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Energy autonomy is one of the most requested functionalities in the explosion
of off grid applications that the digital evolution, due to paradigms such as
the Internet of Things (IoT), Wireless Sensor Networks (WSNs) or Trillion
Sensors (TSensors), carries [1]. The most common solution is to use batteries.
However, there are scenarios where the use of batteries is not practical, such
as in remote locations or hazardous environments. In addition, among the
disadvantages of using batteries, we must add the economic impact of their
replacement and maintenance due to direct, logistical and environmental costs
that will become unbearable if the number of sensor nodes really multiplies
exponentially as the revisions point out [2, 3]. It is therefore appropriate to
research and develop other alternatives to achieve energy autonomy, both for
applications that require it for a short time and for a long time.

These alternatives fall within the field of Energy Harvesting (EH) re
search. In this field, transducers are used to convert the energy available in
the environment in different forms, such as thermal, mechanical, Radio Fre
quency (RF), light or fuel source energies, into electrical energy. Despite being
able to extract energy from the environment using different transducers, we
are currently facing the challenge of extracting this energy in the most efficient
way in order to extract the maximum power and energy (in such a way that
it can be increased either the complexity of the electronics or its autonomy)
under extreme operating conditions (such as power levels that can range from
mW to µW).
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Table 1.1: Power ranges for different state of the art EHS .

EHS Transductor Power range

Kinetic Wind turbine [5 8] 1mW to 60W
Piezoelectric generator [9, 10] 100 µW to 8mW
Triboelectric generator [11 14] 25 µW to 2mW

Solar Photovoltaic cell [15 17] 40 µW to 12mW

Thermal Thermoelectric generator [18, 19] 10 µW to 25mW

Inductive Radio Frequency [20, 21] 1 µW to 1mW

Fuell Cell Microbial FC [22, 23] <120 µW
Glucose FC [24, 25] <5 µW
Direct Methanol Fuel Cell (DMFC) [26, 27] <50mW

The kinetic based EHSs transduce mechanical movement into electrical
power. The kind of movement and the application condition the transducer to
use: piezoelectric, electrostatic or electromagnetic generators [28]. Piezoelec
tric Generators (PEGs) consist of electrically polarized materials that provide
electric charge when they are subjected to a mechanical strain. Because Lead
Zirconate Titanate Pb[ZrxTi x ]O3 is one of the most common and widely
used material, sometimes, PEGs are also referred as PZT. Another common
used materials are Barium Titanate and Zinc Oxide. PEGs provide relatively
high voltage levels and a good power density per unit of volume. On the other
hand, PEGs suffer a poor coupling characteristic that requires relatively large
load impedances to operate efficiently. The other type of kinetic based EHS,
the electrostatic generator, bases its operation in the variation of the dielectric
gap or the overlap surface of the electrodes of a capacitor. This is achieved
suspending at least one of the electrodes of a capacitor. Thus, the capacitance
of the capacitor varies in front of a movement. The variation of the capaci
tance causes a variation in the number of electric charges at the electrodes
in order to hold the bias voltage of the capacitor. This variation in electric
charges generates a current across the load attached to the capacitor to close
the circuit. This kind of generator provides a poor power density compared
to the other kinetic based EHSs and suffers an important disadvantage: it
needs an external voltage source to initially charge the capacitor. The last
kinetic based EHS, the electromagnetic generator, is based on current genera
ted through a coil due to a variable magnetic field originated by a permanent
magnet in relative movement to the coil. They provide a higher power density
than PEGs and better performance is achieved for low load impedances and
in low frequency applications.
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Indoor solar cells or indoor Photovoltaic Cells (PVCs) generate electrical
energy from solar radiation. A sub classification of this type of EHS is based
on the material being used to build the PVC: monocrystalline, polycrystal
line and thin film. They have an important presence in macro scale energy
harvesting applications like electric generation in power plants, but also exist
some applications in the micro scale where usual power densities delivered by
PVC in embedded systems are 15mWcm 3 [29].

The thermal based EHS transforms a gradient temperature into electrical
power. The transducers used to perform this conversion are known as Ther
moelectric Generators (TEGs). TEGs consist of one or more pairs of p type
and n type semiconductors connected thermally in parallel and electrically in
series. Based on the Seebeck effect, these generators generate an Open Circuit
Potential (OCP) proportional to the gradient temperature present between
the cold and hot sides of the TEG. They provide a good power density, how
ever extra effort is needed to design a heatsink for the cold side in order to
guarantee a constant minimum temperature gradient across the TEG. Other
thermal based EHS is the pyroelectric generator that bases its operation in
fluctuations of a gradient temperature.

In inductive based EHSs, RF energy harvesting system is the responsi
ble to harvest energy from electromagnetic waves to convert it into elec
trical power. Usually, the basic RF energy harvesting system consists on a
receiving antenna, a matching circuit, a peak detector and a voltage eleva
tor. The receiving antenna can be designed to harvest energy from electro
magnetic waves with different frequencies like broadcast TV signal (Ultra
High Frequency (UHF)), mobile phones (900 to 950MHz) or Local Area Net
work (LAN) (2.4GHz/5.8GHz), among others. RF based EHSs provide the
lowest power density from all EHSs, which has a direct impact in the comple
xity and performance of the electronic circuits that use them.

The last type of EHS is the Galvanic Cell (GC) or Fuell Cell (FC) based.
They base their operation on the chemical reactions that take place in an elec
trochemical cell. Batteries and FC are specific cases of a GC. While the term
”battery” can originate a some sort of rejection when we talk about energy
harvesting, in this context, the term ”battery” refers strictly to its technical
definition where it is defined as a electrochemical cell that provides electrical
energy by means of internal redox reaction that degrades its electrodes. A
battery used in context of energy harvesting uses an electrolyte provided by
the environment or by the applications per se. For example, a salt based bat
tery can be used to harvest energy from seawater in a underwater node [30]
or the same salt based battery can be used to perform a conductivity test
in a Point of Care (PoC) application for cystic fibrosis screening [31, 32]. Al
ternatively, FC extracts the energy from its fuel. Due to this, it can provide
electrical energy as long as fuel is provided.
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1.2 Maximum Power Point Tracking Algorithms

All EHSs have their unique output characteristics with an Operating Point
(OP) where the power delivered by the EHS is maximum. This point is re
ferred as Maximum Power Point (MPP). The output characteristic of a EHS
is influenced by the environmental conditions where the EHS operates and
its intrinsic characteristics. Examples of environmental conditions that can
influence the output characteristics of a EHS are the wind speed for wind tur
bine, the vibration of a mechanical part where a PEG is attached, the weather
conditions for a PVC or, as shown in Fig. 1.2, the temperature gradient for a
TEG. On the other hand, examples of intrinsic characteristics of a EHS that
influence its output characteristics are the electrode size for a FC, the See
beck coefficient for a TEG, the internal output impedance for a PEG or the
materials used for a PVC. All conditions interfere in where the MPP is set.
Thus, the MPP becomes a dynamic OP that depends on the environmental
and intrinsic conditions of the EHS.
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Figure 1.2: Output characteristics of a TGM 127 1.0 2.5 TEG for different
gradients of temperature. Image: ”Energy Aware Adaptative Supercapacitor
Storage System for Multi Harvesting Solutions” by Albert Álvarez Carulla et
al. © 2018 IEEE.
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This dynamic behavior of the MPP plays a critical role in the technical
and economic feasibility of applications based on EHSs. Macro scale on grid
EH applications are also known as Renewable Energy Systems (RESs). With
PVCs and wind turbines as some of the more representative flagships of RESs,
these solutions provide a way to generate electrical power from unlimited
renewable sources like the sun or wind. They have as direct benefit their
clean and eco friendly operation that directly impacts on the protection of
the environment and the public health. As a counterpart, they are less cost
effective and efficient than other sources of energy based on fossil fuels or
nuclear energy. As consequence, the energy extracted from RES has a higher
cost. Because of this, in RESs is crucial to operate the EHS in its MPP in
order to extract energy efficiently to make them economically feasible [33, 34].
Here, efficiency η is defined as the ratio between the current power extracted
from the EHS and the maximum power that the EHS can deliver in its MPP
for a given operating conditions. Thus, an efficiency of 100% is achieved when
the EHS is operated at its MPP.

Due to the high energy and power levels available in macro scale scenarios,
is common to use mechanical based algorithms to search the MPP. These tech
niques are referred as Maximum Power Point Tracking (MPPT) algorithms.
For example, the authors in [35] increase the conversion efficiency up to a
90% of PVCs controlling their temperature using air cooled heat sinks. This
efficiency can be improved even further tracking the sun position in order
to ensure that PVCs face the sun as long as possible, as the authors of [36]
review in their work reporting an efficiency increase of 30 p.p.. This type of
mechanical based MPPT algorithms is also found in other types of EHSs like
wind turbines. In [37], the authors describe how the power generated by a
wind turbine can be maximized ensuring that the rotor faces the wind using
yaw mechanisms. Another mechanical adaptation is to control the pitch of
the blades in order to maximize the power when low speed wind is present, as
author of [38] describe in their work. This last approach also provides a way
to secure the generator itself when high speed wind is present.

For micro scale EHSs, commonly used in off grid applications, the use of
MPPT algorithms is crucial for the technical feasibility of the application. In
these scenarios, the power levels provided by the EHS are in the order of mW
to some µW. Thus, to guarantee that maximum power is extracted from the
EHS is crucial in order to power the associated electronics. Due to the low
power levels available in these scenarios, all the efforts are mainly focused on
electrical MPPT algorithms, putting aside all those MPPT algorithms based
on mechanical actions. Table 1.2 shows some of the most used electrical based
MPPT algorithms.

One of the most used MPPT algorithm is the P&O. This consists in shift
ing the Operating Point while the power outputted by the EHS is monitored.
If the power increases, the OP is shifted in the same direction. On the con
trary, if the power decreases, the OP is shifted to the opposite direction. Thus,
this algorithm is continuously tracking the gradient of the generated power.
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An usage example of this algorithm can be found in [44], where the authors
show how the energy harvested from biomass stoves by a TEG can be ex
tracted with an efficiency of 99%. Another work based on a different type of
EHS [47], an RF energy harvesting system, shows how, with a reconfigurable
Dickson rectifier [48], WLAN 2.4 GHz RF energy can be converted to a DC
voltage with a peak conversion efficiency of 38.4%. In [49], the authors use
a different MPPT algorithm: the FOCV algorithm. They use this algorithm
to extract energy from a PVC achieving a power of 112mW instead of the
16mW achieved without the MPPT. In this example, the MPPT sets the
operating voltage of the EHS to an 80% of its OCP. I have applied the same
algorithm in a completely different field with a different type of EHS. This
implementation, which is described in detail in Chapter 2, can be found in
[10, 50, 51]. In this example, the type of EHS is a PEG and is applied in the
field of aerospace. The PEG is operated with a voltage equal to one half of its
OCP in order to maximize the power extracted from it. Thus, an efficiency
close to 100% is achieved.

1.3 Applications: From SHM to PoC Devices

The range of applications where EHSs are used is wide. From Structural
Health Monitoring (SHM) applications to monitor the strain suffered by a
wing of an aircraft [10, 50 52], to PoC devices where the blood glucose con
centration is measured [25, 53]. In this wide spectrum of applications, the
types of EHSs used are different, as well as the power levels available from
them, and the goal of the application. However, all have a common architec
ture present in major part of self powered devices. Figure 1.3 shows a block
diagram of the common architecture of a self powered device.

A self powered system or device usually consists of an EHS, a Power Man
agement Unit (PMU), an energy storage, a front end and a back end modules.
The EHS is the responsible to transduce the energy available in the environ
ment to electrical power in order to power the system. While the most common
approach uses a single EHS, new developments are focused in developing sys
tems based on multiple single type or multiple multi type EHSs [54]. Thus, the
system is able to extract energy from different sources ensuring a continuous
source of power even when one or more of the EHSs are not able to harvest
energy from the environment. If, by contrast, all the EHSs are operating, the
system harvest higher levels of energy than in the common single EHS ap
proach. There are a wide range of applications based on energy harvesting
where the application itself conditions the type of EHS used. From SHM ap
plications where one of the most used EHS is the PEG [55], to PoC devices
where the state of the art flagship EHS is the FC [56]. While both types of
EHSs are flagships of their respective field of applications, other types are





Introduction 13

output voltage regulation. Another example based on PEGs, can be found in
[67] where a DC/DC boost buck converter that applies a P&O algorithm is
presented.

One more task that can be delegated to the PMU is to store energy not
used into an energy storage module. Thus, the system is able to attend a
punctual high power demand required by one module of the electronic circuit,
e.g., a wireless transmission, or to power the system during the absence of
energy to harvest, e.g., during night for PVC based applications. Examples
of usage of super capacitor go from a single super capacitor to attend the
punctual high power requirement of a wireless transmission [50], to a matrix
of super capacitors to provide and adaptative equivalent impedance to allow
the system start up [68].

The front end and back end modules are the electronic circuits of the
device specific of the application itself. The front end is usually an analog
circuit dedicated to the interface with sensors. Meanwhile, the back end is
usually a digital circuit dedicated to processing and transmission of the sig
nals provided by the front end. While is very common to find examples of low
and ultra low power front ends in state of the art solutions, is not so common
to find implementation of back end modules due to its relative high power
consumption compared to the power levels provided by the EHS. Due to this,
an important part of state of the art self proclaimed self powered devices are
not really self powered because they need external instrumentation to ope
rate, e.g, oscilloscopes, multimeters, Data Acquisition (DAQ) hardware, etc.,
due to the lack of a back end module to process and transmit the data to
a user interface or database. One example is the glucose sensor presented in
[69]. The authors describe the sensor as quantitative and self powered. The
reality is that the sensor itself provides a colorimetric result subjected to the
subjectivity of the user and illumination conditions of the environment. The
author purpose to use a smartphone to retrieve a quantitative result from the
color obtained by means of image processing. So, in order to get a quantitative
result we need a non self powered third party device. Quantitative and self
powered are not compatible in this example. Another example is the glucose
or lacate sensors presented in [24, 70]. These authors also define the sensor as
self powered, however the sensor provides an analog signal, whose frequency
is indicator of the concentration of the agent, that needs to be read by an
external non self powered device. In this case, an oscilloscope. In a last ex
ample, presented in [71], a 3D paper based fuel cell for self powered sensors
is presented. The solution is able to measure different glucose concentrations
and the transducer used to output the measurement is a resistor. Again, a
non self powered third party device, a multimeter, is needed to get the mea
surement invalidating the qualifier of self powered. However, there are some
interesting truly self powered solutions that are able to output a quantita
tive result, like the solution presented in [32], where a self powered device for
fibrosis cystic screening is presented and outputs the test result in a discreti
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zed by levels electrochromic display, or the solutions developed in this thesis
[10, 25, 31, 50 53, 72, 73].

1.4 Contributions and Outlook of this Thesis

While most state of the art solutions are defined as self powered devices, the
reality is that these devices are slaves to third party devices that are powered
by batteries or directly from the electrical grid. Without them, these solutions
are not capable of outputting the data measured making their implementation
useless. On the other hand, we have seen a series of devices that do offer
information to the user. Due to the low power available in the scenarios in
which these types of solutions operate, their implementations are extremely
simple. To the extent that the type of result they offer is qualitative and
usually falls under the umbrella of subjectivity. This makes them unfeasible
for fields of application as demanding as biomedical or SHM. Even so, some
solutions propose the use of third party devices to achieve a quantitative and
objective result. Here, once again, we fall back into the need for non self
powered third party devices that invalidates the self powered device definition
of the proposed solutions.

New approaches and innovations are needed to allow truly self powered
devices to be developed and to deliver a quantitative and objective result.
The field in which the implementation of these approaches must take place
has as its main candidate the field of electronics. Its long history in the deve
lopment of precision devices has been proving to be the best option in areas
as demanding as biomedical, for example, being the glucometer, born in 1971
[74], a clear example of one of its flagships.

The goal of this work is to explore and develop these new ways of imple
menting self powered devices in such a way that these are truly self powered
without the need for third party devices, and that they offer a quantitative
and objective result. The new approaches proposed in this research are based
on the same principle or aim at the same goal: to use the same transducer
that collects energy from the environment as a sensor, so that energy harvest
ing and measurement take place simultaneously, and, in addition, that energy
extraction takes place efficiently from the EHS point of view. In this way,
this goal seeks to be able to obtain a greater energy levels allowing either to
increase the complexity of the system (add signal processing, wireless trans
missions, etc.) or to increase the autonomy of the device. But all this without
sacrificing the ultimate objective: to offer a quantitative and objective result
in a truly self powered way.

This thesis reflects the process that I have carried out in my research to
achieve this goal. This process has consisted of different developments that
have allowed me to evolve this concept from an initial self powered device
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based on a single piezoelectric for SHM applications where energy extraction
and measurement did not take place simultaneously, to a self powered device
based in galvanic cells for PoC devices where efficient energy extraction and
amperometric measurement take place simultaneously. This last development
is where the objective of this research is achieved. The results therefrom open
the door to a new and innovative paradigm in the development of self powered
devices, as witnessed by the patent that protects the novelty [75] and a second
process of intellectual property protection that takes place at the time of
writing this thesis.

This thesis is divided into six chapters. Four of them dedicated to the four
main developments made during my research, shown in Fig. 1.4.

In this first chapter we have seen an introduction to the concept of energy
harvesting, what is and which are the main types of EHSs. Along with the
different types of EHSs, we have seen the different power densities that they
can deliver according to the state of the art. This determines their scenarios
and strategies used for them. Related to the power density, we have seen
that all the EHSs have different output characteristics that vary depending
on the environmental conditions and the intrinsic characteristics of the EHS.
For this reason, we have seen the use of MPPT algorithms to operate EHSs
at the OP where they are capable of delivering their maximum power. Next,
we have analyzed, in the state of the art, different applications of EHSs in
the development of self powered devices. We have been able to verify how
today the results they offer are mainly qualitative and are subjected to the
subjectivity of the user. Some solve it by using third party devices to achieve
a quantitative and objective measurement. These third party devices usually
operate using batteries or directly connected to the electrical network. In this
chapter we were able to identify a critical need: the development of a truly
self powered device that outputs a quantitative and objective result. From
this need, the goal of this research which is included in this section is born.

In Chapter 2, we will see the development of a self powered device based
on a single piezoelectric such as EHS for SHM applications in the aerospace
field [10, 39, 50 52, 68, 76]. The EHS is attached to the wing of an aircraft and
its use is intended to collect energy from the vibrations of the wing caused
by the air flow, and to monitor the mechanical stress to which the wing is
subjected. We will see the use of a MPPT algorithm, specifically the FOCV,
to efficiently extract energy from a piezoelectric while using the OCP mea
surement of the piezoelectric to obtain an indicator of the mechanical stress
of the mechanical part where it is attached. This measurement, once taken,
is sent to a host using a wireless transmission. In this case, the extraction of
energy from the piezoelectric and the monitoring of mechanical stress do not
take place simultaneously. It takes place multiplexed in time.

In the second development, presented in Chapter 3, we will look at the
development of a PoC device for blood glucose measurement [25, 53, 72]. This
device extracts energy efficiently from a biological sample while simultaneously
performing an amperometric measurement. While this development allows
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(a) (b)

(c)

Figure 1.4a: Prototypes developed in this research: (a) discrete and (b) inte
grated piezoelectric based self powered device for SHM applications, and (c)
dual galvanic cell based self powered device for PoC applications.
Image (a): ”Piezoelectric Harvester based Structural Health Monitoring that
uses a Self Powered Adaptive Circuit” by Albert Álvarez Carulla et al. © 2015
IEEE. Image (b): ”Self Powered Energy Harvester Strain Sensing Device for
Structural Health Monitoring” by Albert Álvarez Carulla et al.is licensed un
der CC BY 3.0. Image (c): ”’Plug and Power’ Point of Care Diagnostics: A
Novel Approach for Self Powered Electronic Reader based Portable Analytical
Devices” by Yaiza Montes Cebrián et al. © 2018 Elsevier, with permission.
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exploring a first approach to the use of MPPT algorithms for the extraction
of energy from galvanic cells efficiently, and the same sample is used for the
operation of the system, in this device two different elements are used for
power and measurement. In this case, a battery and a fuel cell, respectively.

The third chapter includes the development of a solution based on a single
galvanic cell that, for the first time in this research, manages to extract energy
and perform an amperometric measurement simultaneously with a single cell
and, in addition, offering a quantitative and objective result based on levels
[31]. Despite the innovation of this proposal, which is currently under intellec
tual property protection process, the objective of efficient energy extraction
has not yet been achieved.

It is in Chapter 5 where the objective of this research is achieved: to
achieve a device that uses a single EHS to extract energy and to measure,
that both actions take place simultaneously, that the extraction of energy is
efficient and that the device offers a quantitative and objective result [73,
75]. The prototype developed to validate this new architecture is a galvanic
cell based PoC device designed to perform amperometric measurements with
different samples; such as, in this case, ethanol, lactate and methanol. This
new architecture, which can be adapted to different EHSs, as indicated by the
patent that protects it [75], allows us to go one step further in the realization
of self powered devices, initiating a new paradigm in which all the energy
and power that the EHS can give is available. Power will always be extracted
efficiently (use of MPPT algorithms) and continuously (use of the same EHS as
a power supply and sensor, simultaneously) offering to the developers, thanks
to the new levels of power and energy available, the possibility to extend
the functionalities of their devices (wireless transmissions, signal processing,
on field self calibration,...), increase their autonomy or, directly, operate as a
truly self powered device without needing third party devices.

Finally, in Chapter 6, I collect the main conclusions of my research as well
as future lines of work that can exploit the results obtained in this research
in the development of a new generation of truly self powered devices.

Acronyms

DAQ Data Acquisition

DALC Dynamic Adaptative Load Controller

DMFC Direct Methanol Fuel Cell

DNL Differential Nonlinearity

EH Energy Harvesting
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EHS Energy Harvesting Source

ENOB Effective Number Of Bits

ESC Extremum Seeking Control

FC Fuell Cell

FOCV Fractional Open Circuit Voltage

FSCC Fractional Short Circuit Current

GC Galvanic Cell

LAN Local Area Network

LUT Lookup Table

ImpM Impedance Matching

InC Incremental Conductance

InI Incremental Impedance

INL Integral Nonlinearity

IoT Internet of Things

MPP Maximum Power Point

MPPT Maximum Power Point Tracking

OCP Open Circuit Potential

OP Operating Point

PEG Piezoelectric Generator

PVC Photovoltaic Cell

PZT Lead Zirconate Titanate

P&O Perturb and Observation

PoC Point of Care

PMU Power Management Unit

RES Renewable Energy System

RF Radio Frequency

SFDR Spurious Free Dynamic Range

SHM Structural Health Monitoring
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SNR Signal to Noise Ratio

SOSUS SOund SUrveillence System

TEG Thermoelectric Generator

TSensors Trillion Sensors

UHF Ultra High Frequency

WSN Wireless Sensor Network
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In this Chapter, a self powered device for Wireless Sensor Networks (WSNs)
for Structural Health Monitoring (SHM) applications is presented. The device,
framed in the research project Smart Multifunctional ARchitecture & Tech
nology for Energy aware wireless sensoR (SMARTER), is based on a Piezo
electric Generator (PEG) and is designed to monitor the strain suffered by an
aircraft’s wing where the device is attached. The PEG is used both for harvest
energy from the mechanical vibrations of the wing and for measure its mechan
ical strain. A discrete prototype is presented with a Maximum Power Point
Tracking (MPPT) functionality and a super capacitor based energy storage.
Then, the prototype is translated to an Application Specific Integrated Cir
cuit (ASIC) that outputs the strain measurement to a second ASIC developed
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by Laboratoire d’Analyse et d’Architecture des Systmes (LAAS) that will send
the data wirelessly to a host.

2.1 WSNs for Aerospace Applications

In order to guarantee the structural integrity of an aircraft and, therefore, to
guarantee its safe use, monitoring techniques are used during its operation.
This type of monitoring techniques are included in the scope known as SHM.
In the aerospace field, the structural health of an aircraft is closely linked to
the ability of the structure to perform its work, so it must be guaranteed to
maximize the safety of the aircraft. This is especially important in passenger
transport vehicles, in both the civil and military fields. In turn, the SHM
allows not only to see the capacity of the structure to carry out its work, but
with which efficiency or under which conditions it is doing it. In this aspect,
the objective is to minimize the costs of the aircraft, whether direct (corrective
and preventive maintenance) or indirect (opportunity cost due to having the
aircraft under repair, leasing of another aircraft, cost of operator training,
etc.).

In addition to the objective of increasing aircraft safety (a goal whose need
for achievement is more than obvious), the aviation industry seeks to minimize
costs. A clear example is the aging of the current air park shown in Fig. 2.1.
In the last two decades the average age has been between 10 and 12 years
of service, but the number of aircraft with an average age of more than 20
years is increasing considerably [1]. Currently, the industry seeks to extend
the useful life of aircrafts in order to reduce costs, but this in turn leads to
a decrease in safety, as well as an increase in repair and maintenance costs.
That is why increasingly the SHM in the field of aviation is becoming one of
the first lines of research in the R&D departments of the different companies
within the aerospace industry.

As a solution to the needs mentioned above, WSNs appear. A WSN is a
wireless network of autonomous sensors distributed throughout a structure
or space that offer information about its environment. Its applications are
multiple; from environmental monitoring to structural monitoring, through
industrial monitoring, process monitoring and asset monitoring, among many
others. With structural monitoring it is possible to have a history of the me
chanical stress suffered by the aircraft.

An important aspect of WSNs is their wireless nature. Thanks to this,
their incorporation into the aircraft does not imply a substantial increase in
weight, it is possible to reduce the costs associated with rewiring and safety
re certification in the case of incorporating or replacing a sensor, and it is
possible to reduce damage; i.e., costs, due to cuts, breaks or degradation in
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Figure 2.1: In service fleet and average age. Data from [1].

the wiring. To quantitatively assess the importance of this wireless feature of
the WSN, the following data is available:

• An Airbus 380 carries about 500 km of cables (98,000 cables and 40,000
connectors) [2].

• The US Army has lost 6 aircraft in 10 years due to electrical failure [3].

• The US Army has 78 inoperative aircrafts per year to carry out missions
due to incidents in the wiring [3].

• About 1,000 missions per year are aborted due to wiring errors [3].

• The use of wireless networks for the control system of a Cessna 310R can
reduce its total weight by 41 kg, a reduction in weight that would increase
its flight range by 10% [4].

• A 50% reduction in the wiring of an SH60 would reduce its weight by
121 kg [4].

It can be seen how using wireless networks instead of cabling can provide
multiple advantages at a functional level, as well as reducing costs, whether
direct or indirect.

Due to the wireless nature of a WSN, ideally, the different nodes should be
powered locally. For this, batteries can be used, but this would increase the
cost due to the acquisition of a battery, at least, for each node plus the cost
associated with its replacement or recharging. Therefore, a solution that does
not use batteries is preferable. It is here where WSNs and Energy Harvesting
intersect. What is proposed is to collect energy available in the environment
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lect and store energy. The aim of evolving these four areas is to achieve the
emerging concept Internet of Things (IoT) [11].

2.2 The SMARTER Project

The SMARTER project [12] works on a node for a WSN that, by means of a
PEG, monitors the structural health of the wing of an aircraft while collecting
mechanical energy from their vibrations to locally power the node. Fig. 2.3
depicts an illustration example of the application. The solution must extract
electrical energy from a PEG that will collect energy from the mechanical
vibrations. It will also monitor the structural health of the wing by monitoring
the Open Circuit Potential (OCP) of the PEG, which is a direct indication
of the mechanical stress on the structure where the piezoelectric is attached.
Finally, the measured value will be converted to a 6 bit digital signal that will
be sent to an ASIC designed by LAAS [13], which is responsible of wirelessly
transmitting the information to a host.

2.3 Adaptative Self-Powered Circuit for SHM

Maximum power can be extracted from a PEG when the polarization vol
tage VPEG across its output terminal is one half of the OCP regardless the
frequency or amplitude of oscillation of the PEG [14]. The equation that de
scribes this condition is

VPEG

!!!!
P=PMAX

=
VOCP

2
(2.1)

A PEG provides power in AC mode and the voltage, current and power
levels provided depend on characteristics of oscillation of the PEG. Due to
this, an AC/DC converter is needed in order to power an electronic circuit.
In Fig. 2.4(a), we can see a common diode based full bridge rectifier with
a filter capacitor CDD and a resistor load RLOAD intended to modelize an
electronic circuit to be powered. Thus, the AC/DC converter provides a DC
output voltage supply VDD. Fig. 2.5(a) shows the efficiency achieved during
the simulation of the circuit for different load conditions. This efficiency, from
the PEG point of view, is defined as

ηPEG =
PP

PPMAX
(2.2)

where PP is the power outputted by the PEG at given Operating Point (OP)
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Figure 2.5: Simulated efficiency for a PEG and different load conditions (a)
without and (b) with adaptation [16].
Images (a) and (b): ”Piezoelectric Harvester based structural health monitor
ing that uses a self powered adaptive circuit” by Albert Álvarez Carulla et al.
© 2015 IEEE.

achieved. From there on forward, we achieve an efficiency near to 100% re
gardless the load condition.

2.3.1 Prototype Implementation

The block diagram and a picture of the discrete implemented prototype
are shown in Fig. 2.6. We have implemented the prototype on a 80mm x
100mm double sided Printed Circuit Board (PCB) using Commercial off the
Shelf (COTS) parts. The system consists of an AC/DC converter, a DC/DC
converter, the ACU and a Microcontroller Unit (MCU) based end point mo
dule with wireless data transmitter.

As described in the previous Section, the AC/DC converter rectifies the
voltage from the PEG to generate an output voltage supply VDD. This vol
tage depends on characteristics of oscillation of the PEG. In the AC/DC
converter, a switch S is placed to disconnect the PEG from the circuit for
its OCP sampling and to regulate VDD to one half of the PEG OCP. The
ACU is the responsible to control the switch S and of PEG OCP sampling.
Due to VDD is also dependent on PEG characteristics of oscillation, a DC/DC
converter is placed to provide a constant output voltage supply, annotated as
VOUT in Fig. 2.6(a). This voltage supply is used to charge a super capacitor
CSHOOT and to power an end point module. This module consists of a MCU
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tage followed is connected to an output capacitor through a diode placed in
series. Thus, one half of the envelope of the PEG OCP is captured providing
an output signal VOCP /2. This signal has two purposes: 1) to provide a signal
reference to control the voltage level of VDD for maximum efficiency, and 2)
indicate the strain suffered by the mechanical part where the PEG is attached.
Finally, a switch is placed in series between the output of the voltage divider
and the input of the voltage divider in order to disable the monitoring when
the PEG is not in open circuit state.

The VDD vs. VOCP /2 amplifier is implemented using one TS1005IG5T
OpAmp from Silicon Labs [21]. The amplifier is used to control the voltage
at VDD regulating it to VOCP /2 enabling/disabling the switch control signal
generator.

The last sub circuit, the switch control signal generator, is an astable mul
tivibrator OpAmp based circuit. We have used another TS1005IG5T OpAmp
from Silicon Labs [21] to implement it. The sub circuit provides a rectangu
lar waveform with fixed duty cycle which is enabled/disabled by the VDD vs.
VOCP /2 amplifier. A common source amplifier is placed at the output to gen

Figure 2.8: Experimental setup for PEG and prototype characterizations.
Image: ”Piezoelectric Harvester based structural health monitoring that uses
a self powered adaptive circuit” by Albert Álvarez Carulla et al. © 2015 IEEE.
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erate a complementary signal. Thus. the switch S can be open/closed and the
PEG OCP monitor sub circuit enabled/disabled properly.

2.3.1.4 Wireless End-Point

We have used an ez430 RF2500 Development Board from Texas Instruments
[22]. This development board provides a MSP430F2274 MCU [23], a 16 bit
ultra low power MCU, and a CC2500 RF transceiver [24], a low power 2.4
GHz RF transceiver, from Texas Instruments. The MCU uses its Analog to
Digital Converter (ADC) to digitalize the signal VOCP /2 and send it to the
RF transceiver which sends the data to a host, in this case, a PC.

In order to attend the current peaks needed by the RF transceiver, a
super capacitor was placed in the power management module. The MCU will
monitor the voltage across the super capacitor and will only allow a RF trans
mission when enough energy is available. For this, we have characterized the
power consumption of the end point module during connection pairing and
data transmission with a Keysight B2962A Source Meter Unit (SMU). The
end point module needs a minimum operating voltage supply of 1.8V, but
connection pairing and RF transmission will be allowed only when the vol
tage across the super capacitor reaches 2V. Thus, we ensure that the voltage
supply does not decrease under the minimum operating of 1.8V due to the
voltage drop occasioned by the punctual current peak demand of the RF
transceiver.

The flow diagram of the firmware is shown in Fig. 2.9. Once enough energy
is harvested from the PEG and the end point is powered, the MCU performs
the initialization of all the peripherals used during its operation: timers, ADCs,
interruptions, Serial Peripheral Interface (SPI), etc. Then the MCU enters in
Low Power Mode (LPM) and monitors the voltage across the super capacitor.
When the voltages reaches 2V, the MCU wakes up and starts the connection
pairing with the host. Then, MCU enters again in LPM while VOCP /2 is con
tinuously captured. The maximum transmission rate of VOCP /2 is configured
to 1 Sps, i.e., the MCU wakes up very 1 s and sends the data. This data trans
mission is conditioned to the energy available for the transmission, i.e., voltage
across the super capacitor must reach 2V before data is transmitted.

2.3.2 Validation Methods

We have validated the prototype in terms of capability of VOCP /2 monitoring,
efficiency, VOCP to strain transfer function, data digitalization and transmis
sion, current consumption of the end point module during connection pairing
and transmission, and overall power consumption of the device. The capabil
ity of the prototype to monitor VOCP /2 capturing VOCP at the output of the
full bridge rectifier and VOCP /2 at the output of the ACU simultaneously has
been validated using a Keysight MSOX3034A oscilloscope for different condi
tions of oscillation. The efficiency has been measured using a Keysight B2962A
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Figure 2.9: MCU’s flow diagram.
Image: ”PiezoeLectric Harvester Based Self Powered Adaptive Circuit with
Wireless Data Transmission Capability for Structural Health Monitoring” by
Albert Álvarez Carulla et al. © 2016 IEEE.

SMU for different load conditions using a potentiometer as a variable resistor
load. We have extracted the VOCP to strain transfer function simultaneously
capturing, with the Keysight MSOX3034A oscilloscope, VOCP and Vε. The
signal Vε is captured from the output of an external circuit intended to meas
ure the strain suffered by the mechanical part where the PEG is attached.
The circuit consists in full bridge strain gauge based on four N11MA212011
strain gauges from RS [25]. Thus, maximum sensitivity, low variation with
temperature, linear response and only to bend strain response are achieved.
For the data digitalization and transmission, we have captured VOCP using
the Keysight MSOX3034A oscilloscope while the digital transmitted data is
registered in the host. The voltage across the super capacitor has been logged
in order to measure the time needed by the system to harvest enough energy
for connection pairing and time between consecutive transmissions. Finally,
we have measured the current consumption of the end point module during
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connection pairing and transmission, and the overall power consumption with
the Keysight B2962A SMU.

2.3.3 Results and Discussion

Fig. 2.10(a) shows the experimental efficiency measured for different load con
ditions without the ACU, i.e., without adaptation. The simulated results from
Fig. 2.5(a) are overlayed. As in simulations, the prototype, for the used PEG,
exhibits a maximum efficiency peak for a load of 55 kΩ. The same meas
urements with the ACU enabled are shown in Fig. 2.10(b). With the ACU
enabled, the prototype exhibits the same efficiency levels than in simulations.
The prototype performs an adaptation and near 100% efficiency is achieved for
loads from 55 kΩ on. This efficiency, as described in Section 2.3, is achieved
regulating VDD to VOCP /2 that, in turn, is a direct indicator of the strain
suffered by the mechanical part. Fig. 2.11 shows the capability of the system
to monitor the envelope of one half of VOCP .

Fig. 2.12(a) shows power extracted for different amplitudes and a fixed
frequency of 25Hz, while Fig. 2.12(b) shows power extracted for different fre
quencies and a fixed amplitude of 4mm.

The VOCP to strain transfer function is shown in Fig. 2.13(a). The PEG
shows a linear response between its OCP and the strain suffered by the me
chanical part. The ADC of the MCU is configured to read strain measurements
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Figure 2.10: Experimental efficiency for a PEG and different load conditions
(a) without, (b) with adaptation and with the simulated data overlaid.
Image: ”Piezoelectric Harvester based structural health monitoring that uses
a self powered adaptive circuit” by Albert Álvarez Carulla et al. © 2015 IEEE.
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up to 0.8 µε. The corresponding digital conversion a 6 bit value is shown in
Fig. 2.13(b).

Figure 2.11: Oscilloscope capture of the real time monitoring of VOC/2 for
different amplitudes of VOC (1V/div, 5 s/div).
Image: ”Piezoelectric Harvester based structural health monitoring that uses
a self powered adaptive circuit” by Albert Álvarez Carulla et al. © 2015 IEEE.
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Figure 2.12: Power extracted from a PEG with adaptation and different (a)
amplitudes and (b) frequencies of oscillation.
Images (a) and (b): ”Piezoelectric Harvester based structural health monitor
ing that uses a self powered adaptive circuit” by Albert Álvarez Carulla et al.
© 2015 IEEE.
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Once converted, the value is wirelessly transmitted to a host. The current
consumption of the initial connection pairing is shown in Fig. 2.14(a). The
end point module needs a total charge of 197.2 µC with a maximum current
peak of 22.8mA. This step lasts 15.5ms and only takes place once at the
beginning of the transmitter operation. On the other hand, the charge needed
by the transmitter to send data is 31.6 µC with a maximum current peak of
22.7mA during a process that lasts 2.8ms. The connection pairing is the most
demanding process in terms of charge. Thus, connection pairing is the process
that determines the super capacitor’s capacitance value.

When the end point is not transmitting, it remains in LPM most of the
time exhibiting an average current consumption of 2.5 µA. Fig. 2.15(a) show
the voltage at the super capacitor during the initialization of the prototype
and its steady state operation. The prototype needs up to 25 s to harvest
enough energy for connection pairing. Meanwhile, from Fig. 2.15(b), we can
observe that the prototype sends data every second performing a data trans
mission with a transmission rate of 1 Sps.

All this is achieved with an overall power consumption of 150 µW with
power consumption peaks of 45.6mW during wireless transmissions.
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Figure 2.13: (a) Strain to voltage transfer function and (b) corresponding 6
bit digital code.
Images (a) and (b): ”An adaptative self powered energy harvester strain sens
ing device based of mechanical vibrations for structural health monitoring
applications” by Albert Álvarez Carulla et al. © 2016 IEEE.
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Figure 2.14: Current consumption of the microcontroller during (a) initial
pairing and (b) data transmission [15].
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Figure 2.15: Voltage at the super capacitor during prototype (a) initialization
and (b) steady state operation.
Images (a) and (b): ”An adaptative self powered energy harvester strain sens
ing device based of mechanical vibrations for structural health monitoring
applications” by Albert Álvarez Carulla et al. © 2016 IEEE.
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2.4 Energy-Aware Adaptative Super-capacitor Storage
System

It is essential to store surplus of energy in order to operate during periods
in which energy cannot be collected from the environment. For this, there
are mainly two possibilities: batteries or super capacitors. In this section, the
development of a super capacitor based storage system is presented. The ad
vantages of super capacitors compared to batteries are a much longer life time,
especially in low temperature conditions (such as in aircraft), and the abil
ity to offer higher power peaks. But they also have some drawbacks. The
two biggest drawbacks are: 1) the voltage of a super capacitor varies with its
charge level, and 2) an empty super capacitor will need an initial charge time
that will be greater for larger capacitances. This leads us to desire a super
capacitor with a low capacitance during the startup of the system, and a large
capacitance once the system is in a steady state to store as much energy as
possible. Therefore, we propose the development of an energy storage system
based on a matrix of super capacitors that varies its equivalent capacitance
depending on the level of energy stored [26, 27].

2.4.1 The Prototype

Fig. 2.16 shows the implemented matrix of super capacitors. The capacitance
of each super capacitor Ci is 100mF. The matrix can be configured in four
different states. Each state is referenced following the C(X,Y ) nomenclature
whereX is the number super capacitors in series that make up a stack and Y is
the number stacks in parallel [28]. To configure the matrix with the minimum
capacitance and thus obtain a shorter starting time, the configuration C(4, 1)
must be set. On the other hand, the C(1, 4) configuration is the one that offers
a higher capacitance and, therefore, maximizes the capacity of the matrix to
store energy. Configuration C(2, 2) serves as an intermediate configuration.

To setup the matrix configuration, nine normally open analog switches
have been used. To control these switches, a control module called Dynamic
Adaptative Load Controller (DALC) has been implemented. The DALC,
shown in Fig. 2.17 monitors the energy stored in the matrix by the voltage
of one of the super capacitors. In order to carry out a single ended measure
ment, the super capacitor C4 is monitored, which will always have one of its
terminals grounded. The relationship between the polarization voltage of the
super capacitor VCELL and the energy stored in the matrix UT is

UT = 2CiV
2
CELL (2.3)

Through a resistor ladder, different voltage levels are generated from
VCELL. These voltage levels are compared to a reference voltage such that
different energy levels are defined for which the configuration of the mat





48
Energy Harvesting Solutions for Self Powered Devices:

From Structural Health Monitoring to Biomedical Applications

2.4.2 Results and Discussion

Fig. 2.18 and 2.18 show the control signals generated by the DALC as well as
the voltage in the matrix. The voltage of storage systems with a fixed con
figuration are also overlaid for performance comparison. As can be seen, at
the start of the charge, the system offers the lowest equivalent capacitance
possible using a C(4, 1) configuration. A substantial improvement can be seen
with respect to other configurations such as C(2, 2) and C(1, 4). Considering
the startup time as the time it takes to reach a voltage of 2.6V, which is the
minimum voltage needed by the TPS62740 DC/DC converter from Texas Ins
truments connected to the matrix in this prototype [26]. The system achieves
a startup time that is 94% shorter than the C(1, 4) configuration. On the
other hand, during the discharge, we see how the capacity matrix is able to
extend the autonomy of the system up to 2000% compared to a fixed con
figuration of C(4, 1). Autonomy time is considered the time it takes for the
voltage of the matrix to drop below 2.6V. All is achieved with a maximum
current consumption of 9.5 µA.

2.5 CMOS Integrated Circuit for SHM

Once the architecture is validated for the SHM application in aerospace field,
its translation from discrete to integrated approximation si straightforward in
terms of correspondence part per part except for the analog to digital con
version. Until now, we have used an external microcontroller to perform the
analog to digital conversion. In the integrated approximation the conversion
must be taken in the ASIC itself. Due to this, an ADC must be incorporated
to the architecture. The development of this ADC is presented in this Section.

2.5.0.1 Low-Power Successive approximation ADC

An example of ADC used in a wireless node, in this case, for biomedical appli
cations, is the one shown in [29]. This node is used to monitor small amplitude
biomedical signals such as an Electrocardiogram (ECG) or an Electroenceph
alography (EEG). This solution works with an external battery, so in this
type of application it is important to have a very low consumption in order to
carry out long term patient monitoring without the patient or the doctor be
ing aware of the remaining battery level. To do this, it uses a very low power
conditioning and signal conversion circuit. The ADC used is a Successive
Approximation Register (SAR) type differential ADC based on load redistri
bution. The authors argue that this ADC has been chosen because a simple,
reliable and very low consumption architecture is necessary in medical appli
cations. The ADC of this solution has a precision of 8 bits operating at a
sampling frequency of 10 kSps and works with a minimum supply voltage of
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verter (DAC) capacity matrix switching algorithm called Set and Down. The
authors manage to reduce the average consumption using commutations by
80%. With this, they achieve a converter with a resolution of 7 bits with a
sampling rate of 26MSps. The authors indicate a consumption of 1.66mW
at the maximum sampling frequency, but do not indicate the consumption at
lower frequencies that are closer to our frequencies of interest.

Another application of the SAR ADC in WSN is presented in [32]. In this
work, the authors propose reducing consumption by reducing the voltage at
which the converter’s DAC operates using a step down converter. With this,
they achieve an ADC that consumes 1.79 µW with a minimum power of 1V
while sampling at a frequency of 1MSps with a resolution of 9.34 bits.

Finally, in [33] a SAR ADC is once again implemented. This time, two
different configurations are used for the DAC at the same time. A first stage
formed by capacities in following a C 2C ladder architecture [34, 35] and
a second stage formed by a matrix of binary weighted capacities. With this
configuration, the authors seek to minimize both area and consumption. With
this converter they achieve a consumption of 1.93 µW for a 1V supply at a
maximum sampling frequency of 100 kSps with a resolution of 10 bits. All this
they achieve with an area of 600 x 300 µm.

In a review of the current state of the art in ADC converters for WSN
applications, consumption ranges (from µW to a few mW), supply voltage
ranges (equal to or below 1V) and resolution and frequency ranges can be
obtained sampling rate (10 or less bits of resolution at a sampling rate of
less than 10MSps). The SAR ADC appears in the current literature as the
predominant option when choosing an ADC for WSN applications due to its
good performance/consumption ratio.

2.5.1 The Prototype

The SAR ADC is a derivative of the digital ramp converter. In a digital ramp
converter the analog input signal is sampled and routed to a comparator. A
DAC controlled by a counter register is placed in the other comparator input.
When the conversion starts, the counter initializes to 0 and starts increasing
its value. This causes the output of the DACalso increase. When the DAC
output exceeds the value of the analog input signal, the comparator indicates
the end of the conversion, the counter stops, and its value becomes the result
of the conversion. A great disadvantage of this type of converters is that the
time required to perform a conversion varies depending on the magnitude of
the analog input signal. The greater the magnitude, the longer it will take for
the counter to reach a value that outputs a value of equal magnitude to the
analog input signal on the DAC. Conversely, a low input analog signal value
will take less time for the conversion to take place [36].

The successive approximation converter uses a different search algorithm
to obtain an optimized and constant conversion time regardless of the value of
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Figure 2.20: Block diagram of the SAR ADC.

the analog input signal. Fig. 2.20 shows the block diagram of the implemented
SAR converter.

A search is performed in this converter using a binary algorithm. At the
start of the conversion, the analog input signal is sampled. Then an N bit
register is set to its average value. That is, its most significant bit is set to 1
while the rest of the register bits are set to 0. Thus, a voltage equal to half
the used reference voltage is obtained at the output of the DAC controlled by
the register. The comparison is then made between the DAC output voltage
and the analog input signal. If the value of the analog input signal is greater
than the DAC output voltage, the most significant bit of the register is left
at 1, while if the value is less, the bit is set to 0. Then control of the register
passes to the next most significant bit by setting it to ’1’ and performs the
same process. The sequence continues until it reaches the least significant bit.
After conversion is complete, the registry value is the result of the conversion
[37, 38].

This type of converters, without reaching the speed of flash converters,
are fast and have a very low consumption. Because they only have a single
comparator, which can be dynamic, and digital logic circuits, the static con
sumption is minimized to the maximum, with most of the consumption of the
converter being the dynamic consumption. Also, due to the low number of
necessary components, it is a converter that does not require a lot of area. On
the contrary, it has a more complex design than the digital ramp converter
and, despite having a more than remarkable resolution, it does not offer a high
resolution like that a ∆Σ converter can offer.

The schematic of the implemented SAR ADC is shown in Fig. 2.21. The



Self Powered Nodes for Structural Health Monitoring Applications 53

Figure 2.21: CADENCE Schematic of the SAR ADC.

6 bit converter has been designed using the 0.35 µm CMOS technology from
ams AG [39].

2.5.2 Results and Discussion

Fig. 2.22 shows the layout of the implemented ASIC. The area inside the box
corresponds to the implemented SAR ADC.

Fig. 2.23 shows the waveforms taken by the different signals involved in a
conversion cycle, while Fig. 2.24 shows the conversion of two cycles of a 25Hz
sinusoidal signal. These simulations have served to verify the functionality of
the converter by seeing how the different signals follow the desired waveform
and how the SAR ADC performs the appropriate successive approximations
until the conversion process is complete. A consumption for the converter of
20 µW has also been obtained.

Linearity errors, both integral and differential, have been obtained using
the histogram based test [40]. This test consisted of converting a ramp type
signal with a slope that would allow 16 points for each ADC digital code, and
the deviation of the ADC’s output with respect to the actual expected output
was recorded. The results obtained for the Differential Nonlinearity (DNL)
and Integral Nonlinearity (INL) errors are below 0.5 LSB.

Then, a spectral analysis of the converter output was carried out with
the intention of obtaining its Signal to Noise Ratio (SNR), Spurious Free Dy
namic Range (SFDR) and Effective Number Of Bits (ENOB). The analysis
was carried out using as input a sinusoidal signal of amplitude equal to the
dynamic range of the ADC input at a frequency of 25Hz (which is the typical
frequency with which it will be found in real operating conditions) that has
been converted to a frequency of 750 Sps which will be the typical sampling
frequency with which it will operate in real conditions. From the spectral anal
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Figure 2.22: Layout of the CMOS integrated circuit for SHM (area of 1790 x
1740 µm).
Image (b): ”Self Powered Energy Harvester Strain Sensing Device for Struc
tural Health Monitoring” by Albert Álvarez Carulla et al.is licensed under CC
BY 3.0.

ysis, it is extracted that the converter has an ENOB of 5.3 bits, an SNR of
33.2 dB and a SFDR of 42.1 dB.

Table 2.1 shows a summary with the specifications of the implemented
ADC.
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Figure 2.23: CADENCE Transient waveforms during a single analog to digital
conversion.
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Figure 2.24: CADENCE Transient waveforms during multiple analog to
digital conversions.

Table 2.1: SAR ADC characterisation results.

Parameter Value

Resolution 6 bits
Sampling frequency 750 Sps
Voltage supply 3.3V
Voltage reference 1.23V
Differential nonlinearity <0.5LSB
Integral nonlinearity <1LSB
Effective number of bits 5.3 bits
Signal to Noise Ratio 33.3 dB
Spurious Free Dynamic Range 42.1 dB
Area 550 x 250 µm
Power consumption 20 µW
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2.6 Chapter Conclusions

In this Chapter, we have seen a first prototype of self powered device. In
this case, a self powered device for WSN to be used in SHM applications in
aerospace field. The urgency to reduce costs associated with the maintenance
of an increasingly old aeronautical park makes the implementation of WSNs
essential.

A self powered device is designed to be attached to the wing of an aircraft
and monitor its mechanical strain. The sensor used to measure mechanical
strain is an PEG which, in turn, is used to harvest energy from the vibrations
to which the aircraft wing is subjected. The power extraction is performed
efficiently applying a MPPT algorithm. In this case, the FOCV algorithm.
Setting the PEG voltage equal to one half of its OCP allows us to achieve
efficiencies close to 100% regardless of the electronic load. All this is achieved
with a maximum consumption of 150 µW.

In addition, a super capacitor based energy storage system has been im
plemented that allows the storage of excess of unused energy. This way, the
autonomy of the system is extended in case that energy cannot be collected
from the environment. This system consists in a matrix of super capacitors
that modifies its configuration based on the stored energy. When there is low
energy stored, the matrix is configured to offer the minimum equivalent ca
pacitive load and thus favor a startup time up to a 94% shorter than in the
worst case. On the other hand, during the operation of the system in steady
state, the matrix offers a maximum equivalent capacitance in order to max
imize energy storage and provide the system with an autonomy time of up to
2000% greater than in the worst case. The consumption of the super capacitor
matrix controller does not exceed 9.5 µA.

Finally, the entire system has been integrated into an ASIC, requiring
the design and implementation of an ADC. Until now, the analog to digital
conversion has been done with an external microcontroller. Therefore, a 6 bit
SAR ADC has been implemented using a CMOS technology of 0.35 µm. This
type of ADC is one of the most widely used in low power applications. The
implemented ADC has a maximum consumption of 20 µW with an area of
550 x 250 µm.

Acronyms

AC Alternating Current

ACU Analog Control Unit

ADC Analog to Digital Converter
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ASIC Application Specific Integrated Circuit

CMOS Complementary Metal Oxide Semiconductor

DAC Digital to Analog Converter

DC Direct Current

ECG Electrocardiogram

EEG Electroencephalography

FOCV Fractional Open Circuit Voltage

LAAS Laboratoire d’Analyse et d’Architecture des Systmes

LPM Low Power Mode

MCU Microcontroller Unit

MPPT Maximum Power Point Tracking

OCP Open Circuit Potential

OP Operating Point

OpAmp Operational Amplifier

OTA Operational Transconductance Amplifier

PEG Piezoelectric Generator

PMOS P channel Metal Oxide Semiconductor

SAR Successive Approximation Register

SHM Structural Health Monitoring

SMARTER Smart Multifunctional ARchitecture & Technology for
Energy aware wireless sensoR

SMU Source Meter Unit

SPI Serial Peripheral Interface

WSN Wireless Sensors Network
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While in Chapter 2 we have seen the development of self powered devices
for Structural Health Monitoring (SHM), in this third Chapter we jump to
self powered devices for applications focused on people health. A novel self
powered Point of Care (PoC) device for blood glucose concentration measure
ment will be presented. The solution is based on two galvanic cells integrated
in a single test strip: 1) a battery to supply the electronics and 2) a fuel cell
for the measurement. Both cells share the biological sample as electrolyte.
The device is able to generating energy and making a measurement (using
a chronoamperometry) simultaneously from the same sample. All this with
maximum efficiency thanks to a Power Management Unit (PMU) that applies
a Maximum Power Point Tracking (MPPT) algorithm.

63
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3.1 Self-Powered Point-of-Care Devices

A PoC or Point of Care Testing (PoCT) device is a device designed to perform
tests in the same place where the patient is located [1]. These types of solutions
aim to eliminate the common process of collecting biological samples in a
medical center and then send them to a laboratory for analysis. Normally, this
type of process requires trained and qualified personnel and a response time
that can range from hours to days or even weeks. Furthermore, as mentioned
previously, when the samples are taken in a medical center, it requires the
patient to move there. This entails serious inconveniences such as the difficulty
faced by a patient when their mobility is reduced or the saturation of the
medical center for patients who do not require emergency care. The latter
has taken a particularly relevant role in the current coronavirus (COVID
19) pandemic where the displacement to medical centers causes, not only
its saturation, but the increased probability of contagion and spread of new
infectious outbreaks [2]. PoC devices provide a way to perform those same
tests without going to the medical center. In addition, they offer two other
advantages: 1) a shorter time to obtain a result, and 2) a lower cost since they
do not require specialized laboratory equipment. The latter makes PoC also
a solution for those scenarios where few resources are available [3].

Some characteristics that any PoC device must meet are those defined
by the World Health Organization in the acronym ASSURED (Affordable,
Sensitive, Specific, User friendly, Rapid and robust, Equipment free, and De
liverable to users) [4]. The development of PoC devices based on electronic
readers with a disposable test strip [5, 6] facilitates compliance with these
characteristics. At least, when the power of the device is based on a battery
or the electrical network. However, nowadays progress is being made in the
investigation of new PoC devices that can operate in a self powered way [7].
That is, they extract energy either from the environment or from the biological
sample itself. The latter case corresponds to the use of fuel cells as a power
source and as a sensor. It is there where, due to the low energy available for
the operation of the device, great difficulties are encountered in meeting the
ASSURED criterion. This can be seen in the self powered devices based on
colorimetric techniques [8] which, some of them [9], fail to offer a quantita
tive and objective result. Not at least without requiring a non self powered
external device that would invalidate its ”self powered” label as discussed in
Chapter 1. Other solutions, such as those presented in [10 12], offer the result
by means of a periodic signal whose frequency is linked to the concentration
of the agent to be measured. Excluding the fact of needing external non self
powered devices to obtain the result, the procedure to follow cannot be carried
out by a user without technical training.

For all this, it is essential to find new ways in the development of
self powered PoC devices, through new system architectures and new low
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voltage and low power electronic technologies, which enable these devices with
ASSURED characteristics.

3.2 ’Plug-and-Power’ Point-of-Care Device

In the present chapter, we will focus our attention to the electronic reader and,
particullarly, to the PMU and electronics archicture of the novel self powered
PoC device presented in [13]. The approach is used to implement a solution
intended for the measurement of glucose concentration in a blood sample. It
provides an easy to use measurement proceeding that allows to a user without
an specific formation to perform a glucose concentration measurement. The
proceeding followed by the user is depicted in Fig. 3.1 and it consists of three
steps:

1. The user plugs a disposable test strip in the electronic reader.

2. Then, the user adds the blood sample in the disposable test strip.

3. The device, powered by the paper based battery embedded in the
test strip, performs the measurement and displays the result to the
user.

The device consists of a disposable paper based test strip formed by two
galvanic cells and an electronic reader with four major modules: 1) a PMU, 2)
a front end module, 3) a back end or microcontroller module, and 4) a Liquid
Cristal Display (LCD) based user interface module. The block diagram of the
proposed PoC device is shown in Fig. 3.2.

In the proposed solution, the test strip is a disposable element while the
electronic reader is reusable. Due to that, the test strip is based on paper in
order to minimize the environmental impact of its usage and disposal. The
test strip consists of a fuel cell and a battery embedded in the same paper
and share the same sample as electrolyte. In this case, a blood sample. The
fuel cell provides a current voltage output characteristic related to the glucose
concentration of the sample. The voltage and current provided by the fuel cell
are annotated as VFC and IFC , respectively. Meanwhile, the battery delivers
a power level PBATT independent of the glucose concentration of the sample.
The voltage and current provided by the battery are annotated as VBATT and
IBATT , respectively.

The power PSUPP delivered by the battery is supplied to the PMU of the
electronic reader, while the output of the fuel cell is connected to the front end
module. The PMU maximizes the power delivered by the battery by means
of a MPPT algorithm. Thus, maximum efficiency, from the battery point of
view, is achieved. The PMU delivers a voltage source VDV CC of 3.0V, a typical
operative voltage supply for digital parts like microcontrollers or Analog to
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to provide an Open Circuit Potential (OCP) of 1.5V and a maximum output
power of 10mW with a serum sample with a volume of 12.5 µL. The experi
mental battery performance finally achieved is shown in Subsection 3.3.1.

The other galvanic cell consists in a bio fuel cell to sense glucose. The
use of fuel cells as sensor instead of typical three electrode electrochemical
cell is a well stablished and proven technique [17, 18] used, for example, in
many commercial breath alcoholmeters or breathalysers [19 22]. Dehydro
genase (GDH) is used as anode and Bilirubin Oxidase (BOX) as cathode.
The fuel cell provides an output power level dependent on glucose concentra
tion. The technique applied to the fuel cell is an amperometry which consists
in setting a fixed polarization voltage across the fuel cell’s output terminals
while the outputted current is measured [23 25]. The selection of the optimal
polarization voltage for the amperometric technique depends on the output
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Figure 3.3: (a) Picture and (b) exploded view of paper based test strip and
its main components.
Images (a) and (b): ”’Plug and Power’ Point of Care Diagnostics: A Novel Ap
proach for Self Powered Electronic Reader based Portable Analytical Devices”
by Yaiza Montes Cebrián et al. © 2018 Elsevier, with permission.
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characteristics of the fuel cell for different glucose concentrations. The charac
terization of the fuel cell is shown in Subsection 3.3.1. All the subjects related
with the disposable and materials and methods related to the device concept
are fully explained in the reference [13].

3.2.2 The Electronic Reader

The electronics reader has been implemented using COTS parts. We have
implemented it in a double layer 77 x 32mm Printed Circuit Board (PCB)
and packaged it in a full custom 3D printed 85 x 42 x 21mm case. A picture
and exploded view of the electronic reader [13, 15] are shown in Fig. 3.4. The
schematics of the PMU and the front end module are shown in Fig. 3.5.

3.2.2.1 Power Management Unit

The PMU is responsible of the management of the power extracted from the
embedded paper based battery in the test strip. It extracts the power effi
ciently, from the battery point of view; while it provides two regulated output
voltages sources to the analog and digital sections of the electronic reader, as
it has been pointed out before. The PMU consists of a DC/DC boost con
verter with a Low Dropout (LDO) regulator in series. As a DC/DC converter,
it has been selected a BQ25504 boost converter from Texas Instruments [26]
to implement the PMU. For the LDO, a LP5910 LDO regulator from Texas
Instruments [27] has been used.

The efficiency from the point of view of the battery is defined as

ηCELL =
PP

PPMAX
(3.1)

where PP is the power outputted by the battery at given Operating Point (OP)
and PPMAX the maximum power that the battery can provide at the optimal
OP. As can be seen in Section 3.3.1, the battery has a voltage dependent out
put power characteristic PP with a maximum output power peak PPMAX for
a given optimal OP defined by the battery output voltage VPMAX . Due to
this, the PMU is able to extract the power from the battery efficiently us
ing a MPPT algorithm that sets the battery polarization voltage to VPMAX .
The MPPT algorithm used is a variation of the Open Circuit Fractional Vol
tage (OCFV) algorithm [28 31] described in Chapters 1 and 2. The PMU ap
plies the MPPT algorithm setting the polarization voltage of the battery by
means of the equivalent input impedance of the PMU. In this case, the battery
output is connected to a Switched Mode Power Supply (SMPS) or DC/DC
boost converter. The DC/DC converter can vary its equivalent input imped
ance by means of a Pulse Width Modulation (PWM) or a Pulse Frequency
Modulation (PFM). Nither the OCP of the battery nor it output power char
acteristic changes with the glucose concentration of the sample; therefore,
the Fractional Open Circuit Voltage (FOCV) algorithm step of disconnecting
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pedance resistor based voltage divider, is used to set the desired polarization
voltage of the paper based battery.

While the PMU extracts energy from the battery efficiently, it regulates
two output voltage supplies. The DC/DC converter provides a 3.0V voltage
supply, annotated as VDV CC , that is used to power the digital section of
the electronic reader. I.e., the back end or microcontroller module, and the
user interface module, where all the COTS parts used have a recommended
operating voltage supply range from 1.8 to 3.6V. The second voltage supply,
annotated as VAV CC , is used to power the analog sections of the electronic
reader. I.e., the front end module. This second voltage supply is provided by
the LDO due to the required stable and high noise rejection voltage regulation
required by the analog COTS parts. They have a recommended operating
voltage supply range from 1.6 to 5.5V; therefore, VAV CC is regulated to 1.8V.

The PMU also provides a low by default PGOOD signal that goes high
when VDV CC reaches a voltage of 2.9V and goes low when VDV CC drops under
2.4V. Thus, the PMU can notify to the Microcontroller Unit (MCU) the state
of the voltage source in order to manage the operation of the device as function
of the available power. For example, the MCU starts the measurement of the
glucose concentration enabling perviously the LDO when enough energy is
harvested from the battery and PGOOD goes high.

To validate the operation of the PMU, a Keysight B2926A Source Meter
Unit (SMU) was used to capture the current and voltage waveforms during
the start up operation. We have used a Keysight B2962A SMU to capture cur
rent waveforms. For voltage waveforms capturing, we have used a Keysight
MSOX3034A oscilloscope. Both have been operated in common triggered con
figuration. The caption of the current and voltage waveforms were also cap
tured to study the system response during load step variations. For the analog
voltage supply VAV CC , it has been applied a current load step of 1.5mA. For
the digital voltage supply VDV CC , a current load step of 2.5mA has been
applied. The current load step applied to VDV CC is higher than the current
load step applies to VAV CC due to VDV CC must supply power to the digital
section and to the LDO that supplies the analog section. The current load
steps applied are considerably higher than expected during the operation of
the device to validate the performance of the paper based battery embedded
in the test strip and PMU in conditions with high power requirements.

3.2.2.2 Front-end Module

The front end module consists in a potentiostat with its current sensing cir
cuit based on a Transimpedance Amplifier (TIA). The Operational Amplifi
ers (OpAmps) used to implement it are LPV521 from Texas Instruments [33].
The potentiostat also has a SN74AUC1G66 analog switch from Texas Instru
ments [34] placed between the output of the Control Amplifier (CA) and the
Counter Electrode (CE) in order to be able to (dis)connect the fuel cell from
the potentiostat and take full control of the measurement process. Thus, when



Dual Galvanic Cell based Self Powered Devices 73

the MCU enables the LDO, the potentiostat do not polarize the fuel cell to
a given voltage level VSENSOR until the analog switch is closed. When the
analog switch is closed and the fuel cell is polarized to VSENSOR, the current
outputted by the fuel cell is transduced to VOUT through the TIA following
the expression

VOUT = RTIAIFC (3.2)

where RTIA is the feedback resistor used in the TIA.

3.2.2.3 Back-end Module

The back end module is based on a MSP430FR5969 MCU from Texas Instru
ments [35]. The MCU has been chosed due to its low power and low voltage
operation, and because it already offers several integrated peripherals, like
timers, ADCs or General Purpose Input/Outputs (GPIOs), among others.
The firmware loaded in the MCU is designed to let the MCU the control of
the full measurement process. The flow diagram of the firmware is shown in
Fig. 3.6 [15].

Once the sample is deposited in the test strip and reaches the embedded
paper based battery, the PMU starts to harvest energy from the battery and
provides a regulated voltage source VDV CC . When VDV CC reaches 1.8V, the
minimum operative voltage supply of the MCU, it configures an interrupt for
the GPIO where the signal PGOOD is connected and goes to a Low Power
Mode (LPM). It is also configured to wake up when PGOOD goes high indic
ating that enough energy is harvested from the paper based battery in order
to perform the glucose concentration measurement. Then, the MCU initializes
the different peripherals needed during the measurement. These peripherals
are: a) the timer (to measure the measurement time), b) the GPIOs (to en
able/disable the LDO and to close/open the analog switch) and c) ADCs (to
capture VOCP and VOUT ). As soon as these modules are initialized, the MCU
enables the LDO through the signal LDOEN and waits for then fuel cell’s
OCP VOCP stabilization. When stabilized, the MCU starts the timer and
closes the analog switch (through the CECONN signal) to start the chro
noamperometry. When the desired measurement time is reached, the MCU
stops the measurement, i.e., captures the last value of VOUT , stops the timer,
opens the analog switch and disables the LDO. Finally, converts the VOUT

readout to a glucose concentration by means of a Look Up Table (LUT) [36]
and displays the result to the user through the LCD.

3.2.2.4 User Interface Module

To display the glucose concentration measurement result to the user, it has
been selected a commercial 3 digit 7 segments LCD. It has been chosen a
VI 321 LCD from Varitronix as display and three CD4055B Binary Coded
Decimal (BCD) to 7 segment LCD drivers from Texas Instruments [37] to
reduce the number of pins needed in the MCU to drive the LCD.
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Figure 3.6: Application flow diagram of the ’plug and power’ prototype.
Image: ”Self Powered Portable Electronic Reader for Point of Care Ampero
metric Measurements” by Yaiza Montes Cebrián et al.is licensed under CC
BY 4.0.
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3.3 Results and Discussion

3.3.1 Test strip characterization

Fig. 3.7 shows the results for the embedded paper based battery in the dispos
able test strip with serum samples. The battery, as can be seen in Fig. 3.7(a),
exhibits an OCP of 1.6V and a short circuit current of 17.345mA. From
Fig. 3.7(b), a maximum power peak of 7.639mW can be observed for a po
larization voltage VPMAX of 0.710V. Thus, the voltage reference VREF that
must be set in the PMU of the electronic reader in order to extract power
from the battery with maximum efficiency is 0.710V.

The start up transient when the test strip is connected to the PMU and the
sample is deposited is shown in Fig. 3.8. In contrast to other power restricted
scenarios where high impedance power sources are available to harvest energy,
the great performance of the paper based battery is able to provide a fast
response as soon as the sample is deposited. As can be seen in Fig. 3.8(b), the
PMU only needs 4.4ms to provide 1.8V as VDV CC , the minimum operative
voltage supply of the MCU. At 20ms, the PMU provides a regulated voltage
supply VDV CC of 3.0V. Due to the fast initial power peak delivered by the
battery, the BQ25504 DC/DC converter is not able to regulate VDV CC to 3.0V
and an over voltage level of 3.568V appears at 40ms. At 103ms, the LDO is
enabled an the 1.8V voltage supply VAV CC is available. Thus, the minimum
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Figure 3.7: Test strip performance as a power source with serum: (a) polar
ization and (b) power curves. Data from [13].
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Figure 3.8: Start up (a) current and (b) voltage waveforms for the test strip
with serum.

time required by the device to have all the electronic modules powered to start
a measurement is 103ms.

Fig. 3.9 and 3.10 show the different regulated voltage supplies VADCC

and VDV CC , used to power the front end and the back end modules, against
different current steps load. Fig. 3.9 show the response for a current step load
of 1.5mA at VAV CC . The LDO is able to regulate 1.8V while the current
step load is applied. However, the paper based battery is not able to provide
enough power and VDV CC starts to decrease. Once VDV CC drops below 2.4V,
the LDO is disabled and VDV CC recovers. Thus, the PMU guaranties always
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Figure 3.9: (a) Current and (b) voltage waveforms for a current step load at
the LDO regulator’s output.

that an analog high power requirement of the system does not compromise the
power availability for the MCU, which controls the overall system. It can also
observed how the PMU sets the battery’s polarization voltage VSUPP equal
to VREF , which is 0.7V. Thus, the power is extracted from the paper based
battery with maximum efficiency.

In Fig. 3.10, the response for a current step load of 2.5mA at VDV CC

is shown. The regulation of VAV CC is not affected by the current step load
until, again, VDV CC drops below 2.4V. Then, because the current step load
is directly applied to VDV CC , it continued decreasing until the PMU is not
able to regulate VDV CC . Again, it can be seen how, until the PMU is not
able to regulate VDV CC , power is extracted from the battery efficiently. Once
the current step load is finished, the system recovers and the PMU starts its
normal operation.
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Figure 3.10: (a) Current and (b) voltage waveforms for a current step load at
the DC/DC converter’s output.

3.3.2 Electronic reader characterization

The power consumption of the device during the full measurement process is
shown in Fig. 3.11 [13]. Four phases can be observed:

• Phase I: In this phase, the sample is not added yet and no power is extracted
from the battery. The electronic reader remains unpowered.

• Phase II: The sample has been added and the electronic reader has been
powered. The MCU remains in LPM while the OCP of the fuel cell is sta
bilized. Once stabilized, the MCU wakes up, starts the measurement, enters
LPM again and the system enters Phase III. The awakening of the MCU can
be noticed as a peak power consumption in the transition between Phase II
and III.

• Phase III: During this phase, the chronoamperometry takes place while the
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MCU remains in LPM. Once the desired measurement time has been elapsed,
the MCU wakes up, converts the current readout to a glucose concentration,
display the result to the user in the display and enters LPM. Then, the
system enters Phase IV. Again, a peak power consumption can be observed
in the transition from Phase III to IV due to the awakening of the MCU.

• Phase IV: In this phase, the measurement has finished and the result is
displayed to the user through the LCD while the MCU remains in LPM.

The overall average power consumption of the device until the result is
displayed to the user is 0.912mW.

The characterization of the device as a glucose concentration measurement
instrument is shown in Fig. 3.12. Fig. 3.12(a) shows the waveforms of the
current provided by the fuel cell during a chronoamperometry for different
glucose concentrations and a polarization voltage VSENSOR of 0.45V. The
current readout, as discussed in [13, 14], is taken for a measurement time of
12 s. Taken the different current readouts at the given measurement time of 12 s
for the different glucose concentrations provides the transfer function shown
in Fig. 3.12(b), evidencing the measurement capability of this self powered
device to measure glucose concentration in a serum sample.

Table 3.1 shows a summary of the results obtained for the ’plug and power’
prototype.
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Figure 3.11: ’Plug and power’ prototype’s power consumption.
Image derived: ”’Plug and Power’ Point of Care Diagnostics: A Novel Ap
proach for Self Powered Electronic Reader based Portable Analytical Devices”
by Yaiza Montes Cebrián et al. © 2018 Elsevier, with permission.
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Figure 3.12: (a) Chronoamperometries and (b) transfer function of the ’plug
and power’ reader.
Images (a) and (b): ”’Plug and Power’ Point of Care Diagnostics: A Novel Ap
proach for Self Powered Electronic Reader based Portable Analytical Devices”
by Yaiza Montes Cebrián et al. © 2018 Elsevier, with permission.

3.4 Chapter Conclusions

In this chapter, we have seen what are PoC devices, their benefits and how
they face a challenge: to ensure that they meet the ASSURED criteria when
following a self powered approach.

Table 3.1: ’Plug and power’ prototype’s characterization results.

Parameter Value

Battery OCP 1.6V
Battery short circuit current 17.345mA
Battery max. output power 7.639mW
Battery VPMAX 0.710V

Fuel cell glucose concentration range
max. 30.0mm
min. 4.8mm

Fuel cell pol. voltage VSENSOR 0.45V

Fuel cell transfer function current range
max. 12.1 µA
min. 3.6 µA

Measurement time 12 s
Power consumption 0.912mW
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A PoC device for blood glucose concentration measurement was presented.
The solution uses two galvanic cells integrated in a single test strip to operate.
The first one is a battery, which can deliver up to 7.639mW, that power the
electronic reader while the second one is a glucose fuel cell used to perform the
measurement. Both use the same biological sample as electrolyte to operate.
Also, the power extraction and the measurement take place simultaneously.
Furthermore, the power extraction is performed efficiently thank to a PMU
that applies a MPPT algorithm to set the polarization voltage of the battery
VPMAX to 0.710V.

On the other hand, the fuel cell provides a way to measure glucose concen
trations from 4.8mmol dm 3 to 30.0mmol dm 3 using a polarization voltage
of 0.45V. The device takes 12 s to perform the measurement. Furthermore, the
result is displayed to the user through an LCD display providing a quantitative
and objective result.

Al this is achieved with a power consumption of 0.912mW. The low voltage
and low power characteristics of the device, in conjunction with the quantita
tive and objective result, makes the presented device a suitable solution for the
development of true self powered devices that meet the ASSURED criteria.
The concept of the device can be extrapolated for the measurement of other
analytes. However, the design concept used is based on using two galvanic cells
to operate the system. This can lead to a higher cost and to a large volume
sample requirement. In Chapter 4 a single galvanic cell approach is presented
to overcome this drawback.

Acronyms

ADC Analog to Digital Converter

ASSURED Affordable, Sensitive, Specific, User friendly, Rapid and
robust, Equipment free, and Deliverable to users

BCD Binary Coded Decimal

BOX Bilirubin Oxidase

CA Control Amplifier

CE Counter Electrode

COTS Commercial off the Shelf

GDH Dehydrogenase

GPIO General Purpose Input/Output

LCD Liquid Cristal Display
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LDO Low Dropout

LPM Low Power Mode

LUT Look Up Table

OCFV Open Circuit Fractional Voltage

OP Operating Point

OpAmp Operational Amplifier

MCU Microcontroller Unit

PCB Printed Circuit Board

PFM Pulse Frequency Modulation

PMU Power Management Unit

PoC Point of Care

PoCT Point of Care Testing

PWM Pulse Width Modulation

SHM Structural Health Monitoring

SMPS Switched Mode Power Supply

SMU Source Metere Unit

TIA Transimpedance Amplifier
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In Chapter 3, we solve the weak point of the solution developed in Chapter
2. That is, the need to disconnect the Energy Harvesting Source (EHS), and
therefore stop harvesting energy, to perform a measurement with the EHS
itself. The proposed solution makes use of two galvanic cells: a battery to
power the device and a fuel cell to perform a measurement. Both galvanic cells
use the same sample as electrolyte. This presents two major disadvantages: 1)
a higher manufacturing cost due to having to integrate two galvanic cells in a
single device, and 2) the need for a larger volume of sample to fill two galvanic
cells. In this Chapter 4, a solution that proposes the simultaneous realization
of energy extraction and measurement with a single galvanic cell is presented.
It can also operate with other types of EHSs like a Thermoelectric Generator
(TEG). The proposal presents a novel approach in the development of self
powered Point of Care (PoC) devices and is currently under an intellectual
property protection process.
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4.1

One usual method to show the capability of a galvanic cell as sensor is by
means of its polarization curves for different analyte concentrations in a sample
used as electrolyte [1 5]. The polarization curves are extracted performing a
Linear Sweep Voltammetry (LSV) from Open Circuit Potential (OCP) to 0V.
The LSV is a voltammetric electroanalytical method that consists in polarizing
an electrochemical cell; in this case, a galvanic cell, to a given polarization
voltage VP and to sweep it linearly in time. Meanwhile, the current outputted
by the cell is logged in order to generate a voltage vs. current curve later
on. The polarization voltage variation in time is known as scan rate, which
is constant during a LSV. Furthermore, the scan rate must be as low as the
polarization curves are independent of it [6]. Common polarization curves for
a general purpose galvanic cell and different analyte concentrations are shown
in Fig. 4.1.

Once the galvanic cell is characterized for different analyte concentrations,
then a voltage level VSENSOR is selected as a polarization voltage to generate
the current vs. concentration transfer function of the cell as a sensor. The
optimal voltage is selected in terms of cell’s characteristics related to its role
as a sensor [7]; i.e, sensitivity, linearity, accuracy, repeatability, among others.

While this approach is widely used in laboratories due to the accurate and
precise measurements provided by bench top equipment, like potentiostats;
it is an approach hard to be implemented in self powered devices. Common
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Figure 4.1: Polarization curves for a general purpose galvanic cell for concen
trations α , α2 and α3, being α > α2 > α3.
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galvanic cells used in biomedical applications for self powered PoC devices
provide low power and low voltage levels usually not enough to power all the
electronics involved in a potentiostat. Due to this, basic electronic solutions
are implemented with galvanic cells in self powered PoC devices, like resist
ors [8, 9] or capacitors [4] as loads to transduce the analyte concentration to
an electrical signal. These approximations offer a way to monitor the analyte
concentration through a continuous cell’s output characteristic transduction.
However, they do not provide a way to output a one off measurement neither a
criterion in when a measurement has finished. Furthermore, due to their sim
plicity, these approaches usually need for external non self powered devices,
like an oscilloscope or a Digital Multimeter (DMM) [8, 9], to visualize the
measurement or to display the result to the user. This collides with the very
definition of a self powered device.

Other approaches make use of chronoamperometry, a voltammetric elec
troanalytical method, that consist in polarizing the cell to VSENSOR while
the output current is logged over time [3, 10]. However, these approaches use
a dual galvanic cell based implementation, discussed in Chapter 3; or add a
Power Management Unit (PMU) to first extract power from the cell and then
perform the measurement, discussed in Chapter 5.

(4.1)

The solution is under a process of intellectual
property protection to patent it and a publication [11] is under strict embargo
until the resolution of the process.
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4.2

The scheme of the intended application of

The implementation of the device is described in Section 4.2.1 and 4.2.2.
Nevertheless, the implementation strongly depends on the application scenario
where it is operated. As a demonstrator, a sodium chloride (NaCl) concentra
tion in sample measurement is implemented as a solution for screening cystic
fibrosis disease [15].

4.2.1 The Galvanic Cell

For the intended application, we have implemented a NaCl based galvanic cell.
In this case, a NaCl based battery. Different NaCl concentrations in sample
used as electrolyte serve to emulate different conductivities in a biological
sample used to screening cystic fibrosis disease. The NaCl concentrations
used are those with an equivalent conductivity in the range of interest for
cystic fibrosis screening defined by Diagnostic Sweat Testing Guidelines from
the Cystic Fibrosis Foundation [16, 17]. I.e., NaCl concentrations from 5 to
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Figure 4.5:
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Figure 4.7:
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4.2.2.2 Ana

4.2.2.3
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4.2.3 Results and Discussion
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Figure 4.10:
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Table 4.1: Prototype’s characterization results.

4.3 Chapter Conclusions

In this chapter, the state of the art regarding single galvanic cell based self
powered PoC devices is presented. The presented devices are framed into
biomedical applications. Due to the usual hard constrains of low voltage and
low power levels provided by the galvanic cells used in these applications, the
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state of the art applies basic electronic solutions to transduce the analyte
concentration in the sample used as electrolyte in the cell, like a resistor
or a capacitor as output transducers. These kind of approximations result
in two major drawbacks: 1) the device does not provide a way to display
an unequivocal quantitative user readable result without needing an external
non self powered device, and 2) the measurement is performed continuously
without a criteria in when the result must be taken from the measurement
and display it to the user.

To overcome these drawbacks, we present an architecture solution, presen
ted in [11].
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The non complex implementation of the proposed solution and its low
power consumption make suitable the paper based implementation of the solu
tion following the current trend in biomedical research to develop eco friendly,
cost effective and self powered PoC devices.

Acronyms

ADC Analog to Digital Converter

COTS Commercial off the Shelf

DMM Digital Multimeter

EHS Energy Harvesting Source

LDO Low Dropout

LSV Linear Sweep Voltammetry

OCP Open Circuit Potential

OpAmp Operational Amplifier

PCB Printed Circuit Board

PMOS P channel Metal Oxide Semiconductor

PMU Power Management Unit

PoC Point of Care



Single Galvanic Cell based Self Powered Devices 105

References
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[11] A. Álvarez Carulla, Y. Montes Cebrián, M. Puig Vidal, J. Colomer
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In Chapter 3, the implementation of self powered devices using multiple gal
vanic cells has been presented. As has been discussed, this implementation
presents some drawbacks in terms of complexity, consumption, cost and, in
case of biomedical applications, volume of sample needed by the device to
operate. While those drawbacks have been overcome in the single galvanic cell
approach presented in Chapter 4, one major benefit is missed: the power effi
ciency. This chapter presents state of the art single galvanic cell implementa
tions using the cell as a sensor and as a power source, and a novel patented [1]
ubiquitous architecture intended to provide an efficient way to perform power
extraction from the cell while it is used as a sensor simultaneously.
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5.1 Exploiting the Galvanic Cell’s Role as Sensor and
Power Source Simultaeously

Nowadays, development of self powered devices based on a single galvanic
cell is a trend in energy harvesting and Point of Care (PoC) devices develop
ment research fields [2, 3]. The research is focused on solving three critical
downsides of current PoC devices: their cost [4], environmental impact and
autonomy. While state of the art research is making great progressions to face
those downsides (development of eco friendly manufacturing materials [5] and
increase of galvanic cell’s power density), there is still a gap between the
laboratory [6] to the real world industrial scenario [1, 7]

Two critical aspects of state of the art PoC devices need a technological
proposal to overcome the gap. The first one is a procedural aspect related
to the measurement per se. In [8] different approaches are reviewed. One of
these follows a colorimetric approach using a paper based sensor [9] or a screen
printed biosensor [8]. Those approaches provide a qualitative or semi quanti
tative readout that makes of the user’s perception an unwanted actor during
the result readout. Due to this, it is usually needed an external non self
powered device to provide an unequivocal quantitative result [10]. The most
common way to implement these colorimetric approaches is using paper based
readout systems or chromatic Micropaper based Analytical Devices (µPADs)
[11]. Although some challenges and difficulties ares faced in these paper based
approximations [12], some interesting approaches, like the presented in [13]
based on [14], are developed. The proposed solutions expose as benefits its
capability to provide a quantitative readout and its lower cost compared with
silicon based solutions. Actually, the solution, that uses a chromatic µPAD,
does not provide a quantitative readout itself. The µPAD needs an external
non self powered device, like a camera or smartphone, and an image analysis
software to provide a quantitative result. This not only constrains the scenario
where the solution can be used [15]; furthermore, this increases notably the
cost of the device due to the indirect cost associated to the need of additional
external devices. It is very usual to see compared paper based and silicon
based devices in terms of their cost omitting the different functionalities and
performance that both approximations can offer (repeatability, reproducibil
ity, reliability, etc.).

The second aspect is related to the autonomy of the device [16]. The com
mon approach to power a PoC device is to use standard batteries or ex
ternal devices, like a smartphone [17]. Different approaches are being presented
based on Thermoelectric Generators (TEGs) [18], Triboelectric Nanogenerat
ors (TENGs) [19] or Photovoltaic (PV) cells [20]. In paper based implement
ations exist several proposes like based on enzymatic [21] or bacteria powered
[22] solutions. These approaches offer powering solutions with low power den
sities in the range from µWcm 2 to few mWcm 2 with Open Circuit Poten
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tials (OCPs) in the range of mV [23]. Some OCPs and power densities for
state of the art fuel cells are indicated in Table 5.1. Due to the low power
and low voltage levels provided by the fuel cells usually used in biomedical
applications, the common approach to develop a self powered device is the in
troduced in Chapter 4, where non complex electronic circuits are attached to
the cell without power management. As discussed in Chapter 4, this results in
poor performance as a PoC device because non quantitative result is provided,
external non self powered device is need in some approaches and, usually, a
continuous measurement is performed without a criteria in when the result
must be read. Due to this, some researchers are adding power management
functionalities to their solutions in order to overcome these drawbacks.

Table 5.1: OCPs and power densities provided by state of the art fuel cells.

Parameter Ethanol [24] Lactate [25] Glucose [26]

OCP 0.93V 0.5V 302.1mV
Maximum power density 1.237mWcm 2 1.2mWcm 2 15.96 µWcm 2

The solution presented in [27] uses a charge pump DC/DC converter in
order to extract power from a lactate based fuel cell and generate a signal
related to the lactate concentration in the sample used as fuel. The approach
presents two major drawbacks. Firstly, the power provided by the fuel cell
is extracted without taking into consideration the efficiency of the extracted
power. The second drawback is that the signal used to indicate the fuel con
centration corresponds to frequency (dis)charge of an output capacitor in the
charge pump. This approach requires of an external non self powered device,
an oscilloscope in this case, to measure the frequency and get a result. The
same approach with the same drawbacks is presented in [28] for a glucose
based fuel cell. Another approaches, like the presented in [29] or [30], use
Maximum Power Point Tracking (MPPT) algorithms to maximise the power
extracted from the fuel cell. But these approaches only exploit the role of the
fuel cell as a power source; not for sensing. When both roles are exploited, the
common approach is to use more than one galvanic cell; or one that is used
as a sensor or as power source alternatively, i.e., the role of the galvanic cell
is time multiplexed.

As we have seen, nowadays two types of galvanic cell based self powered
PoC devices are present in state of the art. The first ones perform a basic
electrochemical method to measure a parameter related to the galvanic cell. In
biomedical applications, usually, this parameter is the sample’s concentration.
They experience two major drawbacks: 1) they need an external non self
powered device to provide an unequivocal quantitative result, and 2) they do
not provide an indicator or a criteria in when the result must be taken during
a continuous measurement. These drawbacks are overcome in the solution
proposed in Chapter 4. The other type of devices adds a power management
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to the system in order to increase its performance and functionalities. However,
these solutions lack of a power management taking into account the efficiency
with which the power is extracted. When the efficiency is taking into account,
the solutions presented applies a time multiplexed approach where the fuel
cell is used firstly to extract power and, once enough power is extracted, the
fuel cell is used as a sensor. Thus, the role of the fuel cell as a power source and
as a sensor is multiplexed. Sections 5.2 and 5.3 introduce a brief description
about how a fuel cell is treated as a sensor and as a power source. Section
5.4 presents a novel ubiquitous architecture [1, 7], resulting from the strategy
approaches used in Chapters 3 and 4, which provide a solution to exploit
the fuel cell as a sensor and a power source simultaneously with maximum
efficiency.

5.2 The Galvanic Cell as a Sensor

Fig. 5.1(a) show common polarization curves for a general purpose galvanic
cell. The polarization characteristic of a cell dependents on the cell’s intrinsic
characteristics, like materials used for its construction or its dimensions, and
non intrinsic characteristics, like environmental conditions or the concentra
tion of the sample used as electrolyte [31]. This last case is where current
research is taking great efforts in order to develop new PoC devices based on
galvanic cells that provide an output characteristic dependant on the concen
tration of a biological sample used as electrolyte.
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Figure 5.1: Polarization curves for a general purpose galvanic cell for concen
trations α , α2 and α3, being α > α2 > α3. Images (a) and (b): submitted
and under review for publication.
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The polarization curves are normally measured carrying out a Linear
Sweep Voltammetry (LSV) from cell’s OCP to 0V using a slow scan rate
to ensure that cell’s output characteristic remains independent of the scan
rate used [32]. This is repeated for several sample concentrations in order to
extract the cell’s transfer function. The transfer function is ideally extracted
for a given Operating Point (OP) defined by a fixed polarization voltage VP .
The polarization voltage VP is set to an optimal voltage VSENSOR in terms
of cell characteristics related to its role as a sensor, like sensitivity, linearity,
accuracy, repeatability, etc.

5.3 The Galvanic Cell as a Power Source

In order to evaluate the performance of a galvanic cell, usually a power versus
current or voltage curve is generated from the polarization curve. Again, this
power versus current or voltage curve, from now on indicated as power curve,
is measured for several sample concentrations in order to extract the power
delivered by the cell as a function of the sample’s concentration. Fig. 5.1(b)
shows common power curves for a general purpose galvanic cell.

As can be seen in Fig. 5.1(b), a maximum power peak is provided by a cell
for a common to all concentrations polarization voltage VPMAX which sets
an optimal OP. Thus, to extract power with maximum efficiency from the
galvanic cell’s point of view, the strategy is to set the cell’s OP by means
of its polarization voltage VP setting it to VPMAX . The efficiency from the
galvanic cell’s point of view ηCELL is defined as

ηCELL =
PP

PPMAX
(5.1)

where PP is the power outputted by the galvanic cell at given OP and PPMAX

the maximum power that the galvanic cell can provide in optimal OP.

5.4 Ubiquitous Self-Powered Architecture

When a galvanic cell is operated as a sensor at the laboratory, the potentio
stat is the preferred instrument to carry out the pertinent electrochemical me
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The low power and the low voltage usually provided by a single stack
cell in PoC applications are the main constrains in the design of the device.
Research focused into galvanic cells solve these constrains stacking multiple
cells in series (greater output voltage) or/and in parallel (greater output cur
rent). This approach presents three major drawbacks: 1) the volume of sample
needed increases; 2) the polarization curve, i.e., the transfer function is devir
tualized; and 3) the cost of the cell is significantly higher [33 35]. Another
approach consists in designing a PMU that boosts the low voltage provided
by the cell to an output regulated voltage level higher enough to power the
device. Furthermore, the PMU needs to do it with a very low power con
sumption and maximum efficiency. Due to linear regulators are less efficient
than switched converters and they provide an output regulated voltage always
lower than input voltage, switched DC/DC converters are the first candidate
to implement a PMU for power extraction of a galvanic cell due to its high
efficiency and its capability to boost the input voltage provided by the cell to
a voltage level able to power the PoC device.

Finally, in order to extract the power from the cell with maximum efficiency
ηCELL, the PMU must set the polarization voltage of the cel VP to VPMAX in
order to set the cell’s OP where maximum power is delivered.

5.4.1 Architecture Concept and Operation

Figure 5.3:
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5.4.2 Prototype Implementation

5.4.2.1 Galvanic cell selection and characterization

While the ubiquitous characteristic of the architecture allows it to operate
with different galvanic cells, in order to select the proper implementation of
each module, an application scenario must be set to know the type of galvanic
cell used and its performance as a sensor and as a power source. We have
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Figure 5.4: Direct Methanol Fuel Cell used to validate the ubiquitous self
powered architecture. Dimensions (width x height x depth) of 65 x 85 x 34mm.
Image: from heliocentrisacademia.com.

used state of the art fuel cells in order to validate the prototype. It is a fact
that is not possible to get access in a laboratory to all state of the art fuel
cells to validate the ubiquity characteristic of the architecture. Due to this,
we have emulated state of the art fuel cells using a Keysight B2962A Source
Meter Unit (SMU). The SMU permits the precise emulation of the polar
ization curves available in literature. The prototype is indented to operate
with galvanic cells for biomedical and industrial applications. Thus, the cells
used for prototype’s validation are based on ethanol, lactate and methanol.
All are fuel cells. The first two are intended for biomedical applications while
the methanol based fuel cell is intended for industrial applications. During
validation, we have emulated the ethanol and lactate based fuel cells using
the polarization curves from [24] and [25], respectively. In contrast, we have
used a non emulated commercial Direct Methanol Fuel Cell (DMFC), shown
in Fig. 5.4. from Heliocentris Academia purchased from Fuel Cell Store that
can operate with methanol solutions with concentrations up to 1m. Metha
nol (ACS grade) was purchased from ITW Reagents and used as received
without further purification for sample preparation with different methanol
concentrations. De ionized water obtained from a Milli Q® Advantage A10
water purification system was used for all experiments. Also, to validate the
emulation based validation methodology, we have extracted the polarization
curves of the DMFC using the SMU and we have emulated the DMFC to
compare the data obtained with emulated and non emulated methodology.
Fig. 5.5 shows the polarization and power curves extracted from literature for
the emulation of the fuel cells based on ethanol [24] and lactate [25]. Fig. 5.6
shows the measured and later emulated polarization and power curves of the
DMFC.

In Fig. 5.5(a) and Fig. 5.5(b), the ethanol based fuel cell exhibits an OCP
of 0.900V and a power peak for OPs where the polarization voltage VP is
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Figure 5.7:
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Table 5.2:
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Figure 5.9:
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Figure 5.10:
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Figure 5.11:
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5.5 Chapter Conclusions

This chapter presents some of the most notable state of the art developments
based on a single galvanic cell. These developments use a galvanic cell as
a sensor and as a power source in order to implement self powered devices.

The presented novel patent protected [1] architecture is a firm candidate
to enable the development of novel galvanic cell based self powered devices.
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Acronyms

CA Control Amplifier

CE Counter Electrode

COTS Commercial off the Shelf

LCD Liquid Cristal Display

LSV Linear Sweep Voltammetry

IA Instrumentation Amplifier

DMFC Direct Methanol Fuel Cell

µPAD Micropaper based Analytical Device

OCP Open Circuit Potential

OP Operating Point

OpAmp Operational Amplifier

PMOS P channel Metal Oxide Semiconductor Field Effect Transistor

PMU Power Management Unit

PoC Point of Care

PV Photovoltaic

RE Reference Electrode

SMU Source Meter Unit

TEG Thermoelectric Generator

TENG Triboelectric Nanogenerator

TIA Transimpedance Amplifier

WE Working Electrode
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[14] M. A. Pellitero, A. Guimerà, M. Kitsara, R. Villa, C. Rubio, B. Lakard,
M. L. Doche, J. Y. Hihn, and F. Javier del Campo, “Quantitative self
powered electrochromic biosensors,” Chemical Science, vol. 8, no. 3, pp.
1995 2002, feb 2017.

[15] N. P. Pai, C. Vadnais, C. Denkinger, N. Engel, and M. Pai, “Point of care
testing for infectious diseases: diversity, complexity, and barriers in low
and middle income countries.” PLoS medicine, vol. 9, no. 9, p. e1001306,
2012.

[16] S. Choi, “Powering point of care diagnostic devices,” Biotechnology Ad
vances, vol. 34, no. 3, pp. 321 330, may 2016.
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This last chapter summarizes the different solutions developed in this thesis,
as well as their characteristics, benefits and drawbacks. In addition, the future
lines of work derived from this research are described.

6.1 Conclusions

A first self powered device based on a single Piezoelectric Generator (PEG)
has been presented in Chapter 2. The device, intended for Wireless Sensor
Network (WSN) in Structural Health Monitoring (SHM) applications, is cap
able of harvesting energy and measuring the mechanical strain with the same
single PEG. The solution consists of an Analog Control Unit (ACU) that ful
fills two functions: 1) periodically disconnect the PEG in order to measure its
Open Circuit Potential (OCP), and 2) regulate the polarization voltage of the
PEG to one half of its OCP. With the OCP measurement we have an indicator
of the mechanical strain suffered by the structure where it is attached. On the
other hand, by regulating the polarization voltage of the PEG to one half of its
OCP, we apply an Maximum Power Point Tracking (MPPT) algorithm that
allows us to extract energy from the PEG with maximum efficiency. All this
is achieved with a consumption of 150 µW. In addition, a back end module
has been added to the device for the conversion and wireless transmission of
the measurement. The transmission has a peak consumption of 45.6mW. To
meet these specific power requirements, the node has been provided with an
adaptive super capacitor based energy storage system. The super capacitors
form a configurable matrix that, modifying its total equivalent capacity, facil
itates the system start up by configuring a minimum capacity, which allows a
94% shorter start up time than in the worst case, and extends its autonomy
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by configuring a maximum capacity, which allows a autonomy time 2000%
longer than in the worst case. The control system used to configure the mat
rix based on the stored energy consumes not more than 9.5 µA. The solution
has also been integrated into a monolithic solution in an Application Specific
Integrated Circuit (ASIC). The correspondence between the discrete compo
nents and the components integrated in the ASIC is direct except for the
need to incorporate an Analog to Digital Converter (ADC). The ADC is a
6 bit Successive Approximation Register (SAR) type with a maximum con
sumption of 20 µW. This solution has been presented in [1 7].

Among the advantages of the device are the use of a single PEG as trans
ducer both to collect energy and to perform a strain measurement, and the
use of an MPPT algorithm that allows energy to be extracted from the PEG
with maximum efficiency. On the other hand, it has as a disadvantage the need
to disconnect the PEG to be able to measure its OCP and thus be able to
measure mechanical strain and apply the MPPT algorithm. Thus, we cannot
extract energy from the piezoelectric continuously.

In the third chapter, a self powered Point of Care (PoC) device for mea
suring blood glucose concentration has been presented. For this, two galvanic
cells are used: 1) a battery to supply the system, and 2) a fuel cell to carry
out the measurement. Both galvanic cells share the same biological sample as
electrolyte. Thus, it is possible to overcome the disadvantage of the previous
solution and the extraction of energy takes place continuously. However, this
is costly due to the integration of two galvanic cells in a single test strip,
and a larger sample volume required to fill both cells. This solution also has
a MPPT algorithm to set the battery voltage to a fixed value and thus ex
tract energy with maximum efficiency. The extracted energy is used to power
a potentiostat intended to perform an amperometric measurement with the
fuel cell. Then, the result is offered to the user through an Liquid Cristal Dis
play (LCD). The PoC device is capable of measuring glucose concentrations
from 4.8 to 30.0mmol dm 3 with a consumption of 0.912mW. This solution
has been presented in [8, 9].

A solution to reduce the number of galvanic cells to implement a self
powered PoC device is presented in Chapter 4. Thought for scenarios with
an extremely low available power level, the solution uses a single galvanic
cell to perform both energy extraction and measurement
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The solution is under a process of intellectual property protection to patent
it and a publication [12] is under strict embargo until the resolution of the
process.

Finally, in Chapter 5,

The result of the
measurement is indicated to the user by means of an LCD. The device oper
ates with a maximum consumption of 36 µW. The solution is patent protected
[13] and a publication is submitted and under review [14].

6.2 Future Work

The research carried out offers different ways to implement truly self powered
devices. Each of them with its advantages and disadvantages. The use of one or
other solution will be conditioned by its application and usage scenario. There
are three future well defined lines of research. The first of them is to continue
with the integration of the solutions developed into monolithic solutions. This
seeks to improve the specifications and requirements of the devices so that they
can operate with lower voltages and power consumptions. Similarly, its integ
ration into an ASIC would facilitate its implementation in scenarios where the
form factor is a critical factor. This line of work would have as its first task
the validation and testing of the ASICs presented in Chapter 2 and which
have already been manufactured.

The second line of work will be aimed at expanding the repertoire of EHSs
types with which the solutions presented can operate, as well as different types
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of galvanic cells. The first task of this line of work is focused on studying the
feasibility of a device based on microbial fuel cells.

Finally, the third and most ambitious line of work would be focused on
migrating these solutions outside the laboratory. For this objective, the role
of companies and the industrial and private sectors is crucial. For this reason,
development has been protected by patents with the intention of possessing
a competitive advantage that encourages the participation of the private sec
tor. Motivated by this ambitious objective, by the potential of the research
carried out and by the acceptance received during its presentation in the Sci
ence+Partners Edition of the Fundació Bosch i Gimpera [15], this research
has been presented to three calls that offer grants to the transfer of know
ledge: MAQA Monitorització Autònoma de la Qualitat de l’Aigua (Llavor i
Producte 2019 [16]), Monitorització Autònoma de la Qualitat de l’Aigua i la
seva Comunicació (Fons per a l’Impuls de la Innovació F2I [17]) i Viabilitat
Comercial de la Tecnologia (Innovadors 2019 [18]). The three projects have
been awarded achieving a total financing of 209,000.00 e to work in this line
and to continue with the development of the technology born in this thesis.
The great acceptance of the solutions proposed by specialists from the business
world and investors during the Science+Partners Edition, the patents carried
out and the obtaining of grants for up to three different calls aimed at the
transfer of knowledge, recognize the research of this thesis and its results as
highly sophisticated and high impact technologies focused on the great social
and environmental challenges of humanity.

Acronyms

ACU Analog Control Unit

ADC Analog to Digital Converter

ASIC Application Specific Integrated Circuit

EHS Energy Harvesting Source

LCD Liquid Cristal Display

MPPT Maximum Power Point Tracking

OCP Open Circuit Potential

PEG Piezoelectric Generator

PMU Power Management Unit
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PoC Point of Care

SAR Successive Approximation Register

SHM Structural Health Monitoring

TEG Thermoelectric Generator

WSN Wireless Sensor Network
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Farrarons, and P. L. Miribel Català, “Self Powered Point of Care Device
for Galvanic Cell based Sample Concentration Measurement,” IEEE
Transactions on Biomedical Circuits and Systems, under embargo.
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A

Resum

L’autonomia energètica és una de les funcionalitats més sol·licitades en
l’explosió de les aplicacions off grid que l’evolució digital, mitjançant
paradigmes com Internet of Things (IoT), xarxes de nodes sensors sense fils
(Wireless Sensor Nodes (WSN)) o Trillion Sensors (TSensors), comporta. La
solució més socorreguda sol ser l’ús de bateries. Tanmateix, hi ha escenaris on
l’ús de bateries no es pràctic, com pot ser en emplaçaments remots o entorns
perillosos. A més, entre els desavantatges de fer ús de bateries, cal sumar hi
l’impacte econòmic que comporta la seva substitució i manteniment a causa
dels costos directes, el cost loǵıstic i el mediambiental que passaran a ser inas
sumibles si realment el nombre de nodes sensors es multiplica exponencialment
com apunten les revisions. És oportú, per tant, investigar i desenvolupar altres
alternatives a la autonomia energètica, tant per aplicacions que la requereixin
durant poc temps com per un temps prolongat.

Aquestes alternatives s’emmarquen dins del camp de recerca de la recol
lecció d’energia o Energy Harvesting (EH). En aquest camp, es fa ús de
transductors que converteixen en energia elèctrica l’energia disponible en el
medi en diferents formes com són les energies de font tèrmica, mecànica,
radio freqüència, llum o combustibles. Tot i poder extreure energia del medi
mitjançant diferents transductors, actualment s’afronta el repte d’extreure
aquesta energia de la manera més eficient possible per a poder extreure el
màxim de potència i energia (de tal manera que es pugui incrementar ja sigui
o bé la complexitat de l’electrònica o bé la seva autonomia) sota unes con
dicions d’operació extremes (com són tensions d’operació per sota del volt i
potencies que poden anar des de mil·liwatts fins a microwatts).

Aquesta tesi té com objectiu el desenvolupament de dispositius verita
blement auto alimentats que no necessitin d’alimentació externa ni disposi
tius addicionals per a poder realitzar una mesura puntual o cont́ınua i oferir
el resultat al usuari o host. Les solucions presentades van desde l’àmbit del
Structural Health Monitoring (SHM) o monitorització de la salut estructural,
fins a dispositius Point of Care (PoC) per aplicacions biomèdiques, sent ex
trapolables a altres tipus d’aplicacions industrials, com la monitorització de
la qualitat de l’aigua.

Es presenta un primer prototip basat en un piezoelèctric per aplicacions
SHM en l’àmbit aerospacial. Aquest primer prototip mostra una primera
aproximació on es fa servir un mateix transductor per a recol·lectar enerǵıa del
medi i per monitorar la deformació a la que està sotmesa l’ala d’una aeronau.
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L’energia és recol·lectada de les vibracions mecàniques de l’ala. Aquest pro
totip, a més, utilitza una unitat de control analògica de baix consum per
extraure energia de manera eficient mitjançant un algoritme de monitoratge
del punt de potencia màxima o Maximum Power Point Tracking (MPPT).
La solució també incorpora un sistema d’emmagatzament d’energia basat en
super capacitats per atendre els pics de consum puntuals del transmissor sense
fils, utilitzat per donar sortida a la mesura, i per dotar de major autonomia al
node. Per últim, també s’ha dissenyat un convertidor analògic digital (ADC)
tipus SAR per a poder integrar tot el sistema en una solució monoĺıtica.

Els següents desenvolupaments es centren en solucions basades en cel·les
galvàniques tant per aplicacions biomèdiques (dispositius PoC) com per ap
licacions industrials. Tres prototips neixen d’aquests desenvolupaments. El
primer d’ells utilitza dos cel·les galvàniques per a implementar un dispositiu
PoC auto alimentat per a la mesura de la concentració de glucosa en sang.
Una primera cel·la es fa servir per alimentar l’electrònica del sistema i una
segona cel·la per a realitzar la mesura per se. La mostra de sang s’utilitza
com a electrolit comú per ambdues cel·les. L’extracció d’energia es realitza de
manera eficient mitjançant l’ús d’un algoritme MPPT.

El segon i tercer prototips es basen en l’ús d’una sola cel·la galvànica per
a que pugui operar el sistema. El primer d’ells no utilitza algoritmes MPPT
i està pensat per escenaris amb nivells d’energia disponibles extremadament
baixos. El segon, a més, incorpora l’ús d’un algoritme MPPT per extreure
l’energia amb màxima eficiència. Ambdues solucions es troben protegides per
processos de protecció intel·lectual, per lo que no es pot descriure la seva
implementació en aquest resum. Les solucions es van presentar, sota acord
de confidencialitat, a la 5a Edició Science+Partners organitzat per la Fun
dació Bosch i Gimpera on personalitats del món de l’empresa i inversors van
mostrar el seu interès per la tecnologia presentada. Fruit d’aquesta recerca,
han estat concedits tres projectes dedicats a la transferència de coneixement
per a continuar amb el desenvolupament d’aquestes tecnologies.
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Title Ubiquitous Self Powered Architecture for Fuel Cell based Point of Care
Applications

Journal IEEE Transactions on Industrial Electronics

Year 2020 State Submitted

•
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Title Self Powered Portable Electronic Reader for Point of Care Am
perometric Measurements

Journal Sensors

Volume 19 Number 17 Year 2019 ISSN 1424 8220



List of Patents & Publications 151

Authors Yaiza Montes Cebrián, Lorena del Torno de Román,
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Title Piezoelectric Harvester based Structural Health Monitoring
that Uses a Self Powered Adaptive Circuit

Conference IEEE Metrology for Aerospace (MetroAeroSpace)

Location Benevento, Italy Date Jun. 4 5, 2015 ISBN 978 1 4799 7569 3



D

Patent & Journal Publications

CONTENTS

European Patent Office: Self Powered System and Method for Power
Extraction and Measurement of Eenergy Generator Units . . . . . . . . 156

Ubiquitous Self Powered Architecture for Fuel Cell based Point of Care
Applications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 184

Self Powered Point of Care Device for Galvanic Cell based Sample
Concentration Measurement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 194

Biosensors & Bioelectronics: ’Plug and Power’ Point of Care
Diagnostics: A Novel Approach for Self Powered Electronic
Reader based Portable Analytical Devices . . . . . . . . . . . . . . . . . . . . . . . . . 202

Sensors: Self Powered Portable Electronic Reader for Point of Care
Amperometric Measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 212

IOPscience (PowerMEMS): Self Powered Adaptive Switched
Architecture Storage . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 228

IOPscience (PowerMEMS): Self Powered Energy Harvester Strain
Sensing Device for Structural Health Monitoring . . . . . . . . . . . . . . . . . . 232

155



156
Energy Harvesting Solutions for Self Powered Devices:

From Structural Health Monitoring to Biomedical Applications

































































































204
Energy Harvesting Solutions for Self Powered Devices:

From Structural Health Monitoring to Biomedical Applications

improve the sensitivity and the limit of detection.
The reader-disposable approach is predominantly used in the POC

devices commercially available, and it is still the one mostly followed
by initiatives undergoing research and development phases (Chin et al.,
2012; Gervais et al., 2011; Zarei, 2017). These devices consist on a
reusable electronic reader unit and a disposable part in the form of a
strip, cartridge or card. The disposable test strip is used to collect the
sample and transport it to the biosensor where the measurement is
performed. After a single use, this strip is discarded avoiding cross-
contamination. Depending on the detection principle and sample ma-
trix to be detected, portable readers may also perform a variety of
functions including for example sample pretreatment, hydraulic con-
trols, heating, timing, light sources, photodetectors, electrochemical
instrumentation, Radio frequency communications and, in most cases,
displays as the interface between the device and the user to set up the
test and show the result.

An example is the system presented by (Cruz et al., 2014). The
authors present an approach capable of performing cyclic voltammetry
for electrochemical immunosensing of cortisol. In contrast to the device
presented here, the reported approach is not self-powered and, more-
over, it does not have a custom-made design for the application since it
uses a commercial miniaturized potentiostat on an evaluation board.
However, the developed prototype is low-cost, portable and the analog
front-end is based on a transimpedance amplifier (TIA).

To perform these functions, portable readers require a source of
electrical power. This need has been fulfilled with either primary or
secondary batteries. Regardless of their autonomy, batteries must be
replaced or recharged periodically to maintain the device operation.
This may seem a simple task in developed regions with reliable electric
power grids and ubiquitous battery supplies. However, it can be quite
challenging in low-resource settings, which is precisely where this kind
of portable diagnostic devices are needed the most. Additionally, un-
controlled disposal of used batteries is becoming a severe problem in
such regions of the world, as there is not only a lack of environmental
regulations but also proper recycling facilities (Widmer et al., 2005;
Larcher and Tarascon, 2015; Ongondo et al., 2011).

This paper presents a novel solution to the power requirements in
the portable diagnostics field, the Plug-and-Power concept. We propose
a plug-and-play reader-disposable device in which the energy required
to perform a single test is always available within the disposable test
component. In this case, the reader unit contains all the required
electronic systems to run the test, including a display to visualize the
result, but does not include any battery or power source. Instead, the
disposable part acts as both the sensor and the power source.
Additionally, this approach provides environmental benefits related to
battery usage and disposal. The paper-based power source used for this
approach has non-toxic redox chemistry that makes it eco-friendly and
safe to follow the same waste stream as the disposable test strip or
cartridge, including incineration, a typical outcome of those compo-
nents that have been in contact with biological samples. The operation
of this device, from the user perspective, is the same as for a conven-
tional device, with the added advantage of not worrying about re-
charging it or where to recycle the used batteries. This approach
strengthens the goals of Point-of-Care diagnostics towards laboratory
decentralization, personalized medicine and improving patient com-
pliance.

The applicability of this novel approach is demonstrated with the
development of a self-powered portable blood glucometer, one of the
Point-Of-Care applications that is already well-established in the
market. Although many methods of glucose monitoring have been
proposed (Fischer et al., 2016; Kulkarni and Slaughter, 2017; Lee et al.,
2017; Narvaez Villarrubia et al., 2016; Slaughter and Kulkarni, 2016),
the most widely used by both patients and healthcare professionals are
the portable blood glucometers, as they are small, inexpensive, rapid
and user-friendly (Wang et al., 2016a; Wang et al., 2016b; Zarei, 2017).
These advantages are maintained in the presented Plug-and-Power

prototype, which consists of two parts: a test strip including a paper-
based power source and a paper-based bio-fuel cell as the glucose
sensor; and an application-specific battery-less electronic reader de-
signed to extract the energy from the test strip, sample and process the
signal provided by it and display the glucose concentration in the
sample on a digital display.

2. Device concept and operation

The design and operation of the presented device resembles that of a
typical commercial handheld glucometer, consisting of two parts: a
disposable test strip and an electronic reader. However, this device
introduces a new approach based on two main features: 1) the dis-
posable test strip generates the electrical power used by the electronic
reader to perform a measurement, and 2) the glucose concentration is
measured by the reader from the output signal of a bio fuel cell, rather
than using a classical solution based on a three-electrode configuration
electrochemical cell.

The whole system is compact, lightweight and portable. The bat-
tery-less electronic reader has a size of 85.0× 42.0× 21.0mm, while
the disposable test strip has a size of 20.0× 25.0× 1.8 mm. From a
user point of view, the device is easy to operate, as shown in Fig. 1.
First, the strip is introduced in the reader. Then, the user adds the
sample to the inlet of the test strip. Finally, the user can read the result
of the test in the display of the smart electronic reader. After the
measurement, the test strip can be safely discarded, while the electronic
reader can be reused indefinitely for subsequent measurements.

The internal operation of the device can also be seen in Fig. 1. Once
the liquid sample is added to the test strip, it flows by capillary action
through a piece of paper. The sample diverges towards both ends of the
paper, reaching on one side the power source, and on the other side, the
sensor. The liquid activates the power source and the produced energy
wakes up the electronic circuit in the reader. Then, the electronics
regulate the power to a suitable working voltage of up to 3 V for the
instrumentation. Afterwards, the circuit performs an amperometric
glucose measurement using the sensor. The signal measured from the
sensor is converted and processed to, finally, show on a display the
quantitative result of glucose concentration contained in the sample.

2.1. Paper-based test strip

The disposable test strip is composed by two main components, a
paper-based power source and a paper-based bio fuel cell acting as a
glucose sensor. The components share a single paper strip of 5× 20mm
that receives the sample in its middle zone and diverges it towards both
ends. Fig. 2a shows a picture of the disposable test strip and Fig. 2b
depicts an exploded view of its main components.

The paper-based power source has been customized by Fuelium
Company for this application based on one of their batteries models
LF55. This paper-based power source is composed of a paper membrane
placed in contact with two electrodes. The proprietary electrode tech-
nology contains no heavy metals nor other toxic components, so it does
not require special disposal considerations after its use. The batteries
are only activated upon addition of an aqueous sample and provide a
steady power output after being activated by either deionized water
(D.I.) water or any physiological fluid such as plasma, serum, saliva,
sweat or urine. Since these batteries only start their operation after
activation with the liquid sample, they do not suffer from self-discharge
during storage so their shelf life complies with the requirements of
diagnostics test kits. For this application, the electrodes have been
placed on top and bottom sides of a paper strip and the power source
has been adjusted to provide an output voltage of 1.5 V and a minimum
power of 10mW for at least 20min after being activated with a serum
sample with a minimum volume of 12.5 μL.

Instead of using a sensor based on a typical three-electrode config-
uration electrochemical cell, the glucose concentration is measured
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the fuel cell (ICELL), which is proportional to the glucose concentration.
Some General Purpose Input/Output (GPIO) pins have been used in
order to manage and control the PMU module and the display interface.

The conversion of the measured current to a glucose concentration
has been carried out by means of a Lookup Table (LUT) (Bengtsson,
2012).

To manage the system, the microcontroller has been programmed to
perform the next tasks. Initially, when the voltage supply provided by
the boost converter reaches the 1.8 V needed to start its operation, it
configures a GPIO pin connected to PGOOD. This pin will monitor the
state of the regulated voltage supply. Meanwhile, the LDO is disabled
using the LDOEN signal and the microcontroller goes to LPM to mini-
mize power consumption. When PGOOD goes high, meaning that the
regulated voltage supply has reached the 2.9 V, and enough energy is
harvested to start the application operation, the microcontroller exits
the Low-Power Mode (LPM) and starts to configure the different per-
ipherals that are used.

Once the system is initialized, the microcontroller monitors the OCV
of the fuel cell to check if the sample is available and start the mea-
surement. If that is the case, it enables the LDO and starts the chron-
oamperometry, connecting the counter electrode through the CE CONN
signal. During this time, the microcontroller remains in LPM. After the
selected time, the microcontroller exits the LPM, outputs the con-
centration measurement to the display and returns to LPM.

2.2.4. Display output
A commercial 7-Segments Liquid Crystal Display (LCD) has been

used to show glucose concentration result due to its low power con-
sumption. The numeric LCD used can display up to 3 digits. In order to
facilitate connection and control of the LCD, an integrated circuit has
been used, which reduces the number of control signals needed to
control the display. The total consumption of this module is 0.33 µA at
3 V.

2.3. System integration and assembly

A scheme and picture of the whole system are shown in Fig. 4. The
exploded view shows the placement of the different electronic blocks
comprising the system, the connector for the disposable test strip, and
the 3D printed casing. A Printed Circuit Board (PCB) with dimensions of
77mm× 32mm was designed and implemented.

3. Material and methods

3.1. Chemicals and materials

All chemicals and biochemicals were, unless otherwise stated, pur-
chased from Sigma-Aldrich. Human serum (H4522, Lot # SLBQ9160V)
from human male AB plasma, USA origin, sterile-filtered, was used to
validate the operation of the device. Phosphate buffer at pH 7.4 was
utilized in preliminary validation studies. It was prepared by the
combination of sodium phosphate monobasic dihydrate
(NaH2PO4 2H2O), sodium phosphate dibasic dihydrate
(Na2HPO4 2H2O) and potassium chloride (KCl) for a final 100mM
concentration. Glucose solutions were allowed to mutarotate for 24 h
and were kept refrigerated at 4 °C until use. Tetrabutylammonium
bromide (TBAB)-modified Nafion was prepared as previously reported.
(Klotzbach et al., 2006) Flavin adenine dinucleotide-dependent glucose
dehydrogenase (FAD-GDH, E.C. 1.1.99.10, GLDE-70-1192, Aspergillus
sp.) was purchased from Sekisui Diagnostics (Lexington, MA, USA) and
used as received. Bilirubin oxidase (BOx, E.C. 1.3.3.5, Myrothecium sp.,
BO-3) was obtained from Amano Enzyme Inc. (Japan) and used as re-
ceived. Glucose oxidase from Aspergillus niger (EC 1.1.3.4, Type X-S, 175
units/mg of solid, 75% protein) and 5% by wt. Nafion EW1100 sus-
pension were purchased from Sigma-Aldrich and used as received.
Carboxylated MWCNT and hydroxylated MWCNTs were purchased

from cheaptubes.com.
Standard 14 papers were purchased from GE Healthcare, Pittsburgh,

PA, USA. The main structure of the test strip was constructed from
pressure sensitive adhesives (PSA) (Adhesives Research) and poly(me-
thylmethacrylate) (PMMA) (Plexiglas, Evonik Performance Materials
GmbH, Harmstadt, Germany).

Silver ink (LOCTITE ECI 1011, Henkel, Dusseldorf, Germany) and
carbon ink (C2030519P4, Gwent Electronic Materials Ltd., Pontypool,
Wales) were used to print the base electrodes for the fuel cell onto a
polyethylene terephthalate (PET) substrate. The test strip conducting
tracks were ink-jet printed using silver ink (PE410, DuPont, Bristol, UK)
on a 125 µm polyethylene naphthalate (PEN) sheet (Teonex, DuPont,
Chester, VA, USA). Paper-based power source electrodes were provided
by Fuelium (Barcelona, Spain). All electronics components used for the
electronic reader were purchased from Farnell (Madrid, Spain).

3.2. Device fabrication

The test strip structural components were designed with CorelDraw
software (Corel, Ottawa, ON, Canada). Paper, PSA sheets and PMMA
were cut with a CO2 laser cutter (Mini 24, Epilog Laser, Golden, CO,
USA).

The fuel cell configuration was adapted from the one reported in
(del Torno-de Román et al., 2018). The fuel cell base electrodes were
prepared by screen-printing onto a PET substrate. Initially, a track of
silver ink was printed to improve conductivity. Following this, a carbon
ink was screen printed on top of the silver layer in order to produce a
rounded working electrode surface of 4-mm diameter. The screen-
printed substrate was cut in segments of 5mm× 9mm, each containing
a single electrode. The active area of the screen-printed electrodes was
then functionalized with the corresponding enzymatic ink for anode
and cathode. The fuel cell anodes were prepared by adding 1.5mg of
FAD-GDH (30mgmL 1) enzyme to 75 μL of a 0.2M citrate/phosphate
buffer in ultrapure water. The crosslinker ethylene glycol diglycidyl
ether (EGDGE) is diluted in ultrapure water to a concentration of 10%
v/v. COOH-MWCNTs are added to isopropanol at a concentration of
5mgmL 1 and sonicated for 1 h. Naphthoquinone-Linear poly(ethyle-
nimine) (NQ-LPEI) was prepared as described in (Milton, 2017) and
diluted at a concentration of 10mgmL 1 in ultrapure water. In an
Eppendorf tube, 67% v/v of the NQ-LPEI solution, 30% v/v of the en-
zyme and 3% v/v of the cross-linker solution (EGDGE) are combined.
8.5 μL of the combined mixture is deposited on the surface of the
electrode and left to dry overnight at room temperature. The fuel cell
cathodes were modified by suspending 1.5 mg of BOX in 75 μL of 0.2M
citrate/phosphate buffer. 75 μL of the solution is added to 7.5mg of Ac-
MWCNTs as described in (Meredith et al., 2011; Milton et al., 2015).
The solution is vortex mixed for 1min, followed by 15 s of sonication:
this procedure is repeated a total of 4 times. To this mixture, 25 μL of
TBAB-Nafion suspension is added, followed by another vortex/sonica-
tion step. 33 μL of the mixture is then drop coated onto the surface of
the screen-printed electrode and left to dry under a fan for 1.5–2 h. Both
anodes and cathodes are stored at 4 °C when not in use.

A modified version of LF55 paper-based power source from Fuelium
was adapted to the test strip. The anode and cathode power source
electrodes were customized for this application considering the sample
type, volume and power requirements. Each electrode had dimensions
of 5mm× 9mm, with a projected electroactive surface of 5mm× 5
mm. The conducting tracks of the test strip were ink-jet printed using
Ag ink on a PEN sheet with a Cera Printer X-serie (Ceradrop, Limoges,
France). Silver conducting paste was used for interconnection of fuel
cell and power source electrodes to the conducting tracks. All the test
strip components were manually assembled layer by layer using an
acrylic alignment holder.

The electronic circuit of the battery-less reader was first simulated
using Multisim software (National Instruments, Austin, Texas, United
States). Ultiboard program (National Instruments, Austin, Texas, United
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display phase, the reader returns to the low power mode and the nu-
merical result is displayed. Two small current peaks take place during
the device operation. The first peak (P1) occurs when the front-end
module is activated and the second (P2) when the measurement data is
acquired and displayed. The result of the glucose concentration mea-
surement is displayed on the screen until the disposable component is
removed or it runs out of power after a few hours.

Significant research efforts have been made to develop systems
which generate energy while monitor the glucose of a sample (Lee
et al., 2017; Slaughter and Kulkarni, 2017). Nevertheless, the proposed
systems do not have any electronics module to display the result, and it
is necessary an external system to show it. Furthermore, accurate
commercial glucometers are available, which just need a small sample
volume to perform the measurement (Rajendran and Rayman, 2014).
However, they require batteries which become hazardous waste and
pose threats to health and the environment if improperly disposed. The
novel battery-less system presented in this paper provides quantitative
data, besides having a reusable reader and a disposable test-strip, acting
as sensor and a power source, which does not contain any toxic mate-
rial, so it can be safely disposed of after its use without the need of
recycling.

5. Conclusions

This work presents the Plug-and-Power concept, a novel approach of
powering portable Point-Of-Care devices that offers several advantages.
In this case, the disposable test strip provides the energy needed to run
an electronic reader and perform the test, defining a self-powered plug-
and-play POC.

In this case, the developed system is able to monitor glucose and
process and display the data without the need to either recharge or
replace the batteries, as the energy to run a measurement is always
available within the test strip. Additionally, this approach provides
environmental benefits related to battery usage and disposal, as un-
controlled battery disposal leads to severe environmental pollution. The
paper-based power source used for the present approach does not
contain any toxic material, so it can be safely disposed of after its use
without the need of recycling. Therefore, this eco-friendly power source
can follow the same waste stream as a test strip that has been in contact
with biological samples.

The results show that the battery-less reader is able to operate and
manage the power provided by the paper-based power source in-
tegrated in the consumable test strip. In addition, the electronic reader
performs an electrochemical detection, process the output signal of the
sensor and express the result on a display. The electronic reader de-
signed is able to measure currents up to 30 µA with a resolution of
13 nA and an error below 1.8%. Due to the low power design of the
reader that consumes only 900 µW in low power mode, it is possible to
perform the measurement with the power provided by the test strip,
which is above the 10mW. This shows that the self-powered device
could be further improved to include additional functionalities for
sample preparation or a wireless communications module to visualize
the results on a laptop or even on a smartphone. A big challenge would
be to integrate the electronic system into a single chip, making possible
develop a flexible and totally disposable system.

The advantages of this approach were here demonstrated with the
development of a portable glucometer, but this concept can be extended
to other kinds of electrochemical sensors measuring other analytes and/
or other biological matrices (Chin et al., 2012; da Silva et al., 2017;
Kaushik et al., 2018; Wan et al., 2013). Moreover, this can also benefit

portable electronic analytical devices beyond clinical diagnostics, as for
example the veterinary or environmental fields.
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from the environment is used by energy harvesters to produce power, which can be used to supply
portable and wearable devices. There are many approaches to harvest energy based on biofuel cells
(BFCs) [11,12], thermo-electric generators (TEG) [13], piezoelectric generators (PZT) [14], among others.

FCs are electrochemical devices that harvest electrical energy from chemical reactions. They can
work as a power source and as a sensor because they produce electricity for as long as there is available
fuel. Their output current is directly correlated with the concentration of fuel. Two sub-categories of FCs
are enzymatic fuel cells (EFCs) and microbial fuel cells (MFCs) [15,16]. Both have similar operational
principles for energy production. EFCs produce electrical power using enzymes as a catalyst to oxidize
their fuel, while MFCs use bacteria as the catalysts to oxidize organic and inorganic matter.

So far, it is only possible to power low-consumption microelectronic systems with these kinds of
FCs since their power density output ranges from µW up to mW. Due to the fact that EFCs have higher
power density and a more compact size, they are suitable to power portable and wearable electronic
solutions [11,16]. Nevertheless, MFCs are an eco-friendly way of producing electrical energy from
waste, since the electricity can come from waste material. This waste material becomes cleaner after
the break-down process and can be directly discharged to the environment [17]. Moreover, MFCs may
be employed as long-term power generating systems for online environment quality monitoring [18].

An ideal scenario is based on an FC which uses the same sample to power electronics and sense the
concentration. However, the FC can be replaced by other power sources like standard batteries, printed
batteries, energy-harvesting resources or a combination of such solutions. For instance, a possible
scenario is a FC that supplies the electronics and a sensor that measures the analyte concentration.
The sensor can be an amperometric biosensor to monitor oxygen and catechol [19] or glucose [20].
Furthermore, there are examples of amperometric systems based on the detection of the inhibition of
glucose oxidase enzyme [21] or horseradish peroxidase activity [22]. Another interesting case is the
air/water quality monitoring using FCs as a power source along with amperometric or potentiometric
sensors [23,24]. In [25], a degradable battery was proposed fabricated using organic materials. It was
able to operate up to 100 min with an adaptable output voltage from 1.5 to 3.0 V. The battery could
be combined with amperometric biosensors to power a commercial water quality POC and detect
heavy metals. Moreover, the device can be powered from polluted air generated during the treatment
of wastewater [26], or in space missions [27,28] where FCs generate electrical power from hydrogen
and oxygen.

Systems based on commercial o↵-the-shield (COTS) integrated circuits (IC) are an a↵ordable way
to develop biomedical biosensing systems. Some examples of COTS-based systems have been reported
in the literature. In this context, Baingane et al. developed a self-powered biosensor system for real-time
sensing of lactic acid [29]. The system was comprised of an enzymatic biofuel cell and a simple capacitor
circuit operating as a transducer. The fuel cell-based sensor generated an electrical power proportional
to the lactic acid concentration, which was deduced by measuring the charging/discharging frequency
of the capacitor circuit. The system did not rely on external power sources, although it required
external equipment, like an oscilloscope, to monitor the capacitor frequency. Some works proposed
the use of FC to monitor lactate in sweat. An example is a non-invasive system designed by Garcia
et al. [30]. The device was composed of an enzymatic sensor, a biological FC as a power source and
an electronic system. The electronic circuit consisted of an energy harvester, which boosted the FC
voltage, and a potentiostat that performed a chronoamperometric detection. However, the system
needed an external multimeter to perform the readout. In this context, an electronic-skin-based biofuel
cell was developed by Bandodkar et al. [31]. The device harvested lactate present in human sweat to
power a light-emitting diode and a bluetooth low energy radio. Other authors also proposed wireless
systems [32], in which an operation using an organic biofuel cell was demonstrated. The full-custom
circuit was able to operate with a voltage supply of 0.23 V. Besides, the authors designed and validated
a receiver and o↵-chip inductor to transmit the data.

In the particular case of glucometers, recent innovative concepts have been proposed, which are
capable of generating electrical power from the biochemical energy stored in glucose [33,34]. An example
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is the self-powered fuel cell-based system for glucose monitoring developed by Fischer et al. [35].
The low-cost device operated with a single drop of 20 µL and lacked external power sources with
the capacity to generate rapid results, although it required a digital multi-meter for signal readout.
These monitoring approaches have a simple electronic system capable of extracting the glucose level
from the sample. However, most of them are subjective because they cannot store and process the
information [12,36].

The motivation of the batteryless e-reader derives from the needs of POC devices in di↵erent
scenarios [8,37,38]. The e-reader is an equipment with a quantitative output reading that seeks to
achieve the requirements defined by the World Health Organization with the ASSURED criteria
(A↵ordable, Sensitive, Specific, User-friendly, Rapid and Robust, Equipment-free, and Deliverable to
users [39]).

In this work, we present in detail, the electronic modules that build up an e-reader based on the
use of FC, following two approaches: Using the FC as a power element or as a dual power/sensor
element. This power/sensor element is an external item that is inserted into the e-reader in which the
same sample is used for powering and detecting. The e-reader was previously validated with a custom
disposable test strip composed of a glucose battery, which supplied the device, and a glucose FC, which
monitored the glucose concentration [20]. However, the e-reader can be adapted to operate in other
scenarios, with another kind of FC, as power sources or biosensors. The e-reader was validated with a
FC of simulated body fluid with an ionic composition similar to human blood plasma enriched with
ethanol [40]. This FC has an open circuit voltage (OCV) of 930 mV with a maximum power density
close of 1.237 mW·cm�2. Another example of application is the urine/Cr(VI) FC with an OCV of 1.3
V and a power of 340 µW·cm�2 [41]. In both cases, the e-reader could be supplied from the energy
extracted by the fuel. At the same time, the concentration could be obtained from the current provided
by the FC. Also, it is possible to perform a combination with another power source, like a direct
methanol fuel cell (DMFC) for portable applications [42,43], with a specific amperometric sensor [44,45].
We describe in detail the conception, design, implementation, and characterization of the electronic
modules that build-up the electronic reader based on a FC as a power source and a direct reading
interface for a FC or an amperometric biosensor. Moreover, the operation of the reader is validated for
di↵erent scenarios by emulating di↵erent FCs and sensors.

2. Materials and Methods

2.1. Architecture of the Self-Powered Measurement

As it has been pointed out before, the e-reader is conceived to operate with a FC as a power source
and as a sensor, taking a direct amperometric reading of the FC current. Also, it is possible to use any
amperometric biosensor based on a two-electrode configuration, although configuration can be easily
extended to a three-electrode configuration. Using this technique, when a potential is applied to the
counter electrode (CE), a current is produced as a consequence of the reaction at the working electrode
(WE) surface.

The general architecture of the system is defined mainly by two modules: The power and sensor
unit and the e-reader unit. The power source can be based on paper, as was presented in [20], where
the device was validated with di↵erent glucose concentrations.

The architecture of the e-reader is divided into four modules (Figure 1): A power management
unit (PMU), a front-end unit (FEU), a control and signal processing unit (CSPU) and a display unit (DU).
The PMU extracts the power from the power source and manages it to generate the control signals and
voltage supplies. All the while, the FEU picks up the measurement signal, which is proportional to the
concentration of the agent to be detected. Lastly, the output signal is converted and processed by the
CSPU and it is sent to the DU, where the measurement result is shown.
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sections, the microcontroller has di↵erent ultra-low-power modes (LPMs) in order to adapt the system
operation to the available energy.

The PMU module is based on the BQ25504 and the LP5910 LDO (Texas Instruments;
Dallas, TX, USA). Both devices have a very marked low power character with a typical quiescent current
of 330 nA for the first one and 12 µA for the second one in shutdown mode. The total consumption of
this PMU module is 21 µA.

2.1.2. Front-End Unit

The current measurement was performed by a potentiostat amplifier (Figure 2b). The main tasks
of this module are: (a) To apply a stable voltage di↵erence between the electrodes of the electrochemical
cell, and (b) to readout and process the output signal.

In order to control the potential applied to the cell, an operational amplifier (Op-Amp) is used
as a control amplifier (A1). A1 provides the optimal bias voltage to the sensor (VIN), which is the
voltage that enables the best sensor’s performance. The e-reader is designed to adjust the voltage
VIN, adapting the system to a wide range of applications. The voltage VIN is generated through the
low-dropout regulator (VLDO), and a voltage divider resistor network (R1 and R2). Because the resistor
network modifies the measure, a unity gain bu↵er amplifier (A1) is introduced between the network
and the sensor to isolate both parts.

As stated above, it is possible that the power source needs some time to reach the voltage to
supply the electronic components (1.8 V). Therefore, when the PGOOD signal is at a high-level voltage,
the microcontroller sends a high-level signal (LDOEN) to turn on the LDO ensuring the e-reader
measures when enough energy is harvested to start the application operation.

For the best performance, the open circuit voltage (VOCV) applied to the counter electrode (CE)
is monitored by an analog to digital converter (ADC) pin of the microcontroller. The ADC controls the
VOCV applied to the sensor and when the sample is available, it starts the measurement turning on the
analog switch (SW1) through the CESW signal, depicted in Figure 2b. Since the microcontroller’s port
impedance can a↵ect the measurement, a unity gain bu↵er amplifier (A2) is connected between the CE
and the microcontroller.

The Transimpedance Amplifier circuit (TIA) (A3), connected to the working electrode (WE),
provides the output voltage (VOUT) that is proportional to the cell current (ICELL). It translates the
current signal into a voltage signal by means of transimpedance gain resistor (RTIA). The expression
that relates both magnitudes is shown in Equation (1). In this configuration, the working electrode
is kept to the virtual ground by the TIA. As before, a unity gain bu↵er amplifier (A4) is connected
between the TIA and the microcontroller so as not to a↵ect the measurement value.

VOUT = RTIA · ICELL (1)

The current generated by the sensor is amplified by the TIA and translated to an output voltage
through the RTIA. Ideally, this current flows through RTIA, but in fact, the op-amp takes some of this
current (called input bias current). A similar error is derived from the input o↵set voltage, which is
caused by a mismatch in the input terminals of the op-amp. It specifies the voltage across the terminals
that must be applied in order to get an output voltage of zero. This input bias current and input
o↵set voltage results in an error voltage at the output and limits the dynamic range of the FEU circuit.
Therefore, it is important to select an op-amp with low input bias current and low input o↵set voltage,
to achieve the required dynamic range and overall accuracy. The selected op-amp in the FEU is the
LPV521 (Texas Instruments; Dallas, TX, USA). It is a nano-power amplifier which is able to operate
from 1.6 V up to 5.5 V with typically 345 nA of supply current. It also presents a very low o↵set voltage
(0.1 mV, typically at 1.8 V) and an ultra-low bias current (0.01 pA, typically at 1.8 V). The maximum
output current is 3 mA, which is the maximum current that the e-reader can read.
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The analog switch used is the SN74AUC1G66 (Texas Instruments; Dallas, TX, USA) It presents a
low power character since it is able to operate at 0.8 V to 2.7 V with only 10 µA of typical quiescent
current. In addition the design is made up of accurate resistors with 1% tolerance. The total
consumption of the front-end unit circuit is 7.5 µA.

2.1.3. Control and Signal Processing Unit

This unit is based on a low power microcontroller, which has three main tasks: a) Generate the
signals that control the modules of the system; b) process the data and; c) show it on the display.

Figure 3 shows the flow diagram of the application. Initially, the device is switched o↵, waiting
for the introduction of the power and sensor module (“Disconnected phase”) into the reader. As soon
as it is inserted and the sample deposited, the “start-up phase” begins.
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Figure 3. Diagram of the application’s flow.

Thereafter, the FC-based power source starts to deliver energy to the system, and when the
output voltage of the boost converter (VBOOST) reaches 1.8 V (the minimum voltage to turn on the
microcontroller) the microcontroller is switched on. It configures and initializes general-purpose
input/output (GPIO) pins as well as the ADCs to monitor the sample and control the power delivered
by the FC.

The PGOOD signal (Figure 2b) monitors the state of the regulated voltage supply (VBOOST). It
ensures that the e-reader performs the measurement when enough energy is harvested to start the
application operation. In order to minimize power consumption, meanwhile there is not enough
energy to start the measurement (PGOOD signal in a low state), the LDO remains disabled and the
microcontroller stays in the low power mode (LPM). When the boost converter (VBOOST) reaches 2.9 V,
the PGOOD changes to the high state. Afterwards, an interruption event wakes up the microcontroller
from LPM, and it enables the LDO, which supplies the FEU’s components.

Then, the ADC pin (VOCV) begins to monitor the state of the sensor’s voltage. The “measurement
phase” starts as soon as the signal provided by the sensor is stable.

Afterwards, the microcontroller turns on the analog switch (SW1), which connects the CE,
and applies a DC bias voltage (VIN) to the sensor as is depicted in Figure 2b. Then, a timer starts
to count until the moment in which the measurement takes place, TM. TM is the time that elapses
between the CE’s connection and the measurement takes place, fixed for each particular biosensor.
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During this time, the microcontroller remains in LPM. The criteria for determining the TM time is
described in Section 3.2.

After the TM, the microcontroller exits the LPM state and the ADC captures the measurement
signal (VOUT), which is proportional to the current provided by the sensor (ICELL). ICELL can be
obtained by Equation (1), as the input bias voltage (VIN), the TIA resistor (RTIA) and the output voltage
(VOUT) are known.

In most situations, the relationship between the magnitude to measure and the voltage obtained
is not linear. For this reason, we implemented a lookup table (LUT) [46–48] in the microcontroller
to translate the data obtained to a current or concentration. A LUT is an array of data that allows
linking input values to output values, replacing the runtime computation with a simple array indexing
operation. It maps inputs to an output value by looking up or interpolating in a defined table of values.

Later, following Figure 3, the “display and sleep phase” takes place. In this phase,
the microcontroller manages the drivers that control the display and shows the concentration value on
the display. Finally, the microcontroller returns back to the LPM and remains in this state permanently.

The CSPU module is based on the MSP430FR5969 microcontroller (Texas Instruments; Dallas,
Texas, USA). This microcontroller has been selected because of its good characteristics in terms of
voltage, quiescent current and operating power consumption. It has a supply voltage that ranges
from 1.8 V up to 3.6 V with one operating active mode and seven software-selectable low power
modes. Furthermore, it consumes only 0.4 µA/MHz in standby mode and 100 µA/MHz in active mode.
The microcontroller has an ultra-low-power 16-bit architecture that allows controlling the intelligent
peripherals to extend the autonomy of the system.

2.1.4. Display Unit

Di↵erent low power solutions could be used to show the detection result, like printed and flexible
electrochromic displays [49,50]. In this study, a 3-digit 7-segments numerical liquid crystal display
(LCD) has been used to show the result, due to its simple operation and low power consumption, it
also operates at 3 V with a typical quiescent current of 0.33 µA.

This kind of LCD uses many interconnects, to facilitate connection and control of the LCD,
the CD4055B integrated circuit (IC) (Texas Instruments; Dallas, Texas, USA) has been used. It reduces
the number of control signals needed to control the display and typically consumes 5 µA. This IC is a
single-digit BCD-to-7-segment decoder that allows controlling the 7-segments of each digit with only
four pins. The display is controlled by the display-frequency input signal, which is a square-wave
signal. The IC provides a square-wave signal to the selected segments that is 180 degrees out-of-phase
with the common-signal, making these segments visible. The segments which are not selected have the
square-wave signal and are in phase with the common-signal, so they are not visible. The consumption
of the DU module is 16 µA.

2.2. Fuel Cells and Sensors

In order to validate the operation of the e-reader, we emulated di↵erent FCs and sensors reported in
the literature(Figure 4). We emulated FCs and sensors based on urine/Cr(VI) [41] and methanol [51,52]
by using a source measurement unit (SMU). Moreover, we carried out experimental tests with an
emulated ethanol FC as a sensor [40] and a commercial ethanol FC as a power source.

These approaches fully validated the e-reader implementation. For each case, key design
parameters are indicated, like the open-circuit voltage (OCV), and the related concentrations of the
involved sample.
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Figure 4. Summary diagram of the validation tests performed.

2.2.1. Urine/Cr(VI) Fuel Cell Case

The urine/Cr(VI)’s FC presented by [41] is able to generate electrical power from processing
human urine and heavy metal, in this case, Cr(VI). This FC reduces Cr(VI) in human urine, using urine
as fuel and Cr(VI) as oxidant. The open-circuit voltage (OCV) ranges from 1.11 V at 13 mg·L�1 to
1.26 V at 50 mg·L�1. In addition, this FC provides a maximum power density going from 3.4 W·m�2 at
50 mg·L�1 of Cr(VI) to 2.2 W·m�2 at 13 mg·L�1 of Cr(VI). To validate the operation of the proposed
system, we used the same urine/Cr (VI) FC as a sensor and as a power source.

2.2.2. Methanol Fuel Cell and Sensor Case

In this case, we used a methanol FC as a power source and as a sensor to detect methanol.
We emulated and employed a passive direct methanol fuel cell (DMFC) as a power source for portable
electronic devices [51]. In the study, the authors used six dual DMFC connected in series to produce
energy. In order to validate the e-reader operation, we considered a single FC of 1 cm2 with a 1 M
of methanol concentration. It was only necessary to use a single FC because the developed e-reader
was a low power device and operated with a minimum voltage of 330 mV. A single DMFC with a 1 M
of methanol concentration provides a maximum power density of 5 mW·cm�2, a maximum current
density of 22 mA·cm�2 and an OCV of 0.6 V.

The emulated sensor is reported in [52]. It is a wearable vapor/liquid amphibious electrochemical
sensor for monitoring methanol. The sensor exhibits high selectivity, good repeatability, and reliable
stability for both vapor and liquid methanol. It was tested with methanol concentrations that go from
0% to 6%, providing current densities that go from 90 to 3.5 µA·mm�2. We validated the e-reader
considering a methanol sensor of 1 mm2.

2.2.3. Ethanol Fuel Cell Case

After emulating di↵erent approaches based on fuel cells and sensors, we carried on experimental
verification working with a commercial FC. To perform the experimental test with the e-reader, we used
as a power source the commercial FCJJ-42 ethanol fuel cell science kit (Horizon Fuel Cell Technologies;
Singapore). Due to the fact that the characteristics of this FC are not described, we characterized it,
obtaining the I–V curves for di↵erent ethanol concentrations that go from 3% to 9%. This ethanol FC
provides a maximum power going from 0.23 W at 9% to 0.186 W at 3%. The maximum current given is
700 mA at 9% and 540 mA at 3%. All concentrations tested presented an OCV close to 1 V. To validate
the system, we used the commercial ethanol FC with 3% of concentration as a power source.
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The chosen FC used to sense ethanol was presented in [40]. It is a single-cell membraneless
microfluidic FC that operates in the presence of simulated body fluids, human serum, and blood
enriched with ethanol as the fuel. It provides current densities up to 6.5 mA·cm�2.

2.3. Experimental Set-Up

The electronics validation and characterization were carried out with a source measurement
unit (SMU) B2962A by Keysight Technology (Santa Rosa, CA, USA) and an Agilent Technologies
oscilloscope MSO-X 3034A (Santa Clara, CA, USA).

In order to emulate the FCs and sensors previously presented, we introduced their I–V polarization
curves into the SMU and performed a piecewise linear (PWL) interpolation. The PWL interpolation is
a technique used in engineering to approximate a complex function by a simple linear function, which
allows expressing the non-linear I–V characteristics that present FCs. Next, we analyzed the start-up of
the power management unit (PMU) and emulated the current (ICELL) provided by the sensors and FCs.

Furthermore, we obtained the I–V curves in potentiodynamic mode at a scan rate of 2 mV·s�1 to
characterize the ethanol FC. We performed the ethanol concentrations with deionized water obtained
from a Milli-Q® Advantage A10 water purification system and absolute ethanol for analysis (ACS
grade) at a concentration of 99 8% (Panreac, Barcelona, Spain).

3. Results and Discussion

3.1. Electronic Reader Manufacturing

We developed a printed circuit board (PCB) and an outer case, both items build up the e-reader
(Figure 5). The PCB is a double-sided printed circuit made in glass-reinforced epoxy laminate material
(FR4) with silver-finish. The total size of the board was 77.5 mm ⇥ 32.5 mm ⇥ 2 mm. The case of
the device had a size of 85 mm ⇥ 42 mm ⇥ 21 mm and was developed using three-dimensional (3D)
printing. The case was made of a photosensitive epoxy resin called Accura® 25 and it was created with
the solid-state stereolithography (SLA®) printing technology.
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Figure 5. (a) Picture of the e-reader’s printed circuit board (PCB). (b) Picture of the whole self-powered
electronic reader: PCB and outer case.

3.2. Characterization and Calibration of the Self-Powered Electronic Reader

We characterized the e-reader in order to analyze its performance and uncertainty translating the
cell current (ICELL) into a voltage (VOUT). The procedure followed was previously explained, in which
the SMU and the oscilloscope were used.

First, we connected the SMU to the e-reader and we applied a current ramp (IG) from 13 µA
to 0 µA with a change rate of 1.85 µA/s. Then, we captured the potentiostat output voltage (VOUT)
by the oscilloscope. We translated VOUT into the measurement current (IM) with Equation (1). As is
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shown in Figure 6, we compared the current measured by the e-reader (IM) with those applied by the
SMU (IG). This test allowed us to obtain the uncertainty between the current generated (IG) and the
current measured by the e-reader (IM). Analyzing these data, we obtained that the maximum relative
uncertainty between IG and IM is 1.8%, which is the uncertainty associated with the FEU module. This
maximum uncertainty was obtained at a nominal current value of 12.91 µA, and it had an absolute
uncertainty value of 0.24 µA.
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Figure 6. Uncertainty between the current generated by the SMU (IG) and the current measured by the
front-end unit (IM).

As it is stated in Section 2.1.3., the definition of the moment in which the measurement takes
place, TM, is the key point. It depends mainly on two aspects: (a) The device resolution, which is
constrained by the electronics’ resolution, and (b) the measurement uncertainty. This depends on the
change rate of the current because a slight deviation in the measurement time can a↵ect the current
value, since initially the current decreased quickly. In order to obtain the ideal moment to perform the
measurement, the e-reader was calibrated for each sensor.

First, we established the polarization voltage (VIN) from the sensor’s characterization, and we
programmed the e-reader to drive the sensor to VIN. Then, we connected the sensor to the e-reader
and polarized it. After that, we captured the chronoamperometry curves with the SMU and analyzed
the device resolution and the measurement.

The e-reader resolution is defined by the ADC resolution, which is time-invariant and has a value
of 13 nA.

In a chronoamperometry, a redox reaction occurs when a potential step is applied to the electrode.
The current decays t1/2, obeying the Cottrell equation for reactions that are under di↵usion control [53].
Consequently, the initial and the final region cannot a↵ord to extract a measurement. During the initial
time, a small deviation in the moment to extract the measurement is translated into a large current
uncertainty. While in the final region, it is di�cult to distinguish between concentrations because they
are too close.

Considering these facts, we found the measurement uncertainty for di↵erent concentrations. As a
result, we were able to establish the best moment to extract the measurement (TM). The time chosen in
each case was the one which presented the lower uncertainty value for the worst case of detection,
which was the detection of the lowest level of concentration.
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3.3. Start-Up and Power Consumption of the E-Reader

Figure 7a shows the startup curve graph of the e-reader when it is powered by a commercial
ethanol FC as an example case. The upper graph shows the voltage provided by the ethanol FC (VFC).
While, the middle graph shows the boost converter voltage (VBOOST), which is used to supply both
CSPU and the DU. In the end, the bottom graph displays the voltage provided by the low-dropout
voltage regulator (VLDO), which supplies the analog components that comprise the FEU.

          

 S  n   io  f e  

e 7a   s  cu  g   t e d  h    p er    mer al 
an     e a  c e   upp  g   e ge d   an   ( C)  

,  dl  g p  s      ( B )   i  d  p ly o  
U   DU   t   e m g ap  dis lay  t  e p ovi d  e lo u  

  )  h           

                
              
            

     

                  
                   

                
                   

              
                      
              

                
                 

            
              

                    
                  

                  

Figure 7. (a) Start-up curves of the e-reader powered by an ethanol FC. (b) Transfer function that relates
the measured current by the e-reader with di↵erent emulated sensors and fuel cell concentrations
(ethanol, urine and methanol), and the comparison against the current produced by the sensor (ICELL).

When the FC is connected to the e-reader, the PMU is enabled. It starts collecting energy and
the VBOOST signal increases. During 100 ms the VLDO signal remains in a low state since there is not
enough energy to start the whole system. When the PMU has harvested enough energy, the VLDO
signal changes to a high state and the system begins to operate. The peaks that appear in the VFC
signal correspond to the MPPT sampling system that optimizes the energy extraction from the power
source. As it is shown in Figure 7a, VFC is a noisy signal. For this reason, VFC did not power any
electronic components directly. The periodical peaks of VFC were reduced by DC/DC boost converter
(VBOOST), which supplies both CSPU and the DU. The FEU was the most sensitive circuit because it is
the circuit that carried out the measurement. Thus, the voltage which supplied the FEU circuit (VLDO)
was stabilized and regulated by a low-dropout voltage regulator (LDO).

We also obtained the e-reader’s power consumption. When the power source was connected to
the e-reader, it had a typical inrush current peak of 5 mW. At this moment, the e-reader enters into a
low power operation mode, and consumes only 900 µW. The system waits in this low power mode
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until the voltage provided by the power source is stable. Then, the FEU module is switched on and the
measurement is performed. Lastly, the numerical data is processed and displayed, and the e-reader
returns to the low power mode. During the device’s operation, the power consumption presents two
peaks that increase the consumption instantly to 1 mW. These peaks occur when the FEU module is
activated and when the data is processed and displayed.

3.4. Validation of the E-Reader

The system has been validated in di↵erent conditions and cases, with FCs of urine/Cr(VI), methanol
and ethanol, and the methanol sensor.

We verified the e�cient extraction of energy from the sample in di↵erent cases, enabling the
operation of both the DC/DC boost converter and the LDO, components that supply the FEU and the
CPSU. The transitory performance of the commercial FC was obtained, extracting the curves shown in
Figure 7a. This figure shows the behavior of the power signals in the “disconnected phase” and the
“start-up phase”, explained in Figure 3. Moreover, we validated the stationary behavior of the device
with the emulated FCs of methanol and urine. These tests confirmed the self-powered performance of
the system, which can power the e-reader circuits with the same monitored sample.

Furthermore, we validated the FEU’s module operation, measuring di↵erent current ranges
produced by the FCs of urine/Cr(VI) and ethanol, and the methanol sensor. For all these experiments,
we followed the same procedure. Firstly, we connected the sensor to the e-reader, and we polarized it
to the proper bias voltage (VIN). When the sensor is polarized, it produces a current proportional to
the concentration of the analyte (ICELL). ICELL flows through the potentiostat circuit, which translates it
into the voltage (VOUT). The microcontroller’s ADC reads VOUT and translates it to current (IMEAS) by
a LUT, as stated in Section 2.1.3.

Figure 7b shows the comparison between the current produced by the emulated FC/sensor (ICELL)
and the current measured by the e-reader (IMEAS). The figure depicts that the current measured by the
e-reader is practically the same as the nominal current injected by the emulated FC. The results show
that the maximum di↵erence between ICELL and IMEAS is 1.8%, validating the operation of the FEU
module of the e-reader with di↵erent ranges of current and demonstrating the accuracy of the e-reader.

These tests validated the operation of the system, demonstrating the ability of the device to power
the whole system while measuring the concentration of the sample and displaying the numerical result
on the e-reader’s display. The validation has been carried out with three di↵erent FCs, although it can
be adapted to operate with other FCs, measuring a wide range of analytes.

4. Conclusions

In this work, we presented and described, in detail, the full implementation of an electronic reader
for self-powered POC solutions based on the use of FCs as a power source or as a power source and as
a sensor. The operation of the e-reader was validated in di↵erent cases, using a commercial ethanol FC,
three emulated FCs (urine, ethanol, and methanol) and a sensor (methanol), showing its capability of
adaptation to di↵erent scenarios.

Due to its low power design, the platform can operate with a minimum voltage of 330 mV,
consuming only 900 µW in the low power mode. The device has been proven to exhibit reliable,
robust, and e↵ective results. It has a measurement uncertainty below 1.8%, a minimum resolution
of 13 nA and a maximum measurement current of 3 mA. Furthermore, the plug-and-play device
performs amperometric measurements automatically, in only a few seconds. The device presented
in this work could be the first step towards the future of point-of-care since the system provides
quantitative data, showing the numerical result on the display. Some advantages of the proposed
device include: (i) No need for external power sources, since the same sample is used to power and
sense; (ii) the ease of use; (ii) compactness and portability; (iii) the possibility of showing the data on a
display, without the need for external laboratory equipment; (iv) adaptability to wide range of cases;
and (v) the rapidity and accuracy of results. The portable device can operate with conventional lithium
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batteries or biodegradable batteries [25] or with the sensing sample. It is a valuable characteristic in
disadvantaged regions without a good electricity grid and batteries.

As future work, we propose to introduce a wireless communication system to show the resulting
data on a smartphone or a laptop, a module to set the polarization voltage (VIN) externally, or an
adjustable signal generator to perform cyclic voltammetry. A big challenge would be to integrate the
device in a single chip, developing the system in a flexible substrate.
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We have measured the total energy stored in the adaptive storage and compared it to a single 
capacitor architecture when the storage element is fully charged up to 4.5V. The losses related to the 
required control electronics result in 91% energy storage efficiency. 

3.2. Discharge phase 
Figure 5 depicts the voltage evolution across the self-adaptive matrix during the discharge phase. In 
this case, the system stops operating at a minimum voltage corresponding to the one required to 
operate the electronics, while a significant portion of the energy is still stored in the capacitors. Using 
the adaptive configuration that switches back to SP and finally to S configurations, it is possible to 
minimize this residual energy. Compared to single storage capacitor architecture, the adaptive 
approach allows saving 5% of this residual energy, which is in this case, does not completely 
compensate the energy required to power the control electronics. However, this performance should be 
greatly improved by moving to a dedicated power-management integrated circuit. 

4. Conclusion 
We have validated the concept of an adaptive storage for improving the dynamic behaviour of a 
battery-free storage architecture based on ultra-capacitors. It allows significantly boosting the start-up 
time and the energy management requires some more optimization to get the full benefits of this 
approach in terms of energy usage efficiency that an integrated solution should provide. 
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Figure 1. Main blocs for the Smarter Device. 

 
In section 2 is introduced the ASIC1 approach. The initial discrete solutions [7][8] are translated to 

a microelectronic one, for a more compact solution.  
Finally in section 3 are derived some conclusions and future perspectives. 

2.  Integrated approach 
Thanks to the discrete approaches [7,8], the contemplate architecture is validated and with the gained 
experience we proceeded with the ASIC integration. A first ASIC is going to be implemented based 
on an AMS 0.35 technology. In figure 2 is depicted the ASIC1 at the functional block level and its 
layout design in figure 3, in an AMS 0.35Pm technology, that will be placed in a QFN32 package. 

 

 

 

 
Figure 2. ASIC1’s block diagram conception.  Figure 3. ASIC1 layout 

implementation. 
 

To interface ASIC1 and ASIC2, figure 1,a communication protocol has been implemented, 
working with 8 bits: Two bits of control, and 6-bits of data. This protocol is implemented in [8] and 
validated. In t1 data is available on ASIC1. In t2 ASIC activates Start Bit (SB) when data is ready of 
transmitting. In ta SB is activated during all operation. In t3 ASIC2 is ready to operate. In tb, the bit 
Transmission Done (TD) is activated during UR-UWB transmission. In t4 TD is grounded when the 
transmission is completed. In t5 SB is turned off after communication is done. Finally, in t6 the system 
waits till new data is available on ASIC1. 

The system is focused into the extraction of the strain through VOC, and the validation of the 
architecture that will combine the electronics envisaged in ASIC1 with those of ASIC2. The wireless 
solution implemented in [7] will be replaced by ASIC2 in the future Smarter prototype, and ASIC1 
has a Data Processing Unit, based on a 6-bits SAR-ADC converter, which prepares the data to be sent 
by the RF module (ASIC2) replacing the TI Microcontroller in [8]. The strain is measured and related 
with the open circuit voltage, and the measurement is outputted by 6- parallel bit ADC, which 
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translates the measurement to the Communication.  The main blocs are defined by the Power Circuit 
Unit, which combines linear regulators and the Energy Management module. The system needs a 1.1V 
regulated voltage source and a 3.3V regulated voltage source. From the AC/DC rectifier two LDOs 
will generate these voltages. The 1.1V LDO is designed to bias ASIC2, and the 3.3V LDO to bias the 
rest of the electronics. Then, the Energy Management module has the role to control the Dynamic 
Storage Element or SCap [9]. Finally, the ACU module and the 6-bit SAR ADC Converter define the 
Control Circuit and Sensing Circuitry. 

 
 

Figure 4. Communication protocol between ASICS. 

 
The Power Circuit Unit is described more in detail. A specific low-power bandgap reference and 

current reference circuit has been designed; with a current consumption lower than 9PA, nominally 
and a nominal power consumption of 30PW. It has the capability to work from a lower voltage of 2V 
till 5V, the maximum operating voltage, with an output voltage of 1.23V with a Temperature 
Coefficient (TC) lower than 60ppm. The current reference is 105nA with a TC lower than 250ppm, in 
the temperature range of -40 C to 125 C. 

Then, based on the architectures presented in [5], the LDO circuits have been designed. The 3.3V 
LDO is designed to work with a current up to 1mA, and the 1.1V LDO with a maximum DC current of 
10mA. The main parameters for the LDO are introduced. In the case of the 3.3V LDO the Linear 
Regulation is 68.7·10-3 (V/V). In the case of the 1.1V LDO is 665·10-9(V/V). The ability to maintain 
the output voltage with variations of the input voltage is reasonable for both designs. The 
measurement of the capability of the circuitry to keep the regulated output voltage to the desired value 
against changes of the load, that is, between light and high load conditions (in our case between few 
PA that define the quiescent operating point of the electronics and the load condition of 1mA for the 
3.3V LDO and 10mA for the 1.1V LDO), is the load regulation, which is 81.6·10-3 (V/A) in the case 
of the 3.3V LDO and 99·3·10-6 (V/A) for the 1 1V LDO regulator. 

Full Monte Carlo analyses have been carried out for the bandgap reference circuit and LDOs. In the 
particular case of the Linear Dropout Regulators, it is the 1.1V LDO that has the greater limitation, 
with an accepted range between 1.05 and 1.18V, with 200 samples. The average regulated voltage is 
1.12V with a standard deviation of 34,19 mV (Yield of 95%). 

The ACU module, which is quite complex, and the Energy management module, are out of the 
scope of the present work. In figure 5 is depicted the caption of the simulation, at the extracted ASIC 
view level, of the performance of the ACU control stage though the GATE signal (VGATE) [7][8]. 

3.  Conclusions 
This paper presents the ASIC approach for the power management, control and sensing for the 
SMARTER project. Future full test and characterization will be carried out before its implementation 
in the final prototype on flexible substrate and reported in future publications. 
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Figure 5.  Caption of the transient simulation, from the ASIC1 extracted 
view, of the GATE control signal. Generation of the scenario operating 
phases.  From the Top view to the bottom caption: (Top) Start-Up and 
harvest/measuring phases; VGATE signal that control the phases; 
Bandgap reference voltage; 3V3 LDO regulated voltage; (bottom) 1V1 
LDO regulated voltage. 
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