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Abstract

The design and implementation of self-powered, low power implant microcontroller,
with wireless data transmitter system that captures data as subcutaneous bio-sensing
platform has been achieved with glucose fuel cell (GFC) energy harvesting power
solution. Data transfer is unidirectional, implant to reader and is initiated by a single
transmission from the external reader. The implant's memory contents are transmitted as
a stream of wireless pulses to the reader. This work explored two different approaches on
current technologies used for designing self-powered bio medical devices (BMDs) and
active implantable medical devices (IMDs), their processing, sampling data, transmission
of data and energy hasting powering techniques with a view to identifying state-of-the art
technologies and methods to improve the long-term powering and recharging of IMDs

via a highly safe, efficient and convenient way.

The designed low power implant microcontroller, with wireless data transmitter system
combines glucose energy harvesting technique by using materials with efficient catalyst
capabilities based on platinum nanoparticles supported on Vulcan carbon cloth (PtVCC)
as a cathode electrode for GFC configuration, while plain Platinum (Pt) mesh/sheet acted
as anode. The PtVCC and Pt electro-reaction, catalytic activities and stability resulted in
a design of a direct GFC with high output voltage and current, >0.4V and >300pA
respectively per cell, and increased this voltage to value >4V, to power the implant
system, by using a voltage booster; direct current to direct current (DC-DC) converter
circuit, and a rechargeable battery. The innovative self-powered bio-sensing platform
integrating GFC design, meets the self-powered IMDs expectations in terms of simplified
fabrication and materials that allows one-compartment design that can directly be placed
on the surface of medical implant to provide sufficient output power boosted by DC-DC
converter to produced higher output voltage ten times greater than the input value,

enough to power most efficient electronic devices.

This research therefore proposes the practicability and potential of designing and
implementing a wireless bio-sensor system powered by an energy harvesting solution,
based on GFC to produce a proof-of-concept design system and integration, including
power management and data communication (sampling and transmission) platform

suitable for self-low-powered periodically-activated IMD.
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Chapter 1

Introduction



Human body is the most complex, well-structured system mankind has ever known, and
consequently, one third of most common cause of death and disabilities in the world are
through its metabolism disorder (WHO, 2004). The ability to control, monitor, assist and
improve patient’s health is increasingly relying on advancement in technology, and
subsequently significant appreciations of biological processes are taking place through
breakthrough of these technologies (Bazaka, 2013 and Burleson, 2012), however the
challenge of a sustainable power-source to drive bio-implants remains. The human body
can provide sources of power for implantable devices by means of energy harvesting
techniques. In spite of recent advances in various approaches using mechanical
vibrations, body movements and thermoelectric forms of energy harvesting, there have
been no promising results that can replace batteries for medical implants (Bettin, 2006;
Bazaka, 2013; Burleson, 2012; Van, 2012; Olivo, 2011 and Rapoport, 2012). However,
Implantable fuel cells that make use of naturally replenishable body fluids should also be
considered as a source of power wherever continuous and sufficient power output,
longevity, biocompatibility and integration into medical devices are important and
challenging. To design intelligent implants with low power systems capable of long-term
usage to reduce frequent surgical activities that are cumbersome to patients (Bazaka,
2013), is best achieved with a continuous energy harvesting power systems, to avoid
replacing batteries eventually when powering IMDs over 10 years. Since designers of
IMDs face enormous challenges to balance safety, reliability, complexity, power
consumption, cost and design requirements to reduce the size and weight of these
devices, thus, the need for device integration becomes vital (Burleson, 2012; McDonald,
2011 and Yakovlev, 2012). This study focused on key design features that enables latest
medical devices technology that include microcontrollers, sensors, wireless products and
fuel cell energy. The transition analogy to integrate the implantable circuit features into
silicon does provide the keys to meet different aspects of this design. It is obvious that
human body can also provide sufficient power by harnessing the energy harvested by
devices such as vibrations and thermoelectric from body movements and body
temperature respectively (Gollakota, 2011), however, currently they do not produce
enough power to assist on continues recharging of the batteries of existing IMDs
(Yakovlev, 2012).

It is well known that BMDs have been around for decades (McDonald, 2011), but in
recent years, the progress on working capabilities of implantable biomedical systems that

support advanced technological functionalities such as wireless communication system
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for implantable means (Yakovlev, 2012), are new and recently driven by adaption of
radio frequency identification (RFID) technology concept, that leads different implant
devices to be used in many different parts of the body for various applications such as
pacemakers, cardiac defibrillators, insulin pumps, and neurostimulators including drug
delivery systems (Bazaka, 2013; Gollakota, 2011; Khan, 2014). As a result, by
combining the wireless communication technologies with low-power biomedical sensors
and body energy harvesting solutions, including the wireless networks for in-home
monitoring and diagnosis of patients, this should give rise to improved system able to
deliver timely treatment, leading to increasingly patients’ improved medical outcomes
and subsequently providing a better health care systems (Bazaka, 2013; Burleson, 2012
and Gollakota, 2011). However, GFC studies have shown promising capabilities to
producing higher output power capable of driving implantable devices compared to other
energy harvesting techniques, and the concept of harvesting human’s body fluid to drive
IMDs with consistent and reliable power solution for driving the low-power bio-sensing
platform with accurate data sensing, data storage and data transmission has been

accomplished.

1.1. Structure of thesis

This thesis is structured as follows: in chapter One, presented significant appreciations of
biological processes taking place through technological breakthroughs, the current
challenges in designing intelligent implants with low power systems capable of long-
term usage to reduce frequent surgical activities that are cumbersome to patients. In
chapter Two, current and relevant literature review of IMD interfaces for data
communication and power are discussed, with emphasis on Implantable glucose fuel
cells as the best possible energy harvesting technique for powering IMDs. Chapter Three
presents a discussion of the initial experimental methodologies leading to low power
smart microcontroller systems; a bio-sensing platform self-powered system using widely
available components capable of being powered by the GFC, circuitry consisting of a
designed microcontroller-transmitter systems without an oscillator. While Chapter Four
discusses laboratory experimental results from the designed and developed self-powered
bio-sensing platform with IGFC Power Management and Energy Storage system based
on Quadrature amplitude modulation (QAM) radio frequency (RF) micro-transmitter
(TX) systems that transmit sensory data to a RFM12B reader microcontroller interfaced

to a PC. Chapter Five summarizes and concludes with suggestions for future work.
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1.1.1. Aims

The aim of this study was to monitor, assist and improve patient’s health state, by
employing self-sustainable monitoring device to last the lifespan of the patient, to:
a) Reduce frequent cumbersome and painful surgical activities to patients

b) Reduce the costs involved with frequent implant or battery replacements.

1.1.2. Objectives

1. Improve the electronic processes and systems of transferring signals / data outside
patient’s body, and management of power source inside patient’s body.
2. Design microcontroller based transmitter system to capture (patient’s health state)
data, and:
a) Send the captured data wirelessly
b) Provide accuracy performance in various conditions
c) Develop control-circuits that have only essential hardware functions
designs:
i.  with or without an oscillator
d) Obtain low power design concepts
3. Improved energy harvesting device by selecting design and materials with higher
output power compared to the existing devices.
4. Design and test power management systems that can provide efficient energy
storage and energy distribution.
5. Consider bio-compatible materials that meet the implantable requirements
6. Design microcontroller based reader system to decode the transmitted data, by:
a) Capturing data with or without further amplification
b) Confirming performance accuracy of received data
¢) Confirming performance of effective data decoding mechanism
7. Confirm overall system performance using different/multiple analytical and data

displaying tools for validation.

The interfaced bio-sensing platform presents a simple and cheap low-powered system
using widely available components that can be powered by GFC system. Finally, this
study’s objective is to design IMD with key attributes required in the silicon technology

for implementing implantable integrated circuit (IC) designs.
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Chapter 2

Literature Review



2.1. Implantable Medical Devices (IMDs)

Any device purposely placed inside the body through surgical means and planned to
remain in place after the medical procedure for at least a month is considered an
implantable device, and this also include devices intended to replace body parts,
however, temporary vascular access skin nor a wound closure intended to be removed
after 7 — 30 days or more are not considered long-term implantable devices (MEDDEYV,
2010). Consequently when a medical device is equipped with a source of electrical
energy for diagnosis, prevention or monitoring and is totally or partially and surgically or
medically placed inside the body; this is then referred to as an IMD (Peisino, 2013;
Campi, 2014 and Joung, 2013). Irrespective of their intended use, most implantable
systems comprise of two essential modules; an internal to the body, and another external
device outside the body. The external device communicates with the internal device for
mostly two-way data transfer, while some system designs incorporate also power
transfer, (Bazaka, 2013). Furthermore, IMDs can be divided into two categories: Active;
that use energy source for their function to monitor relevant parameters or signals in
order to optimise treatments to the patient by delivering electrical signals or medicine to
organs or tissues (Campi, 2014). Contrary to that are Passive implantable devices, which

do not contain energy sources to monitor or provide treatments.

Since medical devices (MD) are man-made instruments aiming to replace, support, or
enhance biological structures (Peisino, 2013), with this comes the challenge to retaining
this support to the lifetime of the patient, as such, the main challenge to IMDs is the short
lifespan of the batteries, which leads to undesirable surgery to replace the IMD battery;
for that reason the durability of the whole IMD is determined by the battery lifespan
(Cadei, 2014). In order to avoid such issues different solution including battery less
IMDs through energy harvesting techniques are being studied, because human body is a
rich source of energy that can be harvested kinetically (body movements parts), thermal
(heat), breathing, or chemical reactions such as glucose oxidation from a fuel cell,
(Bazaka, 2013; Cadei, 2014; Kerzenmacher, 2008; Olivo, 2011; Oncescu, 2011 and
Schmidt, 2011), include inductive links for wireless power transmission to recharge the
battery (Bazaka, 2013; Burleson, 2012; Yakovlev, 2012; Peisino, 2013; Campi, 2014;
Kiani, 2012 and Hached, 2014). Another area of IMD trial researches involve the
communication between IMD and the external controller including internet based
network; sending and receiving status and performance commands to adjust operations

leading to remote monitoring through data transfer between the devices (Meng, 2014).
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Even though using implantable wireless devices reduce the frequency of routine follow-
up visits, in turn reducing staff time and costs while improving the patient’s life, this also
can lead to new threats concerning security of IMDs, becoming vulnerable to hackers, yet
this concern is less addressed on most IMD research papers, (Burleson, 2012),
nonetheless this will not form part of this report. For the purpose of this perspective
report, the focus will be on implantable devices with electrical features and function
which do require electrical power to operate, hence comprising review of the current
literature on IMD powering and data transmission research, to have a better
understanding of the state of the art and the gaps on the active implantable devices
(Peisino, 2013).

2.1.1. Different types of IMDs

Each country regulatory authorities categorise medical devices in different classes, based
on their design complexity, use features and their likelihood to cause harm if misused
(Khan, 2014). In EU, medical devices according to their application can be classified as
for: monitoring, control (actuation/stimulation) and identification (MEDDEV 2010).
Medical devices can be classified into various types; some external to the body (such as
external insulin pumps) others internal to the body (such as implanted glucose sensors).
Yet certain IMDs are capable of monitoring factors inside the body and provide definite
treatment, this are called active IMD such as Pacemakers and neurostimulators, contrary
to this are implant devices that do not contain any energy source to monitor or provide
treatments, this are passive implants such as hip and breast prostheses, as shown in Table
2.1 (Peisino, 2013). Other classifications fall between wired and wireless IMDs for
power or data transmissions or both, although the trend in the latest years has been to
implant wireless medical devices only (Peisino, 2013). Whereas some IMDs are
powered by batteries and others are battery-less, such as using energy harvesting
solutions (Cadei, 2014). Furthermore, there are two categories of medical devices
operations: in-vitro (within the glass) and in-vivo (within the living) processes; and the
in-vitro processes for medical devices presents the most challenges in terms of power

consumption (Sagan, 2007).
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Figure 2.1. Wireless IMD applications (Gollakota, 2011)

Figure 2.1 illustrates varied applications of wireless IMDs, is in fact covering the entire
body (Gollakota, 2011). Further classifications of MDs including some examples of

internal and active variations of IMDs are presented in Table 2.1.

Table 2.1. Classification of External and Internal (Implantable) Medical Devices

Medical Devices

External Internal (Implantable)
Passive Active

Glucose monitor Artificial eye lens Artificial heart
Dialysis machine Limb prosthesis Pacemaker
Heart-lung machine Brest implant Ventricular assist devices
Insulin pump Heart valve Defibrillators
Nebuliser Stent Bladder and Diaphragm stimulators
Acrtificial limb Screws/pins/plates/rods Drug pump
In-the-ear aids Knee replacements Muscle /neurological stimulators
Orthopaedic footwear Hip replacement Impl. Visual prosthesis
Hearing aid inserts Spinal implants Cardioverter defibrillators
Acrtificial eyes Intervertebral spacers Gastric implants
Maxillofacial prosthesis  Cervical implants Glucose monitoring implants
Ophthalmic Joint replacements Deep brain Neurostimulators
Dental appliances Shoulder implants Cochlear implants



http://people.csail.mit.edu/gshyam
http://people.csail.mit.edu/gshyam

Table 2.1 further presents classification of MDs, including some examples of IMDs
(internal and active), (Burleson, 2012; Khan, 2014; Campi, 2014; Cadei, 2014; National
patient Safety Agency, 2008 and GOV.UK, 2013). In addition, currently IMDs are being
used in many different parts of the body for various applications such as deep brain;
nerve and bone stimulators being implanted in patients worldwide to treat sleeping
disorders, pain management, Parkinson’s disease, epilepsy, bladder control,
gastrointestinal disorders, numerous autoimmune diseases and psychological disorders
such as obsessive compulsive disorder (OCD). Particular implantable systems can now
provide precise dosage and interval delivery of drugs to effectively treat patient’s
conditions while minimising side effects (Bazaka, 2013; McDonald, 2011 and Yakovlev,
2012). Nevertheless, Table 2.1 also show that there are more internal, IMDs than
external medical devices used to monitor and improve patients life, with the tendency to
better patient’s life, at the same time providing less visible aiding tools as possible,
without the necessity for the patient to control or interact with the device, leading to an
autonomous monitoring systems, that may enable the patient to forget that they are
artificially being assisted.

2.1.2. IMDs power supply and consumptions

There is significant increase in technology advancement of hardware electronics
including wireless communication and sensors, but very little progression has been
achieved with portable power supply, including battery capacity and performance.
Nevertheless, the new advanced sensors and communication devices in contrast are
occasionally more power hungry, requiring medical implant devices to have a reliable
source of power for long term operation. And many independent solution approaches
that investigate optimum means of supplying power to IMDs have not yet satisfied the
complex design and functionality of self-reliant IMDs despite the fact there are
encouraging investigation involving implantable fuel cells solutions promising
autonomous power sources (Reid, 2005; Cleland, 2005; Werner, 2003 and Bloom, 2011).

For over 30 years, low-power implantable devices have been powered using non-
rechargeable lithium batteries that have a lifespan of 5 t010 years (Bartona, 2004 and
Cadei, 2014) for low-power drain devices such as pacemakers, but can only operate for

up to a year at power-densities above 45uW cm >; the bench mark power required to be
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produced by energy harvesting devices, the alternative power sources for the long-term

operation of the IMDs currently being developed.

The current power supply of most IMDs is usually provided by a battery that governs the
durability and performance of the entire implantable system. (Cadei, 2014). Meanwhile,
the advances in existing power supply technologies are expected to increase durability
and reliability of IMDs and lead to innovative technologies, such as the Wireless Power
Transfer (WPT) system based on magnetic resonant coupling between two coils, whose
secondary is located inside the human body and connected to a rechargeable battery
system of an active IMD (AIMD), is considered an innovative technique (Campi, 2014),
yet this is quickly being side-lined because of its cumbersomeness involving coupling
between transmissions and receiving coils, because new technologies are promising

complete independent systems with no external to the body devices involved.

In addition, improvements are required to design IMDs with reduced need of
reenergising the implants from outside the body, by adopting energy harvesting
solutions; because the living body produces substantial amount of energy to power
medical implants. (Peisino, 2013). The most common energy harvesters from human
body motion exploiting kinetic energy are electromagnetic, electrostatic or piezoelectric
generators, but lately GFCs are the most researched type of energy harvesting solutions
for implantable devices, and current technological materials favours GFCs as a better
energy convertor solution with promising performances better than thermal or kinetic

(vibration) energy convertors combined.

While, theoretically vibration energy convertors should be the ultimate energy harvesting
solution for IMDs, because this energy environment is not in direct contact with the
vibration converter device just like the wireless power transfer system is based on
magnetic resonant coupling between two coils, whereas, the vibration energy source is
self-sufficient and should guaranty a lifetime supply more than a fuel cell, because
chemical reactions on fuel cell materials will eventually degrade its performance more
quicker over time. Therefore vibration (kinetic) energy converter, similar technology
used on VeriChip are capable of working beyond the existing low-power technologies
(Meng, 2014); since VeriChip’s energy harvesting system produces very little power, but
its electronic components (technology) is sufficiently low-power beyond the most

research experiments.
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Other implantable energy harvesting devices are the most possible energy supply systems
desirable for developing autonomous IMDs that do not require any external power input,
by adapting the design concept involving abiotic, enzymatic or microbial fuel cells, as
well as thermal and vibrational energy convertors. (Oncescu, 2011). Implantable fuel
cells that use glucose as a reactant are almost certainly the most studied biofuel cells, due
to the high convenience of glucose in body fluids (Olivo, 2011), and generate power
through glucose oxidation (Oncescu, 2011; Rapoport, 2012 and Pan, 2011), whereas,
kinetic and thermoelectric energy harvesters for powering IMDs are based on

electromagnetic, electrostatic and piezoelectric conversion (Cadei, 2014).

Table 2.2. Power consumptions of different IMDs

Device Pacemaker Cochlear Muscle Drug  Neuro- Molecular
stimulator ~ pump  Stimulator biosensor

Power

Consumption 8-100 yW 145,W 1.3 mW 400 50 uW 48 uW

W

Table 2.2 shows the power density required from the power source to supply IMDs;
representing the power consumption expected from devices containing microprocessor
and sensors (Peisino, 2013). And the pacemaker presents the lowest power consumption
at 8uWw.

Autonomous power supply is a major challenge for IMDs, therefore wireless recharge of
local power storage from an external unit is easier. Two main strategies have been
claimed essentially to provide lifetime and unlimited supply by using magnetic induction
and ultrasonic energies for recharging implant batteries (Yakovlev, 2012 and Schmidt,
2011). Therefore power management is critical in the development of IMDs where some
devices could incorporate other types of charge storage devices including super
capacitors and rechargeable batteries (McDonald, 2011). For that reason the design
challenges for battery less IMDs is the low-power availability, which in turn demands a
circuit design with ultra-low power input on-chip controller, including data transceiver
and the auxiliary circuitries, and may include the use of rechargeable batteries, to achieve
the required lifetime implant monitoring capabilities with no planned replacements
(Yakovlev, 2012).

11



Crucial requirement towards an ideal IMD involves a long-term implantation with no
planned replacements. Future IMDs are required to ensure at least ten years of
maintenance-free implant life (Peisino, 2013). To realise this, an autonomous power
supply based implant such as an abiotically catalysed GFCs, with its biocompatibility
and functionality in a body environment are of highest importance to achieve the
required lifespan, therefore the implantable energy harvester lifespan must be greater

than that of the implanted medical device or at least similar (Cadei, 2014).

2.1.3. IMDs Communication systems

The communications and operation frequency of many existing IMDs occurs in low-
MHz range, including the known 13.56MHz industrial, scientific and medical (ISM)
band. And the disadvantage of this frequency band is the difficulties in designing
effective high data rate transceivers, consequently acquiring large receive antennas, while
design of smaller antennas to achieve optimal power and data transfer efficiency is
essential (Yakovlev, 2012).

A near-field communication with low-complexity design that promises a low power
consumption for inductively powered IMD applications is based on carrier-less
modulation technique; Pulse Delay Modulation (PDM), which takes advantage of the
undesired power carrier interference on the wireless data link (due to the proximity of
power and data coils) to deliver the data (Kiani, 2012), while exploitation of carrier for

power and data transfer is achieved using ultrasonic (mechanical) waves (Peisino, 2013).

An ideal IMD communication design requires delivering higher data transfer rate and
reliability, with data accuracy, appropriate data security, and ultimately low power
consumption (Yakovlev, 2012 and Bazaka, 2013). The IMDs communications are
therefore stirring towards autonomous monitoring; where device status and performance
monitored with a short-range communication between an external reader and the
implanted device to, send commands to adjust operation, but ultimately, the IMDs
remote monitoring technique enables the transfer of data between devices using internet
based network (Meng, 2014).
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2.1.4. IMDs Materials, Safety and reliability

The first concern when dealing with implantable devices are the toxicity and
biocompatibility problems about the material being used, where different parts of the
implantable device must be fully sealed in a biocompatible packaging material such as
titanium. (Vaddirajua, 2010 and Cadei, 2014) while other safety concerns does involve
power malfunction including the battery-less devices powered by radio frequency (RF)
link, where the excessive electromagnetic energy emitted or backscattered by the device
during wireless communication or power transfer exposed to tissue, can potentially
destabilise accurate hardware device functioning, leading to temporary or permanent
device malfunction or damage to the tissue (Bazaka, 2013), or ultimately software
malfunction since currently there are no standard for validating, verifying and testing
these software for IMDs, and makes this vulnerable to hackers, especially IMDs with
remote monitoring technique that enables data transfer between devices using internet
protocol (Gollakota, 2011).

The challenges to IMDs are the effective composite materials for biocompatible
packaging that promises long-term implant usage; and mainly metals such as polymers
and ceramics or glass packaging (specially where wireless communication with an
external reader unit is required), are used to protect and separate the contact between the
body tissue and the electronic materials strictly non-biocompatible materials that should
remain inside the body, and prevent it from causing further damage. For many medical
implants, titanium, platinum and glass materials like Pyrex and Borofloat are the material
of choices due to their high biocompatibility mechanical properties. That is why for years
the cardiac pacemakers have been packaged into fused titanium covers. (Hogg, 2014 and
Bazaka, 2013) claims that successful on-organ monitoring using IMDs is imminent with
the use of multiple biocompatible materials to fabricate IMDs that includes titanium
metal, polymers, ceramics that should improve degradation and provide long term

implants.

2.1.5. IMDs design complexity

Implantable power sources including implantable energy harvesting devices are usually

required to be limited by size of typically about 1cm® (Cadei, 2014), because smaller size
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systems usually denotes low power consumption, and the total weight and size of an
IMD is totally dependent of how power sources and the remaining components are
encapsulated, whereas battery-less implants such as inductive (or near field) and
electromagnetic (or far field) link are battery-less systems frequently used in remote
powering, this are known to reduce device size by harvesting energy immediately from
the person’s body to directly power the IMD. Although initially fuel cell falls also under
the category of energy harvesting device, but because their design are significantly
configured similar to batteries, therefore fuel cell contribute to the overall weight and
size of the IMD the same way as a single-use (non-rechargeable) or rechargeable
batteries does (Bazaka, 2013).

Inductive links have been used extensively for IMDs such as auditory and visual
prostheses Radio frequency identification (RFID) applications also utilize inductive links
to not only power up the ultra-low power RFID tags, most of which cannot have batteries
due to their size, weight, and lifetime limitations, but also interrogate the tags and read
their stored information (Gollakota, 2011 and Kiani, 2012). Applying optimum size-
reduction and low power consumption in order to achieve long-term, the IMDs are not
necessarily needed to be powered externally using wireless systems such as inductive
links, but this can be achieved using fuel cell as a continues source of energy already
produced by the hosting body, and this eliminates the need for any other external device,
but makes the IMD more autonomous, although there are not examples yet of a fuel cell
that guaranteed a working device life of ten years in a standard implant system (Peisino,
2013).

2.1.6. IMDs experiments

All IMDs reviewed on this study have not been tested in the same manner; most tests
were carried out in-vitro rather than in vivo test. The in-vivo tests presents the most
challenging in terms of power supply and management, biocompatibility and
communication procedures, while in-vitro tests mostly validate the energy transfer and
the communication between the control units and the Transponder (TR) as well as the
user interfaces on IMDs, as a result the assessment of IMDs in real conditions (ideal

tests) are achieved by in-vivo tests on the patient or animal (Peisino, 2013).
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A successful in vivo tests involving an implantable thermal energy harvesting device was
implanted on a pig and this produced output power up to approximately 0.1W/cm?
(Peisino, 2013). While another in vivo experiments involving the same thermal energy
harvesting device, was performed with a rabbit, and this produced an output voltage
about 5mV, and could obtain output voltage increases up to 25 mV with higher
temperature difference between the inner and outer sides of the rabbit body (Cadei,
2014).

In addition, a biologic battery extracting electrochemical energy gradient within the inner
ear has been tested in vivo as an ultra-low power energy harvesting device integrated
with a wireless sensor for monitoring the ear electrochemical gradient. With the same
biologic battery device when implanted in a guinea pig this generated minimum of
1.12nW for up to 5hrs, and was powerful enough to transmit wireless information of the
electrochemical potential using a 2.4 GHz radio (Bazaka, 2013). The majority of
implantable fuel cell devices have been tested in-vitro generating power through glucose
oxidation, producing between 3.4uW cm > up to 180uW cm > steady-state peak power
(Bazaka, 2013).

2.2. Implantable Glucose Fuel Cells (IGFCs)

This review work presents a significant overview of implantable bio fuel cells (IBFCs),
in particular the IGFC, thus extracting the full potential of practical techniques required
to achieve the necessary improvements that promises a long lifespan powering of IMDs
(Olivo, 2011; Bartona, 2004 and Wang, 2007).

The basic idea of fuel cell is; an electrochemical device that generates current through the
reaction of two chemical types flowing into it. And IGFCs are capable of harvesting
energy directly from body fluids, which has considerable advantage in the field of
implantable monitoring sensors (Olivo, 2011) also known as IMDs, since these low-
powered medical devices have capable applications needed to improve patients’ lives,
IMDs such as; Pacemakers, hearing aids, transdermal drug delivery (Kerzenmacher, 2008
and Halamkova, 2012), all require long-time battery life, a requirement that IGFCs are
claimed should be able to accomplish well (Cinquin, 2010 and Oncescu, 2011).
Essentially, IGFC could overcome many problems relating to IMDs, because it uses body

fluid to harvest its energy, as a result, utilising the chemical reaction of oxygen in
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glucose from the blood to produce enough energy to run a low-power IMDs with a long
lifespan (Cinquin, 2010).

Human body can certainly provide sources of power to assist its own IMDs by means of
energy harvesting techniques. However, even with currently available experiments
carried out using vibrations, body movements and thermoelectric forms of energy
harvesting techniques, so far there have been no valuable results that could replace
batteries on IMDs using these techniques (Cinquin, 2010). Consequently IGFC presents
a potential option for replacement of batteries in implanted medical devices, as IGFCs
are superior to mechanical and thermal energy harvesting systems in terms of continuous
and reliable power generation (Kloke, 2011).
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Figure 2.2. Conceptual product definitions of BFCs as they are compared in their
specific energy and energy density to the existing primary battery technologies (Bartona,
2004).

The illustration by (Bartona, 2004), Figure 2.2 compares the energy fields of three

potential materials including conventional battery technologies and fuel cells. The

energy performance numbers of fuel cell materials (carbon-zinc, alkaline or silver) are

lower compared to reportable/rechargeable batteries or micro-electro-mechanical

(MEMS) systems based technologies, as a result, the advantages on adopting fuel cell
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technology will require outweighing the disadvantages it presents relative to
conventional technologies. Further analyses carried presents the key technology
directions, identifying the required energy density of BFCs depends on product
definitions, such as portable, reserve power or micro-system power application, that
ultimately results into a micro-miniature power source for independent power-on-chip or

micro-fabrication techniques in an enclosed structure.

A definite record of searches were performed including key wards such as BFCs, Energy
harvesting, GFC, Implantable BFC. And all searched results were refined to those only
that were considered implantable techniques. Furthermore, the search was regulated to
IGFCs, which produced more than 30 references. But more than 30 cited full papers were
read for this review, from which it was possible to obtain the main findings to produce a
full review. All other papers and areas of research citing IMDs (already covered on
previous section), body movement vibration and thermoelectric forms of energy

harvesting techniques, will not be discussed in this section.

2.2.1. History of IGFCs

Research in the field of IGFCs dates back to the early sixties, with the first abiotic GFCs
developed in 1964 Early efforts in producing IBFCs were driven to replace the existing
batteries with short life-time that were made of zinc/mercury oxide, since the battery
implants that were used to power cardiac pacemakers required frequent replacement
(Kerzenmacher, 2008). The power output of the first implantable fuel cells in early
1960s was in the range of 30-70pW/cm? for 5h in a dog and 2uW/cm? for 5 months
(Kerzenmacher, 2008). In the 1970s the range of S0uW was obtained, and claimed to be
sufficient to supply a cardiac pacemaker (Stetten, 2006). Although IGFCs were tested in
animals, such as dogs, rats and rabbits, for more than 150 days, however, they were not
fully tested for their biocompatibility.

2.2.2. Problem formulation & findings

IGFCs can be described as a micro-power source operating in living organisms, where in

medical applications, a patient own blood’s glucose is broken down, and the oxygen is
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oxidised in the process, and energy is harvested through this process to power the IMD
(Halamkova, 2012).

The results obtained from the performed search have produced a series of topics currently
being studied, methods of which have more or less produced applicable techniques that
have successfully improved IBFCs as a long-term powering source (Stetten, 2006;
Cinquin, 2010), (Oncescu, 2011).

2.2.3. Types of BFCs

There are different types of fuels that have been used as electrolysis for BFCs; such as
glucose, hydrogen, methanol, ethanol and higher alcohols in conventional direct fuel
cells for portable devices (Bartona, 2004 and Ivanov, 2010). For implantable purposes,
Glucose is used as main reactant, and BFCs are probably up-to-date the most explored
energy conversion devices, due to the high availability of glucose into the body fluids
(Olivo, 2011). This has resulted in an in-depth study of GFC techniques, which involves
either catalyst by enzymes, microorganisms or abiotic (Kloke, 2011), as further defined
in Table 2.3.

Table 2.3. Different types of GFCs

References GFC Types Declarations

(Kloke, 2011) Enzymatic = High power densities compared to other concepts.

(Stetten, 2006) fuel cells = Allows a simple, one-compartment design.

(Bartona, 2004) = Lacks longevity and amenability to steam
sterilization required for long-term medical
implant.

(Kloke, 2011) Microbial = Self-regenerating capability,

(Stetten, 2006) fuel cells = Allows for long-term application,

= Not implantable due to infective or immunogenic
nature of microorganisms.

(Kloke, 2011) Abiotic = The only known concept that meets all the
fuel cell demands of long-term medical implants.
(Sharma, 2009) = Has the advantage of longevity, amenability to
(Stetten, 2006) sterilization, and biocompatibility.
= Typical catalysts are made of simple metals or
carbon, and currently silicon nano-particles and
platinum catalysts are under study.
= However, exhibit low power density compared to
other two concepts.
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The three practices shown in Table 2.3 have different satisfactory designs for GFCs,
where each individual concept present some strengths or weakness compared to the
other, except the abiotic fuel cell (AFC) that has the combination strength of the other
two, despite having low power density. Though enzymatically and abiotically catalysed
fuel cells are the most commonly used for IMDs (Olivo, 2011), nevertheless, abiotic
fuel cell are the indispensable design method for implantable fuel cells aiming to
improve the power density, by reducing the drop of power density caused by oxygen
mass transferring to the cathode (Kloke, 2011; Stetten, 2006 and Ivanov, 2010), by
increasing the cathode to anode area proportion (Pan, 2011; Bartona, 2004 and Ivanov,
2010), and by maintaining chemical stability in the presence of active species that attack
key electrode components, that leads to build-up of fungal laccase species (Bartona,
2004).

2.2.4. GFC’s operational principles

GFC operates by generating electricity from a process involving the transfer of electrons
from glucose (sugar) to oxygen, where the anode electrode from the GFC performs
glucose oxidation and the cathode electrode performs oxygen reduction. And when the
electrons flow between the electrodes, they produce an electric current (Stetten, 2006
andHalamkova, 2012), a micro-scale power source process that can be used to power a
circuit (Kerzenmacher, 2008). The electro-chemical reaction processes that occur inside
GFCs are illustrated in Figures 2.3.

2e”

Anode4 % I_Cathode

CcH1,06+ H,O0 >

C6H1207 + 2H* + 2e” 0.5 02 +2H* +2e™> Hzo

Overall: C¢gH;,04 + 0.50, > CgH,0,

Figure 2.3. Typical chemical reaction of BFCs capable of lighting a bulb,
(Kerzenmacher, 2008; Stetten, 2006; and Olivo, 2011)
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Figures 2.3 illustrate characterises a typical chemical reaction process of a direct GFCs.
In an acidic environment, charge exchange takes place by the diffusion of protons, in an
alkaline environment by hydroxyl (Stetten, 2006 and Olivo, 2011). This same
illustration is summarised and simplified as such; glucose is predominantly oxidised by a
two electron transfer reaction to gluconic acid (Kloke, 2011).

Since IBFCs oxidises sugars (glucose - CgH120¢) to generate electricity as a result, the
only by products of the electrochemical reactions would be water (H,O) and gluconic
acid (CgH1207) or carbon dioxide (CO,). And the electrons obtained by means of
oxidation are used to generate power (Stetten, 2006 and Olivo, 2011), example of

lighting a bulb shown in Figure 2.3.

Agreeably, IGFCs provide new approaches for self-powered implantable nanotechnology
devices, thus harvesting electricity from their environment to power implantable
biomedical devices (IBMDs). This demonstrates great design advantages over other
existing conventional methods, as a result; further key advantages and disadvantages of
IGFCs are shown in the Table 2.4.

Table 2.4. Advantages and disadvantages of GBFC

Disadvantages of IBFCs Advantages of IGFC
= |nefficient output power. = Can be simplified and integrated into
= No breakthrough on life-time (over 5 any arbitrary shaped customary
years) device powering yet. fabrication.
= The associated presence of glucose and = Reduced overall thickness or size for
oxygen and the lack of glucose implant
selective inorganic catalyst. = Be coated directly on the surface of
= Current is either limited by the medical implants.
availability of oxygen at the cathode or = Continuous output power
glucose at the anode. = Longevity
= The separator membrane between the = Amenability to sterilization and
electrodes also causes degradation. = Biocompatibility.

Table 2.4 illustrates the disadvantages naturally placed in other of importance. The
existing low power density of IGFC is a critical disadvantage followed by the lifespan

realisation as an implanted power source device. Other associated disadvantages
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involving bio-catalytic function, electron transfer, and substrate interactions are expected
to improve as the technology matures, and can be outweighed by the advantages of using
GFCs as implantable devices compared to batteries, from the fact that fuel is supplied to
the cell, rather than being embedded within it (Bartona, 2004). Also (Bartona, 2004)
states that the main advantage of IGFCs is the inherent bio-catalytic property that cannot
be duplicated by conventional technology. Among these key properties are (1) activity at
low temperature and near-neutral pH, (2) chemical selectivity, and (3) potentially low-
cost production using fermentation and bio-separation technologies. In comparison to
other conventional fuel cells, the advantages of using IGFCs, (lvanov, 2010) concludes
that; the use of a simple fuel cell design with lower cost of main fuel cell components

and extensive usage of biocatalysts is expected to lower the cost of production.

2.2.5. Applications of IGFCs

Application specific of IMDs has always been the driving force for the development of
successful power sources and the main possible applications for IGFCs, leading towards
implantable sources with micro-scale cells, capable of being implanted in human or
animal tissue or in blood vessels (Bartona, 2004). In general, a number of IMDs might
benefit from these implantable power sources, and the most obvious is the cardiac
pacemaker (Kerzenmacher, 2008; Bartona, 2004 and Halamkova, 2012), a device that
has been in use for more than 40 years and is currently powered by lithium-iodine battery
with a lifetime exceeding 10 years (Bartona, 2004). As mentioned previously in the
introduction, other applications include artificial hearing aids, vision and the use of
sensors for monitoring of diseases will also benefit from IGFCs (Kerzenmacher, 2008;
Kloke, 2011; Bartona, 2004; Cinquin, 2010, and Halamkova, 2012). Should stability,
lifespan, and power density of micro-scale implantable power sources easily be achieved
when dealing with medical IBFCs problems, applications of IGFCs is expected to grow
as new technologies are established and energy demands expand (Bartona, 2004 and
(Ivanov, 2010).
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Table 2.5. Review of different biofuel cell, electrode catalysts, their construction and performances

Anode - O, Cathode Separator or Fabrication Fuel Fuel Power Experiment Reference

(reduction) Oxidation Membrane Method Source  Type  Output Duration Papers

Microbial fuel cells

Activated Carbon Carbon Paper Air and Carbon Paper In vitro 73.3mWm? 2 months (Han, 2010)

Cloth with Pt (0.55V)

Carbon cloth with Carbon paper In vitro 11.7mWm? 2 months (Dong, 2013)

ammonia with Pt None (0.16V)

Enzymatic fuel Cells

GOX POP-Graphite Mechanical. Rats Glucose 2puW cm? 3 months (Hareland, 2013)

Graphite None Confined 10, (0.13V)

Glucose Laccase Nafion Nano-wire In vitro Glucose  30uW cm™ (Pan, 2010)

Oxidase (NPNW) 10, (0.23V)

MW Carbon BP MWCNT Chemical In vitro Glucose (Hussein,

Nano-tubes Laccase carbon vapour deposition 10, (0.88V) 2011)

Abiotic fuel Cells

Raney Raney Hydro-phobic Alloying In vitro Glucose  2.2uW cm™ (Kloke, 2011)

Platinum Platinum partner 10, (0.5V)

Platinum Graphi-ne Polypropylene Evaporation In vitro Glucose  5uW cm™ (Golla-kota, 2011)

Thin-film based porous induced 10, (0.26V)

Carbon Carbon Polymer Doctor blade-gluing In vitro Glucose  20uW cm™ 11 Days (Stetten, 2006)
(Hydrogel) 10, (0.26V)

Raney Raney Porous Diffusion & Photo- In vitro Glucose  4.4pWem™ (Kerzen-macher,

Platinum Platinum (Supor-450) lithog. 10, (0.5V) 2011)

Platinum Pt/Carbon paper ~ AAO membrane In vitro Glucose 2uW cm™ 4 Hours (Bartona, 2004)

nickel 10, (0.35V)

Carbon, Activate Polyethersulfone Doctor blade Tech. In vitro Glucose 3uW cm™ 240 Days (Kerzen-macher,

Pt-bismuth carbon filter 10, (0.38V) (8 months) 2008)

Raney Platinmaluminu.  Hydrophobic Alloying In vitro Glucose (Kerzen-macher,

Platinum partner 10, (0.38V) 2010)

Raney Platinmaluminu.  Hydrophobic Alloying In vitro Glucose (Kerzen-macher,

Platinum partner 10, (0.38V) 2010)
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2.2.6. Evaluation of IGFCs

Research studies show efforts that have been made that are driving the development of
devices that make use of ambient body energy (harvesting) to power IMDs, and GFCs
are underlined to be better than any other existing energy harvesting technologies in use
today for IMDs, but currently only a few of these reviewed papers can satisfy this
declaration. The comparison carried out to highlight the achievements obtained so far
relating to IGFCs is shown in the Table 2.5.

2.2.6.1. IGFCs proprieties

a. Fuels
The most common and natural energy for biofuel cells is glucose fluid due to its high
abundance and an important source of energy for a variety of living organisms. The main
fuel to the respective three types of fuel cells (enzymes, microorganisms and abiotic)
described in Table 2.4 is the glucose fluid, which is consequently broken into oxygen in

oxidation and reduction reactions, as illustrated previously, and now listed in Table 2.5.

b. Oxidants
The most widely employed oxidant in GFCs is oxygen and there are only few reports of
other compounds. The respective half-cell reactions and catalysts used for the bio-
electrochemical reductions are also listed in Table 2.5. Oxygen is the typical oxidant in

conventional fuel cells, where mostly is used in the form of pure gas or air.

c. Catalysts
Glucose catalysts vary between microbial, enzymatic and abiotic fuel cells. The main
catalyst that are responsible for glucose oxidation and reduction reactions, are illustrated
in Table 2.5, where the abiotic catalyst materials that are widely employed in the area of

biofuel cells, are also employed in biosensors designs.

2.2.6.2. Evaluation of Implantable Bio-Fuel Cells (IBFCs)

A literature review of the field highlights countless efforts to drive the development of
devices that make use of ambient body energy. Bio-fuel cells are highlighted as more

appealing than any other existing energy harvesting technologies in use today, but few of
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these efforts are proven satisfactory. A comparison has been put together to highlight

some of the achievements obtained so far relating to IBFCs, shown in Table 2.5.

From Table 2.5 we established that the use of microbial fuel cells provides the highest
power density 73.3mWm™, or 733uWem™ (Bartona, 2004) and 117uWem™ (Bartona,
2004), compared to enzymatic and abiotic concepts. However microbial fuel cells power

generation has a shorter life span compared to the other two design concepts.

Most of the catalysts used by enzymatic fuel cells are made of glucose oxidase (GOX)
and laccase oxidase with gold electrodes for both anode and cathode terminals. The
enzymatic catalysts enables higher power densities compared to abiotic concept designs,
where the highest enzymatically catalysed fuel cells (Mousavi, 2011), generated power
density up to 30 pWem™ at 0.23 V, with the use of gold as main electrode material for
both anode and cathode terminals. The highest result in the table for abiotic fuel cells
can be found using carbon for both anode and cathode, providing a power density of
20uWem™ at 0.26V (Oncescu, 2011). This experimental work matches the highest power
density abiotic design concept published in Table 2.5, however provides better output
voltage >0.4 V.

Non-enzymatic glucose fuel cells are appealing since they may overcome insufficient
long-term stability and reproducibility due to the nature of the enzymes. The catalysts of
abiotic fuel cells were mostly made of platinum or its alloy materials, Table 2.5 shows
that platinum and its alloy based abiotic types (Hussein, 2011), including this paper, have
a promising long lifetime albeit with a limited power density of just 20puWem™.
However, noble metal and alloy-based fuel cells face different challenges of the low
sensitivity, selectivity and poor resistance to the poisoning of chloride ions and
intermediates that originate from glucose oxidation. Carbon supported metal catalysts
show the most durability compared to the other two types, with stability for > 8 months
or 240 days (Kerzenmacher, 2010) using platinum—bismuth alloy supported by activated

carbon as catalysts.
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Figure 2.4. Current density-potential plot of different electrode materials in neutral
buffer containing glucose. Legend: “*”: in deaerated solution; “#”: electrode part of a
complete fuel cell in aerated solution (Kerzenmacher, 2008).

Figure 2.4 highlights the difference in current density to potential performance plots
between electrode materials used for GFCs. Platinum electrode is therefore favoured as a
selective catalyst showing the highest performance materials for glucose oxidation in
comparison to other noble materials such as palladium, gold, and silver. Platinum
presents 400mV more positive potential, and currents above 100uW. While activated
carbon (oxygen reduction) also has high potential values >800mV, but lower currents
than platinum, but the combination of both material can directly translates to higher
voltage, currents and performance for GFCs (Kerzenmacher, 2008). And the catalyst

materials for oxygen reduction and glucose oxidation can be summarised as follow:

a. Abiotic catalytic materials such as activated carbon and platinum have the advantage
to not being sensitive towards glucose compared to silver, but their oxygen reduction
onset potential are also greatly greater than silver (300mV), and more negative
compared to platinum, which directly translates to lower fuel cell voltage and
performance, and thus activated carbon is preferred than silver as it displays a better

oxygen reduction performance than silver (Kerzenmacher, 2008).

b. In the other hand, the noble metals and alloys that are highly active for glucose
oxidation are: platinum-ruthenium, rhodium, and iridium alloys. And the most
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special type of alloy used for IGFCs shown in Table 2.5, is the Raney-platinum

catalyst.

c. The enzymatic catalytic material capable of glucose oxidation is the glucose oxidase
(EC 1.1.3.4, GOx) is the most widely employed in the area of biosensors and biofuel
cells. Another enzyme that has been widely used in biofuel cell applications is
glucose dehydrogenase, the typical enzyme used for oxygen reduction using plant

and fungal laccase (lvanov, 2010).

d. The only advantage microbial fuel cells have over enzymatic or abiotic fuel cells, is
the long lifespan ability to convert the chemical energy of glucose into electrical

energy through microorganism’s reaction.

e. Membranes separator and insulators working principle and components of the
conventional polymer electrolyte membrane (PEM) for fuel cells presented in Table
2.5 are best illustrated in previous Figure 2.3, but these membranes are also believed
to contribute to the fuel cell loss of performance overtime (lvanov, 2010).

Following previous report of platinum catalysts as the best possible catalytic material
with the highest performance, consequently both Table 2.5 and Figure 2.3 present most
of the electrode materials required to design all three types of fuel cells, nevertheless
therefore, other existing catalytic materials not yet covered such as carbon fibre, carbon
nanotube, including noble metals and alloys that are highly active for glucose oxidation,
among these are platinum-ruthenium alloys, rhodium, palladium and iridium. Also
platinum-bismuth alloy on activated carbon, raney-platinum, platinum-tungsten
containing nickel, rhodium black, platinum-gold and platinum-gold alloys, and this
demonstrate that platinum is the most alloyed metal for GFC fabrication, and these alloys
exhibited current densities three, five, seven even nine times higher compared to a
conventional platinum or platinum black electrodes, while carbon nanotubes with
metallic nanoparticles have also shown an increase in performance of GFCs, achieving

power densities of 760chm'2 (Kerzenmacher, 2008).
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2.2.6.3. Design and fabrication method of IGFCs

Common problem with designing IGFCs is avoiding the continuous presence of glucose
and oxygen on both cathode and anode electrodes simultaneously, and also the lack of
glucose selective inorganic catalyst. For this purpose there has been significant effort on
development of electrodes materials (Bartona, 2004 and Bartona, 2004) and designs
(Stetten, 2006) to bypass the oxygen intervention on the anode. Thus the most popular

design so far has been the sandwich type assembly of electrodes (Stetten, 2006).

Nevertheless, out of the three types of GFCs concepts mentioned in Tables 2.3 and 2.5,
the Abiotic or direct GFC is the only known concept that meets all the demands of long-
term medical implants with the advantage of longevity, amenability to sterilization, and
biocompatibility, and its typical catalysts are made of simple metals or carbon, as shown
in Table 2.5, which includes other materials that are currently under study. An abiotic
GFC despite having low power density compared to other two concepts, have shown
promising results required to provide power to implants used in treatment of life-long
diseases. As a result three different papers have been singled out; (Kloke, 2011; Stetten,
2006 and Pan, 2010), based on their simple and clear study on GFCs, these papers have
shown outstanding and significant contributions to the understanding and improvements
on the techniques and construction of IGFCs studies, and as a consequence a great deal
of attention has been drawn particularly from these three papers to expand on their

materials and methods of fabrication that defines an ideal GFC design.
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Figure 2.5. (A) Representation of a sandwich type electrode assembly fuel cell. (B)
Close-up illustration of the interface between surrounding materials (Stetten, 2006).
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Figure 2.6. GFC designs: (A and B) Sandwich assembly design and (C) A single layer

design (Kloke, 2011).
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Figure 2.7. (a) A Nanowire-Based BFC (NBFC) with glucose oxide (GOx) and laccase
used as catalysts in the anode and cathode region, respectively. (b) The (NBFC) is
immersed into a biofuel solution for a direct single layer fuel cell design (Pan, 2010)

The first three techniques used in Figure 2.5 (Stetten, 2006), and Figure 2.6 (a and b)
(Kloke, 2011), have similarities in operational concept of micro-fabrication and electrical
performance of enzyme-less direct GFC, and the three use sandwich design type of
electrodes assembly, but (Kloke, 2011) additionally presents a different designs
involving a single layer GFC design Figure 2.6 (c). Both (Kloke, 2011) and (Stetten,
2006) concepts are abiotic, direct GFC techniques, while (Pan, 2010) GFC in Figure 2.7
is an enzymatic process. But all three GFC commonly harvest the chemical energy of
glucose from body fluids, which contains both oxygen and glucose reactants (Stetten,
2006 and Kloke, 2011).

Significantly the work presented in (Stetten, 2006), includes the experimental results
illustrating credible works with full evidences supporting arguments on main material
used and the breakdown of the writing. But the process goes a step further with (Kloke,
2011). Figure 2.6 (c), by describing the construction and integration of the fuel cell into

implant capsules by using a novel single layer fuel cell design; the only abiotic fuel cell
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design that clearly deals with this concept. However, an enzymatic technique that shows
full potential in this field of GFCs is the Nanowire-Based Biofuel cell (NWBFC) (Pan,
2008 and Pan, 2010). It’s an improved technique that is ideal for self-powered devices.
The Nano-wire (NW) technique uses a substrate of any kind that is connected tightly to
anode and cathode. It uses glucose oxide and lactase as catalysts bound on the wire in
the anode and cathode region respectively, and the two chemical reactions that occur,
creating a corresponding chemical potential drop along the NW, which drives the flow of

protons in the NW and electrons through the external load (Pan, 2010).

From above design concepts, Figure 2.7 has not only shown a different direction of
fabricating a GFCs but has also enhanced an understanding on full practical potential
requirement to achieving the improvements that guaranties a lifespan powering of
implantable devices. This is also simplified by materials used and the method arranged
on the nano-wire surface, which enables the flow of protons and electrons to produce the
power needed to drive an implants. And other great compensation is related to
membrane-less technique and the fact that it uses the same bio-fluid (containing both
oxygen and glucose) on anode and cathode regions, a method that is difficult and is

known to reduce the device’s output performance, as shown in Table 2.6.
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Table 2.6. A summary of materials and methods of fabrications for the 3 techniques

Reference

Electrodes

Membranes

Declarations

A single layer BFC

(Kloke, 2011)

Sandwich type
Assembly
BFC

(Stetten, 2006)

Nanowire-Based
BFC

(Pan, 2010)

Anode:

Platinum foils, and electrodeposited thick layer of
zinc.

Cathode:

Platinum and aluminium successively evaporated
onto a silicon substrate with titanium as adhesion
layer. Aluminium as sacrificial alloy partner was
removed after leaving behind a rough Pt-Al
catalyst.

Consist of activated carbon coating a noble metal
screen that collects the electrons. The activated
carbon at the glucose electrode contains an
additional 10% of platinum.

An epoxy resin frame is used to electrically
insulate the wire connections, and to protect the
anaerobic glucose electrode against oxygen
breakthrough. (PVA-PAA) matrix occupies the
inter-electrode space of the fuel cell, and is also
used as binder for the activated carbon particles.

GOx and laccase are used as catalysts in the
anode and cathode region, respectively, where
Gold electrodes are used at both ends.

The NBFC is immersed into a biofuel solution;
two chemical reactions occur in the anode and
cathode regions, creating a corresponding
chemical potential drop along the NW, which
drives the flow of protons in the NW and
electrons through the external load.

None

A single layer fuel cell design, where anode and
cathode are placed side by side on the same
impermeable surface.

This concept requires an anode that shows
sufficient tolerance towards the presence of
oxygen in physiological concentrations.

Membranes with a thickness of 30um were cast
from PVA-PAA solution. The electrodes are
manufactured by a doctor blade technique.

The catalyst ink consists of activated carbon
saturated with PVA-PAA solution. After drying,
membranes and electrodes are assembled by wet

gluing

A proton conductive polymer nanowire is used
for transporting protons, which lies flat on a
substrate (of any kind) as electrolyte and is
affixed to two electrodes at both ends. The key
component as proton-conductive NW used is the
Nafion Poly (vinyl-pyrrolidone), obtained via
electro-spinning.

Although this method show strong
performance degradation, but
Raney-platinum film anodes exhibit
high oxygen tolerance, a good
thing.

The presented strategy enabled a
significantly faster product
desorption and lower sensitivity
towards interfering substances.

By rearranging the presented 3-
electrode sandwich setup with a 2-
electrode blind-end concept this
microfluidic cell can even be
implemented as an external coating
of implants.

The presented concept of a direct
GFC is well compatible with the
technical and important legislative
demands regarding implantable
power sources for long-term
medical implants.

The NBFC can be directly
integrated with a single NW-based
Nano-sensor for building a self-
powered chemical- or bio-sensor,
which typically requires an
operation power as low as a few
Nano-watts if one excludes the RF
unit. A self-powered Nano sensor
formed with NBFC.
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2.2.6.4. Dimensions and fluid flow rates

The apparent objective of implantable fuel cells research is still for in vivo applications
where the glucose in use is without limit from the flow of blood to provide a long-term
power to IMDs (Kerzenmacher, 2008). As a result, fluid flow is an important matter in
microfluidics on which can depend on both conditions of heat and mass transfer
including; flow conditions, fluid properties and channel geometries. Given the small
dimensions (microscale) of the channels involved for fluid flow in fuel cells materials,
the flow regime has as typically straight flow and is ruled by low ratio of momentum
forces to viscous forces, this type of flow favours the control and modelling of bio-
chemical reactions while providing high surface area to volume ratio (Rapoport, 2012;
Marques, 2011 and Kjeanga, 2009). Overall, fuel cells incorporating microfluidic fuel
cell setups, have been designed with flow rates of 0.1 mL min*to 0.5 mL min™* of fluid
flows, with pressure driven and regulated tests using pumps (Guerra-Balcazara, 2012).
But GFCs are best to be implanted just under patient’s skin, as a result most experiments
involving GFCs are carried out at zero pressure regulation fluid flow tests with no
pumps, evaluating the ability of the cell working in extended times with no continuous
injection of fuel, as a result these tests establish the ability of the fuel cell to work well
without an external fuel pump, establishing similar environment of blood flow rate.
Hence the fuel cell power density is higher at low fuel flow (zero flow rates) and
decreases with the increasing fuel flow rates (Cuevas-Mufiiz, 2012) .

Dimension wise, implantable fuel cells devices are usually required to be limited by size
of typically 1cm®  Although initially fuel cell falls also under the category of energy
harvesting device, but because of their design do significantly configuration similar to
batteries, fuel cell therefore contribute to the overall weight and size of the device the
same way as a single-use (non-rechargeable) or rechargeable batteries. As a result,
smaller size fuel cells usually denotes low power density, and the total weight and size of
an implantable fuel cell capable of driving an implant device requiring to be obtained
from a stuck of multiple fuel cells arranged in parallel, harvesting the instantaneously
energy from the person’s body glucose fluid (Cadei, 2014 and Bazaka, 2013). There are
also challenging issues in relation to integrating implantable fuel cell and the IMDs,
include involving electrical arrangement, packaging and voltage matching, especially
when multi-cell stacks are desirable to produce the conventional 1-5V output voltages
(Bartona, 2004).
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2.2.7. Electrochemical tests of IGFC suitable materials

The testing of GFC in various in-vitro experiments involves the electrochemical test
setups to characterise the fuel cell and its individual electrode components and catalytic
materials. Typical fuel cell components include (reference and counter) electrodes
configured in a cell container together with the holder, normally using cyclic
voltammetry (CV) test method (Stetten, 2006).

Reference Counter Working
Electrode~| Electrode ~y P Electrode

Figure 2.8. Three-electrode setup for CV test measurement of electrode potentials

The above CV test setup in Figure 2.8 is generally used to strictly study the
electrochemical properties of an analyte in solution, and is often the first experiment
performed in electrochemical studies. CV test is obtained by applying a linear potential
sweep (that is, a potential that increases or decreases linearly with time) to the working
electrode. As the potential is swept back and forth past the formal potential, Eo, of an
analyte, a current flows through the electrode that either oxidizes or reduces the analyte.
The magnitude of this current is proportional to the concentration of the analyte in
solution, which allows cyclic voltammetry to be used in an analytical determination of

concentration. A cell setup for electro-analytical measurements for cyclic voltammetry
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always consists of three electrodes and an electrolyte: (KIETMA, 2013 and Marusak,
2007).

1. Working electrode (e.g. carbon fibre or Platinum wire)
2. Counter electrode (e.g. Platinum, Gold or Carbon fibre/cloth)

3. Reference electrode (e.g. Calomel electrode or an equivalent)

Glucose solution is the electrolyte needed in the CV setup to provide the electrical

conductivity between the first two electrodes involved (Rapoport, 2012).

2.2.8. GFC Design Technology and Materials Background

Considerable laboratory experiment tests had evaluated variety of different GFC
materials and fabrication techniques with the aim to obtain suitable cathode electrode as
oxygen reduction catalyst in the presence of glucose and optimum anode material for

glucose oxidation in the presence of oxygen (Justin, 2004).

The challenge to designing an ideal IGFC has been acknowledged to being limited by
lack of cheap and desirable material able of provide appropriate catalytic proprieties

required to extract the existing energy from glucose electrolyte, capable for high

performance.
Table 2.7. Selection of material innovations
Non-metallic Metallic Metallic Alloy Material Combination
(Electrodes) (Electrodes) (Electrodes) (Electrodes)
= Carbon = Nickel =  Gold- = Carbon fibre and
paper = Gallium Silver platinum
=  Carbon = Silver =  Titanium- = Carbon fibre and
fibre = Platinum Gallium gallium
= Graphite = Titanium =  Platinum- = Carbon fibre and
= graphene = Stainless Gallium titanium gallium
=  Carbon still =  Titanium- = Platinum and Gallium
nano- = Iridium- gallium = Platinum and
fibres Black =  Gallium- Titanium-Gallium
=  Carbon =  Bismuth Silver = Iridium black and
nanotubes = Pt-Gold Bismuth
= Activ. = Platinum on vulcan
Carbon carbon cloth
= Carbon
cloth
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In the laboratory, a small number of common electrode materials listed in Table 2.7,

were tested to validate the material technological requirements stated in Table 2.8.

Table 2.8. GFC material technological requirement

Catalytic Materials (Electrodes) Electrolytes (Glucose solution)

= Sufficient porosity, = High ionic conductivity,

= High surface areas, = Negligible electronic

= Good electronic and conductivity,

= jonic conductivity, = Chemical stability with

= Good electrochemical activity to electrodes,

= Promote redaction oxidation = |Impermeability to gases,

reactions. = Sufficient stability with minimum

thickness.

The laboratory experiments involved combining different raw materials to form new
compounds with improved catalytic performance. Most material combinations listed in
the Table 2.7 showed performance improvements listed in requirements of Table 2.8,
compared to their pure single states. Nevertheless, laboratory experiments required an
unprecedented number of test arrangements to obtain an optimum electrode material

combination that time and resources could not permit.

Figure 2.9. Pictures of typical electrode materials tested for DGFC: (a) carbon paper,
(b) carbon cloth, (c) stainless steel mesh, (d) carbon mesh, (e) granular graphite, (f)
granular activated carbon, (g) Platinum and (h) Iridium.

Figure 2.9 show the pictures of few raw electrode materials from Table 2.7; such as

carbon cloth, platinum and other noble metals. These electrode materials from Table 2.7
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were selected based on their application range capabilities, including materials of carbon
embedded with metal nanoparticles such as platinum, which are known to greatly
improve the active surface area of reactions (Wei, 2011), as confirmed by platinum
nanoparticles supported on vulcan carbon cloth (PtVCC) in this project, and presented as
the most flexible and porous catalyst electrode that have produced higher power densities
compared to any listed material in Table 2.7, of which most electrodes presented

unsatisfactory catalytic performance at their raw state.

This work laboratory tests confirmed that smooth surface metals as non-corrosive
materials, mostly anode electrodes, such as stainless steel and platinum metals don’t have
good catalytic capabilities and fail to achieve higher power densities compared to
corrosive metals such as silver or also non-corrosive materials such as carbon. Although
most metal materials are more conductive than carbon materials, but only platinum,
stainless steel and titanium have been approved as suitable metals for implantable fuel
cells, while most other metals are less appropriate as fuel cell catalyst because of their

high corrosion flaw.

2.2.9. Electrode Material Combinations, Coating and Alloying

This study laboratory experiment involving surface treatments were conducted on some
electrode materials to improve performance via addition surface coating involving
mainly carbon materials with different metal particles aiming to improve power
generation through the development and creation of different cathode compositions.
Also anode electrodes were separately coated with different structures of carbon fibres,
carbon nanotubes, carbon black, carbons nanostructures, platinum or gold nanoparticles,
including modification using ch