevents leakage into 
the porous surface of the 100 µm thick Xerox paper [4] (see Figure 7). 
 

 

Figure 7. Coating of CNTs or Ag NWs on Xerox paper. (a) and (b) Coating of CNT or 
Ag NW ink on commercial Xerox paper. (c) SEM images of Xerox paper, (d) CNT coat-
ing along fibers on Xerox paper, and (e) Ag NW coating on Xerox paper. (f) Sheet resis-
tances of conductive paper based on CNTs and Ag NWs vs. effective thicknesses [4]. 
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The performance of the thin paper for flexible Li-ion batteries can be easily 
evaluated. Its effectiveness in performance relates to its function as a separator, 
stability within an electrolyte, and its effect on the impurities. These are mainly 
done in OH groups and under large ranges of voltage with respect to the lithium 
element being tested. Cycling the cells with different current densities, it is evi-
dent that charging and discharging capacities are minimal, thus making the ir-
reversible capacities originating from the current collector and the separator 
negligible [15]. The excellent performance of paper is also underlined in its low 
resistivity when it interacts with the electrolyte. Generally, the self-standing pa-
per substrate, which is flexible, has been proven to offer unprecedented levels of 
design ingenuity, which not only saves on costs but also results in devices with 
the required shape and size depending on the application [3]. 

Additionally, the feasibility of the Xerox paper material as a separator can be 
determined through certain experiments. These involve making half-cells from 
CNT/LTO with Li foil or CNT/LCO with the same film as the countering elec-
trode. The experiment reveals that there is a close match between the voltage 
profiles of the demonstration with those that use metallic collectors of current. It 
also revealed that there was no apparent drop in the voltage levels for cycles oc-
curring at the first, thirtieth, and three hundredth instances. CNTs are also cru-
cial in the manufacturing process of flexible Li-ion batteries.  

3. Electronic Devices Using Flexible Li-Ion Batteries and  
Applications 

3.1. Various Applications and Challenges 

The world of portable electronics is the primary beneficiary of the flexible, re-
chargeable, and high-performance Li-ion batteries primarily due to their capaci-
ty to generate high power and densities of energy while offering a guarantee of a 
long lifespan [5]. 

The main challenge facing the use of aligned CNTs in Li-ion batteries is the 
absence of an excellent electrical connection between the tubes, a problem that 
has had limited success in terms of offering solutions [16]. In fact, even the de-
position of metals at the top of the tubes to enhance electrical connectivity has 
not achieved the desired results. However, flexible Li-ion batteries are among the 
most important power sources that are applied in wearable electronics that need 
safe and miniaturized sources of energy [17]. They are also a useful technology 
in the Internet of Everything (IOE) systems, hybrid or fully electric automobiles, 
and power tools, which have similar requirements of long life and high density 
of energy [18]. If, for example, the flexible Li-ion batteries were to be widely 
used in electric vehicles, it would expressively decrease the amount of green-
house emission of gases. They can also be the right choice in harvesting different 
renewable energy types such as solar, wind, and geothermal [19]. Therefore, the 
use of flexible Li-ion batteries is likely to increase interest among various gov-
ernment agencies. 

https://doi.org/10.4236/wjet.2021.92020


A. Ahmadian et al. 
 

 

DOI: 10.4236/wjet.2021.92020 294 World Journal of Engineering and Technology 
 

3.2. Flexible Li-Ion Batteries in Healthcare and Wearable  
Electronics 

Technology can be considered a driving force behind improvements in health-
care. Flexible thin-film lithium-ion batteries play a key role in smart interfacing 
between various biological organs such as skin, heart, brain, etc., with electro-
nicmedical (both wearable and implantable) devices. Recent advances in the de-
sign of orthodontic devices let orthodontists treat patients more safely and effi-
ciently. One of the most common concern [1] among patients who need ortho-
dontic treatment is the duration of the treatment but smart dental braces by 
taking near-infrared light therapy can enhance bone regeneration which is es-
sential for tooth movement in orthodontic and reduces the time period and 
overall costs as it relies on photo-bio-modulator and osteogenic cell stimulator 
[20]. This orthodontic architecture requires convenient and flexible human- 
machine interfaces to the human dental arch curvature (>10 mm). A flexible 
thin-film lithium-ion battery can be thinned down to achieve flexibility [21] (see 
Figure 8). 

The smart lens system is a new wearable electronics platform with numerous 
applications in visual-guide or real-time health-monitoring systems. However, 
there have always been challenges in developing this technology due to the in-
adequate development of flexible batteries. Li et al., designed and applied 
all-solid-state thin-film batteries on polyimide substrate-based contact lens which 
was formed through low-temperature annealing processes [22] [23]. 

Wearable and portable electronics have attracted considerable attention in re-
cent years. Although flexible and bendable batteries to power them are rapidly 
growing, providing sufficient energy to power wearables is challenging, especial-
ly in medical applications [25] [26] [27] [28], where continuous monitoring is 
required. Over the past three decades, Li-ion batteries (LIBs) have become a re-
liable choice for powering most electronic devices due to the ability to fabricate 
them with high flexibility [23]. 
 

 

Figure 8. (a) Flexible, non-cytotoxic battery concept and integrated intra-oral photothe-
rapeutic device fits in onto the human dental arch. (b) millimeter-sized flexible, biocom-
patible lithium-ion battery as a powering solution [19]. 
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Zhao et al. demonstrated a wearable smart watch for continuous monitoring 
of sweat glucose levels by utilizing flexible photovoltaic cells for energy harvest-
ing/ conversion and flexible Zn-MnO2 batteries as energy storage. This ability to 
fabricate flexible power sources on this smart watch makes it a desirable device 
in terms of size, safety, and user comfort [24] (see Figure 9). 

Textiles are types of cloth or fabric, specifically those formed by weaving, 
knitting, crocheting, etc. These materials can also create typically manufactured 
goods, such as blankets, accessories, gloves, hats, or plastic, industrial, or medi-
cal fabric. Most of the textiles exhibit high flexibility and can quickly return to 
their original shape after being bent or wrinkled. Nowadays, fabric batteries are 
inspired by the textile’s fabrication techniques to integrate the 1D battery into a 
flexible textile matrix. For instance, Peng’s group fabricated flexible coaxial fiber 
LIB and subsequently woven it into a flexible textile (Figure 8(b)) that exhibits 
flexibility against the huge deformations from stretching, bending, and folding. 
Additionally, fabric batteries provide a long working time due to the increased 
energy storage capacity that indicates a promising future for the next generation 
of wearable electronic devices and smart fabrics [25] (see Figure 10). 
 

 

Figure 9. Pictures of a the smart watch on a wrsit with different components [24]. 
 

 

Figure 10. (a) Schematic of 1-D batteries applied in wearable applications. ((b)-(d)) 1-D 
batteries woven into various flexible textiles. ((e)-(h)) Watch and LED light powered by 
wearable textile batteries. (i), (j)) Cell-phone charged by wearable textile batteries [25]. 
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4. Summary and Future Prospects 

Over the past three decades, Li-ion batteries (LIBs) have become a reliable choice 
for powering most electronic devices due to the ability to fabricate them with 
high flexibility 

The current technologies in paper-based or paper-like batteries and energy 
storage devices have been summarized in this review. Recent flexible batteries 
fabrication, materials, and their properties were investigated. Various recent flexi-
ble batteries based on their electrochemical performance, mechanical and ma-
terial properties, flexibility were explored. 

The primary applications of the flexible Li-ion batteries in the healthcare in-
dustry, wearable electronics, and their challenges were discussed, and their pros-
pects, due to their capacity to generate high power and densities of energy while 
offering a guarantee of a long lifespan were explored. 

The successful performance of paper-based electronics in flexible devices 
has been explored for the development of flexible, self-powered systems based 
on different fabrication methods and material selection. The choice of battery 
type depends on the application. Small power paper-based sensors might require 
electrochemical batteries or biofuel cells as energy sources, while other high-power 
electronics would prefer Lithium-ion batteries or supercapacitors. Since paper 
Li-ion batteries, supercapacitors are solid-state flexible power sources exploiting 
paper’s porous, flexible and stretchable characteristics, the use of paper for these 
applications is limited to forming high-performance conductive paper-like sub-
strates combining nanocomposites. Therefore, their applications are preferable 
as a flexible power source integrated with non-paper flexible electronics [29] 
[30]. 

Wearable and portable electronics have gained considerable attention in re-
cent years. Although flexible and bendable batteries to power them are conti-
nuously growing, providing sufficient energy to power wearables is challeng-
ing, especially in medical applications, where continuous monitoring is required 
[31]-[36]. 

In conclusion, Lithium-ion (Li-ion) batteries have been fabricated in various 
ways to improve flexibility. Flexibility could be enhanced via active materials, 
separators, electrodes, and electrolytes, which could then be integrated to form 
flexible electronic devices with promising electrochemical properties compared 
to traditional non-flexible Li-ion batteries. Li-ion battery manufacturing has 
adopted new developments and advancements through the use of paper sub-
strates. The use of cellulose paper in the manufacturing of flexible Li-ion batte-
ries began with exploring the material as a feasible substrate in devices used to 
store energy, which shows its excellent conductivity, porosity, and stability in 
both mechanical and chemical perspectives. However, technological advance-
ments and mass production of flexible Li-ion batteries remain a challenge for 
future research endeavors. 
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