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1. Introduction

Advances in wireless technologies, low-power microelectron-
ic devices, and easy access to the internet have enabled the
ability to interconnect electronic objects, so that the objects
can communicate with each other, make decisions, and pro-
vide users information that helps to improve their life.[1,2] To-
wards such an ecosystem, low-cost, wearable, flexible elec-
tronics in the form of smart watches, sensors embedded in
clothing, activity trackers, and health-monitoring tags would
be widely adopted. Future generations of these devices
would be thin, conformable to the human body, ubiquitous,
and almost imperceptible to the user.[3–12] Powering these de-
vices while retaining their mechanical properties will be
a challenge.[13–16]

Batteries are essential for powering portable electronic de-
vices. A battery is a closed system in which energy is stored
in chemical form, and it is converted to electrical energy by
connecting the battery to an external load to complete the
circuit, causing electric current to flow between the anode
and cathode.[17–19] Electronics have traditionally been de-
signed around commercial batteries—prismatic, cylindrical,
and coin cells—which are bulky, rigid, and non-flexible,
making them unsuitable for powering flexible electronics.[19]

A power source for a flexible electronic device should be
thin, bendable, and mechanically compliant.[20–43] Flexible
electronics are fabricated by patterning traditional inorganic
components in ultra-thin form[4,44–46] or by depositing solu-
tion-processed organic/inorganic semiconductors and conduc-
tive inks on flexible substrates.[12,47–54] Due to the thinness of
active layers and conducting electrodes, these devices can be
flexed to low bending radii without reaching their fracture
limit (strain�1.0 %).[44, 46] To fabricate flexible batteries, all
of the rigid components of a battery are replaced by flexible
counter parts. This includes replacing rigid packaging with
flexible pouches, the use of flexible current collectors, and
designing the active layers and interfaces to the current col-

lectors such that cracking and delamination are prevent-
ed.[31, 55–57]

An electrochemical cell consists of active layers supported
on conductive substrates (current collectors) to form the
anode and cathode of the battery. The electrolyte provides
ionic contact between the electrodes and helps to complete
the redox reactions within the cell. Printing processes such as
screen, stencil, and blade printing are well established and
they can be used to deposit battery components by designing
printable inks for the active layers, current collectors, and
electrolyte. Batteries fabricated using printing processes have
the advantage of low cost, flexible form factor, ease of pro-
duction, and integration with electronic devices.[52,58–60] The
term “printed battery” is used to describe a battery for
which at least one of the components is solution processed
and deposited using a printer.[61–69] The non-printed compo-
nent (current collector or separator) serves as a support for
the printed components. The mechanical characteristics of
a printed battery depend on its architecture and design. Over
the past couple of years, there has been significant progress
towards using printing-based processes to fabricate power
sources. Researchers have demonstrated full-cells using con-

Traditional printing methods offer the advantage of well-ma-
tured technology, high accuracy of depositing inks over flexi-
ble substrates at high web speeds, and low cost of fabrication.
The components of a battery—the current collectors, active
layers, and separator—can all be deposited using convention-
al printing techniques by designing suitable inks. A combina-
tion of low thickness of printed electrodes, flexible packag-

ing, battery architecture, and material properties makes
printed batteries flexible. In this paper, we will discuss mate-
rial challenges and mechanical limits of flexible printed bat-
teries. We will review several printing techniques and present
examples of batteries printed using these methods. In addi-
tion, we will briefly discuss other novel non-printed compli-
ant batteries that have unique mechanical form.
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ventional printing methods and provided protocols for de-
signing inks. Novel designs have enabled batteries that can
flex and stretch without any significant changes in capacity.
This Review provides a summary of the progress in printed
compliant power sources, including mechanical considera-
tions and printing methods, and the future challenges for
compliant batteries are also discussed.

2. Batteries

Batteries have played an important role in the pervasive use
of portable electronic devices in today�s society.[18,19] A bat-
tery is a device that converts the chemical energy stored in
the active materials into electrical energy by way of redox re-
actions. The term “battery” is used to describe a system con-
sisting of multiple electrochemical cells connected in series
to increase the voltage, or in parallel to increase the capacity.
A battery consists of five basic components, which are illus-
trated in Figure 1—the anode (negative pole), cathode (posi-

tive pole), electrolyte, and the current collectors for the
anode and cathode. The anode is typically a strong reducing
agent (e.g., lithium, zinc) and it easily gives up its electron,
which travels through the external circuit and oxidizes the
cathode. The cathode is an electron acceptor (e.g., lithium
cobalt oxide, manganese oxide, lead oxide). It accepts elec-
trons from the anode and gets oxidized. The electrolyte, an
ionic conductor, provides ionic contact between the anode
and cathode and prevents electrical contact between them.
Battery electrolytes are generally in the form of a liquid and
they can be divided into aqueous, non-aqueous, and polymer
electrolytes. An aqueous electrolyte consists of salts of
strong acids and bases dissolved in water. Due to the high di-
electric constant of water and its high solvation power, the
salts dissolve favorably in water thereby enabling conductivi-
ties as high as 1 Scm�1. Lithium-ion batteries use non-aque-
ous electrolytes consisting of lithium salts dissolved in carbo-
nated organic solvents. The conductivity of non-aqueous
electrolytes is low (0.01–0.001 Scm�1) due to the low dielec-
tric constant of the organic solvents, which limits the solubili-
ty of lithium salts. Water-based electrolytes are thermody-
namically stable only to a voltage window of approximately
1.3 V, making them unsuitable for batteries with high voltag-
es.[70, 71] Organic electrolytes are stable up to a potential of
approximately 4.6 V.[72] The stability of the electrolyte de-
pends on the proximity of its lowest unoccupied molecular
orbital (LUMO) and highest occupied molecular orbital
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Figure 1. Block diagram of a battery cell. During discharging, electrons flow
from the anode to the cathode through an external load. During recharging,
the flow of electrons is reversed.

Energy Technol. 2000, 00, 1 – 25 � 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim &2&

These are not the final page numbers! ��



(HOMO) levels and the chemical potentials of the anode
and cathode. Depending on the energy levels, the electrode
can reduce or oxidize the electrolyte. A polymer electrolyte
consists of conducting salts dissolved in a polymer matrix.
Due to the absence of liquid solvents, they are inherently
safer.[73,74] The current collectors in a battery are highly con-
ductive substrates in the form of foils, meshes, or foams,
which enable efficient charge insertion and removal from the
battery, and also serve as a support for the active layers.[75]

A conventional battery fabrication process starts with pre-
paring slurries of the active materials, which consists of a mix-
ture of electrochemically active particles, conductive addi-
tives such as carbon black and graphite (to improve conduc-
tivity), binder (to hold the electrode together), and a suitable
solvent to dissolve the binder. The slurries are cast onto con-
ductive supports to form the anode and cathode of the bat-
tery. Then the anode and cathode are stacked together with
a separator. The areal capacity of a single stack of anode/sep-
arator/cathode is approximately 1–2 mAh cm�2. The areal ca-
pacity of a battery is improved by folding/rolling the stack
and inserting them into rigid casing to form prismatic or cy-
lindrical cells (Figure 2). In a battery, the separator, conduc-

tive additives, binder, current collectors, and packaging are
inactive components, which reduce the energy density of the
battery. In the battery community there is a drive towards re-
ducing the weight and thickness of inactive components. This
emphasis is particularly important for flexible battery sys-

tems, where the packaging material and current collectors
dominate the thickness of the battery.

Batteries are divided into three classes—primary, secon-
dary, and specialty batteries. Primary batteries are discharged
once, and discarded after use. The inactive phases formed
after discharge makes them irreversible. Examples of pri-
mary batteries include carbon–zinc, MnO2–zinc, and lithium–
metal batteries.[20,55] Secondary batteries are rechargeable.
They can be restored to their original state by passing cur-
rent in the reverse direction. Examples of secondary batter-
ies include lithium-ion, nickel–metal hydride, nickel–cadmi-
um, and silver–zinc batteries.[31,76, 77] Specialty batteries are
designed for a particular applications (e.g., medical device,
military). These batteries have long cycle lives but they are
expensive and often contain environmentally unfriendly ma-
terials.[78,79] Examples of specialty batteries for medical appli-
cations include Li/CFx and Li/iodine.

The theoretical capacity of a battery is based on the equiv-
alent weights of the active materials. Theoretically 1 gram
equivalent of active material will deliver 26.8 Ah. The gram-
equivalent weight is the molecular weight of the active mate-
rial in grams divided by the number of electrons that take
part in the reaction. For example, zinc with a molecular
weight of 65.4 g and with two electrons taking part in the re-
action has a theoretical capacity of 820 mAh g�1

[26800 mAh/(65.4 g/2)]. Battery systems are generally char-
acterized by their energy density, expressed per unit of
weight (Whkg�1) or volume (WhL�1). The power is a product
of voltage (V) and ampere–hour capacity (Ah) of the bat-
tery, which depends on the battery chemistry.[19] The practical
energy density of a battery is 35–50 % of its theoretical value
due to the weight and volume of the inactive components.
The approximate practical energy densities of alkaline bat-
tery systems such as Zn–MnO2 and Zn–AgO are 145 and
135 Whkg�1, respectively, and the traditional lithium-ion bat-
tery with a carbon anode and metal oxide cathode is approxi-
mately 150 Whkg�1. The capacities of thin-film batteries are
reported in terms of mAh g�1 or mAh cm�2, after the capacity
is normalized with the weight of the limiting electrode or the
footprint of the battery, respectively.

The electrode design and architecture of a battery plays an
important role in forming an efficient battery. Lithium-ion
batteries generally use a sandwich architecture, where the
anode and cathode of the battery are stacked together (Fig-
ure 3 a). This design helps to reduce the footprint of the bat-
tery and decrease the distance that the lithium ions have to
travel upon moving between the anode and cathode, thereby
lowering the internal resistance. This is particularly impor-
tant in lithium-ion battery systems due to the low conductivi-
ties of non-aqueous electrolytes. Batteries with aqueous elec-
trolytes can be fabricated in sandwich or parallel architecture
due to the high conductivity of the electrolytes. In parallel ar-
chitecture the anode and cathode of the battery are placed
side-by-side (Figure 3 b). Most reports on stretchable batter-
ies use parallel architecture.[77,80,81] The fabrication process is
simplified and there is minimal risk of shorting during bat-
tery stretching.

Figure 2. Schematic of cylindrical (a) and prismatic (b) cells, respectively. Re-
printed with permission.[17] Copyright (2001), Macmillan Publishers Ltd.
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Batteries are tested by electrochemically cycling them
within set voltage limits. The upper and lower voltage limits
of a battery depend on the chemistry of the system. The volt-
age limit prevents the formation of inactive phases and deg-
radation of the electrolyte. A battery with a sound design
has high rate capability and excellent capacity retention (low
drop in capacity with cycle number). The charge/discharge
rate of the battery is given in terms of “C-rate” (C/x rate, for
which x is the time taken in hours for charging or discharging
the battery). Batteries can be charged in two modes, constant
current (CC) or constant current–constant voltage (CC–
CV).[19] In CC mode, the battery is charged at constant cur-
rent till it reaches a set voltage limit. In CC–CV mode the
battery is charged at a high constant current (compared to
CC mode) till it reaches a set voltage limit and then the bat-
tery is kept at that voltage till the current drops below a cer-
tain limit. In CC charging mode, any changes in the battery
due to formation of inactive phases, side reactions or me-
chanical degradation in the battery will lead to polarization,
causing the battery to reach the voltage limit before being
completely charged. In such a case, the drop in capacity of
the battery can be related to electro-mechanical changes
within the battery. Commercial chargers use CC–CV charg-
ing procedure. The CC stage enables quick charging at high
rate till it reaches the set potential limit. At this point the
battery is typically 65–75 % charged. The CV stage ensures
the battery is completely charged without exceeding the volt-
age limit.

Currently there are no standard procedures for testing
compliant batteries. In early studies, the electrochemical per-
formance of batteries were compared upon flexing to differ-
ent bending radii. In these studies, the effect of fatigue due
to repeated flexing was not considered.[21,57] In later studies,
the batteries were flexed for a certain number of cycles (50–
100) before comparing their performances.[20,55] In recent
studies, flexible batteries were tested by electrochemically
cycling them during continuously flexing.[26] The differences
in battery designs/architectures and variations in electrode
thicknesses make it difficult to compare the performances of
batteries demonstrated in the literature. Factors such as
speed of flexing and the number of flexing cycles have a sig-
nificant effect on the mechanical integrity of the electrodes,
but they are seldom considered in testing the electromechan-

ical properties of batteries. Having a standardized protocol
for testing compliant batteries will make it easy to compare
batteries with different designs.

3. Mechanical Considerations for Compliant Bat-
teries

For fabricating compliant batteries it is important to under-
stand the mechanical limitations of conventional battery
components and architectures. Such understanding will help
towards modifying standard battery designs and materials to
make them more compliant. In the following section we will
discuss the mechanical requirements of components for com-
pliant batteries, which include the current collectors, active
layers, electrolyte, and packaging.

Current collectors are the most essential part of a battery
as they serve as a support for the active layers and provide
pathways for efficient charge insertion and removal from the
active layers. The current collectors must be chemically com-
patible with the active layers and have good adhesion prop-
erties to prevent delamination during flexing and calendering
(the process of compressing the electrodes to reduce porosity
and improve particle-to-particle contact). The current collec-
tor should also be stable within the operating potential of
the battery to prevent corrosion.[75,82] This is especially im-
portant in lithium-ion battery systems where the current col-
lectors experience large oxidizing and reducing potentials.
Current collectors in lithium-ion batteries are in the form of
thin foils (15–20 mm) of aluminum (cathode) and copper
(anode).[17–19] These foils are flexible to a certain extent due
to their thinness, but they crack after repeatedly flexing to
low bending radii (<10 mm), which limits their use in flexi-
ble batteries.[26] In other battery systems such as nickel–metal
hydride (NiMH), nickel mesh and foam are used as current
collectors for the anode and cathode, respectively, but they
are rigid and not suitable for flexible batteries. Most of the
early efforts in the field of flexible batteries were directed to-
wards finding suitable flexible current collectors. Towards
this goal, there have been numerous reports of flexible bat-
teries with current collectors based on printable conductive
inks (Figure 4 a),[55,67] carbon nanotubes (CNTs) embedded in
fabric/paper (Figure 4 b),[31,83, 84] evaporated metals supported
on flexible supports,[69,85, 86] and conductive fabrics (Fig-
ure 4 c,d).[26,81, 87,88] Gaikwad et al. stencil printed carbon and
silver ink on top of reinforced zinc and MnO2 electrodes, re-
spectively, to form the current collectors (Figure 4 a). The
sheet resistances of the carbon and silver electrodes were ap-
proximately 30 W/& and 0.015 W/&, respectively.[24] Liangbing
Hu et al. demonstrated the use of CNTs to serve as current
collectors for lithium-ion batteries (Figure 4 b). The ink was
printed on “Xerox” paper using the Mayer rod coating pro-
cess to form a conductive layer with a sheet resistance of ap-
proximately 10 W/&[31,83] Thin films of evaporated metals
such as nickel, gold, aluminum, and copper were also used as
current collectors. The evaporated metal can be patterned by
using standard lithography techniques or by evaporating
through a shadow mask.[69,85] In another approach, silver- and

Figure 3. Schematic of a battery with sandwich (a) and parallel (b) architec-
tures, respectively.
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nickel-coated fabrics were used as current collectors for flexi-
ble and stretchable batteries (Figure 4 c,d).[26, 81,87] The con-
ductivities of current collectors based on conductive inks and
carbon nanotubes are orders of magnitude lower than con-
ventional metallic current collectors. The low conductivity
leads to an ohmic potential drop at high C-rates. Conductive
fabrics have a high conductivity but their large thickness re-
duces the volumetric energy density of the battery. At this
time, metal foils and metals evaporated on thin flexible sup-
port are the best choice for current collectors in flexible bat-
teries. They are highly flexible and have high electrical con-
ductivity.

The active layers of a battery are cast in the form of wet
slurries on metal foils or in form of a thick paste, which is
impregnated into metal meshes and foams. The foil, mesh or
foam serves as the current collector and provides a physical
support for the active layers. In a flexible battery, the active
layers should maintain their mechanical integrity upon being
flexed. From a materials standpoint, the active materials and
conductive additives used in battery electrodes are inherently
non-flexible and rigid. If used in a composite structure with
a polymeric binder, the electrodes are flexible to a certain
extent due the porous architecture. In early reports on flexi-
ble batteries, thin layers of battery slurries were cast on flexi-
ble current collector substrates.[20,62] The areal capacity of
these batteries was low and they had limited flexibility. It
soon became clear that it is necessary to increase the areal
loading of the active materials and use architectures that im-
prove the mechanical flexibility of the electrodes. Since then,
there have been numerous design innovations in flexible bat-
tery designs.[26, 27,55,56, 81,89–91] Standard battery slurries were
embedded within supports such as meshes, membranes, and
fabrics to improve the flexibility and capacity of the battery.
The support absorbed the stresses generated in the battery
during flexing and prevented mechanical failures.[21,26,55, 57,81, 89]

In another approach, binder-free flexible electrodes were
prepared by supporting the active materials within ultra-long
CNTs and a graphene mat. The interconnected network of
CNTs/graphene provides a physical support for the active
particles and the percolative conductive network improves
the electrochemical characteristics of the electrodes.[89, 92–100]

In another process, the active materials were synthesized di-
rectly on flexible conductive substrates such as CNT mats,
carbon fibers, and graphene foams to form the anode and
cathode of the battery.[57, 91,101–104] The thinness of the active
materials and flexible nature of the support make the overall
battery highly flexible. From a prospective of commercializ-
ing flexible batteries, the high cost of ultra-long CNTs and
graphene foam will limit their use in flexible electrodes until
the cost is significantly reduced. Direct synthesis of active
materials on flexible conductive substrates is a batch process
and designing a continuous fabrication process is difficult at
this moment. Electrodes based on direct printing of slurries
on conductive porous supports are suitable for large-scale
fabrication of flexible batteries.

The electrolyte in a battery carries charges in the form of
ions between the anode and cathode and completes the elec-
trochemical reactions within the battery. Most flexible batter-
ies use a liquid electrolyte, which is drop cast and soaked
within the battery.[72,105,106] In the batteries using a liquid elec-
trolyte, a sheet of battery separator is used to physically sep-
arate the anode and cathode. The separator consists of mi-
cropores that enable the easy flow of ions between the elec-
trodes while preventing electrical contact between them.[107]

The separators are designed based on the chemistry of the
system and the nature of the electrolyte. The battery separa-
tors are highly flexible, and they can be folded/flexed without
any physical changes. The liquid nature of the electrolyte en-
sures continuous ionic contact between the anode and cath-
ode upon being flexed. In recent years, there has been an in-
terest towards replacing liquid electrolytes with polymer-
based electrolytes.[73,74, 108–112] Liquid electrolytes are toxic,
unsafe, and there is always a danger of leakage if the battery
is misused or physically damaged. Electrolytes in the form of
polymer gel electrolytes and solid-state polymer electrodes
have been used in flexible lithium-ion batteries.[113–115] The re-
duced content of solvent (or no solvent in some cases)
makes them inherently safe. The conductivity of the polymer
electrolyte is an order of magnitude lower than for a liquid
electrolyte, which can reduce the rate capability of the bat-
tery.

Finding a suitable packaging material for sealing flexible
batteries is a challenge, and this is a problem that is often
overlooked in the flexible battery community.[116] In the liter-
ature, the packaging used for flexible batteries includes alu-
minum-laminated pouches (Figure 5 a),[21,26,117] plastics such
as polyethylene, polypropylene, polyester and PVC (Fig-
ure 5 b),[55,67] thin sheets of polydimethylsiloxane (PDMS)
(Figure 5 c),[31,57,85] and elastomers (Figure 5 d).[56, 80,81] The
packaging material should be flexible, sealable by application
of heat or glue, have air, moisture, and electrolyte barrier ca-
pabilities, and be chemically resistant to aqueous and organic

Figure 4. a) Silver-flake-based ink stencil printed on a reinforced MnO2 elec-
trode. Reprinted with permission.[24] Copyright (2013), Wiley. b) Carbon nano-
tubes Mayer rod coated on commercial paper. Reprinted with permission.[31]

Copyright (2010), American Chemical Society. c) Nickel-coated polyester
fabric. Reprinted with permission.[26] Copyright (2013), American Chemical
Society. d) Conductive, stretchable fabric with silver-coated nylon threads
weaved through a rubber network. Reprinted with permission.[81] Copyright
(2012), Wiley.
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solvents/chemical products formed in the battery during cy-
cling. The main concern in battery packaging is the slow
egress of electrolyte through the surface of packaging materi-
al and the sealant edge. Similarly, moisture and air could
enter the battery through the packaging, which can degrade
the electrolyte.[116] Battery pouches based on PDMS and
plastic sheets are highly flexible but they are permeable to
air and moisture, and the electrolyte can egress from the
pouch leading to drying of the electrolyte. Such packaging
works well for sealing the battery for a short period of time.
For a battery with long shelf life, packaging based on alumi-
num-laminated foils is preferred, as it provides all the de-
sired properties required for a packaging pouch. The lami-
nated foil consists of thin metal film (usually aluminum),
which is laminated on both sides with a thin layer of plastic.
The side in contact with the battery electrode is laminated
using a heat sealable plastic such as polypropylene/polyethy-
lene and the exterior side of the pouch is laminated with
a scratch-resistant polymer such as nylon or PET. Alumi-
num-laminated pouches are thick (100–150 mm), stiff and
they dominate the thickness of the batteries. The thickness of
the aluminum foil within the laminated pouch is sized de-
pending on the pressure that the pouch will experience due
to gas generation during initial formation cycles and upon
battery overcharging.[116] In thin-film batteries, the gas forma-
tion is reduced due to low loading of the active materials.
Hence it is possible to use very thin foils, which are more
flexible, and it will help reduce the overall thickness of the
pouch. In another approach, it may be possible to use heat-
sealable plastics coated with a thin layer of inorganic layer
(moisture barrier) to seal the battery.[118,119] Such inorganic

coatings are being currently developed in the flexible elec-
tronics industry for packaging solar cells and OLEDs.

Even with the impressive advances in the field of flexible
batteries, there is a lack of fundamental understanding of
mechanical limits of flexible batteries, and the factors affect-
ing their performances.[21] The mechanical flexibility of a bat-
tery depends on the electrode architecture, material proper-
ties, and the binder used to hold the electrode together.
Upon flexing a battery, there is a neutral plane, which passes
through the center of the battery stack (generally the battery
separator) and the anode and cathode of the battery would
be in states of compressive and tensile stresses, respectively
(Figure 6).[21,24, 27] A battery can fail due to delamination of
the active layer or cracking of the active layers during flex-
ing, which can lead to loss in electrochemical capacity of the
battery. The adhesion of the active layers to the current col-
lectors depends on the property of the binder and its chemi-
cal stability towards the electrolyte. The adhesion of the
active layers can be improved by designing better binders or
by engineering the interfaces to prevent delamination. The
degree and tendency of cracking is related to the amount of
strain (expansion) that the electrode can absorb. Electrodes
using a standard composite battery design compared against
a binder-free electrode with ultra-long CNTs can absorb
strains of 0.4–1.0 % and 2.0–3.5 %, respectively.[89,120] Using
a simple analysis, a conventional composite battery electrode
at a distance of 100 mm from the neutral plane with a strain
limit of 0.5 % has a flexing limit of 20 mm bending radius
(strain = thickness from neutral plane� 100/bending radius,
0.1 mm �100/20 mm= 0.5 %). Beyond this point, the elec-
trode will form cracks and start to disintegrate with as the
number of flexing cycles increases. To prevent mechanical
degradation during flexing, the thicknesses of the active
layers are engineered based on the minimum bending radius
that the battery will experience, ensuring that the maximum
stress is always below its critical fracture limit.[27] Repeated
flexing can lead to fatigue of the electrode, which can de-
grade the electrochemical performance of the battery. A
combination of mechanical modeling and empirical in situ
studies of battery flexing will clarify the relation between
flexing-induced mechanical stresses and the electrochemical
performance of the battery.

4. Printing Techniques

Traditionally printing processes have been used to deposit
inks over substrates to create text and images. In recent
years, printing has been used as a fabrication tool for depos-
iting functional inks such as inorganic/organic semiconduc-
tors and conductive inks on flexible surfaces to form a new
class of electronics that is generally referred to as “printed
electronics”. Printing processes offer the advantage of fabri-
cating electronic components over large areas inexpensively
as compared to traditional microfabrication techniques.
Printing processes are attractive from a production stand-
point, because battery components can be deposited with
low cost and high throughput. The fabrication process for

Figure 5. a) Flexible battery sealed within an aluminum-laminated pouch. Re-
printed with permission.[91] Copyright (2012), American Chemical Society.
b) Cable battery sealed within heat-shrinkable tubing. Reprinted with permis-
sion.[90] Copyright (2012), Wiley. c) Solid-state lithium-ion battery sealed
within PDMS sheets. Reprinted with permission.[27] Copyright (2012), Ameri-
can Chemical Society. d) Zn–MnO2 stretchable battery sealed within a stretch-
able elastomer. Reprinted with permission.[81] Copyright (2012), Wiley.
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a printed battery starts by selecting the printing tool, fol-
lowed by tailoring the rheological properties (viscosity) for
the inks used to print active layers, current collectors, and
electrolyte. The non-printed components of the battery serve
as supports for the printed components. The literature lists
numerous reports on batteries fabricated using printing
methods. In this section we will briefly review printing tech-
niques and provide examples of batteries fabricated using
these methods.

4.1. Blade coating

Blade coating is the most commonly used printing technique
for depositing battery slurries in large-scale manufacturing
(Figure 7).[31,55, 121] The technique uses a blade, and the verti-
cal distance separating the blade and the substrate controls
the thickness of the wet ink. In a laboratory setup, the tech-
nique works by placing a doctor blade on the substrate with
a pool of ink on one side of the substrate. The gap between
the blade and substrate is kept in the range of 50–200 mm.
The blade is moved over the substrate at a constant speed of
15–30 cm min�1 to uniformly spread the ink.[122–124] Then the
substrate is heated in an oven to remove the residual solvent.
In industrial setups, the blade is kept stationary, and the sub-
strate, in form of a roll, is moved at a constant speed under-
neath the blade.[121] In some setups, the substrate is heated
during the coating process to enhance the drying process.
Blade coating is a blanket-coating process, so it cannot be

used to pattern inks over substrate. The thickness of the
dried electrode depends on the concentration and the viscos-
ity of the ink. Inks with large particles tend to shrink after
drying whereas inks with nanosized particles tend to form
micropores during the drying process, which can degrade its
mechanical integrity. After drying, the electrodes are calen-
dered to reduce the porosity within the electrodes. The po-
rosity of the electrode is adjusted to increase the particle-to-
particle contact and improve wetting of the electrolyte.
Zheng et al. studied the effect of porosity on the mechanical
and electrochemical performance of Li[Ni1/3Mn1/3Co1/3]O2

electrode containing 8 % polyvinylidene fluoride (PVDF)
and 7 % acetylene black.[120] The mechanical properties of
the composite electrode depended strongly on the electrode
porosity whereas the electrical conductivity is independent of
calendering. Electrodes with porosities between 30–40 %

Figure 6. Illustration of the stress profile generated in a battery stack during flexing and SEM micrographs of cracking and delamination of the active layer due
to mechanical failure.

Figure 7. Schematic illustration of the blade-coating process in a batch and
roll-to-roll process forms.
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showed the best electrochemical performance. In convention-
al batteries with “jelly-roll” architecture, blade coating or
slot–die printing techniques are used to deposit battery slur-
ries on thin metal foils, which serve as the current collectors
for the electrodes. Blade coating is used extensively in the
printed electronics industry for fabricating solar cells[122] and
organic light emitting diodes (OLEDs).[123]

Hu et al. used a blade coating process to sequentially print
the current collector and the active layer onto a stainless-
steel support.[31] The current collector ink was based on
CNTs dispersed in water with surfactants. Due to the poor
adhesion of the CNTs on stainless steel, the CNT/active
layer delaminated from the stainless steel upon being dipped
in a water bath. These free-standing lithium cobalt oxide
(LCO) and lithium titanate oxide (LTO) electrodes with
CNTs as the current collectors formed the cathode and
anode of the battery, respectively. The electrodes were lami-
nated on Xerox paper, which served as the separator and
a support for the active layers (Figure 8 a). A thin layer of

PDMS was blade coated onto the active layers to seal the
battery. The total thickness of the battery was approximately
300 mm. LiPF6 in ethylene carbonate/diethyl carbonate
served as the electrolyte for the battery. The full-cell was
cycled between 1.5 and 2.7 V and yielded a specific capacity
in the range of 110–120 mAh g�1 (Figure 8 b). The capacity
retention of the battery after 20 electrochemical cycles was
93 %, which could be further improved with better packag-
ing. The battery was able to maintain its mechanical integrity
after flexing 50 times to a bending radius of 6 mm (Fig-
ure 8 c).

4.2. Dispenser printing

A dispenser printing system consists of an ink syringe that
deposits ink over the substrate. Inks with a wide range of vis-
cosities can be printed using dispenser printing. The ink is
printed in the form of filaments or drops by modulating the
pressure in the ink barrel (Figure 9).[125–127] The opening of

the needle can range from 0.5–400 mm. The larger-diameter
needles are made of stainless steel whereas smaller-diameter
needles are made of pulled glass capillaries. The amount of
pressure required to force the ink through the needle de-
pends on the diameter of the needle and the viscoelastic be-
havior of the ink. The shear thinning behavior of the ink ena-
bles printing at considerably lower pressures. Preparing inks
for dispenser printing is more difficult than for other printing
methods. Battery slurries are a mixture of active particles,
conductive additives, binder, and suitable solvent. Due to the
difference in the densities of the solid particles and the sol-
vent and the large particle size distribution, the ink can
easily clog the needle during printing. The fraction of the sol-
vent in the ink is kept to a minimum to prevent sedimenta-
tion, and the active particles are ball milled to reduce the
average particle size. Dispenser printing can be used to print
inks over areas ranging from 100 mm2 to 1 m2 by drawing pat-
terns in the form of repeated lines or drops. Dispenser print-
ing large electrodes is considerably slower as compared to
other printing methods but it is advantageous for printing
electrodes with a small footprint over a defined location.
Due to the non-contact nature of dispenser printing, the ink
can be printed over uneven surfaces, which is not possible
with other roll-to-roll printing methods. Dispenser printing
has been used to fabricate thermoelectric generator,[128–130]

batteries[61,63–65,128] and ceramic structures.[126,127] Reports on
batteries fabricated using dispenser printing have predomi-
nately involved printing the active layers and polymer elec-
trolyte on glass substrates with pre-patterned current collec-
tors formed by lithography.

Sun et al. demonstrated a 3D lithium-ion battery with in-
terdigitated electrodes.[64] A custom-built printer setup was
used to extrude concentrated inks of lithium iron phosphate

Figure 8. a) Free-standing CNT/LCO and CNT/LTO electrodes laminated on
paper using a rod and a thin layer of PVDF as the adhesive. b) Galvanostatic
charge/discharge curve of a LCO–LTO laminated paper battery. c) Paper bat-
tery powering a red LED upon being flexed. Reprinted with permission.[31]

Copyright (2010) American Chemical Society.

Figure 9. Schematic illustration of the dispenser printing process. The ink is
deposited in form of continuous filaments or uniformly distributed drops to
form the desired patterns.
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(LFP) and LTO-based inks over lithographically patterned
gold current collectors (Figure 10 a–d). Fine filaments of the
concentrated inks were formed by printing the ink through
a glass needle with a diameter of 30 mm. The shear thinning
behavior of the inks enabled the flow of concentrated inks
through small nozzles. A system of high-boiling-point solvent
and volatile solvent were used to control ink solidification
and adhesion during patterning. The evaporation of the vola-
tile solvent during the printing process leads to partial solidi-
fication of the printed filament, and the remaining high-boil-
ing-point solvent served as a humectant to promote bonding
between the individual layers (Figure 10 e, f). The areal ca-
pacity of the battery was increased by using a layer-by-layer
printing process. The battery was enclosed inside a plastic
casing and the liquid electrolyte (1 m LiClO4 in 1:1 ratio of
ethylene carbonate/dimethyl carbonate by volume) was used
to provide ionic contact to the anode and cathode. The areal
capacity of the battery with LFP and LTO as the cathode
and anode of the battery was approximately 1.5 mAh cm�2 at
1 C rate and they had an energy density of 9.7 Jcm�2 at
a power density of 2.7 mW cm�2. The full-cell demonstrated
good capacity retention after 30 electrochemical cycles (Fig-
ure 10 g,k).

Ho et al. demonstrated a dispenser-printed rechargeable
Zn–MnO2 based battery with a solid polymer gel electrolyte
containing an ionic liquid.[63] The MnO2 ink, polymer separa-
tor, and zinc ink were sequentially printed onto of a stain-
less-steel foil (Figure 10 i). The polymer gel electrolyte was
composed of 1:1 mixture of PVDF–HFP and 0.5 m solution
of zinc trifluoromethanesulfonate (Zn+Tf�) salt dissolved in
BMIM+Tf� . The cells had a footprint of 0.25 cm2 and a total
thickness of 80–120 mm. The battery was cycled in the range
of 1–2 V. After the initial activation cycles, the areal capacity
of the battery was approximately 1 mAh cm�2 with negligible
drop in capacity after 75 electrochemical cycles (Figure 10 j).

In a modification to the conventional dispenser printing
process where the ink is forced through the needle with com-
pressed gas, Gaikwad et al. used a dispenser printer to print
low-viscosity nanoparticle silver ink by dragging a meniscus
of the ink over a glass substrate.[65] Low vacuum was applied
inside the ink cartridge to control the meniscus of the ink.
Once the silver ink was printed, the electrodes were an-
nealed at 280 8C to remove the dispersing solvent and assist
with fusing of the nanoparticles. The Zn–AgO battery was
formed by electrodepositing Zn onto one electrode and oxi-
dizing the other electrode (Figure 10 k). The battery had

Figure 10. Schematic of the 3D interdigitated microbattery architecture fabricated on a (a) gold current collector by printing (b) Li4Ti5O12 (LTO) and (c) LiFePO4

(LFP) inks through a 30 mm nozzle, followed by sintering and (d) packaging. e) Optical photographic image of the LFP ink deposition through a 30 mm nozzle.
f) SEM micrograph of a printed and annealed 16-layer interdigitated LFP-LTO electrode. g) Galvanostatic discharge curve of the LFP–LTO full-cell with 8 layers
of interdigitated electrodes. h) Areal capacity of the battery with 8 layers of interdigitated LFP–LTO electrodes. Reprinted with permission.[64] Copyright (2012),
Wiley. i) Cross section of a dispenser-printed microbattery with a polymer gel electrolyte. j) Discharge capacity of the printed microbattery over 70 cycles. Re-
printed with permission.[63] Copyright (2010), IOP Publishing Ltd. k) Optical micrographs of charging and discharging of a dispenser-printed Zn–AgO microbat-
tery tested using a microfluidic cell. Reprinted with permission.[65] Copyright (2011), The Electrochemical Society.
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a thickness of less than 1 mm and an areal capacity of
0.7 mAh cm�2. The shear strength of the battery was studied
using an electrochemical microfluidic cell. The flow of the
electrolyte over the electrode was used to replicate the shear
stress experienced by the electrodes during flexing. The
shear strength of AgO was an order of magnitude higher
than Ag2O.

4.3. Stencil printing

Stencil printing is an “on-contact” process where a laser cut
metal or plastic stencil with desired pattern is placed in con-
tact with the substrate (Figure 11). A squeegee is used to
drag the ink over the mask. Once the squeegee is passed
over the openings in the stencil, the stencil is moved up and

the image from the stencil is transferred onto the substrate.
The concentration of the ink or the thickness of the mask
can be modified to change the thickness of the printed layer.
The stencil can be reused after cleaning them. A stencil can
be used in combination with an airbrush to pattern spray-de-
posited layers. Stencil printing is easy and it can be used in
the laboratory for rapid deposition of inks for studying the
effect of ink composition on the electrochemical per-
formance.[55,67, 131,132] The solvent in stencil-printed inks is
kept to the minimum to prevent oozing of the solvents from
the edges of the mask.

Gaikwad et al. used stencil printing to deposit all the
layers of a 14 V flexible battery consisting of 10 Zn–MnO2

cells in series (Figure 12 a).[67] Zn and MnO2 inks were depos-
ited onto a battery separator, which was followed by printing
the silver ink onto the active layers to form the current col-
lectors and interconnects. A hydrophobic Teflon solution was
dispenser printed between the electrodes to isolate the indi-
vidual cells. The battery was activated by printing a polymer
gel electrolyte onto the electrodes followed by folding the
substrate to form an ionic contact between the MnO2 and Zn
electrodes. The cross-sectional SEM micrographs of the
MnO2 and Zn electrodes with the silver current collectors
demonstrates the excellent interfacial contact (Figure 12 b, c).
Due to the porous nature of the battery separator, a fraction
of the MnO2 and Zn electrode was embedded within the sep-
arator, providing mechanical adhesion to the active layers.
The battery demonstrated a capacity of 0.8 mAh when dis-

Figure 11. Schematic illustration of the stencil printing process. A stencil with
the pattern is placed on the substrate and a squeegee is moved linearly over
the stencil to deposit the ink on the substrate through the openings in the
mask.

Figure 12. a) Schematic and optical images of the high-voltage printed battery based on 10 Zn–MnO2 cells stencil printed on a battery separator and electrically
connected to each other with silver interconnects. Cross-sectional SEM micrographs of the MnO2 (b) and Zn (c) electrode stencil printed on the battery separa-
tor using silver current collector. d) Discharge curve of the battery through a 100 kW resistor. Reprinted with permission.[67] Copyright (2013), AIP Publishing
LLC.
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charged by connecting to a 100 kW resistor (Figure 12 d). The
battery pack was used to power a 5-stage printed comple-
mentary ring oscillator. The battery was able to continuously
power the ring oscillator for 15 min without any noticeable
drop in the voltage of the battery.

4.4. Spray printing

Spray printing can be used to deposit inks with a wide range
of viscosities over arbitrary surfaces (Figure 13).[68,133–137]

Spray printing is based on an airbrush in which a high-veloci-
ty compressed carrier gas atomizes ink from a reservoir,
which is subsequently directed towards the target substrate.
The formation of the aerosol and leveling of the ink once it
reaches the substrate is a complex process and is poorly un-
derstood. For inks with low-vapor-pressure solvents, the sub-
strate is heated during the spray-coating process to enhance
the drying process and prevent uneven drying of the ink.
There are number of ways to control the thickness of
a sprayed layer, which includes opening the spray nozzle,
pressure of the carrier gas, ink composition, and the number
of spray passes. Spray printing is particularly attractive for
depositing inks over non-flat surfaces such as foams and
meshes where standard roll-to-roll printing techniques
cannot be used. Spray deposition can be used to print a com-
plete battery or certain layers of the battery for cases that

spray deposition provides an advantage over printing meth-
ods. Spray printing is attractive for sequentially printing mul-
tiple inks that share a common solvent on top of each other.
Due to the quick drying of spray-deposited inks, multilayer
electrodes can be printed without dissolving the previous
layer. Spray printing is well established in the automobile in-
dustry. A similar setup can be envisioned to print batteries
over large surfaces. Spray printing has been used to deposit
active layers and electrodes for solar cells[137, 138] and superca-
pacitors.[133,134, 136]

Singh et al. demonstrated a lithium-ion battery in which all
the components including the current collectors, active layers
and separator were deposited using spray deposition (Fig-
ure 14 a). LCO and LTO were used as the cathode and
anode for the battery, respectively.[68] The current collector
for the cathode was formed by spray depositing a solution of
single-walled nanotubes (SWNTs) with 20 wt % of Super P
conductive additive dispersed in N-methyl-2-pyrrolidone
(NMP). Commercially available copper ink was used to form
the current collector for the negative electrode. The battery
was fabricated by printing SWNT ink onto the supporting
substrate, followed by sequentially spray printing the LCO
ink, polymer separator, LTO ink, and copper ink (Fig-
ure 14 b). The full-cells had a nominal voltage of 2.5 V and
capacity of 30 mAh for an active area of 25 cm2. The cell re-
tained approximately 90 % of its capacity after 60 cycles with
a columbic efficiency of >98 %. Nine sprayed cells were con-
nected in parallel to store a total energy of approximately
0.65 Wh. A polycrystalline solar cell was used to charge the
battery pack, which was later discharged by connecting to
40 red LEDs.

4.5. Inkjet printing

Inkjet printing is a form of digital printing using which the
desired image is formed by dropping ink droplets onto the
substrate (Figure 15). Inkjet printing is a high-resolution pro-
cess and can easily achieve up to 1200 dpi (drops per inch).
The resolution of the pattern depends on the quality of ink
and characteristics of the print head.[59,60, 139] The drops are
formed by mechanically compressing the ink through
a nozzle (piezoelectric head) or by heating the ink to in-

Figure 13. Schematic illustration of the spray printing process. Within the air-
brush, compressed air atomizes the ink and the plume of ink is directed to-
wards the substrate.

Figure 14. a) Schematic of a conventional cylindrical battery with “jellyroll” architecture and the process of sequentially spray depositing inks for battery fabrica-
tion. b) Cross-sectional SEM micrograph of the spray-painted battery. Reprinted with permission.[68] Copyright (2012), Macmillan Publishers Ltd.
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crease its pressure. The final thickness of the printed elec-
trode depends on the number of drops, the volume of the
drop, the concentration of the ink and the footprint of the
printed area. Inks for inkjet printing have stringent require-
ments. The ink should have viscosity of 5–25 cP and surface
tension of 25–29 mN m�1. Generally a combination of sol-
vents is used to achieve the desired ink properties. The ink
should have a high shelf life and the segregation of the pig-
ments/particles in the ink should be minimized to prevent
clogging at the print heads. A small amount of surfactant is
added to the ink to improve the dispersion of particles
within the ink. The surfactants adsorb on the surface of the
particles and increase the steric repulsion between the parti-
cles, preventing coagulation. Inkjet printing is slow in com-

parison to other printing techniques and the printed layers
are relatively thin (<2–4 mm), which limits its use for print-
ing thick composite battery electrodes. Due to its high reso-
lution, inkjet printing could be used to print micro-batteries
for microelectromechanical systems (MEMS) applications.
Inkjet printing has been used to fabricate electronic compo-
nents such as thin-film transistor (TFT) backplanes,[140,141]

solar cells,[142] OLEDs,[143] and conductive traces.[144]

Ho et al. demonstrated 3D Zn–AgO micro-batteries fabri-
cated using a custom-built super inkjet printer (SIJP).[62] The
SIJP uses electrohydrodynamic actuation, enabling the abili-
ty to print features with dimensions less than 1 mm. The drop
size generated by a SIJP is three orders of magnitude smaller
(femtoliter) than conventional inkjet printers (picoliter). Due
to the small size of the resulting droplets, the ink dries
during its flight from the print head to the substrate. As
a result, successive drops can be printed accurately on
a fixed location to create high-aspect-ratio features (Fig-
ure 16 a–c). The setup was used to print silver electrodes with
evenly distributed pillars to increase the areal capacity of the
battery. Once the electrodes were printed and baked, they
were dipped in a bath with a KOH/ZnO electrolyte. Zn was
electrodeposited onto one electrode and the silver onto the
counter electrode was oxidized, forming a Zn–AgO battery.
The battery with the pillars gave a higher areal capacity (
�2.4 mAh cm�2) than the batteries without pillars (
�1.5 mAh cm�2). Due to the mechanical stresses generated
in the silver electrodes during oxidation to the Ag2O and
AgO state, the battery was only electrochemically stable for
a few cycles (Figure 16 d,e).

Figure 15. Schematic illustration of the inkjet printing process using a data
pulse to generate droplets on demand using a pressure transducer.

Figure 16. a) Assembly of the super inkjet-printed 3D zinc–silver microbattery. b) Super inkjet-printed silver electrode with an array of pillars. c) Micrograph of
pillars. d) Galvanostatic discharge curves of the battery with increasing cycle number. e) Galvanostatic discharge curves of microbatteries with planar and 3D
pillar electrodes. The batteries were discharged at 1.1 mA cm�2. Reprinted with permission.[62] Copyright (2009), IOP Publishing Ltd.
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Wang et al. demonstrated a traditional lithium-ion battery,
where the active electrodes (LCO and LTO) were printed on
current collector foils using commercial inkjet printing.[145]

Inkjet printable inks were prepared by ball milling a mixture
of active particles, carbon black, and PVDF binder with
a small fraction of surfactant (Tween-80/FC-4430) in NMP/
propylene carbonate (1:1) at 1000 RPM for 24 h. The settling
rate of particles depends on its size. Ball milling the particles
helps to reduce the particle size and the surfactants reduce
the coagulation rate by increasing the steric repulsion be-
tween the particles. The inks were stable for a period of
30 days without any visual settling of the particles. The LCO
and LTO inks were printed on current collector foils using
a commercially available inkjet printer. The thicknesses of
the active layers were approximately 4–5 mm. The inkjet-
printed batteries demonstrated electrochemical characteris-
tics similar to batteries printed using conventional methods.

4.6. Flexographic printing

Flexographic printing is a mature printing technology and it
is used in the packaging industry to print labels for food
packaging and corrugated shipping boxes (Figure 17). The

web speeds can reach as high as 600 mmin�1 and the low
cost of the printing plates and improvements in layer-to-layer
registration have increased its popularity in recent years.[146]

Flexographic printing is a high-speed web-based printing pro-
cess that uses a relief plate to transfer images onto a sub-
strate. Depending on the complexity of the image, multiple
printing steps are used to form the final image. A standard
flexographic printing setup consists of four cylinders—the
fountain roll, anilox roll, printing plate cylinder, and impres-
sion cylinder. The fountain roll rotates in an ink reservoir.
The purpose of the fountain roll is to pick up the ink and
transfer it to the anilox roll. The anilox roll is chrome plated
and it contains micro-engraved cells throughout its surface.
The purpose of the cells is to form a thin layer of ink on the
anilox roll, which is then transferred to the image plate. The
anilox roll contains a doctor blade to wipe off the excess of
ink from the roll. The printing plate cylinder consists of
a photopolymer plate with a relief pattern of the image to be

printing. The printing plates are fabricated by exposing the
photopolymer plate to UV light through a negative mask.
The regions exposed to the UV light crosslink and the rest of
the photopolymer can be removed by washing in a solvent.
The flexographic plates are attached to the cylinder using
double-sided tape. The substrate to be printed is passed be-
tween the printing plate cylinder and the impression cylinder
through a web-based feed process. The impression cylinder
supports the substrates and applies a constant force between
the substrate and the printing plates, which helps to transfer
the ink from the printing plates to the substrate. In a flexo-
graphic printing setup, the thickness of the printed image is
low (1–3 mm). Standard battery electrodes have thickness
ranging from 20 to 80 mm. A flexographic printing setup for
depositing battery slurries would require multiple print sta-
tions to build up the thickness of the electrodes. The interest
in smart packaging and “internet of things” makes flexo-
graphic printing interesting. Smart sensors and power sources
can be printed on conventional packaging using existing
setups.[66,147–151] Modification to conventional flexographic
plates could help increase the quantity of the ink transferred
during a single print pass.

Recently, Wang et al. developed MnO2 cathode inks for
a flexographic-printed zinc-based battery (Figure 18 a).[66] In
this work, the authors studied the effect of the solvent,
binder, and additives on the printability of a MnO2 ink. The
inks showed a shear-thinning behavior at high shear stress,
which is important for efficient ink transfer from the flexo-
printing pads to the substrate.[58,152] Another important pa-
rameter is the critical shear stress of the ink, which repre-
sents the transition point where the internal structure of the
ink breaks down and the ink transitions from solid-like to
liquid-like behavior (Figure 18 b). Inks with low critical shear
stress break down during the ink-transfer step and get
squeezed to the edge of the printed area. MnO2 inks with
PSBR (polystyrene butadiene rubber) binder had a high crit-
ical shear stress and showed excellent printability and prop-
erties, similar to commercially available graphic inks. The
average thickness of the MnO2 electrodes formed using
flexographic printing was 1–3 mm, which is much lower than
the thickness of standard battery electrodes (20–80 mm). The
dimensions of the cells on standard flexographic plates limit
the quantity of ink that can be transferred in a single printing
pass. The authors printed the MnO2 inks 10 times to increase
the thickness of electrodes (20 mm) (Figure 18 c). With in-
creasing print passes, the roughness of the electrode de-
creased. The flexographic-printed MnO2 electrodes were
cycled with zinc foils as the counter electrodes. The capacity
of the battery after 20 electrochemical cycles was approxi-
mately 0.05 mAh cm�2 (Figure 18 d).

4.7. Screen printing

Screen printing uses a screen of woven material (synthetic
fiber or steel mesh) that is glued under tension to a support-
ing frame (Figure 19). The desired pattern is formed in the
mesh by filling the screen with a photosensitive emulsion

Figure 17. Schematic illustration of the flexographic printing process. The
fountain roller fills the anilox roller. The anilox roller transfers inks onto the
raised features on the printing cylinder, which is transferred by passing a web
of substrate between the printing cylinder and the impression roll.
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and then selectively crosslinking the emulsion and removing
non-cross-linked areas with a solvent to form openings in the
mesh, resembling the print pattern. The screen filled with the
ink is brought in proximity to the substrate and a squeegee is
used to force the screen to touch the substrate; the squeegee
is moved linearly along the screen bringing the open areas in
the mesh into contact with the substrate. Screen-printable
inks should have high viscosity and low vapor pressure. The
wet thickness of the screen-printed layer depends on
a number of factors: the diameter of the mesh and the open-
ing size, the emulsion thickness, the concentration of ink,
and the fraction of ink transferred to the substrate. Screen-
printing is used extensively in industry for printing text and
images on fabrics. Screen-printing is inherently a batch pro-
cess but it can be made compatible with a roll-to-roll
setup.[153,154] A screen with the patterns can be attached onto
a rotary cylinder using a squeegee on the inside to press the

ink and a substrate feed on the outside supported on a roll.
The rheology requirements of screen printing inks are similar
to standard battery slurries. Screen printing is the most
promising technique for printing batteries, as the printed
electrodes are thick. The ink can be patterned and the tech-
nique is compatible with roll-to-roll processing.[153]

Kang et al. recently demonstrated a flexible thin-film lithi-
um-ion battery by sequentially screen printing the current
collectors, active layers, and the polymer gel electrolyte onto
the heat-sealable side of an aluminum-laminated pouch (Fig-
ure 20 a, b).[69] The conducting carbon paste for the current
collector was prepared by mixing carbon black and graphite
with hydroxypropyl cellulose as the binder. The current col-
lector reached its saturation conductivity of 100 W/& at
a thickness of 15 mm. The slurries for the cathode and anode
were based on LCO and natural graphite, respectively. For
a comparative study, evaporated layers of copper and alumi-
num replaced the carbon current collectors for the anode
and cathode, respectively. In summary, the battery with the
evaporated current collector demonstrated the best per-
formance (Figure 20 c). Batteries using the carbon current
collector showed an ohmic potential drop due to low conduc-
tivity of the current collectors. The areal capacity of the bat-
tery was 2.5 mAh cm�2 with a capacity retention of 84 %
after 50 electrochemical cycles. The battery was able to main-
tain its mechanical integrity after bending 200 times to a cur-
vature of 20 mm. In other reports, Park et al. characterized
the electrochemical performance of screen printed LCO-
based cathodes for application in solid-state batteries.[155, 156]

Table 1 provides a comparison between the printing tech-
niques discussed in this section. We compare parameters

Figure 18. a) Schematic of proposed multi-station flexographic printed process of large-scale battery production. b) Shear stress as a function of shear stress
for five inks. c) Cross-sectional SEM micrograph of flexographic-printed MnO2 electrode with PSBR as the binder on current collector foils. d) Discharge capaci-
ty of flexographic-printed MnO2 electrode with gel electrolyte and zinc foil as the counter electrode, discharged at current density of 0.1 mA cm�2. Reprinted
with permission.[66] Copyright (2014), Elsevier.

Figure 19. Schematic illustration of the screen-printing process.
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such as ink wastage, patternability, printing speed, ink prepa-
ration, ink viscosity requirements, thickness of the dried
electrode, and possibility of using them in a roll-to-roll setup.
The choice of printing process depends on the rheology
of the ink, desired thickness of the electrode, and patterna-
bility.

5. Non-Printed Flexible
Batteries

In the previous section we re-
viewed several printing tech-
niques for depositing battery
components. Batteries fabricat-
ed using printing processes are
attractive because they can be
fabricated in large quantities at
low cost. Over the past couple
of years, there have been nu-
merous reports of non-printed
flexible batteries using nano-
structured active materials and
carbon-based materials, such
carbon nanotubes and gra-
phene, to improve the flexibility
and electrochemical per-
formance of the battery. These
batteries are divided into two
groups. The first group consists
of batteries without traditional
binders, where the active parti-
cles are supported within ultra-
long CNTs, graphene, or micro-
fibrillated cellulose, which serve
as conductive additive and me-
chanical support for the active
particles.[16,89,92–97,99, 100,157–164]

Due to absence of binder, the
volumetric energy densities of
these batteries are higher and

the carbon support improves the flexibility of the
electrodes. The second group includes battery
electrodes where the active material is synthesized
directly on flexible carbon supports such as
carbon textiles, CNT mats, or graphene
foams.[57,91,92, 101–104,164–175] Due to intimate contact be-
tween the active particles and the conductive sup-
port, these batteries have high rate capabilities. In
the section, we will briefly discuss the advantages of
these batteries. We encourage the reader to refer to
recent review papers on flexible lithium-ion batter-
ies for detailed discussion on such batteries.[13–16]

The conductive additives, binder, and the current
collectors in battery electrodes are inactive and
they increase the overall weight and reduce the
energy density of the battery.[18,176] Ultra-long CNTs
can be intermixed with active particles to form
highly flexible battery electrodes.[177] The CNT net-

work helps to improve the electronic conductivity of the
active layer and, at the same time, serves as the current col-
lector for the electrodes. The CNTs serve as a support for
the active particles and do not require additional binder. The
binder in a conventional battery is non-conductive and it
blocks the surfaces of active particles. The removal of binder

Figure 20. a) Photograph of the current collector (left), positive (middle), and negative (right) electrode screen
printed on an aluminum-laminated pouch. b) Photograph of the lithium-ion battery formed by screen printing the
anode, cathode, and gel electrolyte on evaporated current collectors. c) Galvanostatic charge/discharge curve of
the batteries with different gel electrolytes operated at C/5 rate. Reprinted with permission.[69] Copyright (2014),
Elsevier.

Table 1. Comparison of printing techniques.

Technique Ink
Waste[a]

Pattern Speed Ink Prepa-
ration

Ink Vis-
cosity

Thickness
[mm]

R2R Com-
patible

blade 2 0 1–3 1 1–5 10–200 yes
dispenser 1 4 1–2 2 1–4 0.5–50 yes
stencil 2 3 1–3 1 2–5 10–200 no
spray 2 2 1–2 2 1–3 5–200 yes
inkjet 1 4 1–3 4 1 0.5–5 yes
flexographic 2 2 3–5 3 1–3 0.5–5 yes
screen 2 2 1–4 2 3–5 10–100 yes

[a] Ink Waste: 1 (none), 2 (some), 3 (considerable). Pattern: 0 (0-dimentional), 1 (1-di-
mentional), 2 (2-dimentional), 3 (pseudo, 3-dimentional), 4 (digital master). Speed:
1 (very slow), 2 (slow, <1 m min�1), 3 (medium, 1–10 mmin�1), 4 (fast, 10–
100 m min�1), 5 (very fast, 100–1000 mmin�1). Ink preparation: 1 (simple), 2 (moder-
ate), 3 (demanding), 4 (difficult). Ink viscosity: 1 (very low, <10 cP), 2 (low, 10–
100 cP), 3 (medium, 100–1000 cP), 4 (high, 1000–10000 cP), 5 (very high, 10000–
100 000 cP).
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from the electrodes improves the energy density of the bat-
tery and reduces electrode polarization at high operating
rates. Due to the high aspect ratio of the carbon nanotubes,
a small weight fraction of CNTs is sufficient to form a con-
ductive matrix, and the high porosity of the electrodes helps
to improve the accessibility of the electrolyte. Luo et al.
demonstrated binder-free LCO/carbon nanotube cathodes
for lithium-ion batteries (Figure 21 a, b).[84] The cathode ink
was prepared by dispersing LCO particles with super-aligned
carbon nanotubes (SACNTs) in ethanol. The dispersion was
homogenized using an ultrasonication process. Due to the
high density of the composite mix, the LCO–SACNT was co-
deposited to the bottom of the container as soon as the ultra-
sonication process was terminated (Figure 21 c,d). Due to
high strength of the SACNT bundles, the LCO–SACNT com-
posite electrode was strong and could be flexed without

cracking. The strength and Young’s modulus of the classical
LCO–Super P electrode were 3 % and 10 % of the binder
free electrodes with SACNTs, respectively (Figure 21 e). The
specific capacity of binder free electrodes with 3 wt % of
SACNTs was 28.7 % higher than for standard electrodes with
10 wt % of Super P conductive additive. The process can be
scaled to a roll-to-roll process by making gel-like slurries of
the composite and spreading them over supporting sub-
strates. The authors demonstrated a large-scale composite
electrode with diameter of more than 15 cm and thickness of
24 mm, showing the possibility of fabricating such electrodes
for larger electrodes (Figure 21 f).

In another fabrication process, the active materials can be
grown directly on conductive substrates. Substrates such as
carbon nanotube mats, carbon-based fabrics, and graphene
foams are used as templates for the in situ synthesis of active

Figure 21. Schematic of the binder-free LiCoO2–SACNT cathode (a) and classical LiCoO2–Super P cathode (b), respectively. c) Different features of SACNT and
CNT-1: SACNT network vs. CNT-1 suspension; LiCoO2–SACNT co-deposition vs. LiCoO2–CNT-1 suspension; flexible LiCoO2–SACNT composite vs. cracked
LiCoO2–CNT-1 composite. d) Cross-sectional SEM image of LiCoO2-1 wt% SACNT composite electrode. e) Mechanical properties of the binder-free LiCoO2–
SACNT composites and the LiCoO2–Super P composite. f) Free-standing LiCoO2–SACNT cathode made on a large scale. Reprinted with permission.[89] Copyright
(2012), Wiley.
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materials. Due to the thinness of the active materials, the
close proximity to the conductive network, and the porous
nature of the electrodes, they can operate at much higher C-
rates as compared to conventional battery electrodes. The
flexible nature of the supporting substrate makes these elec-
trodes flexible, and the thinness of the active materials re-
duces the stresses within the electrode at low bending radii.
The fabrication process is currently a batch process. Envi-
sioning a roll-to-roll fabrication process for such electrodes is
not clear. The high rate capabilities of these electrodes make
them attractive for future electronic applications for which
high power is necessary. Na et al. demonstrated graphene-
based lithium-ion batteries with ultrafast charge and dis-
charge rates (Figure 22 a).[57] The active materials were syn-
thesized on a graphene foam that had a thickness of 100 mm
and weight of approximately 0.1 mgcm�2. The porosity of the
foam was 99.7 % with a very high specific surface area. The
foam could be bent into arbitrary shapes without breaking.
LTO and LFP were synthesized on the graphene foam by
using hydrothermal synthesis (Figure 22 b–d). The full-cell
was fabricated by stacking the LTO/GF and LFP/GF electro-
des together with a polypropylene separator and sealed be-
tween 250 mm thick PDMS sheets (Figure 22 e). The total

thickness of the battery was less than 800 mm. The full cell at
10 C yielded a capacity of 117 mAh g�1, approximately 88 %
of the capacity at 1 C rate. The battery was able to retain its
capacity after flexing multiple times to a bending radius of
5 mm (Figure 22 f, g).

6. Novel Battery Systems

Innovations in battery designs and packaging can enable the
possibility of powering electronics embedded within jewelry,
tattoos, and clothing. In this section we will briefly review
batteries that have novel form factors and mechanical prop-
erties that are not possible with conventional battery designs.

The shape and size of conventional batteries have limited
design innovations in consumer electronic devices. Flexible
and stretchable batteries are generally in the form of thin
squares, which limits the shape of the device. Kwon et al.
demonstrated a cable-type lithium-ion battery, which could
retain its electrochemical capacity after bending to different
forms.[90] The battery design consisted of several electrode
strands coiled into a hollow spiral (anode) with cathode
slurry along the outer ring and PET separator to electrically
isolate the anode and cathode (Figure 23 a). A thin alumi-

Figure 22. a) Schematic of the flexible battery containing an anode and cathode based on 3D interconnected graphene foam. b) Photograph of free-standing
flexible LTO/GF. SEM micrographs of LTO/GF at different magnifications (c,d). e) Photograph of the battery powering a red LED during flexing. f) Galvanostatic
charge/discharge curve of the battery in the flat state and after flexing. g) Cyclic capacity of the battery under flat and bend conditions. Reprinted with permis-
sion.[57] Copyright (2012), PNAS.
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num wire served as the current collector for the cathode. The
hollow structure enabled easy wetting of the electrolyte and
it absorbed the stresses generated within the battery due to
external mechanical deformation. Electrodeposited Sn–Ni on
a copper wire and slurry of LCO served as the anode and
cathode of the battery, respectively. The battery was electro-
chemically cycled between 2.4 and 4.2 V and provided a ca-
pacity of 1.0 mAh cm�1 during first few cycles (Figure 23 a).
The cable battery is extremely versatile and can be woven in
different shapes and forms (Figure 23 c,d). Since the demon-
stration of the cable-type lithium-ion battery, there have
been numerous reports on other batteries and supercapaci-
tors that are in the form of a wire.[178–183] Fu et al. integrated
a fiber-shaped dye-sensitized solar cell with a supercapacitor,
which can convert solar energy into electrical energy and
store it within the supercapacitor. The overall energy conver-
sion efficiency of the integrated system was approximately
2.1 %.[178] Ren et al. recently demonstrated a wire-shaped
lithium-ion battery that can be flexed and stretched. The
electrodes were based on multiwalled carbon nanotubes em-
bedded with LTO and lithium manganese oxide (LMO). The
battery had a capacity retention of 97 % after 1000 flexing
cycles and was stretchable to a strain of 100 % after wrapping
the electrodes around a stretchable substrate.[183]

Jiang and co-workers presented a design approach where
lithium-ion batteries were folded along predefined lines to
create complex shapes that can be twisted and folded with-
out significant mechanical damage (Figure 24 a, b).[117,184]

Folding improved the areal capacity (mAh cm�2) of the bat-
tery by increasing the areal loading of the active materi-
als.[26, 88] Laboratory Kimwipes embedded with carbon nano-
tubes (CNT) formed the current collectors of the batteries.
LCO and LTO inks were printed onto the current collectors

to form the cathode and anode of the battery. The areal ca-
pacity of the flat cell increased from 0.2 to 2.0 mAh cm�2

after using origami folding.[117] Using similar approaches,
Choi and co-workers demonstrated a large-area foldable bat-
tery with conductive fabric as current collectors for the bat-
tery.[26,88] The electrodes were stacked together with a separa-
tor and creased along pre-defined locations to form a foldable
battery. In comparison to flexible batteries, foldable batteries
experienced stresses only at the regions along the fold. The
high mechanical strength and fibrous nature of the conduc-
tive fabric ensured continuous electrical contact within the
current collector and between the current collector and the
active particles. The battery retained approximately 88 % of
its capacity after 5500 deep folding-unfolding cycles.[26] The
authors connected multiple large-area batteries to increase
the voltage of the battery pack and demonstrated designs
where the battery pack could be folded and rolled.[88] Folda-
ble batteries could find application as energy storage media
for lightweight, foldable solar cells, where the device would
be folded using origami techniques during transportation and
then opened during use.[26,88,117, 184–186]

In recent years, transparent devices such as displays, touch
screens, and solar cells have been demonstrated.[187–190] For
system-level integration of these devices, it would beneficial
to have a power source that is transparent. Transparent elec-
tronic components are fabricated by reducing the thickness
of the active materials below their optical absorption
length.[191–194] Battery active materials are good absorbers of
light, even below thickness of 1 mm and reducing thickness of
the active layers decreases the areal capacity of the bat-
tery.[194] Hence it would be beneficial to use an electrode ar-

Figure 23. a) Optical cross-sectional image of the cable battery with hollow
anode having an outer diameter of 1.2 mm. b) Galvanostatic charge/dis-
charge curve of the cable battery with hollow and non-hollow anodes. c) Pho-
tograph of a cable battery with a length of 25 cm used to power a red LED
screen. d) Galvanostatic discharge curves of the cable battery under different
bending strains every 20 min. Reprinted with permission.[90] Copyright (2012),
Wiley.

Figure 24. a) Photograph of the origami battery in the completely unfolded
state and powering a green LED and after folding the battery to the complete-
ly compressed state. Reprinted with permission.[117] Copyright (2014), Mac-
millan Publishers Ltd. b) Photograph of a battery sealed with Parylene-C and
schematic of Miura folding procedure for 5�5 cell pattern. Reprinted with
permission.[184] Copyright (2013), American Chemical Society.
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chitecture that enables high areal loading. Yang and co-
workers demonstrated an innovated approach where the
active layers were patterned in the form of grids with a fea-
ture size lesser than detection limit of the human eye (Fig-
ure 25 a–e).[85] The active inks were deposited onto a PDMS
substrate with grid-like trenches by using a unique microflui-

dic-assisted method. Firstly, gold was evaporated onto the
patterned PDMS to form the current collectors for the elec-
trode. The PDMS substrate was then plasma treated, and
a thin layer of PDMS was placed on the grids. An aqueous
slurry containing the active materials was dropped on one
side of the blocking PDMS and capillary action caused the
ink to flow inside the grids. The anode and cathode were
stacked with a polymer separator to form the battery. The
energy density of the full-cell, including the packaging, was
10 WhL� and the transparency was 60 % (Figure 25 f, g). The
initial capacity of the full-cell was 100 mAh g�1 and it drop-
ped to 80 mAh g�1 after 15 cycles. From an applications per-
spective, transparent batteries can be used to power transpar-
ent epidermal sensors and displays with low power require-
ments.

Stretchable batteries have gained interest in recent years,
as they offer superior mechanical properties to flexible bat-
teries. Stretchable batteries can flex, stretch, twist, and con-
form over curvilinear objects. Fabricating such batteries is
non-trivial and over the years there have only been handful
of demonstrations. The primary requirement of a stretchable

battery is a stretchable current collector, which can retain its
electrical conductivity after stretching. Once a suitable
stretchable current collector is identified, the active layers of
the battery should be designed such that there is no delami-
nation or cracking during stretching/twisting. The packaging
for the batteries should be stretchable and impermeable to

moisture. Examples of stretcha-
ble current collectors includes
carbon black paste with silicon
oil (Figure 26 a),[80] stretchable
conductive fabric (Fig-
ure 26 b, d),[81,87] a segmented
current collector with stretcha-
ble interconnects (Fig-
ure 26 c),[56] and conducting
nanowires embedded in PDMS
(Figure 26 e).[77] The active
layers are printed onto the
stretchable current collectors
using conventional printing
techniques. The region between
the anode and cathode is filled
with a polymer gel electrolyte
to provide ionic contact be-
tween them.

Kaltenbrunner et al. demon-
strated the first intrinsically
stretchable battery with Zn and
MnO2 as the active materials in
the battery (Figure 26 a).[80] A
carbon black/silicon oil paste
was printed onto an elastomer
support to serve as the current
collectors. Zn and MnO2 pastes
were printed on the current col-
lectors to form the anode and

cathode of the battery, respectively, which was followed by
printing an electrolyte gel (NH4Cl, ZnCl2) to complete the
battery. The battery was laminated with another layer of
acrylic elastomer. To prevent the shorting of the battery
during stretching, the anode and cathode of the battery were
placed side-by-side with a gap of 3 mm between them. The
battery was able to continuously power a green LED even
after stretching to a strain of 100 %. The capacity of the bat-
tery at 0 % strain was 7 mAh and it dropped to 3.1 mAh at
50 % strain. The drop in capacity was due to cracking of the
active layers and the current collectors, which led to a drop
in electrical conductivity and particle-to-particle contact.
After the initial report by Kaltenbrunner et al. , there have
been other reports on stretchable batteries with designs that
are more resilient to mechanical stretching.[56,77,81, 87,195–198]

Gaikwad et al. demonstrated a Zn–MnO2 based stretchable
alkaline battery where the active materials were embedded
within fibers of a commercially available stretchable silver
fabric (Figure 26 b).[81] The fabric consisted of silver-coated
nylon threads, which were weaved through a rubber matrix.
The fabric could be stretched repeatedly up to 100 % strain

Figure 25. a) Process flow diagram of fabricating a transparent lithium-ion battery. b) Photograph of the transpar-
ent and flexible battery electrode with grid patterns. Magnified optical (c) and SEM (d) micrographsof the battery
electrode. e) Transparent and flexible gel electrolyte. f) Transmittance of the gel electrolyte, single electrode and
full-cell. g) Transparent battery powering a red LED. Reprinted with permission.[85] Copyright (2011), PNAS.
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without permanent deformation or drop in conductivity. The
fabric was embedded with the Zn and MnO2 slurry by using
a simple dip-coating process followed by a blotting step to
remove the particles that were not supported within the
fibers. The fabric embedded with the active materials under-
went plastic deformations of 6 % and 8 % after stretching to
a strain of 100 % for 200 and 1000 cycles, respectively. The
battery was formed by sealing the fabric embedded with Zn
and MnO2 inks within an acrylic elastomer, with a gel elec-
trolyte based on KOH and ZnO and polyacrylic acid (PAA)
as the polymeric support. The capacity at 0 % strain was
4 mAh cm�2 and the battery was able to retain its capacity
even under stretching to 50 % and 100 % strain. Two batter-
ies connected in series were able to power a red LED contin-
uously, even after stretching to 150 % strain and twisting by
908. The supported electrode design ensured that there was
no delamination of the active materials during stretching. Xu
et al. reported on the first stretchable battery based on lithi-
um-ion chemistry (Figure 26 c).[56] The battery design was
based on segmented active layers printed on rigid islands
supported on an elastomeric layer with stretchable serpen-
tine interconnects. The cathode and the anode of the battery
were based on LCO and LTO and they were printed on the
segmented current collector by using a transfer printing tech-
nique. The anode and cathode were stacked together with an

offset distance of 0.51 mm to prevent electrical shorting and
a polymer gel electrolyte was injected between them to pro-
vide ionic contact between them. The battery had an areal
capacity of approximately 1.1 mAh cm�2 at a nominal poten-
tial of 2.35 V. The battery was able to retain its capacity after
stretching to 300 % strain and powered a red LED continu-
ously, even after biaxial stretching to 300 %. The authors
demonstrated a system for wireless charging of the battery.

7. Future Aspects and Outlook

In past couple of years there has been tremendous interest in
compliant power sources for powering the next generation of
flexible and wearable electronic devices. Numerous printed
flexible and stretchable power sources have been reported in
the literature. The electrochemical capacities of these batter-
ies are much lower as compared to traditional batteries. For
example, the AA alkaline battery and silver-oxide-based coin
cells have capacities of approximately 2500 and 100 mAh, re-
spectively. The capacity of a flexible battery with active area
of approximately 5 cm2 is in the range of 0.5–5 mAh (areal
capacity of 0.1–1.0 mAh cm�2) and they are flexible only to
a bending radius of 20–40 mm. These batteries are only suita-
ble for powering devices that have very low power require-
ments. Powering the future generation of devices such as
health tags, smart watches, flexible phones, and displays will
require a significant increase in the capacity of compliant
batteries. Currently, the thinness of the active materials in
flexible batteries reduces the areal capacity of the battery.
Flexible batteries would benefit from the development of
new active materials with high energy density.[199–209] This
would help improve the areal capacity and volumetric
energy density of the battery without increasing the overall
thickness of the active layers. In conventional thin-film flexi-
ble batteries, single layers of the anode, cathode, and the sep-
arator are stacked together and sealed within a flexible
pouch. In commercial prismatic and cylindrical cells, the bat-
tery stack is rolled/folded to increase its areal capacity. It
may be possible to use a similar concept for increasing the
capacity of flexible batteries. Folding the battery stack more
than once makes it thicker and non-flexible. To maintain the
flexibility of the battery, the individual battery stacks can be
placed on top of each other such that they are electrically
connected with each other by flexible interconnects, but me-
chanically isolated to ensure that the stacks can move freely
upon flexing the battery. Such design will help the battery
absorb stresses during flexing and increase the areal capacity
of the battery. In another possible design, the battery can be
divided into number of microcells with stretchable intercon-
nects between them. The microcells would be rigid/non-flexi-
ble, but the stretchable interconnect would provide the re-
quired mechanical flexibility to the battery.

The commercialization of flexible batteries will require
battery designs and fabrication processes that are easy to
transfer to an industrial roll-to-roll manufacturing setup. The
components making up the battery should be low cost and
easily available to keep the cost of the battery low. Printing

Figure 26. a) Zn–MnO2 stretchable battery based on carbon black/silicone oil
as the current collector. Reprinted with permission.[80] Copyright (2010),
Wiley. b) Zn–MnO2 stretchable battery with stretchable silver fabric as the
current collector. Reprinted with permission.[81] Copyright (2012), Wiley.
c) Stretchable lithium-ion battery. Reprinted with permission.[56] Copyright
(2013), Macmillan Publishers Ltd. d) Rechargeable Zn–Mn2 stretchable bat-
tery with current collectors based on nickel fabric. Reprinted with permis-
sion.[87] Copyright (2013), The Royal Society of Chemistry. e) Stretchable Zn–
AgO battery. Reprinted with permission.[77] Copyright (2014), Wiley.
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processes will play an important role in the industrial manu-
facturing of flexible batteries. Printing processes are econom-
ical and easily customizable. In addition, the seamless inte-
gration of batteries with flexible electronics is important.
Batteries can be customized based on the mechanical and
power requirements of the device. Batteries can be printed
directly on top of devices or they can be fabricated and pack-
aged separately and then integrated with the device. The in-
tegration of rechargeable batteries into autonomous sensors
and devices would require a method to charge the batteries
after it is completely discharged. Using an external charging
system for these devices would be too expensive. Thus, such
devices would benefit from the coupling of energy sources
(solar cells, thermoelectric modules), which can charge the
batteries after the discharge step.

Improvement in packaging is also equally important for
the success of compliant batteries. The development of thin-
ner, flexible packaging that is impermeable to moisture and
prevents the egress of electrolyte from the battery will help
to improve the volumetric energy density of the batteries
and make them more compliant. The commercially available
aluminum-laminated pouches used in academic studies are
thick (�125 mm) and currently make up the bulk of the
thickness of the battery. Standard battery pouches are de-
signed and rated for thick prismatic cells. It would be benefi-
cial if pouches were designed specifically for thin-film flexi-
ble batteries. The packaging for stretchable batteries is not
straightforward. Pouches based on PDMS or stretchable elas-
tomers have the required mechanical properties but they are
permeable to moisture. The development of stretchable inor-
ganic coatings that can be deposited on PDMS or elastomers
would be helpful to reduce the permeation of moisture into
the cell.

From the perspective of a battery designer, it is important
to know the limits of mechanical flexibility of batteries for
a given combination of electrode architecture and current
collectors, and to know the relationship between structural
changes within the battery and the electrochemical per-
formance of the battery. Such understanding will help battery
designers set a limit on the minimum bending radius of the
battery, design batteries taking into account the loss in ca-
pacity with mechanical flexing, and make design changes
that reduce the structural changes due to flexing. The devel-
opment of models to predict the electro-mechanical per-
formance of flexible batteries will be beneficial for the future
development of flexible batteries.

Keywords: batteries · energy conversion · flexible
electronics · mechanical properties · printing
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REVIEWS

A. M. Gaikwad,* A. C. Arias,
D. A. Steingart

&& –&&

Recent Progress on Printed Flexible
Batteries: Mechanical Challenges,
Printing Technologies, and Future
Prospects

Printed flexible batteries: Compliant
power sources are necessary for power-
ing the next generation of flexible and
wearable electronic devices. In this
Review, the material challenges and
mechanical limits of flexible printed
batteries are discussed. The authors
review several printing techniques, and
present examples of batteries printed
using these methods, in addition to in-
troducing other novel non-printed
compliant batteries that have unique
mechanical form.
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