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Abstract

- Fernando Ferreira2

There is one component that virtually any embedded wearable needs—a power source. This paper proposes an energy source,
which contains no harmful substances, can be stored in a stand-by dry state for indefinite time period, is flexible and has
tactile characteristics similar to that of textile. The main feature of this energy source is the separation of the electrolyte and
the electrodes—the electrolyte is applied only when the battery needs to be activated. This makes storage time in a dry state
virtually infinite. It expands their potential use to storage solutions and healthcare/health monitoring solutions, because the
design of the battery allows it to be used as an active sensor, which generates electric current, when it detects liquid. We
stress that this solution is suitable for specific applications only, outlined in the paper. The main components of the battery
include aluminium anode, air cathode and the cotton shell. The design includes only textile-based materials, which ensure
greater flexibility and better fusion with textile materials, where the battery is intended to be integrated. Besides that, results
of the experiments with multi-cell battery prototype are presented.
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Introduction

The alarm is intended for use by children during their sleep
to treat enuresis. The prototype of the enuresis alarm sys-
tem consisted of a shirt with detachable embroidered control
circuit and power supply unit, as well as underpants with
embroidered enuresis sensor. The idea of developing a flex-
ible aluminium-air battery came from our previous research,
which focussed on developing a textile enuresis alarm for
children [1]. The power supply unit of the original system
was based on Li-Ion battery and was integrated into the shirt.
The system needs an integrated power supply, since it is
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not feasible to use an external power supply in this setting.
However, most commercially available chemical energy
sources pose a certain degree of hazard due to their compo-
nents—they either contain toxic materials or pose explosion
risk if not wired/charged properly. One of the most promis-
ing alternatives was to use aluminium-air batteries, due to
their costs, high theoretic energy density and non-toxicity
[4, 7-9]. Besides that, since these batteries can be used with
saline electrolyte, it is possible to use urine or other liquids
for their activation. Such battery is activated right after the
liquid is applied and reaches its maximum output as soon as
it is sufficiently soaked. According to our experience, this
takes just a few seconds. To be fully integratable into smart
textiles, and/or wearable human/animal care products, these
batteries must satisfy a number of requirements: materials
should be non-toxic and safe, they should be flexible to
ensure the comfort of the final wearable/textile product [1].
Another practical consideration was to make this cell modu-
lar, which means that cell design enables one to connect
them in series to improve overall electrical performance.

It is known from experiments that the potential differ-
ence of aluminium-air batteries with saline electrolyte is
approximately 0.7 V. Thus, in order for the battery to power
common semiconductor components without further conver-
sion, 3 to 4 cells must be connected in series (which would
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increase the voltage 3 or fourfold). The size of the cells can
be adapted to the necessary design of the product and appli-
cation of the battery.

The current study described in this paper is based on
our previous work. More specifically, the original flexible
aluminium-air battery was a combination of metal meshes
and textile materials [10]. This design was later improved
by replacing pure metal meshes with metal-coated textile
materials [11], which ensured better flexibility and elimi-
nated problems with copper mesh oxidation.

This paper focuses on electrical properties and multi-cell
design of such batteries.

Batteries for smart textiles

Smart textile field has been booming during the last decades
and one of the main challenges that have been acknowledged
was related to finding an energy source that is suitable for
integration into wearables and particularly into smart tex-
tiles. Lately, a number of important studies have been pub-
lished, which address just this problem. These studies focus
on new materials and new approaches to powering smart
textile; however, they will not be discussed here, since an
extensive overview can be found in other papers [2, 3, 5,
6, 11].

In this paper, we focus in particular on a new approach
to the development of energy source for smart textiles that
is based on the idea of electrolyte and electrode separation
[11]. This approach has a number of advantages, such as
indefinite storage time and the possibility to use this bat-
tery as a self-energised wetness sensor [10]. This enables
to use the proposed design in medical applications, which
often require a reaction to the appearance of bodily fluids.
Examples include enuresis alarm systems, disposable bed
mats, diapers for paediatric, elderly and stationary patients.
Other applications include use in cold storage facilities and
freezers, functioning as an electrochemical indicator, which
changes its state in case of temperature rise. These applica-
tions are possible, because the batteries contain no toxic
materials. Aqueous electrolyte is used for battery activation
(should electrolytic properties of the liquid not be enough for
battery successful activation, NaCl can be included into the
inner layers of the dry battery (concentration 15%), which
dissolves and enhances the redox reaction). Electrolytic
properties usually are ensured by dissolved ions.

The battery described in [11] is completely made from
textile-based materials. Silver-coated permeable fabric is
used as cathode current collector, which eliminates problems
with oxidation, that the original copper current collector was
prone to [10]. Besides that, its characteristics are comparable
to that of the original battery, made using metal meshes.
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The main objective of this study is the development of
a multi-cell battery, which is based on the improved cell
design [11]. A single-cell is a flexible element of arbitrary
shape, usually square, with two electrodes—an anode and
a cathode. By combining these cells in a particular way, it
is possible either to increase voltage (by connecting cells in
series) or to increase current (by connecting cells in paral-
lel). It is intended to use the battery in a dry state. The elec-
trolyte is added later and provokes activation of the system,
which performs an operation. Thus, the following special
considerations should be taken during the design of such
a multi-cell battery: (1) cells must have an open design, so
that the external electrolyte can reach all the cells; (2) at the
same time, the cells must be sealed from one another, and (3)
measures should be taken for directing electrolyte into indi-
vidual cells and avoiding build-up of excessive electrolyte,
which can make detrimental electric connections between
cells.

Components of the original al-air battery

The original battery [10] consists of a copper mesh cathode
with carbon granules, and an aluminium mesh anode. The
single-cell battery has shown promising results (open-circuit
voltage V= 800 mV, short-circuit current Ig-=50 mA)
[10]. Although the choice of the materials made the battery
less flexible, so further studies have been conducted, which
resulted in replacing all the metal meshes with alternative
textile-based materials, without sacrificing the performance
[11]. The improved design of single-cell flexible textile alu-
minium-air battery is shown and explicated in Fig. 1.

For aluminium anode Mtex® aluminium-textile composite
fabric is used, which has textile base and textile-like tactile
feel. Electric characteristics of this material are comparable
to those of pure metal mesh. It is coated with aluminium,
using thermal, binder-free coating process [12]. Since the
outer layer is made of aluminium, it has all the necessary
electrochemical characteristics for use in the battery.

Cathode current collector is made using Shieldex® Buda-
pest, which is 99% pure silver-plated polyamide fabric and
has surface resistivity < 1.0 Ohms/ [13]. Silver plating makes
it particularly resistant to oxidation, which was an issue in
the original design [10].

Outer shells are made of common cotton fabric, which
ensures necessary tactile characteristics of the whole
package.

Optional NaCl can be added to the air cathode. Its use and
concentration should be evaluated based on the liquid, which
is expected to activate the battery. Should its ion concentra-
tion not be enough to act as an electrolyte, NaCl should be
added accordingly.
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Fig. 1 Flexible textile Al-Air
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cotton enclosure of the cell; 5—
cotton enclosure of the cathode;
6—sewn joints; 7—activating
liquid from outer environment
that is applied to the cell and
that acts as an electrolyte

It was demonstrated that the newly chosen materials show
promising results and their performance is equivalent to
that of pure metal elements, which were used in the original
design of the flexible Al-air battery and had caused various
issues, mostly due to oxidation [11].

After suitable materials for flexible textile aluminium-
air battery cells have been determined, it is now possible to
focus on the design of multi-cell battery and the arrangement
of individual cells.

The modular design of the battery enables one to choose
an arbitrary number of cells and their arrangement on the
plane. Since one cell of the chosen type produces about
0.7 V, it was decided to prepare a battery with 4 cells,
connected in series. This arrangement should quadruple
the potential and gives an output voltage of about 2.8 V,
which is enough for most low-power semiconductor elec-
tronics and sensors. In this case, maximum current remains
unchanged—should the application require to increase the
current and not the voltage, the cells should be arranged
in parallel. In the described battery, the cells are arranged
linearly, because it was intended for use in a wristband
prototype.
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Multi-cell battery design

Previous studies [11] show that better results are obtained
when individual cells are arranged on a plane, rather than
stacked on top of each other. This is because such an arrange-
ment ensures a better electrical insulation of the cells. Thus,
the biggest challenges in combining flexible textile cells on a
textile substrate is to ensure their insulation by directing the
flow of electrolyte and making connections in an appropriate
way. This can be achieved by proper insulation of the indi-
vidual cells with appropriate sealants. Cells are arranged on
a plane. Their stacking on top of each other does not allow to
ensure a proper insulation and flow of electrolyte at the same
time, which decreases performance of the battery.

The designed battery prototype (see Fig. 2) presents four
cells connected in series. The cells are arranged on a plane
and are adjacent to each other in a way that the cathode of
one cell overlays the anode of the next cell, etc. Since the
materials are textile-based, the connection is made by sew-
ing the electrodes together with conductive thread. The cells
are incapsulated into two layers of non-permeable fabric,
using commercially available seam sealer. The lower layer
is made of solid rectangular piece of fabric and the upper
layer is made of the same fabric with four openings that
allow electrolyte to reach the cells. The sealant is applied
on the cathode/anode connection area and around the cells,
to insulate them. The fabric has hydrophobic coating, which
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Fig.2 Multi-cell battery design, side view
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minimises electrolyte accumulation on the upper layer of
the battery and detrimental connection bridges, as well as
it enables the electrolyte to be distributed among the cells.
The only non-insulated electrodes are the anode of the first
cell and the cathode of the last cell, which are the poles of
the multi-cell battery.

To test the actual characteristics of the newly designed
battery, a multi-cell (4 cells) flexible textile aluminium-
air battery prototype was developed (see Fig. 3), which
consists of four sealed cells. The battery can produce 3 V
upon activation, which enables it to power semiconductors
without the need of additional voltage conversion or energy
accumulation.

The basic characteristics of the battery are discussed in
the next section.

Results and discussion

The current—voltage curve of a 4-cell battery is presented
in Fig. 4. As can be seen, it produces open-circuit voltage
(OCV) of almost 3 V and has short-circuit current of almost

60 mA. Due to the intended application of the battery,
OCYV change over time was not measured. However it was
observed that upon introduction of the electrolyte aluminium
anode starts to deteriorate and should not be expected to last
for more than a few days, even without load.

To be consistent with our previous experiments [11], the
capacity of the battery was measured by putting it under a
constant 22Q load. As was stated before, this particular bat-
tery design is not intended for long-time storage in the active
state—it is used to perform a particular task upon activation
and should be reset afterwards. Voltage/current change over
time under load can be seen in Figs. 5 and 6.

As can be seen from Fig. 5, voltage drops to around
50 mA 120 min after activation under a load of 22Q. Current
change over time is shown in Fig. 6, after 120 min it drops to
around 2 mA. These figures show that it is practically possi-
ble to use the battery for powering demanding semiconduc-
tor electronics, such as wireless transmitters and sensors for
a limited time of a few hours, depending on the actual load.

Only one cycle was performed during the experiments
due to a number of factors: (1) this particular design of
the primary battery is not intended for repetitive use, but

Fig. 3 Prototype of a multi-cell flexible textile Al-Air battery with cells arranged on a plane

Fig.4 Current—Voltage charac-
teristic of a 4-cell battery 70
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Fig.5 Voltage change over time Voltage over time with 22Q load
of a 4-cell battery with 22Q
load applied
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rather for one-time activation to change the state of the Conclusion

system, (2) aluminium anode oxidises and deteriorates
quickly in the presence of electrolyte, (3) thus, to re-
activate the battery for next cycles, physical replacement
of the aluminium anode is necessary, which, after drying
of the remaining components, should return its electrical
characteristics to the original level.

This completes an important step on the path to devel-
oping a functional multi-cell energy source that can be
used in wide variety of applications.

The focus of further studies will be on construction
improvements, practical usability and further study of cell
deterioration under various loads.

This paper presents a further development of an alumin-
ium-air battery that was proposed in [10] and improved in
[11]. The paper shows how individual cells can be com-
bined to obtain higher electrical characteristics, which
are enough to power common semiconductor electronics.
Charts are presented, which show the operational charac-
teristics of such batteries.

Due to oxidation of aluminium anode, this kind of
batteries are not intended for long-term storage in acti-
vated state. However, they can be integrated into the final

Pigllase ¢l ay .
e e O) Springer



6 Page 6 of 6

Materials for Renewable and Sustainable Energy

(2021) 10:6

product and remain in inactive state without electrolyte
for virtually unlimited time, which expands their potential
use to storage solutions and various healthcare products.
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