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24.1

INTRODUCTION

Portable electronics have evolved rapidly over the last 10 years and now wearable technologies are following the same trend. While multifunctional clothes are
appearing on the market with a multitude of electronic devices incorporated onto the
fabric, garment devices are articles of clothing with inherent electronic properties.
Garment devices are the actual device, a new kind of technology, also referred to
as e-textiles or smart garments (Quinn, 2010; Seymour, 2008, 2010). Cutting edge
research on garment and textile devices (Figure 24.1), ranging from sensing, illuminating, and computer-like garments, continues to appear in the literature, and this
chapter explores how these devices could be powered. New techniques for integrating energy storage (i.e., batteries and capacitors [Simon and Gogotsi, 2008]) into
textiles are described and new methods for generating energy are briefly explored.
Figure 24.1 illustrates the concept of a garment device incorporating various electronic components by custom designing a knitted textile using conductive materials
(Dion, 2013; Kirsch et al., 2009; Sim et al., 2012).
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FIGURE 24.1 Design concept for a smart power bodysuit. (a) Piezoelectric patch
converts body movements to electrical energy; (b) textile antennas to transmit communications; (c) textile electrochemical energy storage to store energy from harvesting devices;
(d) integrated conductive yarns act as leads to transmit energy or information throughout the
garment; (e) this design is simulated with realism in the textile structure to show that different materials can be integrated as part of a fabric. (From Jost, K. et al., J. Mater. Chem. A, 2,
10776, 2014a.)

Commercially available devices include the Adidas Mi-Coach, the Hi-Call Phone
glove, and the Under Armour heart rate monitoring shirt. However, many of these
wearable technologies still use solid coin cells or pouch cell lithium batteries, which
can be cumbersome, bulky, and are typically stitched or glued into the garment after
assembly. It has been proposed (Dion, 2013) that garment devices would have batteries integrated into the clothing that were indiscernible from regular textiles. This
chapter describes textiles capable of storing energy, fabricated with traditional and
advanced textile manufacturing methods (Figure 24.1).
However, what kind of battery technology and fabric structure will be ideal for
garment devices? We must first consider the design parameters and limitations a
garment device will have.

24.1.1 Design and Material Parameters for Wearable Electronics
Safety: It is always the top concern for researchers developing conventional or wearable batteries and capacitors. Therefore, the materials must be chemically inert
(e.g., noncorrosive, not capable of self-ignition, nontoxic), and the system must be
designed to avoid shocking the wearer (i.e., electrically insulated, or operational
below a threshold dangerous for human use—a few volts).
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Nanoparticles are also a concern for wearable devices since the long-term effects
from exposure to these new materials are unknown. However, materials with
controlled nanoscale structures are safe and can be used. Activated carbons (ACs)
or carbide-derived carbons (CDC) (Chmiola et al., 2006, Lin et al., 2009) are particles in micrometers (µm) in size that can be developed with controlled pore sizes,
tunable by one-tenth of a nanometer. These materials are widely used for water filtration or for poison control in pill or powder form where pores can be tuned to
selectively adsorb specific impurities, for example. This is one of many instances
where nanotechnology does not pose safety concerns (Gogotsi, 2003). ACs are also
used in double layer capacitors (Section 24.1.2), and typically such energy storage
devices, including any nanoparticles used, are encased in a liquid or gel electrolyte.
Washability: The most common question asked about garment devices is can
they be washed? Washing batteries and electronics the way we wash our clothes
is typically avoided. While some components can be waterproofed, many of the
materials and technologies used in smart garments today are those used in conventional portable electronics such as smartphones and these would never be soaked
in water. Therefore, much like a good wool suit, these technologically enhanced
garments require special care when cleaning. In addition, a process like dry-cleaning
can better preserve garments compared to conventional wet-washing and machine
drying over the long term.
Reliability: If garment devices are to last years, the chosen battery technology must
be reliable for the predicted lifetime of the garments, requiring replacement only if
damaged. For techniques incorporating the battery into the textile material, a device
failure would mean replacing the entire garment.
Durability: Similarly to regular garments, garment devices incorporating battery
fabrics must be able to withstand normal wear and tear from everyday use. Therefore
many researchers include electrochemical testing of their devices not only when flat
but also when bent or stretched. These tests will be described in Section 24.1.2.
Cost: Some battery and supercapacitor systems are composed of rare metals;
they may also require complex and expensive manufacturing processes. Given that
these must be converted into textiles, abundant materials have a greater chance of
successful commercialization. In particular, many of the works described in this
chapter utilize carbon materials, one of the most abundant elements on the planet.
Different forms of carbon vary in cost; activated carbon and graphite are relatively
inexpensive materials frequently used in supercapacitor and battery electrodes.
Fabrication: As previously mentioned, choosing manufacturing techniques that
already exist in the fashion and textile industry to produce energy storing fabrics
will allow for a smoother transition from lab-scale testing to large-scale manufacturing. This also means that the type of energy storing fabric should be designed
with commonly available materials, as well as based on the simplest conventional
electrode configurations. For example, if a device is composed of too many types of
material than a fabric making process can incorporate at one time, then it is likely
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not a feasible system. This chapter will explore both printing and knitting techniques
for fabricating energy storing textiles.
Given the design parameters described earlier, understanding the basic principles
of different storage technologies will inform which technologies are best suited for
wearable applications.
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24.1.2 Brief Introduction to Energy Storage Devices
24.1.2.1 Energy Storage Components
Electrode: It is the charge storing material, either through chemical bonds or a double layer capacitance. Typical materials include activated carbon for supercapacitors,
and lithium cobalt oxide (LiCoO2) and graphite for lithium-ion batteries.
Current collector: It is a sheet of metal that the electrode is rolled/adhered to in order
to improve the electrical conductivity.
Electrolyte: It is a solution (aqueous 1 M NaCl, organic solvent, polymer, etc.) that
transports ions from one electrode to another to perform redox processes or form a
double layer capacitance.
Separator: Divides two electrodes and current collectors in a device assembly sandwiched on top of each other. The separator electrically insulates the electrodes from
each other so they do not short, and allows electrolyte ions to pass through the membrane. The closer the electrodes are to each other without electrically shorting, the
higher the capacitance because ions do not have to travel as far between electrodes.
This also means they can charge faster, that is, have a higher power. Typical separators include Gore (polytetrafluoroethylene) or Celgard (polypropylene) membranes
that have nanopores on the order of 50–100 nm and are 20–50 µm thick.
24.1.2.2 Energy Storage Devices
Electrochemical Capacitors (ECs): These store less charge than batteries but have
the unique ability to be composed entirely of nontoxic materials (Dyatkin et al.,
2013), last for hundreds of thousands of cycles, and are composed of highly abundant
materials (e.g., activated carbon, polymer, and aluminum foil).
Electric Double Layer Capacitors (EDLCs): These adsorb ions on the surface of
a conductive electrode material (Figure 24.2a), so called a double layer charge,
which is the mechanism by which energy is stored (Figure 24.3a and b) (Gogotsi
and Simon, 2011; Simon and Gogotsi, 2008; Taberna et al., 2003). Typical electrode
materials are carbon based (e.g., activated carbon, carbon nanotubes [CNTs], graphene), and they are porous and conductive enough to store electrical charge. If the
conductivity of the electrode material is not sufficient, conductive additives can be
mixed into the film, or the electrodes can be adhered to a metallic current collector. Commercially available capacitors use acetonitrile-based electrolytes and extend
the voltage w
 indow up to 2.7 V but are not suitable for wearing. Nontoxic aqueous
or polymer-based gel electrolytes can be used in garment devices, but have a more
limited voltage window around 1 V. These devices are typically tested with voltage
or current charge–discharge techniques, such as cyclic voltammetry or galvanostatic
edited by W. Barfield, 2nd ed. CRC Press, 2015
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FIGURE 24.2 Basic schematics for an (a) all carbon double layer capacitor (left), (b) a pseudocapacitor (MnO2 depicted center), and (c) a lithium-ion battery (right). All devices have an
active material (e.g., carbon, MnO2, LiCoO2), a current collector, a separating membrane, and
an electrolyte (e.g., Na2SO4 or LiPF6 solutions). (From Jost, K. et al., J. Mater. Chem. A, 2,
10776, 2014a.)

–

–

(a)

–

–

+

– – +
– – – +
–
– +
–

+

(e)
(c)

–

1.0
0.5

–
–

(b)

+

–

0.0

(d)

(g)

Current

–
– +
+
+
–
–
– – +
+
–
–
+
– + +
+
+
– –
– +
–
+
–

Current

V

(f )

Potential

+
4.2 (vs. Li/Li )

(vs. AgCl/Ag)
50 nm

3.6

Bulk
0.5

Potential

Potential (V)

+

Potential (V)

Downloaded by [Drexel University], [Yury Gogotsi] at 12:40 03 August 2015

+

+

–

+

+

–

+

–

–

+

+

Na

e–

–

+

V

MnIVO2

1.0

Q/Qmax

3.0

(h)

Bulk
6 nm

0.45

1.0

Q/Qmax

FIGURE 24.3 Comparing batteries to supercapacitors: (a–d) The different mechanisms
of capacitive energy storage are illustrated. Double-layer capacitance develops at electrodes
comprising (a) carbon particles or (b) porous carbon. The double layer shown here arises
from adsorption of negative ions from the electrolyte on the positively charged electrode.
Pseudocapacitive mechanisms include (c) redox pseudocapacitance, as occurs in hydrous
RuO2, and (d) intercalation pseudocapacitance, where Li+ ions are inserted into the host material. (e–h) Electrochemical characteristics distinguish capacitor and battery materials. Cyclic
voltammograms distinguish a capacitor material where the response to a linear change in
potential is a constant current (e), as compared to a battery material, which exhibits faradaic
redox peaks (f). Galvanostatic discharge behavior (where Q is charge) for a MnO2 pseudocapacitor is linear for both bulk and nanoscale material (g), but a LiCoO2 nanoscale material
exhibits a linear response while the bulk material shows a voltage plateau (h). (From Simon, P.
et al., Science, 343, 1210, 2014.)
edited by W. Barfield, 2nd ed. CRC Press, 2015

644

Fundamentals of Wearable Computers and Augmented Reality

cycling (Figure 24.3e). They usually display very rectangular voltammograms,
where the area under the curve is proportional to the charge stored.
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Pseudocapacitors (Figure 24.2b schematic): These store charge through fast redox
and intercalation processes (Figure 24.3c). They typically store more energy than a
double layer capacitor but less than a battery, and can last for ~10,000 cycles. Unlike
a battery, they can be charged at rates comparable to double layer capacitors, on
the order of seconds or minutes. Typical cyclic voltammograms for these devices
may have corresponding peaks indicating that reversible surface reactions are taking
place or are featureless just like those of double layer capacitors (Figure 24.3f).
Primary batteries: These are nonrechargeable batteries (e.g., alkaline or zinc-air)
commonly used in small electronics. They are packed with liquid and sometimes
corrosive electrolytes, and are single-use batteries. Since they cannot be recharged,
these systems are not being considered for use in wearable electronics.
Secondary (rechargeable) batteries (Figure 24.2c): These are most commonly used in
laptops, phones, and in some hybrid-electric vehicles. The most popular battery system is currently the lithium-ion battery, commonly composed of lithium-cobalt-oxide
(LiCoO2), a graphite anode, and lithium-hexafluorophosphate (LiPF6) electrolyte.
They operate by shuttling lithium ions between the graphite anode and the oxide
cathode (Figure 24.3d). They have a high energy density, are highly reversible, and
can last for hundreds and sometimes thousands of cycles, potentially lasting for the
lifetime of the garment. However, these electrolytes are hazardous; finding nontoxic
alternatives would make them viable for garment devices.
The next section covers energy density, which in addition to the storage components and devices, is one of the most important metrics governed by the materials
selection and the active mass loading. This metric dictates which applications the
device is best suited for.
Energy density: While batteries have the highest energy density (Figure 24.4),
capacitors have the highest power. This means that capacitors provide bursts of
energy for the short term but discharge quickly, and batteries provide less energy
at one time, but last for a few hours. The energy density of the battery or capacitor must be high enough to fit into a single garment. Therefore, high energy
density is a must.
The charge stored by different types of supercapacitor materials (i.e., woven,
knitted, yarn, fiber, or conventional films) will be reported as capacitance per gram
of material (F/g), as well as volume (F/cm3). Capacitance per gram essentially
estimates how much of the electrode material is actually contributing to the overall capacitance, and can give insight into whether or not there is a difference in
the electronic or ionic conductivity. For yarn and fabric capacitors or batteries,
these metrics are also generally reported in order to compare with conventional
devices. Capacitance per area (F/cm 2) of the fabric surface, and capacitance per
length (F/cm) of a yarn are also reported for full fabrics and individual yarn/fiber
capacitors, respectively. These energy densities per area or length will inform how
to design garments and textiles with a specified capacitance. Reporting energy
density per volume will help to differentiate between fabrics of similar density
edited by W. Barfield, 2nd ed. CRC Press, 2015

645

Garment Devices
105

Capacitors
3.6 ms

0.36 s

36 s
103

Ni/MH

Li-ion

1h
Li-primary

ors
acit
cap

102

ical
hem
troc

Specific power (W/kg)

3.6 s

Elec

Downloaded by [Drexel University], [Yury Gogotsi] at 12:40 03 August 2015

104

10 h

10

1
10–2

PbO2/
Pb
10–1

1

10

102

103

Specific energy (Wh/kg)

FIGURE 24.4 Specific power against specific energy (Ragone plot) for various electrical
energy storage devices. If a supercapacitor is used in an electric vehicle, the specific power
shows how fast one can go, and the specific energy shows how far one can go on a single
charge. Times shown are the time constants of the devices, obtained by dividing the energy
density by the power. (From Simon, P. and Gogotsi, Y., Nat. Mater., 7, 845, 2008.)

per area, but vastly different in thicknesses. The volumetric capacitance of a thin
fabric will be higher than that of a thick fabric having the same finite capacitance.
Active mass loading: The amount of active material that comprises an electrode is
directly proportional to the energy it will store per area, volume, or length. In order
to store the maximum energy possible, electrodes should be highly dense. Because
fabric supercapacitors and batteries are yet to reach the energy density and performance of conventional devices, high mass loading is a crucial aspect if the battery or capacitor is to be contained in a garment. In practice, electrodes are porous
to accommodate diffusion of electrolyte into the material, sacrificing some of the
stored energy for faster charging and discharging.

24.1.3 Introduction to Textile Structures
Most textiles are composed of fibers, which can be spun into yarns, and then knitted
and woven into full fabrics.
Fibers: Fibers are small linear strands of polymer, typically with thicknesses on the
order of 10 µm up to 100 µm. Fibers can have cylindrical, corkscrew, bi- or trilobal,
and other cross-sectional structures that occur either naturally or are synthetically
extruded. Short fibers that are less than 3 in. are typically referred to as staple fibers,
and longer fibers are so-called filament fibers.
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FIGURE 24.5 Illustration depicting fabric structures and their proper names. (a) Staple
fibers, (b) filament fibers, (c) illustration of a staple spun yarn, (d) illustration of a filament
spun yarn, (e) monofilament yarn is a single fiber with sufficient strength to also act as a
yarn, (f) illustration of a 2-ply yarn, (g) realistic simulation of different knit structures, with
a single yarn in dark gray to depict the path of the yarn, and (h) realistic weave simulations.
Modeled on the Shima Seiki Apex-3 Design software. (From Jost, K. et al., J. Mater. Chem.
A, 2, 10776, 2014a.)

Yarns: Fibers can be spun into a variety of yarn structures as seen in Figure 24.5c
through f.
Woven fabrics: These are sheets of material composed of yarns that are intertwined
over and under each other. Typically warp (vertical) yarns are prethreaded and held
tight while the weft yarns are woven back and forth over and under the warp yarns.
These sequences can be done in different orders to generate plain woven, twill, or
satin weaves (Figure 24.5h).
Weft knitted fabrics: Unlike woven fabrics, knitted fabrics are not composed of independent yarns; a full piece of fabric can be made entirely from a single strand of yarn
intermeshed row by row, back upon itself in a snake chain configuration (Figure 24.5g).
Weft knitted fabrics have much more stretch in the weft direction (horizontal), and
less in the warp direction (vertical), making them anisotropic physically, but also conductively in the case of metal- or carbon-based yarns. Because the yarn is continuous
along the width of the fabric, electrons can flow through the material itself. However,
rows are electrically connected in the vertical direction by intertwined loops. Knitting
typically requires less material and set-up time to fabricate samples, and has been
explored as a main fabrication technique for smart textiles (Jost et al., 2013; Li et al.,
2010; Soin et al., 2014).

24.2

WORK IN THE FIELD

Literature in the field can be categorized into three approaches: coating preexisting textiles, fabricating fibers and yarns, and designing custom knit or woven
structures that incorporate the battery or capacitor into the textile structure. Each
approach has its advantages and challenges in its integration and operation when
incorporated into garments. Some devices will have to be stitched on and sealed
edited by W. Barfield, 2nd ed. CRC Press, 2015
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after the garment is made, while others use manufacturing methods that knit or
weave the garment and device simultaneously.
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24.2.1 Coated Devices
In 2010, Yi Cui’s research group at Stanford University reported on the fabrication
of dip-coated (or dyed) CNT textiles that showed excellent 
performances as
supercapacitor electrodes (Hu et al., 2010). The group developed a water-based
ink mixed with surfactant and single-walled carbon nanotubes (SWCNTs) that
allowed the CNTs to conformally wrap around cotton fibers in commercially
available woven or knitted cotton fabrics. This conformal coating was highly conductive, and the group was able to demonstrate ~480 mF/cm 2 of energy stored.
This particular study also used lithium hexafluorophosphate as their electrolyte,
which is corrosive and nonwearable. However, they later published a new study
that focused on using benign neutral sodium and lithium sulfate electrolytes (Pasta
et al., 2010), and loaded 0.4–2.2 mg/cm 2 of SWCNT ink. This work sparked many
researchers to explore the incorporation of nanomaterials into textiles for wearable
supercapacitors.
In our initial work (Jost et al., 2011) rather than dying the fabric, we chose to
screen print carbon materials into cotton and polyester. Screen printing is a process where ink is pushed through a screen that has a shape masked into it (like a
stencil) and the resulting shape can be printed onto any surface, like printing logos
on a T-shirt. Screen printing is advantageous because it loaded larger quantities
of carbon (~4.9 mg/cm2) into the fabrics compared to the same textiles being dipcoated (~0.4–2.2 mg/cm2) (Jost et al., 2011) because the screen printing ink was
more dense with carbon than the dip-coating solutions (0.2 vs. 0.01 g/mL, respectively). Cotton and polyester woven fabrics were chosen for screen printing because
they absorbed the most carbon material when dip-coated compared to other cotton
twill and nylon fabrics.
Some of the key challenges to much of the early work on textile energy storage
were toxicity, poor flexibility, and leakage. We chose to use activated carbon (AC)
instead of CNTs, graphene, or other nanoparticles, because it is well known to be
nontoxic (thus safe to wear), and is also the most commonly used electrode material
in the supercapacitor industry because of its low cost and high specific surface area.
Therefore, we could also draw direct comparisons between AC fabric supercapacitors and conventional AC film supercapacitors (Section 24.1.2).
Similarly to Pasta et al. (2010), our work utilized aqueous 1 M sodium sulfate
(Na2SO4) and 2 M lithium sulfate (Li2SO4) electrolytes. These were still liquid and
posed challenges to the wearability of the devices; later work in the field explored
the use of solid and gel electrolytes. One advantage the Yi Cui group (Hu et al.,
2010) had while using CNTs was high conductivity, which meant they did not need
to use metal current collectors. ACs are too resistive to stand on their own as both
electrode and current collector, so we adhered the fabric electrodes to stainless
steel sheets. Because conventionally hard supercapacitors also use stainless steel or
nickel, the textile electrodes’ performance could be directly compared to conventional supercapacitors.
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Scanning electron microscopy (SEM) was conducted to observe the morphology
of the native textile as well as the screen printed AC within the textile’s fibrous
structure. Textiles have a hierarchical structure, with the largest porosity within
the textile weave/knit structure, then between individual fibers within the yarns,
and finally in the fibers themselves (Figure 24.6a). We found AC to be well integrated into all levels of the fabric structure. The activated carbon also has multiple
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FIGURE 24.6 (a) Design concept of a porous textile supercapacitor integrated into a smart
garment, demonstrating porous carbon impregnation from the weave, to the yarn, to the
fibers. Below: SEM images of weaves and their corresponding fibers (b) polyester microfiber
twill weave before coating. (c) Cotton lawn plain weave before coating. (d) Polyester fiber
screen printed with activated carbon (Kuraray, Japan). (e) Cotton fiber screen printed with
activated carbon (Kuraray, Japan). (From Jost, K. et al., Energ. Environ. Sci., 4, 5060, 2011.)
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levels of porosity between the large micron size particles and it’s ~1 nm micropores.
This hierarchical structure allowed for the electrolyte to access the carbon material quickly, analogous to cars initially traveling on large highways, then smaller
streets, and finally adsorbing in the smallest pores, like a car parking in a driveway. Figure 24.6b and c shows SEM micrographs of the native polyester microfiber
(b) and cotton lawn (c) fabrics, where this hierarchical spacing can be observed.
It can be seen from Figure 24.6d and e that the activated carbon is well coated
around individual polyester and cotton fibers.
We found that screen printed electrodes performed better at faster scan rates compared to the standard AC films when tested under the same conditions (Figure 24.7).
The textile devices stored ~0.25 F/cm2 and had ~4 mg of active material per cm2, which
translated to a specific capacitance of ~88 F/g (Figure 24.7a and b). Cyclic voltammetry
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FIGURE 24.7 Capacitance vs scan rate: (a) Gravimetric capacitance vs voltage obtained
from cyclic voltammetry of cotton lawn tested in 1 M Na2SO4, at 10 and 100 mV/s. (b) Cyclic
voltammogram of polyester microfiber tested in 1 M Na2SO4 shows more resistive behavior
compared to cotton. (c) Normalized capacitance vs scan rate. (d) Cyclic voltammogram of a
YP17 film tested in 1 M Na2SO4 under the same conditions as the textiles electrodes. (From
Jost, K. et al., Energ. Environ. Sci., 4, 5060, 2011.)
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was conducted for all samples in 1 M Na2SO4 at a range of scan rates from 10 to
100 mV/s. Figure 24.7c shows how the textile devices retain a higher capacitance at
increasing scan rates compared to the AC film, which loses almost 50% of its capacitance when the rate is increased from 1 to 100 mV/s. It is clear from the CVs (Cyclic
Voltammogram) in Figure 24.7d that the AC film electrodes do not retain high capacitance when the scan rate is increased (reducing the time allotted for charging). The
textile devices have added porosity in their woven structures, while the AC film only
has spacing between AC particles, thus electrolyte cannot diffuse as quickly through
the films as the fabrics. We believe this is why the textiles perform better at faster scan
rates. However, the AC film still stores much more energy per area than the fabrics
because it has more AC per area.
This technique is viable for applications that require printing the electronics onto
surfaces, and certainly has shown good performance. However, this system still
incorporates solid steel current collectors and a liquid electrolyte. Therefore, new
material systems were explored in a later paper (Jost et al., 2013) and will be outlined
in Sections 24.2.2 and 24.2.3. Since this work was published, other works explored
similar methods for incorporating graphene materials into cotton textiles (Li et al.,
2013; Liu et al., 2012a).

24.2.2 Knitted Carbon Fiber Electrodes
In 2013, we combined screen printing with machine knitting to produce a porous
carbon fiber (CF) electrode. Moreover, because the textile was knitted with c onductive
CF, the entire supercapacitor system was made of active materials, as opposed to using
coated cotton or polyester that did not contribute to the capacitance. Additionally,
the CF was much lighter and flexible than the steel current c ollectors, making it
more suitable for wearable applications. The knitted CF was also more porous than
the woven cotton or polyester textile, allowing for more AC to be incorporated into
the structure and hence resulting in more energy storage per area. The CF was knitted into small 3 cm × 3 cm squares surrounded by inactive wool f abric (Figure 24.8)
produced on a Shima Seiki SSG-122SV 12 gauge knitting machine. For comparison
with the knitted CF, woven CF was also screen printed with AC ink. All samples
were screen printed with the same AC ink as in our previous work (Jost et al., 2011).
Cotton and polyester fabrics were observed to have ~4 mg/cm2 of activated carbon
mass; woven CF was shown to have 6 mg/cm2; and lastly the knitted CF was loaded
with 12 mg/cm2. Standard AC films for supercapacitor electrodes are typically made
with ~15 mg/cm2 activated carbon mass, meaning these new knit devices were likely
to have comparable performances and capacitances to a conventional device while
still being flexible and wearable.
When electrochemically tested, capacitances were measured as high as 510 mF/cm2
(10 mV/s and ~0.4 A/g), which is very comparable to an AC film electrode tested in
the same gel electrolyte, having 660 mF/cm2. For textile devices, this is one of the
highest reported electrode mass loadings. The main limitation to the textile devices
reported in this work is that the combination of a slow diffusing gel electrolyte combined with a microporous activated carbon results in devices that charge more slowly
compared to conventional supercapacitors. This however is not a limitation of the
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FIGURE 24.8 (a) Continuous length of knitted carbon fiber squares in green wool,
(b) carbon fiber square coming out of the knitting machine, (c) close-up of carbon fiber electrode screen printed with activated carbon ink, (d) testing setup of layered fabric structure
coated in a polymer electrolyte and an image of the assembled device,
(Continued)
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FIGURE 24.8 (Continued ) (e) cyclic voltammograms of knitted vs woven CF tested at
5 mV · s1, (f) galvanostatic curves tested at 0.4 A · g1 showing knitted CF vs woven CF both
screen printed with the same AC ink. The knitted CF has a higher mass loading due to its
porous structure, while AC on the woven CF sat more on top of the textile structure. (From
Jost, K. et al., Energ. Environ. Sci., 6, 2698, 2013.)

textile, but of the active carbon material and the available nontoxic/nonliquid electrolytes. Both can be optimized for garment device applications.
At present, polyvinyl alcohol (PVA)-based gel electrolytes (Gao and Lian, 2011)
are the most conductive compared to ion conducting polymers like polyphenylene oxide (PPO) and polyethylene oxide (PEO). The PVA gel electrolyte has water
trapped in the polymer matrix, and ions travel through the water, much like in a typical aqueous electrolyte. For this reason, many different kinds of aqueous electrolytes
can be incorporated into gels as long as they are nonreactive with the PVA.
The advantage of knitting some of the conductive elements in a garment device
is that any program can be finalized and immediately sent to a factory to be knitted. Small components like these square patches, shown in Figure 24.8, can also be
modified and incorporated into a garment for manufacturing.
This system still requires two electrodes being stacked one on top of the other,
and would likely have applications in outerwear garments that also have multiple
layers of fabric, as compared to a fine knit T-shirt. However, this paper is one
of only a few to manufacture a custom textile for an electrochemical application.
A majority of battery researchers do not have access to industrial knitting or weaving equipment; therefore, many began to work on developing yarn and fiber supercapacitors (Fu et al., 2012, 2013; Kwon et al., 2012; Le et al., 2013; Li et al., 2013;
Meng et al., 2013).

24.2.3 Fibers and Yarns for Energy Storage
Fibers and yarns are the fundamental components that are stitched, knitted, or
woven together to form full fabrics. It also means they can be processed like conventional yarns into full fabrics and garments. Moreover, textiles can be designed
to incorporate a desired amount of energy storing yarn, meaning garment devices
with specified energy density and resistance can be easily fabricated, with little to
no postprocessing.
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Some of the first reports on fiber- or yarn-like capacitors and batteries began
to appear in 2011 from Z.L. Wang’s group at the Georgia Institute of Technology,
Atlanta, GA, where nanowires were grown on Kevlar to act as pseudocapacitive fiber
electrodes (Bae et al., 2011). The electrodes were twisted around each other (similar
to Figure 24.5f) and used a gel electrolyte to keep them electrically separated from
each other. The authors reported capacitances on par with micro-supercapacitors
used to power on-chip circuit components. This group has also reported nanowirebased energy harvesting fibers that can be used in textiles (Wang and Wu, 2012).
Many more papers have since appeared in the literature demonstrating a variety
of graphene (Carretero-González et al., 2012; Cheng et al., 2014; Lee et al., 2013),
graphite (Fu et al., 2012), CNT (Wang et al., 2013), and pseudocapacitive (Bae et al.,
2011; Fu et al., 2013) yarns with comparable performances to commercially available
capacitors or batteries. Graphene yarns in particular are increasingly popular because
they are highly conductive (no need for an additional metal current collector) while
also having high surface area to promote high capacitance. Work from Prof. Wallace
(Aboutalebi et al., 2014) and Prof. Baughman (Lee et al., 2013) has demonstrated very
high conductivity as well as high volumetric capacitance for graphene yarns. Wallace
and other groups have also explored the method of wet-spinning these graphene
fibers, where they produce large quantities of material (Meng et al., 2013). They have
also conducted extensive flexibility testing with resulting electrochemical data. It has
generally been found from graphite, graphene, and CNT yarns/fibers, which are
continuous strands of materials, that there is little difference in the electrochemical
performance when bent or deformed. Systems that use larger micron-sized particles
show more variation as the particles may be displaced with movement, potentially
breaking conductive bonds. However, bending does not seem to have a significant
effect on the charge storing mechanisms. Recently, new works have been demonstrating stretchable fibers and yarns (Ren et al., 2014; Yang et al., 2013).
Because supercapacitors and batteries must incorporate an electrode, current collector, separator, and electrolyte into its system, researchers have demonstrated different geometries for fiber and yarn ECs. A single fiber can be coated in multiple
layers of electrode, current collector, etc., forming a coaxial style EC (Meng et al.,
2013; Yang et al., 2013) as seen in Figure 24.9a through c. However, sometimes two
electrode fibers are plied/twisted together and separated by a membrane or solid
electrolyte (Figure 24.9d). Any of these fiber geometries can be modified for asymmetric capacitors or batteries, where one electrode is much larger than the other.
However, much like insulated wire, these pose challenges to connecting components
when embedded into fabrics, since the end would have to be stripped and soldered
after the fabric is constructed. Therefore, developing connectors or other methods
that do not completely insulate the components is a field that requires more research.
Lastly, some strips of electrode material were layered into a full EC geometry and
scrolled along their length into a yarn (Gorgutsa et al., 2012). This structure is actually similar to rolled electrodes in commercially available supercapacitors.
One of the main challenges that researchers are yet to fully address is the conductance along lengths of yarns. Since the energy stored will be proportional to the
length, more length may be desirable. However, the longer the supercapacitor (or any
wire), the more resistive it becomes. Eventually, that resistance will become too high
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FIGURE 24.9 Cross-sectional diagrams of electrode configurations in yarns. (a) Core-shell
electrode and electrolyte, where the electrode is conductive enough to also act as the current
collector, (b) single electrode with a current collecting core, (c) full coaxial style supercapacitor in a single fiber, and (d) two electrodes where the current collector and electrode yarns are
twisted together and then insulated in electrolyte.

to allow for functional operation of the yarn supercapacitor or battery. Therefore,
fully insulated ECs may not be ideal for preprocessing into fabrics. As has been
previously reported (Li et al., 2010), knitting multiple rows of conductive yarn can
act like wiring resistors in parallel with each other. Therefore, insulating the ECs
after knitting or weaving means multiple rows of electrode yarns can be knitted
together to tune the resistance and capacitance accordingly.
In addition to addressing resistive networks, few researchers have processed their
EC yarns into fabrics, and therefore it is not known if they are mechanically strong
enough to withstand industrial knitting or weaving. However, most of the devices
reported in literature still have low mass loadings, and in some cases even if plied
together, a few hundred strands of yarn may be needed to have the same capacitance
as a conventional supercapacitor per area.
Natural fiber welded electrode yarns for knitted textile supercapacitors: The
next step in our research was to develop carbon embedded yarns capable of being
processed on industrial knitting equipment. In collaboration with Prof. Trulove,
commercially available and knittable yarns were embedded with activated carbon
through a process called natural fiber welding (NFW) (Haverhals et al., 2010, 2012).
Unlike typical coating techniques (i.e., dip coating, screen printing, chemical vapor
deposition, etc.), NFW swells cellulose microfibrils to soften the fibers during the
coating process, and subsequently carbon particles can embed themselves in the
swelled polymer. Then the cellulose is reconstituted in a water bath, which permanently traps the carbon particles in the fibers. This process can also produce large
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quantities of yarn (up to 200 ft) at a time on an in-house setup. In addition to producing large quantities of yarn, the main goal of this work was to demonstrate supercapacitive yarns knitted into full textile devices. Therefore, different modifications
of the welded yarns were processed on an industrial knitting machine to determine
their viability for full fabric production (Jost et al., 2014b).
Cotton, linen, bamboo, and viscose yarns were all subjected to NFW with activated carbon, all had an increase in strength, but a reduction in elasticity as shown
by tensile testing. However, only the cotton yarn was unable to be knitted. We determined that the cotton fibers were shorter than the linen, bamboo, and viscose fibers,
and in the 12 gauge needle loops, the cotton fibers separated resulting in a break in
the yarn. When the same force is applied to longer fibers, the strength of the polymer
plays a more significant role in preventing breakage.
All yarns were electrochemically tested in geometries similar to Figure 24.9d prior
to knitting. Initially, cotton yarns NFW with AC were twisted with steel yarn to increase
the conductivity, and resulted in yarns having capacitance up to 8 mF/cm, which was
much higher than previously reported works typically around 0.5 mF/cm. However,
when the plain cotton and steel yarns were twisted prior to NFW with AC, the mass
loading increased from ~0.3 to 0.6 mg/cm, and resulted in yarns with capacitance as
high as 37 mF/cm. This is currently the highest reported capacitance per length for any
carbon-based yarns. Only batteries and redox active yarns surpass this value (Kwon
et al., 2012; Liu et al., 2013).
Upon discovering the exceptional properties of these electrode yarns, we proceeded to knit them into stripes. We discovered very quickly that the cotton yarns
were too brittle to withstand industrial knitting. Multiple welding modifications
were explored to make the yarns softer, but they did not knit without breaking apart
completely. It was at this point that linen, bamboo, and viscose yarns were also
explored as electrodes, and were NFW with AC. The viscose did not hold as much
material, and only had a capacitance of ~1.5 mF/cm. The linen and bamboo were
on par with the cotton yarns, having a capacitance of ~8–11 mF/cm. After twisting them with steel yarn, they were processed on the knitting machine. The linen,
bamboo, and viscose fibers were all significantly longer, and therefore were not
pulled apart during the knitting process compared to the shorter cotton fibers. More
work is ongoing to characterize the performance of the yarns knitted into fabrics.
It is clear that researchers are beginning to transform their novel yarn materials
into fully woven or knitted fabric devices (Gaikwad et al., 2012; Soin et al., 2014;
Zhou et al., 2014).

24.2.4 Custom Textile Architectures for Supercapacitors
Some works have begun to build woven or knitted fabrics that by the nature of their
structure and materials selection may store energy. One of the first examples found
in the literature is from M. Skorobogatiy (Gorgutsa et al., 2012; Liu et al., 2012b).
In two works, the group initially wove capacitive fibers into fabric to act as a fabric
touch sensor, similar to the capacitive touch sensing found in many smartphones
or laptops. This group later moved on to developing battery strips (Figure 24.10a)
capable of being hand woven (Figure 24.10b). In the woven structure, the red and
edited by W. Barfield, 2nd ed. CRC Press, 2015

656

Fundamentals of Wearable Computers and Augmented Reality

Conductive textile electrode

Conductive threads

Battery stripe

Downloaded by [Drexel University], [Yury Gogotsi] at 12:40 03 August 2015

(a)

(b)
Ag/PA66
(Nylon)

PVDF
spacer

Ag/PA66
(Nylon)

3 mm

(c)

FIGURE 24.10 (a) Depicts coated strips of battery electrode fabric, demonstrating their
flexibility and stretchability, (b) depicts a hand woven structure where lengths of these strips
are woven alongside conductive yarns (red and blue) to form a fully functional battery fabric,
and (c) depicts a 3D knitted spacer fabric with piezoelectric properties.

blue yarns are conductive, and the battery strips are woven in between the red and
blue yarns to have a positive and negative connection.
Our work on knitted and screen printed supercapacitors (Jost et al., 2013)
also used knitting to build CF current collectors in specific geometries (Figure
24.8). We also demonstrated the ability to incorporate these into full garments.
Continuing with knitting, other researchers have also knitted piezoelectric spacer
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fabrics (Soin et al., 2014) where the top layer of this three-layered fabric is a positive terminal, the bottom is negative, and the interlacing spacer yarn in between is
the piezoelectric polyvinylidene fluoride (PVDF) monofilament yarn. The authors
made use of the textile structure to create functional layers in a single piece of
fabric. This kind of creativity is an excellent example of where the field is heading.
Moreover, for energy storage, methods that can scale up quickly and easily are
essential to the success of energy storing textiles. Fabrics that can provide structural
solutions to the arrangement of specialized materials can be integrated into garments
with greater ease, and can be carefully designed to have desired energy and power
densities. In the future, we can expect to see materials and devices being manufactured more like traditional fabrics. Using this approach it is likely that electronic
fabrics in the future will be visually indistinguishable from everyday textiles.

24.3 CONCLUSIONS
Textile energy storage is an exciting field of research with much promise; however,
as wearable electronics have begun to appear on the market, textile energy storage
remains an underdeveloped component. Understanding the design parameters for
both fabrics and energy storage devices is crucial to push the field forward and
find creative solutions to integrate energy into textiles. Many challenges remain,
including finding nontoxic options for battery electrolytes, further increasing the
energy density of fabric batteries and supercapacitors, and finally integrating these
devices into garments using scalable and cost-effective techniques. However, it is
clear that the field is growing quickly with creative and competitive solutions appearing regularly in the literature. A seamless solution is bound to appear.
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