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1. Introduction

Point-of-care (POC) diagnostic systems are a rapidly growing 
field of portable devices [1]. POC diagnostic systems have 
evolved into a rapid and portable format, and are often dis-
posed after a single usage [2–4]. Disposal POC devices 
require low-cost components including power sources to keep 
the assay cost low. Furthermore, devices for biomedical appli-
cations require power sources with stringent functionality 
including safety, stability, long shelf life, and high energy 
density [5]. When medical care is provided in remote areas or 
during disaster relief scenarios, conventional services of waste 

disposal are often unavailable. POC devices will therefore 
need to be equipped with light-weight and disposable batteries 
that will not pollute the local soil and aquatic environment 
when they are discarded.

Biological fluids and POC reagents have the potential to 
be used as electrolytes for power sources in disposable POC 
applications. POC reagents such as buffer solutions [6, 7] and 
alkaline solutions [8] could be used as electrolytes for power 
source operation. Most research uses physiological buffers 
and artificial bodily fluids [5–7, 9–13]. The use of real bio-
logical samples as the electrolyte for power sources is limited. 
Blood and sweat have been used as the electrolyte for a carbon 
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Abstract
A disposable cable-shaped flexible battery is presented using a simple, low cost manufacturing 
process. The working principle of an aluminum–air galvanic cell is used for the cable-shaped 
battery to power portable and point-of-care medical devices. The battery is catalyzed with 
a carbon nanotube (CNT)-paper matrix. A scalable manufacturing process using a lathe is 
developed to wrap a paper layer and a CNT-paper matrix on an aluminum wire. The matrix is 
then wrapped with a silver-plated copper wire to form the battery cell. The battery is activated 
through absorption of electrolytes including phosphate-buffered saline, NaOH, urine, saliva, 
and blood into the CNT-paper matrix. The maximum electric power using a 10 mm-long 
battery cell is over 1.5 mW. As a demonstration, an LED is powered using two groups of four 
batteries in parallel connected in series. Considering the material composition and the cable-
shaped configuration, the battery is fully disposable, flexible, and potentially compatible with 
portable biosensors through activation by either reagents or biological fluids.
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nanotube (CNT)/cellulose supercapacitor [14]. Small volumes 
of blood, urine, and saliva have been applied as the electrolyte 
for an aluminum–silver oxide battery [8]. Urine and saliva have 
also been used with magnesium–copper batteries [15, 16].  
However, these biological fluid-activated batteries use a film 
shape that requires cumbersome manufacturing processes and 
costly materials that are inhibitive to low-cost, POC devices. 
In addition, placing toxic or contagious liquids on a battery 
may not be safe for operators and environment.

This work presents a cable-shaped aluminum–air (Al–
air) battery for on-demand activation by biological fluids.  
A simple lathe-based manufacturing process is demonstrated 
for continuous battery fabrication, eliminating the need for 
cumbersome processing steps found in the biological fluid 
activated batteries and other cable-shaped batteries [17–19]. 
In this process, an Al wire is wrapped by a nanomaterial paper 
matrix composed of CNTs bound with cellulose fibers. The Al 
wire with the nanomaterial paper matrix is further wrapped 
with a silver-plated copper wire as a current collector. For a 
low-cost battery, all the material components are composed 
of mass-produced inexpensive materials and integrated by 
a series of lathe-based wrapping. This layered cable-shaped 
design allows for on-demand activation by absorbing biolog-
ical fluids, which has yet to be demonstrated in a cable-shaped 
format. The battery performance is characterized by using 
electrolytes including potential reagents and biological- and 
physiological fluid samples. The cable-shaped battery is easily 
bent and cut for shape adaptive use and can be integrated into 
circuitry to obtain desired voltage and current.

2. Cable-shaped Al–air battery

A cable-shaped Al–O2 battery integrated with a CNT-paper 
matrix is investigated (figure 1). An aluminum wire anode 
is wrapped with a CNT-paper matrix. The paper is then 
wrapped with a silver-plated copper wire to form the battery 
cell. The Al–O2 electrochemical reaction is chosen because 
of its superior theoretical capacity over other battery sys-
tems [20]. Furthermore, aluminum is abundant, inexpensive, 
light-weight, and environmentally friendly. Since the cathode 
is oxygen, the weight and volume of the battery can be 
 significantly reduced with a plentiful supply of oxygen from 
air. Figure 1 shows the major electrochemical reaction with 
the following reaction equations [20]:

+ +− −Aluminum anode : 4Al s 12OH aq 4Al OH s 12e3( ) ( ) → ( ) ( )
 (1)

( ) ( ) → ( )+ + − −Cathode : 3O g 6H O l 12e 12OH aq2 2 (2)

( ) ( ) ( ) → ( ) ( )+ +Overall reaction : 4Al s 3O g 6H O l 4Al OH s2 2 3
 (3)

Since Al–O2 systems do not carry the cathode species (O2) 
within the cell, the catalytic efficiency at the cathode elec-
trode strongly affects the anode reaction rate. An air-porous 
and electrically conductive layer should be used to allow O2 to 
reach the catalyst layer. As a catalyst layer, CNTs embedded 
in paper enable efficient reduction of O2 to hydroxide ions that 

are transported to the Al surface. A separating paper layer is 
wrapped between the catalyst and the Al anode. The porous 
paper layers also provide diffusion channels to draw the reac-
tion product from the Al anode.

3. Experimental method

The cable-shaped battery consisted of a core anode wire 
that was wrapped with two layers of low-density paper. The 
inner layer acted as a separation layer while the outer layer 
containing CNTs performed as a catalyst [20]. Both layers 
absorbed liquid-phase electrolyte and provided channels for 
transporting ions to the aluminum core. The paper layers were 
wrapped with a coil of silver-plated copper wire, which was 
electrically conductive to transport and distribute electrons 
to the CNTs. We chose this battery format to simplify the 
manufacturing process, to minimize the internal resistance, 
to minimize the distance between anode and cathode, and to 
maximize the surface area for oxygen reduction with a flex-
ible format.

For scalable production using a lathe, a spool of 1.2 
mm-diameter aluminum wire was purchased (The Hillman 
Group). Porous paper (KimWipes®) was cut into 400 mm long 
strips of 10 mm width and 0.06 mm thickness. The diameter 
of the silver-plated copper wire (Artistic Wire, PA, USA) was 
0.16 mm. A CNT-paper layer was a key component that con-
sisted of multi-walled carbon nanotubes (MWCNT) embedded 
into the cellulose matrix of porous paper (KimWipes®).  
A 5 mg ml−1 solution of MWCNTs (NanoAmor) was used to 
functionalize the surface of a paper matrix. The MWCNTs 
(outside diameter: 8–15 nm) were dispersed in 0.1% SDS 
(Fluka) through sonication (Bransonic Utlrasonic Cleaners 
Model 1510  −  40 kHz) for 2 h. Using a pipette, the MWCNT 
solution was serially deposited on the paper matrix to a den-
sity of 3 mg cm−2. After each deposition, the paper was heated 
at 120 °C for 2 min to dry. Using a multimeter (Fluke 287/
FVF), the measured resistance of a 10 mm-wide strip was 
50–60 Ω/□.

Figure 1. Configuration of a cable-shaped Al–oxygen battery. Al 
wire is wrapped with paper, CNT-paper matrix, and silver-plated 
copper wire sequentially. The battery is activated by depositing 
electrolytes into the paper layers.
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For fabrication of a cable-shaped battery, the manufac-
turing process was automated using feeding spools for the 
porous paper, CNT-paper and silver-plated copper wire, 
respectively (figure 2(a)). The aluminum wire was suspended 
across a common machining lathe, allowing the aluminum 
wire to be rotated. As illustrated in figure 2(b), the aluminum 
wire was first wrapped in a paper strip. The CNT-paper was 
then wrapped over the non-coated paper (figure 2(c)). The 
silver-plated copper wire was the last material wrapped 
around the battery with a pitch of 0.75 mm (figure 2(d)). The 

cross-section of a fabricated battery is shown in figure 2(a) 
(image on the right).

When the wrapping was attempted on the lathe, the feeding- 
and wrapping directions for both paper strips and copper wire 
were found to be critical. When the headstock of the lathe 
rotated, the Al wire was continuously wrapped by the two 
paper layers as indicated by the solid arrows in figure 3(a).  
In the wrapping process, the wrapping angle should be close to 
45° relative to the feeding direction such that the stress  profile 
parallel to both edges of a paper strip should be uniform.  
An inappropriate feeding direction caused the paper strip to be 
conically wrapped on the aluminum wire, resulting in nonuni-
form wrapping of the paper strips.

When a silver-plated wire was wound on the paper-wrapped 
Al wire, the feeding- and wrapping directions were carefully 
chosen to maintain stable contact between the wrapped paper 
and the wire. When the feeding- and wrapping directions of 
the paper and the silver-plated copper wire were the same, 
the wrapped paper could be wiggled and peeled from the alu-
minum wire (figure 3(b)). As the winding of the silver-plated 
wire continued, the stress on the paper accumulated, resulting 
in nonuniform wrapping of the paper strip. Uniform winding 
was obtained when the feeding- and wrapping directions of 
the silver-plated copper wire were opposite to those of the 
paper, as illustrated by the dotted lines in figure  3(a). The 
developed process could minimize the accumulated strain on 
the paper for uniform winding of the silver-plated wire, which 
provided reliable performance of the battery. The lathe-based 
manufacturing process allowed for 300 mm-long batteries to 
be fabricated within 3 min. With minor modification, the pro-
cess can be made roll-to-roll for producing an infinitely long 
battery.

Figure 2. Structure and manufacturing process of a cable-shaped 
battery. (a) Configuration of a cable-shaped battery; Al wire 
wrapped with porous paper, CNT-paper and silver-plated copper 
wire, sequentially. The right photo shows the cross-section of a 
cable-shaped battery. (b) Wrapping of a porous paper strip.  
(c) Wrapping of a CNT-paper strip. (d) Wrapping of silver-plated 
copper wire.

Figure 3. Rotational- and feeding directions for lathe-based 
manufacturing process. (a) Configuration of the rotation direction of 
a head stock and the feeding- and wrapping directions of the paper 
layers and the wire. (b) Cable-shaped batteries that are wrapped in 
uniform (top)- and nonuniform (bottom) ways.
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The batteries were activated by depositing electrolyte using 
a pipette or by immersion in electrolyte. Capillary flow allowed 
electrolyte to infiltrate the entire paper layers. In this study, 
the battery was activated by depositing electrolyte so that the 
consumed volume of electrolyte could be measured. For per-
formance characterization according to various lengths, the 
batteries were cut using wire cutters to 300, 150, 80, 40, 20, 
and 10 mm. When the length was smaller than 10 mm, the bat-
tery performance was not stable because the wrapped copper 
wire started to unravel and became loose. Under various 
external loads, the voltage and current were measured with the 
multimeter for the various lengths of batteries. The external 
resistances were 0, 10, 100, 1000, 10 000 and ∞ Ω. For acti-
vation, 10 μl of phosphate-buffered saline (PBS) (1  ×  PBS; 
7.4 pH; Life Technologies) was used for each 10 mm length 
of battery. For example, 300 μl of 1  ×  PBS was used for a  
300 mm-long battery. The power per unit length was com-
pared to evaluate the battery performance according to length.

To study the battery performance upon bending, a 20 mm-
long battery was prepared. The battery was bent at the center 
of the longitudinal axis for 0, 45, 90, 135 and 170 degrees, 
and the voltage and current were measured with the multim-
eter under an external load of 384 Ω. For activation, 20 μl of 
1  ×  PBS was used as the electrolyte.

To analyze the effect of electrolyte volume, a 10 mm-long 
battery was soaked with 0.5, 1, 2, 5, 10 and 25 μl of 1  ×  PBS. 
After depositing the electrolyte, enough time was given for 
the electrolyte to evaporate. Under an external load of 384 Ω,  
time-dependent voltage was measured with the multimeter. 
The results were presented in terms of generated energy for 
each volume. To measure electric power, 1 M-NaOH and 
1  ×  PBS were tested, which were common reagents for 
biosensors. Human samples including blood, plasma, urine, 
saliva and whole blood were also tested as electrolytes. Urine 
and saliva were collected from de-identified volunteers. 

Plasma and blood samples with K2EDTA from de-identified 
donors were purchased from Bioreclamation. The multimeter 
was used to measure the voltage output from the batteries over 
time. The external load was 384 Ω. The measurement con-
tinued until the 10 μl solution drop completely evaporated and 
the voltage dropped to 0 V.

To demonstrate the generation of electric power, eight bat-
tery-cells were connected to operate an LED. The batteries 
were plugged into a breadboard and connected electrically 
using additional wires. Two sets of four battery cells in par-
allel connections were serially connected with 80 μl of 1 
M-NaOH used as the electrolyte.

4. Results and discussion

Figures 4(a) and (b) show a 300 mm-long battery and a  
10 mm-long battery, respectively. When the 300 mm-long 
cable-shaped battery was cut into smaller batteries, the indi-
vidual batteries worked as a unit cell. When the battery was 
cut with wire cutters, the inner paper layer still worked as a 
separation layer, which did not cause short-circuiting to occur 
between the anode core and outside silver-plated copper wire. 
After cutting, a segment of the silver-plated copper wire 
could be unwrapped and used as the current collector for the 
cathode, while the unwrapped aluminum wire could be used 
as an anode terminal. Figures 4(c) and (d) show the images of 
a 10 mm-long battery and its magnified view by a scanning 
electron microscope (SEM). In the images, MWCNTs form a 
dense matrix under the silver-plated copper wire.

Figure 5(a) shows the voltage–current characteristic when 
the batteries of lengths 300, 150, 80, 40, 20, and 10 mm are 
subjected to loads of 0, 10, 100, 1000, 10 000 and ∞ Ω after 
addition of 1  ×  PBS. The open circuit voltage is 0.62–0.70 V, 
while the current in short-circuit is 15.2 mA for a 300 mm 

Figure 4. Cable-shaped batteries. (a) 300 mm-long battery, (b) 10 mm-long battery, (c) SEM image of a 10 mm-long battery and (d) 
MWCNT matrix of a 10 mm-long battery.

J. Micromech. Microeng. 26 (2016) 055011
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battery. As the length of the batteries is shortened, the current 
decreases due to the reduced surface area of the batteries. The 
maximum power is obtained for an external load of 100 Ω. For 
a 300 mm-battery, the maximum power is 1.33 mW at 100 Ω. 
The power per unit length is found to increase as the battery 
length decreases from 300 mm to 10 mm (figure 5(b)). The 
increased battery length could reduce the battery performance 
due to the increased resistance of the silver-plated copper 
wire. For a 300 mm-long battery, the measured resistance of 
the silver-plated copper wire was 2.0 Ω. The resistance of a 
silver-plated copper wire for a 10 mm-long battery was 0.07 
Ω. Note that the resistance of the battery was dominated by 
the silver-plated copper wire rather than the aluminum wire. 
Resistance (R) is σl/A, where σ is the resistivity, l is the length 
and A is the cross-sectional area. In comparison, the resistivity 
(σ) of the silver-plated copper wire was 1.6 times less than 
that of the aluminum wire. The length (l) of the silver-plated 
copper wire was 5.7 times greater than that of the aluminum 
wire. The cross-sectional area (A) of the silver-plated copper 
wire was 56 times less than that of the aluminum wire. As 

a result, the resistance of the silver-plated copper wire was  
200 times greater than that of the aluminum wire in the battery.

A 20 mm-long battery was easily bent through the angles of 
0, 45, 90, 135 and 170°. Figure 6(a) shows a battery bent by an 
angle of 170°. 20 μl of 1  ×  PBS was applied to a straight bat-
tery, and the voltage and current were measured for an external 
load of 384 Ω as the battery was bent progressively to 170°. As 
the bending angle increased, both voltage and cur rent slightly 
increased by 9.5 and 15.7%, respectively (figure 6(b)). As the 
battery wire was bent, the silver-plated copper wire tightened 
and compressed the paper layers, reducing the thickness of 
the separation layer and increasing the electric current. In our 
SEM observation, the bent batteries showed a tight grip by the 
silver coated copper wire under bending (supporting informa-
tion, table  1 in section  S1 (stacks.iop.org/JMM/26/055011/
mmedia)). At the bending angle of 160°,  cellulose fibers were 
partially fractured due to the tension at the outside corner. 
Considering the low strength of the  cellulose fibers, the tension 
upon bending induced the fracture of the fibers. Considering 
the disposable nature of the presented  battery, the partial frac-
ture may not be a problem without loss of battery power as 
observed in figure 6(b). To limit potential issues, the bending 
angle should be restricted to 90°.

To validate the voltage dependency on the wrapping 
tightness, the silver-plated copper wire was loosened for a  

Figure 5. (a) Voltage–current characteristics for external loads of 0, 
10, 100, 1000, 10 000 and ∞ Ω. The electrolyte of 1  ×  PBS  
(10 μl cm−1) is applied for the batteries of 10–300 mm in lengths. 
(b) Power per unit length. At the external loads of 10, 100, 1000, 
and 10 000 Ω, the power per unit length decreases as the length of 
the batteries increases.

Figure 6. (a) 20 mm-long battery that is bent by 170°. The bending 
angle of θ is defined by the orientations of both ends of a battery. 
(b) Voltage and current according to bending for a 20 mm-long 
battery.
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10 mm-long battery. The generated voltage was reduced by 
67% because of the increase of the internal resistance and the 
larger diffusion length between the current collectors (sup-
porting information; figure S1 in section S2 (stacks.iop.org/
JMM/26/055011/mmedia)). To obtain more consistent per-
formance, high tension should be applied when wrapping the 
silver-plated copper wire in manufacturing. Since the power is 
also dependent on electrolytes, a voltage regulator needs to be 
used when precise voltage is required.

For a 10 mm-long battery, various volumes of electro-
lyte, ranging from 0.5 to 25 μl were supplied sequentially to 
determine the effect on power production. Drops of various 
volumes of 1 M-NaOH were supplied to a battery. Using a 
load of 384 Ω, the voltage was measured for each drop until 
the drop completely evaporated. The next drop was then sup-
plied. Figure 7(a) shows the time-dependent voltages for 0.5, 
1, 2.5, 5, 10, 25 and 10 μl of the electrolyte. When a drop was 
supplied, the voltage rapidly increased and started to decrease 
as the drop evaporated. The peak voltage increased with an 
increase of volume up to 10 μl. When the volume increased 
to 25 μl, the area under the voltage curve increased. During 
evaporation, the voltage initially decreased with evaporation 
of the electrolyte but then increased temporally. This could 
possibly be caused by nonuniform evaporation in the paper 
layers. The maximum power was over 1.5 mW when the 
volume was over 10 μl.

Figure 7(b) shows the total energy that is produced for the 
volumes ranging from 0.5–25 μl. Four different batteries were 
used to measure the total energy. When the volume was under 
10 μl, the total energy was smaller than 11 μWh because the 
bilayer was not fully soaked and the delivery of hydroxide 
ions to the anode was limited. When the volume was greater 
than 10 μl for a 10 mm-long battery, the papers appeared to 
be fully soaked and the generated energy increased with the 
increase of the supplied volumes. The produced energy was 
proportionally increased because a larger volume of NaOH 
could react with a larger amount of aluminum ions.

Figure 8(a) shows the time-dependent voltage generated 
by 10 μl aliquots of various electrolytes: blood, saliva, blood 
plasma, urine, 1  ×  PBS and NaOH. When blood and saliva 
were supplied for a 10 mm-battery with a load of 384 Ω, the 
load potential was smaller than 0.2 V. When blood plasma 
and urine were supplied, the load voltage increased to 0.3 V, 
which was similar to 1  ×  PBS. 1 M NaOH showed the highest 
voltage due to the abundance of hydroxide ions. Overall, the 
duration of power production for 10 μl drops ranged from 
10 to 30 min. The variation in the voltages provided by the 
various electrolytes could be caused by varying ion concentra-
tions within the solution drops. In addition, samples of saliva 
and blood showed the lowest power, possibly due to their high 
viscosity that might limit the transport of ions.

Using NaOH as electrolyte, an LED was powered by the 
parallel and serial connections of the batteries (figure 8(b)).  
A total of eight batteries were conveniently connected on a 
breadboard, with four connected in parallel and these two 
groups then connected in series. After addition of 10 μl of 1 M 
NaOH per battery, the LED light was powered for 10 min until 
the battery was completely dried (inset of figure 8(b)). Note 
that the LED light could also be powered by two batteries that 

were serially connected (supporting information; figure S2 in 
section S3).

The role of MWCNTs in the battery is to catalyze the 
generation of hydroxide ions to increase the current. When 
batteries wrapped with the CNT-paper matrices of 50, 10 k  
and ∞ Ω/□ were tested, the electric current was signifi-
cantly greater for the 50 Ω/□ battery (supporting information; 
figure  S2 in section  S4). Note that the sheet resistance of 
50 Ω/□ was the smallest value that we could obtain in the 
MWCNT deposition. At this resistance, the cellulose paper was 
fully saturated with MWCNTs. Additional MWCNTs fell from 
the MWCNT-paper matrix during the wrapping process using a 
lathe. Considering that negligible power was  produced from the 
battery without CNTs (∞ Ω/□), the  catalytic  performance of 
the silver-plated copper wire was clearly much lower than that 
of CNTs. With further optim ization and functionalization of the 
CNTs, the electric power can be further improved [20].

The battery was activated by wetting the surface with 
water-based liquid samples. When over 10 μl of 1 M-NaOH 

Figure 7. (a) Voltage change according to time due to input 
volumes of 1  ×  PBS (b) Generated energy for various volumes 
between 0.5 and 25 μl. The scatter plot is generated from four 
different batteries.
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was used, power was generated over 10 min until the liquid 
evaporated completely. When the battery was completely 
immersed in 1  ×  PBS or 1 M-NaOH, the power was continu-
ously generated over 20 h but decreased with the generation of 
aluminum hydroxide. Such operation would be sufficient for 
portable POC devices (supporting information; section  S5). 
The parasitic formation of hydrogen at the aluminum surface 
increased the corrosion of aluminum and the Ohmic resist-
ance in the cell [21], which decreased the electric power. 
Considering power generation was due to the reaction of 
hydroxide ions with aluminum, the concentrations of PBS did 
not affect the voltage significantly. The open circuit voltage 
using 10  ×  PBS was higher than that using water by 0.1 V 
(supporting information; section S6). To enhance the lifetime 
and the power, aluminum alloys and nanostructures [22–24] 
can reduce the corrosion issues.

The characteristics of the cable-shaped battery presented 
here make it applicable to portable sensors and devices. 
Pacemakers [25], glucose sensors [26, 27] and simple elec-
trical detection systems [28] require less than 1 mW [28], 
while gas sensors need less than 10 mW [29]. Our previous 
sensors developed for POC diagnostics detected targets by 
fluorescent measurement [30–32]. With the rapid develop-
ment of low-cost optics, portable fluorescent microscopes can 
be powered by less than 5 mW [32]. Electrical detection is 
favored for POC devices due to their low power requirements 

[31]. Since the battery described here is disposable and inex-
pensive, it may be implemented into single-use devices. The 
battery is also activated by absorbing common reagents and 
biofluids, which enables simple and convenient operation of 
field-deployable devices. Considering potentially toxic and 
contagious nature of reagents and biosamples, the activation 
through absorption is more advantageous than placement of 
the liquid drop on a film-typed battery. The bendable shape 
and the plug-in configuration offer flexibility of the battery 
format for easy integration into devices.

Recently, a disposable battery was developed for biode-
vices [8], which was activated by consuming electrolytes or 
biofluids. The maximum energy and power densities were 1.07 
μWh mm−3 and 83.4 μW mm−3. The maximum energy den-
sity and the power density of a 10 mm-long battery were 4.3 
μWh mm−3 and 73.4 μW mm−3, respectively. Considering 
the total generated energy of 497 μWh in figure 7(a) and the 
consumed aluminum of 0.3 mg, the energy density based on 
consumed aluminum was 1.66 Wh g−1, which was comparable 
to other Al–air systems that ranged from 1.34 to 1.99 Wh g−1  
[33]. The equivalent energy density of the cable-shaped bat-
tery meant that the pristine MWCNTs worked effectively to 
catalyze the generation of hydroxide ions. In addition, the 
simple configuration of the battery allowed for easy extension 
to increase current and voltage using breadboard-type connec-
tions as demonstrated in figure 8. This versatile configuration 
can satisfy a wide variety of demands. Furthermore, the manu-
facturing can be performed without microfabrication facilities, 
which makes manufacturing inexpensive and scalable.

In our future work, new materials can be integrated into 
this manufacturing process to further improve the cable-
shaped battery performance. Metals such as gold, silver, and 
platinum have shown catalytic potential for O2 cathodes [34, 
35]. The use of CNTs, manganese oxide nanostructures, or 
metal nanoparticles can increase oxygen reduction [36, 37]. 
Distributed on a paper matrix, these materials can improve the 
cable-shaped Al–air battery system.

5. Conclusion

A cable-shaped Al–air battery was fabricated to provide power 
to POC devices. A paper matrix embedded with MWCNTs 
was wrapped around an aluminum wire to catalyze the 
cathode reaction. To improve electrical conduction, a silver-
plated copper wire was wrapped around the nanomaterial-Al 
wire. A simple, low cost manufacturing process using a lathe 
was developed to fabricate a 300 mm-long battery, which was 
reproducible and scalable. For electrical characterization, 
the battery was activated with PBS, NaOH, blood plasma, 
urine, saliva, and blood, which are frequently used with POC 
devices. The electric power of a 10 mm-battery was over  
1.5 mW, which was enough to operate an LED by serial 
connection of two groups of four-10 mm cells in parallel. 
Considering the materials, performance, flexibility, and ease 
of manufacturing, the cable-shaped battery will facilitate 
convenient use of various formats of field-deployable POC 
devices.

Figure 8. (a) Time-dependent voltage generation for various 
biological fluids and reagents; whole blood, saliva, urine, blood 
plasma, 1  ×  PBS and 1 M-NaOH. (b) Eight batteries connected 
to power an LED. Two sets of four batteries that are connected in 
parallel are connected in series. The inset shows the powered LED. 
Each battery is 10 mm in length.
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