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This article describes the fabrication, characterization, and real-life

application of a soft, stretchable electronic-skin-based biofuel cell

(E-BFC) that exhibits an open circuit voltage of 0.5 V and a power

density of nearly 1.2 mW cm�2 at 0.2 V, representing the highest

power density recorded by a wearable biofuel cell to date. High

power density is achieved via a unique combination of lithographically-

patterned stretchable electronic framework together with screen-

printed, densely-packed three-dimensional carbon-nanotube-based

bioanode and cathode array arranged in a stretchable ‘‘island-bridge’’

configuration. The E-BFC maintains its performance even under

repeated strains of 50%, and is stable for two days. When applied

directly to the skin of human subjects, the E-BFC generates B1 mW

during exercise. The E-BFC is able to power conventional electronic

devices, such as a light emitting diode and a Bluetooth Low Energy

(BLE) radio. This is the first example of powering a BLE radio by a

wearable biofuel cell. Successful generation of high power density

under practical conditions and powering of conventional energy-

intense electronic devices represents a major step forward in the field

of soft, stretchable, wearable energy harvesting devices.

Wearable electronics has garnered enormous academic and
industrial interest owing to their immense biomedical,1–3

computing,4 entertainment,5 defense,6 and environment7–9 related
applications. Many examples of wearable devices that are
embedded in textiles10,11 or directly mounted on the human
skin12 have been demonstrated in recent years. Ideally, wear-
able electronics should be thin, compact, soft, and stretchable,
in order to enable conformal integration with the human skin
without causing a somatosensory backlash. Researchers have
been successful in realizing such wearable devices owing to

advances in new manufacturing techniques,13–15 materials
innovation,16,17 and nanotechnology.18 However, a key chal-
lenge to enable adoption in practical use-cases is the lack
of correspondingly thin wearable energy sources. Most prior
efforts either rely on the integration of bulky batteries,19,20

which severely compromise wearability. Efforts have been made
towards developing thin, stretchable batteries21,22 and super-
capacitors23,24 to address this issue. However, such systems
have limited energy storage capacity and require frequent
recharging. An alternate approach is to wirelessly power the
wearable device, typically via near-field communication (NFC)
chipsets;25–27 yet, this approach requires a large, proximal
power source that tethers the subject to a fixed location (albeit
wirelessly), preventing use by freely-behaving subjects. A promising
alternative approach is to develop a wearable energy harvester
that scavenges energy from body motion,28–31 the sun,32,33 body
heat,34,35 and biofluids.36–43 Of these, utilizing biofluids, especially
human sweat, for generation of electricity by wearable biofuel cells
is an appealing avenue since these systems rely on innocuous
biomolecules for energy conversion. Our group demonstrated the
development of wearable biofuel cells that convert readily available
sweat lactate into electricity.44,45 However, progress in this field has
been limited due to low power density and lack of soft, stretchable
nature for conformal skin contact of the wearable biofuel systems.

Recent efforts have attempted to address the issue of skin
conformality by developing stretchable biofuel cells.46–48 However,
these rely on random composite-based stretchable systems where
the underlying electrodes are stretchable, but the overlaying active
layers are non-stretchable. The mismatch between the mechanical
properties can strain the active layers, leading to gradual delami-
nation and leaching, thus decreasing the performance. While work
related to device conformity has been initiated, not much has been
accomplished in improving the power density of wearable biofuel
cells – one of the most crucial factors for the success of the field.
Rapid generation of high levels of power by wearable biofuel cells
is essential considering the transient nature of lactate concen-
tration in human sweat,49 where sweat lactate concentration
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increases during the initial perspiration phase and then drops
due to increased sweat rate.50,51 The low power density of prior-art
wearable biofuel cells limits their ability to power useful electronic
loads in practice. For example, most modern wearable devices
require far-field wireless transmission of sensed information to a
smartphone or smartwatch. However, commercially available radio
transmitters that can accomplish this (e.g., Bluetooth) consume
power on the order of mW. Most prior-art wearable BFCs have only
been demonstrated to trivial power loads with current draws much
less than 100 mA.36,38,45 While some prior-art BFCs have been
demonstrated to power custom52 or commercially available
radios,53,54 these examples were optimized to operate either as
an implant within the human body, or in fruit, both of which
offer higher fuel concentrations that are not available for a
wearable device. Thus, increasing power density in wearable
BFCs is essential, especially when considering the transient
nature of lactate concentration in human sweat.

The present work addresses both the above-mentioned issues, by
developing a soft, deterministically stretchable electronic skin-type

biofuel system (E-BFC) that can generate a high-power density of
4B1 mW cm�2 from scavenging lactate present in human sweat
(Fig. 1). This represents nearly 10 times higher power density than
the previously reported wearable biofuel cells.45 Table S1 in the ESI†
shows the comparison of the present work with previously reported
wearable biofuel cells. The E-BFC sustains its high power under
repeated strains (e = 50%) and is able to harness the energy in the
sweat to power an energy intense Bluetooth Low Energy (BLE) radio
and a light emitting diode (LED).

The power generated by the E-BFC depends on its active
surface area. The E-BFC will thus generate the highest power
if it comprises of a single continuous anode and cathode.
However, metallic films are rigid in nature and easily fracture
under a strain of B5–10%, less than what is commonly
encountered by wearable devices. Hence, the anode and cathode
of the E-BFC were designed to have an island-bridge architecture
with the central areas of the islands firmly bonded to the under-
lying stretchable substrate while the serpentine bridges free to
unwind and deform under stress. The firmly bonded islands

Fig. 1 Images and schematics of E-BFC. Actual photograph of (A) bare and (B) carbon-coated Au island-bridge architecture. (C) Zoomed in image of
carbon-coated Au island-bridge architecture. Photographs of (D) complete and (E) a close-up section of the E-BFC. (F) Pictorial representation of
exploded view of the E-BFC, illustrating its different layers (Au, gold; Ca, carbon and Ac, active bio-anodic/cathodic components). (G) Images
demonstrating the complete and zoomed view of an E-BFC adorned by a human subject along with its potential for various wearable applications.
(A, B–E and G) Scale bar, 5 mm.
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form the active electrodes of the E-BFC that experience negligible
strain, owing to the stretchable nature of the interconnecting
serpentine bridges.

The Au bridge-island architecture was designed to possess a
hexagonal close packed structure with anode and cathode
forming interdigitated electrode systems (Fig. 1F). The hexagonal
close-packed structure enables the system to acquire high fill
factor (B60%) while the interdigitated electrode pattern allows
the anode and cathode to be closely located for reducing internal
resistance. The islands possess a circular geometry to mitigate
non-uniform strain generation at the electrodes.

In the interdigitated island-bridge E-BFC design, only the
islands forming the anode and cathode are electrically connected
via the serpentine interconnects. However, such a design can lead
to non-uniform stress generation around each island. To distribute
the stress uniformly, each circular anodic (cathodic) electrode is
radially connected to adjacent cathodic (anodic) electrodes via
non-conducting polyimide serpentine bridges and by conductive
bridges to adjoining anodic (cathodic) electrodes (Fig. 1A). Such a
design enables the stress to be uniformly distributed around the
circular electrodes while preventing the anode and cathode from
being short-circuited. The distance between adjoining islands
was maintained at 1 mm to ensure sufficient stretchability and
convenience of screen printing.

The functionalization steps of the Au islands with active BFC
material were designed to realize a system that could generate
high levels of power at physiologically relevant lactate concen-
trations. With this aim, the anode islands were functionalized
with densely packed carbon nanotube-naphthoquinone (CNT-NQ)
3D structures while the cathode comprised of compact 3D carbon
nanotube-silver oxide (CNT-Ag2O) structures. The 3D porous
nature of these structures enables high loadings of active
components, which in turn lead to manifold enhancement in
power generated by the BFC. It is critical that the active compo-
nents and CNTs are firmly held in close contact to mitigate
leaching and the concomitant decrease in power output. This
was achieved by dispersing the CNTs and the active materials in
water insoluble polymeric binders that hold the pellet compo-
nents together while allowing facile transport of fuel through its
3D structure. In the case of anodic pellets, a highly cross-linked
chitosan biopolymer was employed as a binder while the cathodic
pellet was firmly held by the water-insoluble Nafion polymer.
To firmly bond the 3D anodic and cathodic pellets to the under-
lying Au islands, a layer of conductive carbon ink was screen
printed onto the Au islands (Fig. 1B and C) followed by affixing the
pellets to the carbon-coated Au islands using conductive carbon
glue (Fig. 1D and E). Such a hybrid printing-lithography fabrica-
tion process resulted in strongly bonded 3D anodic and cathodic
pellets arranged in an interdigitated format (Fig. 1F). The as
fabricated soft, stretchable E-BFC permits its easy integration
with the curvilinear epidermis for real-time generation of energy
from human sweat to power electronics (Fig. 1G). Rapid catalytic
oxidation of fuel is essential for high-performance BFCs. In this
regard, the enzyme must be able to easily interact with the fuel.
To achieve this, the lactate oxidase (LOx) enzyme was drop-casted
on top of the CNT-NQ pellet. Such a functionalization step

ensured minimal use of LOx enzyme to attain rapid and maxi-
mum interaction of the enzyme with sweat lactate to generate
high electricity levels. However, in the case of the cathode, the
Ag2O particles were well dispersed within the 3D CNT framework,
since cathodic reduction reaction is independent of sweat
constituents; close contact between the Ag2O and CNT facili-
tates electron transfer (Fig. 2A). Details of the device fabrication
are discussed in the ESI.†

The ability of the E-BFC to generate power by scavenging
lactate as fuel was tested by exposing it to buffer solution spiked
with various physiologically relevant lactate concentrations. For
this study, a unit cell comprising a single anode and cathode was
employed, as marked in Fig. 2A. In the presence of lactate,
spontaneous oxidation of lactate at the anode and reduction of
Ag2O to Ag at cathode occur as illustrated in Fig. 2A (scheme).
SEM images of both anode (Fig. 2B) and cathode (Fig. 2C)
pellets were captured to observe the dispersion of different
constituents within the pellets. The uniform distribution of
CNTs within the anode and cathode pellets is obvious from the
SEM images. Such homogeneity is crucial for efficient electronic
pathways between the active components of the anode/cathode
and the underlying carbon current collector electrode. The SEM
images (Fig. S1, ESI†) also reveal a highly porous morphology that
provides a large surface area, thus enabling high loading of the
enzyme. The granular structures observed in the SEM image of
the cathodic pellet can be attributed to Ag2O. EDX was further
employed to obtain better information on the distribution of Ag2O
within the cathodic pellet. The color-coded EDX images, taken for
carbon (Fig. 2D) and silver (Fig. 2E), illustrate the homogeneity of
the Ag2O distribution within the CNT matrix. The corresponding
SEM image is shown in Fig. S1B (ESI†).

Fig. 2F illustrates a typical power density versus voltage
curve for a unit cell of E-BFC. As expected, the power density
increases in a nearly linear fashion with increasing lactate
concentration. It is important to note the high power density
generated by the BFC. This represents the highest power
density reported to date for a lactate biofuel cell and nearly
10 times higher than previously reported wearable lactate
BFCs.44,45 It should be noted that, although the net surface
area of the present E-BFC is higher than previous studies,44,45

the power density in the present and early studies is calculated
per unit active electrode area, providing a reliable parameter to
compare various BFCs. The amount of enzyme loaded in the
present system is similar to previously reported BFCs, indicating
that the E-BFC owes its high performance to the 3D pellet features
and the use of a Ag2O based cathode. The 3D structure of pellets
(Fig. S1, ESI†) allows high loading of the mediator in the anodic
pellet and Ag2O in the cathodic pellet. The 3D porous structure
also enables much higher surface area where the immobilized
LOx enzyme can interact with the lactic acid fuel and mediator to
generate high currents. The collective effect of these features of
the E-BFC enables it to generate significantly higher power density
than previously reported wearable lactic acid based BFCs. There
have been a handful of studies reporting high power density
BFCs.55–57 However, these relied on glucose as a fuel and required
much higher fuel concentrations to generate power density
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comparable to the present E-BFC and are not compatible for
interface with the soft, curvilinear human epidermis. The
E-BFC’s ability to generate high levels of power, even at lower
fuel concentrations, can be attributed to the synergistic effect of
immobilization of LOx directly on top of the 3D CNT-NQ pillar
and the use of Ag2O based cathode. The enzyme immobiliza-
tion procedure enables efficient fuel-enzyme interaction for
facile bioelectrocatalysis. On the other hand, the Ag2O based
cathode is shown to undergo faster catalytic reduction as
compared to sluggish oxygen reduction reaction occurring at
noble metal or enzyme-based cathodes.46,58 It was noted that
the power generated by the E-BFC saturates for concentrations
above 20 mM. This can be attributed to the low Michaelis–
Menten constant for the LOx enzyme. However, this is not a
major concern since the average concentration of lactic acid
in human sweat is around 14 mM.59 One could extend the
saturation limit by coating the anode with diffusion membranes,
but this can lead to lower power density for lactic acid concentrations

usually present in human sweat. The main aim of an energy
harvester is to extract maximum energy from commonly
encountered settings, and hence priority has been given here
to maximizing the power output of the E-BFC rather than
extending the saturation limit. The ability of E-BFC to generate
stable power for extended periods is a critical parameter that
one needs to analyze when considering it for practical applications.
In this regard, an E-BFC was exposed to 14 mM lactic acid solution
and the power output was recorded for two days (Fig. 2G). As clearly
illustrated in the figure, the E-BFC generates stable power with the
maximum power density decreasing by only B15% at 0.2 V. The
study reveals that the E-BFC can produce stable, high levels of
power for long durations. A slight increase in the open-circuit
voltage of the E-BFC is observed while recording the power curves
after 24 h and 48 h. This could be attributed to the swelling of the
chitosan biopolymer at the anode that leads to enhanced inter-
action between lactate, enzyme and the mediator. The stability of
the E-BFC ultimately will depend on stability of the enzyme and

Fig. 2 In vitro characterization of E-BFC. (A) Optical image showing the close-up view of anode and cathode of the E-BFC along with a schematic
illustrating the different components of each electrode and the corresponding electrochemical reactions occurring at them. SEM images of (B) anode
and (C) cathode. EDX images for (D) carbon and (E) silver captured for cathode. Power density curves recorded for (F) increasing lactate concentration
and following (G) 48 h when the E-BFC is periodically exposed to 14 mM lactate. Scale bar; (A) 2 mm, (B and C) 1 mm and (D and E) 50 mm.

Communication Energy & Environmental Science

Pu
bl

is
he

d 
on

 1
5 

Ju
ne

 2
01

7.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a 
- 

Sa
n 

D
ie

go
 o

n 
14

/0
7/

20
17

 1
8:

50
:3

3.
 

View Article Online

http://dx.doi.org/10.1039/C7EE00865A


This journal is©The Royal Society of Chemistry 2017 Energy Environ. Sci., 2017, 10, 1581--1589 | 1585

availability of Ag2O. Major efforts have been devoted to improve the
enzyme stability at ambient conditions.40 Such routes can augment
the stability of anode. Preliminary studies on loading of Ag2O
within the cathodic pellets revealed no significant improvement
in power output when the loading was increased beyond 70%.
Thus, rather than increasing the loading of Ag2O within each pellet,
increasing the areal density of cathodic pellets (with 70% Ag2O) by
relying on innovative device architectures will increase the total
amount of Ag2O available for cathodic reduction. Combining
anodes with highly stabilized enzyme and higher density of
cathodic pellets while increasing the number of anodes and

cathodes will therefore help extend the life-span of the E-BFC
for extended use. Stretchability is a crucial requirement for
wearable devices. Therefore, the ability of the E-BFC to endure
extreme strains was studied in in-vitro settings. The E-BFC was
exposed to 14 mM lactic acid solution and power curves were
recorded after every 20 stretching iterations of 50% strain.
As illustrated in Fig. 3A, the ability of the E-BFC to generate
power is negligibly hampered even after being subjected to
such extreme strain cycles. It must be noted that the human
arm skin can endure a maximum strain of B27%.60 Therefore,
the present E-BFC system is capable of performing desirably

Fig. 3 Mechanical resiliency studies and effect of fuel coverage on the E-BFC. (A) Power density versus voltage curves for E-BFC after repeated
stretching iterations (e = 50%). Image of a blue LED powered by E-BFC when subjected to (B) e = 0% and (C) e = 50% strain. (D) Effect of repeated e = 50%
strains on the short-circuit current and open-circuit voltage. Images showing the effect of strain on the (E and F) short circuit current and (G and H)
open-circuit voltage. (I) Effect of increasing the areal coverage of E-BFC by fuel on the power output. (J) Image of the E-BFC illustrating the extent of
spatial coverage by fuel during study conducted in (I). (A–J) 14 mM lactic acid was used as fuel. (B, C and E–H) Scale bar, 5 mm.
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under the circumstances commonly experienced by the epidermis.
Subsequently, the ability of the E-BFC to power electronics under
similar fatigue cycle was studied by integrating a custom-made
DC-DC converter to power a LED. Circuit diagram for the DC-DC
converter is shown in Fig. S2A (ESI†). As clearly demonstrated in
Video S1 (ESI†) and Fig. 3B, C, the LED continues to light even
when the E-BFC is stretched repeatedly by 50%. In addition,
a separate study was also conducted to measure the effect of
strain (e = 50%) on the short-circuit current and open circuit
voltage of the E-BFC (Fig. 3D–H). The data plotted in Fig. 3D,
Videos S2, S3 (ESI†) and the images of Fig. 3E–H, clearly
demonstrate the negligible impact of such repeated strains on
the E-BFC performance. The initiation and the flow of sweat over
the epidermis are non-uniform. Thus, at a given moment the
E-BFC will be non-uniformly covered with human sweat. The net
power generated by the E-BFC depends on the lactate-fuel
concentration as well as the spatial coverage of the E-BFC by
the sweat. Therefore, the effect of fractional coverage of E-BFC by
the lactate solution on the generated power was studied. A fixed
concentration of 14 mM lactate was utilized for this study since
the median concentration of lactate in human sweat is around
this value.59 As illustrated in Fig. 3I, the net power generated by
the E-BFC increases linearly as the coverage increases from 20%
to 100% (Fig. 3J). It is important to note that even with 20% areal
coverage the E-BFC is capable of generating B400 mW in the
presence of 14 mM lactate solution, due to the compact 3D
structure of the CNT-based anodes and cathodes. Also, the net
power generated by the E-BFC will increase linearly with increasing
the number of anodes and cathodes present in the device. Thus,
the power output can be modulated by varying the number of unit
BFCs in the device.

The ability of the E-BFC to power a BLE device under in-vitro
conditions was also demonstrated. Circuit diagrams for the
DC-DC converter and the BLE device is shown in Fig. S2 (ESI†).
As shown in Fig. 4, the BFC was able to charge the 2.2 mF
capacitor to 3.5 V in B53 s, indicating an average generated
power of approximately 0.5 mW during this experiment. Due to
the large current draw of the BLE System-on-Chip (SoC) during

its initialization routine, the capacitor output voltage temporarily
dropped until the initialization routine completed. After initialization,
the BFC was demonstrated to deliver sufficient power to power
the BLE SoC at a stabilized voltage of 3.5 V for B10 min. The
drop in the voltage can be attributed to consumption of the
fuel. Without the E-BFC input power, the 2.2 mF decoupling
capacitor would only be able to power the load for less than 45 s
before its voltage dropped to below 2 V, thereby indicating that
the E-BFC is sustaining the load throughout the experiment.
This represents the first example of a wearable BFC capable of
powering a BLE device.

Ultimately, the E-BFC system was tested in real-life scenarios
by applying it to consenting human subjects while they per-
spired on a stationary bike. During these tests, the E-BFC was
either applied to the upper arm or on upper trapezius muscle.
The distribution of sweat around the E-BFC modulates the
electric field density between the anode and cathode arrays.
At the initial stage of sweating, the amount of sweat is insuffi-
cient to provide a uniform conductive path between all anodes
and cathodes of the E-BFC. Thus, the electric field produced by
the half-cell reaction occurring at the anode or cathode is non-
uniformly distributed, resulting in areas of high electric fields
near the interface between the electrodes and the underlying
skin. Such high electric field coupled with the high resistance
of the stratum corneum could lead to resistive loss and may
lead to skin irritation. In order to mitigate this issue, the E-BFC
was coated with a thin layer of hydrogel which provided a
uniform conductive path between anode and cathode arrays
while allowing facile sweat transport for rapid power generation.
Fig. 5A and B represent real-time power extracted from the E-BFC
when applied to perspiring human subjects. The profiles followed
in these studies correlate well with earlier studies. With increasing
stress level, higher levels of lactate are released by the body in the
sweat. This leads to continuously increasing power generated by
the skin-worn E-BFC. However, after a certain period, the well-
known dilution of sweat lactate occurs,49 leading to decrease of
the power generated by the E-BFC. Although fresh E-BFCs were
used for every on-body tests, the stability study, as discussed in

Fig. 4 Powering of a BLE device by E-BFC. (A) Photograph illustrating data transmission from an E-BFC powered BLE to a laptop. (B) Plot showing
voltage variations of the energy-buffering capacitor during the experiment. (1) Charging of the capacitor; (2) connecting the BLE microcontroller.
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Fig. 2G, and studies performed in our earlier work,44 indicate that
the same E-BFC can be used multiple times.

The ability of the E-BFC to power common electronics was
also demonstrated. Almost all commercially available electronic
devices require an operating voltage that is much higher than the
voltage at which BFCs produce the highest power.61 Thus, in order
to exploit BFCs to power commercially available electronics, a
custom DC-DC converter circuit board was coupled to the E-BFC.
This setup was mounted on a human subject and the sweat
generated by the subject was harvested to power a blue LED
(Fig. 5C–E). Initially, the LED remained off but started blinking
within two mins after the subject started sweating. The LED
continued to blink for B4 min (Video S4, ESI†) and then the
frequency of blinking gradually decreased. This could be due to
the consumption of lactate present in the sweat by the E-BFC and
decrease in lactate concentration with increased sweat rate.50 The
performance of the E-BFC was several orders better than that of
previously reported wearable BFC, which could power a LED
for only a few seconds.45 When the LED stopped blinking, the

E-BFC was disconnected while the subject continued cycling,
leading to the generation of fresh lactate. After a couple of
minutes, the E-BFC was reconnected and the LED started blinking
again. Such a demonstration reveals the ability of the E-BFC as a
potential power source for wearable applications.

Conclusions

The present work demonstrates the first example of a determi-
nistically stretchable, high power density wearable electronic
skin-based biofuel cell for harvesting usable energy from
human sweat. The E-BFC can generate B1.2 mW cm�2 of
power in the presence of physiologically relevant concentrations
of lactate. This represents the highest power density reported for a
lactate biofuel cell. The wearable E-BFC’s impressive performance
can be attributed to its reliance on 3D anodes and cathodes, the
enzyme immobilization method, and use of Ag2O as the active
cathode material. In vitro characterization of the E-BFC system
revealed that it can maintain its power output for long durations

Fig. 5 On-body generation of power by E-BFC. (A and B) Real-time scavenging of electrical energy by E-BFC applied to two different human subjects.
(C) Image of a perspiring human subject adorning an E-BFC, interfaced with a DC–DC converter, to power an LED by harvesting lactate present in sweat
as a fuel. Close-up image of the LED in (D) ‘off’ state in absence of sweat and (E) ‘on’ state in presence of lactate in sweat.
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and when under repeated stretching iterations. The negligible
impact on its performance when subjected to fatigue cycles
reflects its island-bridge architecture which enables the system
to endure repeated stretching up to biaxial e = 50%, sufficient for
all wearable applications. The high power generated by the E-BFC
was leveraged to power a BLE device. This is the first example of a
wearable biofuel cell powered BLE radio. Ultimately, the E-BFC
was reduced to practice by mounting it on human subjects to
generate electrical energy in real-time. Thereafter, a skin-worn
E-BFC was also interfaced with a DC–DC converter to power a
LED with sweat lactate as a fuel. Although the present work
demonstrates practicality of the BFCs as a wearable power source,
additional efforts must be undertaken to harness the true
potential of such systems. For example, although Ag2O based
cathodes are superior to commonly used platinum-based ones,
they are light sensitive and can degrade over time. One could look
into other active materials, such as manganese oxide, to address
this issue. Similarly, integrating micro-fluidics with the E-BFC will
supply fresh sweat to the fuel cell while directing away used, old
sweat and help improve its performance. At the same time, efforts
must be made to develop soft, stretchable architecture for the
DC–DC converter electronics based on recent advances in wearable
electronics.62 Additionally, suitable routes to integrate E-BFC with
other forms of energy harvesters, such as, solar cells, tribo-electric
and thermos-electric generators must be developed so that energy
can be scavenged from multiple sources. Strategies involving
mesoporous electrode architectures for further enhancing the
power output, as demonstrated recently,63,64 should also be consi-
dered. Additional efforts can be made to further improve the power
output of the E-BFC by developing multi-fuel biofuel cells and
complete oxidation of fuel by involving cascading enzymatic
reactions. Further research will focus on these issues as well as
performing detailed E-BFC stability studies and exploring the effect
of pellet thickness and porosity and enzyme loading on the power
output. Nevertheless, the attractive performance of the new epidermal
BFC, particularly its ability to maintain very high power outputs
under repeated mechanical strains, represents a major step forward
in the field of soft, stretchable, wearable energy harvesting devices.
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