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a b s t r a c t

Wearable devices are used to record several physiological signals, providing unobtrusive and continuous
monitoring. These systems are of particular interest for applications such as ambient-assisted living
(AAL), which deals with the use of technologies, like brain–computer interface (BCI). The main challenge
in these applications is to develop new wearable solutions for acquisition of electroenchephalogram (EEG)
signals. Conventional solutions based on brain caps, are difficult and uncomfortable to wear. This work
presents a new optical fiber biosensor based on electro-active gel – polyacrylamide (PAAM) hydrogel –
with the ability to measure the required EEG signals and whose technology principle leads to contactless
electrodes. Experiments were performed in order to evaluate the electro-active properties of the hydrogel
and its frequency response, using an electric and optical setup. A sinusoidal electric field was applied to
the hydrogel while the light passes through the sample. An optical detector was used to collect the
resultant modulated light. The results have shown an adequate sensitivity in the range of !V, as well
as a good frequency response, pointing the PAAM hydrogel sensor as an eligible sensing component for
wearable biopotential recording applications.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The ambient-assisted living (AAL) technologies aim to help
people and must be as ubiquitous as possible. A very important
challenge is to obtain devices that can be wore by people as they do
with regular garments. The sensors and actuators must be designed
to perform their functions, while being wearable. This requires the
development of an all-new set of wearable sensors with the abil-
ity to record several physical variables, depending on the device
application.

A very important AAL technology is known as brain–computer
interface (BCI), which relies on the measurement of brain activity
in order to provide solutions for communication and for environ-
mental control without movement. Although a BCI was initially
intended for people with severe disabilities (e.g. spinal cord injury,
brainstem stroke, etc.), it may also be used as an alternative com-
munication path for healthy people (Wolpaw et al., 2002).

Over the past two decades, several studies were performed
towards the development of these BCI systems, which do not

∗ Corresponding author. Tel.: +351 253 604700/604704; fax: +351 253510189.
E-mail addresses: mfernandes@dei.uminho.pt, marianasfernandes@gmail.com

(M.S. Fernandes).

require muscle control (Farwell and Donchin, 1988; Neuper et al.,
2003; Pfurtscheller et al., 1993, 2003). Although still in its infancy,
BCI is no longer a realm of science fiction, but an evolving area of
research and applications. BCI propose to increase human capa-
bilities by enabling people to interact with a computer through a
modulation of their brainwaves after a short training period. They
are indeed, brain-actuated systems that provide alternative chan-
nels for communication, entertainment and control (Dornhege et
al., 2007). Nowadays, the typical BCI systems measure specific fea-
tures of brain activity and translate them into device control signals,
generally making use of electroencephalogram (EEG) acquisition
techniques, thus requiring wearable devices being able to record
the scalp electrical signals.

An EEG corresponds to potential changes occurring over
time between the recording electrode and reference electrode
(Kondraske, 1986). There are two main techniques that can be used
to record scalp potentials, i.e. EEG: electronic and electro-optic (EO)
methods. The first one involves the use of electrodes attached to
the scalp, amplifiers, filters, and a recording device. They are usu-
ally based on caps with adaptors for electrode’s mounting, usually
according to 10–20 electrode placement system (Klem et al., 1999).
The scalp electrodes most common in EEG caps consist of Ag/AgCl
disks with long flexible leads, which can be plugged into an ampli-
fier (Bronzino, 1995). One of the first electrode caps available was

0956-5663/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.bios.2010.05.013
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developed and patented by Corbett (1985), comprising a cap with
spaced electrode anchoring tabs. This type of electrode caps has
significant disadvantages: the scalp must be cleaned and/or an
electrolytic gel needs to be applied to form an electrical connec-
tion with the metal electrodes, which may cause scalp irritation
over prolonged utilization. Moreover, it requires time consuming
and complex attachment procedures. These limitations have driven
the need for new electrode caps, based on dry electrodes that do
not require this site preparation and offers other advantages such
as: reduction of experimental preparation time, higher length of
studies and more comfortable caps. QUASAR, Inc. has been devel-
oping prototypes of electrode caps based on dry electrodes, more
specifically high impedance hybrid capacitive/resistive electrodes
(Matthews et al., 2007). However, despite the progress in EEG caps,
there is still lacking a totally wearable solution, with highly flexible
electrodes and in preference, requiring no contact with the scalp.

The second technique uses the bioelectric signal to drive an
electro-optic material or device that will further manipulate light,
changing its properties. This will give origin to an optical signal
that is converted into the original EEG signal. A high impedance EO
probe for the acquisition of biopotentials based on the EO effect,
was recently developed (Kingsley et al., 2004). In their work, Sriram
and Kingsley, described a sensor that enables dry contact measure-
ments of EEG and ECG signals. However, there is still some work
to do in order to assemble the sensors into a flexible wearable
braincap.

This paper will present a new type of photonic sensor for a wear-
able brain cap to record the scalp electrical signals, for enabling the
possibility of a contactless record of EEG. This approach can sur-
pass the common limitations associated with the current available
technologies, since by using optical methods the integration into
wearable materials is facilitated, allowing to design comfortable
and totally wearable devices. First, a brief description of a wear-
able electrophysiological monitoring device is made, as well as of
the EEG signal characterization and respective standard readout.
Then the photonic sensor proposed will be exposed as well as the
integration technique into the wearable device, followed by the
measurements and respective results.

2. Wearable electrophysiological monitoring device

One of the most demanding goals to implement healthcare
support technologies is the measurement and monitoring of phys-
iological signals, since they hold rich and constantly demanding
clinical information, without interfering with daily activities. These
requirements can be answered through multifunctional fabrics,
giving origin to wearable monitoring systems. In fact, with these
new high-knowledge-content garments, an all-in-one solution for
the measurement of biopotentials can be achieved.

Electrophysiological variables represent a very particular class
of electrical signals, with low-frequency components and magni-
tudes, and they are a result of the electrochemical activity of a
certain class of cells – excitable cells (Clark, 1998). There are several
types of biopotentials, which are classified according to the type of
activity that they are originated from. Therefore, they include sig-
nals originated from brain activity (electroencephalogram – EEG),
heart activity (electrocardiogram – ECG), muscle activity (elec-
tromyogram – EMG) and ocular activity (electrooculogram – EOG)
(Clark, 1998).

The importance of EEG signals not only for BCI applications but
also for clinical purposes as well as the lack of practical and wear-
able EEG recording solutions, has contributed for the main goal of
this work. Therefore, in the next sub-sections the EEG will be char-
acterized as well as the standard readout and a wearable brain cap
will be proposed.

2.1. EEG test pilot and standard readout

In order to record very weak biopotentials, as the EEG, two main
components are required:

• a differential amplifier with a high-input impedance;
• low-impedance electrodes.

The instrumentation amplifier is commonly used to record
biopotentials since it is designed to have extremely high-input
impedance and a small bias current. Electrodes with very small
contact impedance are required in order to make this an effec-
tive solution. Otherwise the currents driving the instrumentation
amplifier would lead to a biopotential drop, resulting in more diffi-
cult readouts. Two types of electrodes are used in EEG recordings:
wet and dry electrodes. The first one is a metal-based element,
which makes use of an electrolyte gel/paste to promote electrical
connection between the electrode and the skin. The second type
of electrodes consists of a metal or semiconductor with a dielectric
surface layer, and the signal is capacitively coupled from the skin to
the electrode. Several EEG dry electrodes were proposed, and can
be found in (Matthews et al., 2007; Sellers et al., 2009; Taheri et
al., 1994). Alternative dry solutions suggest a set of spikes that are
grown on the top of the electrode, also leading to a reduction of the
contact impedance (Ng et al., 2009). Despite the availability of dry
electrodes, claimed to have similar properties to the wet electrodes,
the wet solution is usually preferred.

The standard solutions show two main problems: the electrodes
are difficult to integrate with the vests and to wear. When looking
for an integration solution we are faced with the problem of elec-
trode integration, wiring integration, and electronics integration
and connection. All of the proposed solutions end up with, at least,
how do we fabricate it at an industrial level. The other problem, a
solution that can be dressed easily, is by far more difficult to solve.
Even if we consider that we have a braincap with all the electronics
integrated, the available electrodes do not allow for users to dress
it at home. A new generation of electrodes is required.

In terms of the EEG characterization, its electric field (E) is
related with the electrical potential difference (!V) between two
points (recording and reference electrode), according to the follow-
ing equation:

E = !V
d

, (1)

where d is the distance between the recording and the reference
electrode. In this way, the EEG waveform detected using electric
field or potential difference measurements is the same. We have
acquired human scalp EEG from a 23-year-old subject (male) in
order to determine an approximate value of the electric field resul-
tant from brain activity under a relaxed state. In fact, once the EEG
signals are hard to predict and also difficult to standardize, this data
will be valuable for understanding the type of signals we are deal-
ing with. Information such as signal amplitude and frequency range
is, indeed, crucial when designing a recording device. Therefore,
the electrodes configuration used to perform the experiment was
based on the approach proposed, allowing to simulate as much as
possible the type of signals we expect to measure with our sensors.

We used three electrodes for the recording procedure: one
working electrode (position Cz), a reference (Ref) on the back neck
and the subject ground. The results obtained are depicted in Fig. 1.

As shown in Fig. 1, the scalp potential obtained has a magni-
tude near 75 !V for a distance between electrodes of 25 cm. Taking
this into account, we determined the corresponding electric field
of 3 !V/cm.

The results obtained are in conformity with the literature, since
the typical values reported range from 50 to 200 !V (Kandel and
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Fig. 1. Scalp EEG recorded waves for Cz-Ref.

Schwartz, 2000). In terms of frequency range, it can vary from 0.5
to 100 Hz, and different brainwaves can be classified according to
its frequency component: delta (up to 3 Hz), theta (4–7 Hz), alpha
(8–12 Hz), beta (12–30 Hz) and gamma (26–100 Hz) (Azzini and
Tettamanzi, 2006).

2.2. Wearable braincap

One main challenge for designing a wearable cap for EEG record-
ing is to find new solutions for recording electrodes. Many attempts
have been made, using different approaches, however they are not
suitable for use on truly wearable devices (Ko et al., 2009; Maggi et
al., 2008; Yates et al., 2007). In fact, the development of sensors for
wearable applications has to take into account properties such as:
easy integration and miniaturization, lightweight, flexibility, low-
power consumption and real time monitoring (Winters and Wang,
2003).

The wearable braincap proposed allows the use of a new gener-
ation of fiber-optic-based sensors that, besides having the previous
stated properties, also aims for a contactless recording. Conse-
quently, the disadvantages concerning the use of the standard EEG
tests will be surpassed by the use of contactless sensors, since
the electrolyte gel will not be needed, neither the time consum-
ing and uncomfortable attachment procedures. Moreover, unlike
other contactless techniques, such as near infrared spectroscopy or
magnetoencephalography, the proposed sensors actually measure
brain activity as standard electric potentials, likely to EEG record-
ings.

The use of a probe to measure the electric field may lead to
a problem since the standard EEG measurements are obtained
as a potential difference between two scalp points. Using a stan-
dard electric field probe, only a local potential difference will be
measured. In order to overcome this problem, Fig. 2 depicts the
proposed scheme based on one-reference approach.

The standard setup uses the ear lobes as a reference signal, since
most of the times they are not influenced by the electrical activity
of the temporal lobe or by the muscle activity. However, from the
user perspective, it would be better to hide the reference, since the
objective is to allow the use of the brain cap as a normal daily gar-
ment. In this work, the suggestion is to place the reference on the

Fig. 2. One-reference approach. The photonic sensor is highlighted.

Fig. 3. Main functional stages of the optical sensor.

back neck, as illustrated in Fig. 2. Using this approach, two prob-
lems are avoided: first, the electric field magnitude would certainly
be higher, since the distance between the working electrodes and
the reference increases, enabling easier detection of electric field;
second, all the potentials will be simultaneously measured without
any contact at the recording locations and with the same reference.
In this way, only the reference establishes contact with the subject
skin.

3. Photonic sensor for the wearable brain cap

Due to the level of integration required, an optical readout
method is proposed. This method uses optical sensors placed at
the fiber tips in order to sense the electric field, i.e. the biopoten-
tial. Each fiber is then used to route the sensed biopotential to the
readout device. In this way, a net of optical fibers is required to
provide access to all the desired biopotentials, as depicted in Fig. 2.
With this method, the integration requires only an optical fiber net-
work integrated within the brain cap. That integration method will
be explained in a subsequent section.

The readout solution is based on a fiber-optic sensor that relies
on the electro-active principle, in order to use electric field to mod-
ulate an optical signal. The main functional stages of this sensor are
depicted in Fig. 3 and are: optical signal generation; control and
modulation; and detection.

Briefly, the first stage uses a light source to generate an optical
signal that will be fed to the modulator. The same light source can
be shared by all sensors, trough the optical fiber network. In a sec-
ond stage, the modulator, which may be based on an electro-active
coating material, like a hydrogel or other piezoelectric material,
will change a specific light property (e.g. polarization, intensity).
For detection, the modulated light is guided to a photodetector for
measurement. The light property modification observed is propor-
tional to the biopotential itself, being therefore possible to translate
this result into a biopotential recording.

The main advantages of these electrodes are: they do not require
any contact with the surface to be measured, and they allow a
high-degree of miniaturization. The contact is avoided, since they
measure the electric field and not the potential, as the traditional
solution does. This may also be achieved using an instrumentation
amplifier to read the electric field, instead of a voltage. However, the
use of integrated circuits will make the integration more difficult.

The sensor’s miniaturization is possible and does not consist a
problem since smaller electrodes lead to higher input impedances,
which is exactly one of the desired conditions for devices used
to record biopotentials. In this way, the smaller the electrode, the
larger the input impedance obtained. The device size will be lim-
ited mainly by the length of interaction between the electric field
and optical sensor.

Many solutions may be envisioned to obtain an optical sensor,
leading to an optical electrode. One can be based, for instance, on
conventional electro-optic modulators (Kingsley et al., 2004). How-
ever those solutions may become very bulky for integration on a
wearable braincap. The desirable solution could be a fiber pigtail,
with the electric field sensor on its tip. The proposed methodol-
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Fig. 4. Sandwiched three-layer scheme of a wearable device fabric.

ogy uses an electro-active hydrogel that, besides being of low cost,
allows for the easy modification of its physical and chemical prop-
erties (Bassil et al., 2008; Osada and Gong, 1998). The hydrogel
is constrained at the end of the optical fiber, as near as possible
to the subject scalp in order to increase the detection sensitivity.
Special attention must be taken while constraining the gel. In fact,
it has been a problem for several years (Paxton, 2006). However,
recent advances in this field have allowed the use of micromechan-
ical techniques to design high-sensitive hydrogel-based sensors
(Richter et al., 2008). An attractive and appropriate solution for our
system could be based on what Hilt et al. (2003) described, where a
stimulus-based hydrogel is used to functionalize a microcantilever
structure for pH detection.

When submitted to an electric field, a deformation of the gel
occurs and as a consequence, its distribution on the fiber tip will
change. Therefore, if the gel expands after submitted to an electric
field, it will occupy more fiber tip space, becoming a barrier for
light transmission. Therefore, the amount of light transmitted will
change, as well as the refractive index, causing light modulation.

4. Sensor integration on the wearable cap

The fabrication technique used to design the device is based on
the multilayer integration of different types of materials, allowing
for the integration of several components, e.g. sensors, actua-
tors, optical fibers, electrical wires, antennas. This integration is
made concurrently with the deposition and resorting to print-
ing techniques. The layers can be composed of different materials
such as polymeric, metal, or synthetic materials. For instance,
the fabric could consist of a polymeric material sandwiched in a
synthetic layer, and the sensors and actuators, or even other com-
ponents would be printed, for instance, in the polymeric layer
(Fig. 4).

The smart structure based on the integration of smart sensors
in polymeric foils is mainly restrained by the fabrication technique
in industrial environment. The majority of the common polymeric
foils, with some customization possibility, are based on the spread-
coating process.

4.1. Integration technology

When developing a flexible sensing structure, the need for an
easy to apply product becomes evident. In this context, the sensing
product should be easily handled, where the possibility to dam-
age the integrated optical sensing elements must be as small as
possible.

Moreover, it is important to ensure a good bonding between
the sensor and the foil substrate to ensure the minimum sen-
sitivity loss by the polymeric component. Also, the thickness of
the whole structure should be as small as possible, or at least,

the distance between the integrated sensor and the host struc-
ture should be minimized. This ensures that, the existent polymeric
layer between the host structure and sensor is reduced, guaran-
tying the maximum transference of stimuli from the host. Other
requirement for the structure is its ability to be applied in reg-
ular and irregular surfaces, enabling a broader application field.
This feature requires flexibility and dimensional stability from the
sensing structure to sustain some application methods (Silva et al.,
2008).

4.2. Fabrication technique

The fabrication technique is based on an industrial process,
which allows for the fabrication of very large flexible substrates
with integrated sensors that can be tailored to obtain a brain cap,
or any other flexible smart sensing structure. This technique con-
sists in the deposition of one or more layers of plastisols on a
support, such as paper, that is cured afterwards in ovens (Silva
et al., 2010). Because of its versatility, this technique constitutes
an optimal choice for the development of flexible optical sensing
foils.

The spread-coating process consists on the plastisol spread-
ing over the substrate or carrier (e.g. release paper) fixed on a
metal frame. The movement of the carrier makes the plastisol pass
through a gap between the knife and the substrate, scrapping off
the excess of plastisol and ensuring a homogeneous thickness. The
amount of applied plastisol is controlled by the adjustment of the
gap between knife and substrate. After the coating application as
uniform plastisol layer over the substrate, the whole metal frame
is inserted in the oven to cure. After heated above the curing-
temperature (130–400 ◦C), the polymer becomes homogeneous
and a solid phase results.

4.3. Structure layout

With the requirements of ease handling, reduce interference by
the polymeric layer, structure flexibility and dimensional stability,
optical fibers and sensors integration should be done by inserting
them directly in the carrier matrix and not bonding the optical ele-
ments on the carrier surface. With the sensors inside the polymeric
matrix is possible to guarantee a better bonding of optical fiber with
the polymeric matrix, and subsequently a better transfer of stimuli
from the host material to the sensor.

For this purpose, a multilayer structure approach is considered
the most suitable. The layer #1 plays the role of a protective skin
for the optical fiber. This will be the visible layer when applying
the structure. Thus, this layer has the possibility to be fully cus-
tomized in terms of surface texture and color. Optical fibers are
flexible and can be easily bent but they always tend to recover
their initial shape. It is therefore mandatory to bond the fiber to
the substrate over which it is deposited. The use of adhesive poly-
mers was avoided by an intermediate layer (layer #2). The density
and, especially, the whole formulation of this layer are responsi-
ble for the fiber adhesion to the carrier and for keeping it steady
in its place. Finally a third layer is applied as an interface layer
between the sensing foil and host structure. The material chose
for the layers was polyvinyl chloride (PVC). Plasticized PVC has a
good cost/performance ratio and uses simplicity during manufac-
turing processes. Furthermore, PVC exhibits many advantages like
high-competitive production costs, high versatility, high resistance
to ageing and ease of maintenance.

4.4. Fabricated devices

For prototyping, a laboratory scale setup was used to imple-
ment the industrial process conditions and is perfectly suitable for
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industrial scale-up. The above-described process enables the pro-
duction of prototypes with A4 dimensions. The final result is a third
layer structure, and a sample of the polymeric fabricated with this
technique can be found in (Silva et al., 2010). The optic fibers and
sensors embedded in the sample material, as well the flexibility of
the fabricated material, facilitates its use in a wearable device and
in particular to the wearable braincap.

After applying the fabrication steps described, the final result
was, at naked eye, a normal fabric that may be used to fabricate
a common t-shirt, or even a scuba diving suit. In this case, we are
able to design a normal and wearable cap or even, if necessary, a
normal swimming cap.

5. Electric field photonic sensor

In order to validate the use of a hydrogel-based photonic sen-
sor in the wearable brain cap system proposed, we studied some
parameters trough a set of experimental protocols. We performed
some tests to evaluate the electro-active properties of the selected
hydrogel, in order to obtain the minimum electric field that could
be detected with its use as a sensing element.

Polyacrylamide (PAAM) hydrogel is an electro-active polymer
with great sensing capabilities to physical, chemical and biological
environments and response to external stimulus in a controllable
way. PAAM shows abrupt and vast volume changes as well as bend-
ing phenomena when submitted to an external electric field (Bassil
et al., 2008).

5.1. Electro-active hydrogel

The electro-active hydrogel used as the sensing component of
our sensor is the PAAM hydrogel. When submitted to an external
electric field, PAAM undergoes a bending process, altering its mass
and volume properties. Likewise, an input light passing through
this hydrogel will experience modifications, not only regarding the
refractive index, but also the amount of light that is transmitted
back to the photodetector.

An acrylamide 99%, N,N′-methylenebisacrylamide (BIS) 98% as
cross-linker, N,N,N′,N′ tertramethylethylenediamine 99% (TEMED),
ammonium persulfate 98% (APS) and aniline purum 99% were
used to obtain the PAAM hydrogel. All chemicals were purchased
from Aldrich and used as received without any further purification.
Deionized water was used for all the dilutions, the polymerization
reactions, as well as for the gel swelling. PAAM is synthesized by the
standard free radical polymerization method using 1 ml acrylamide
(30%), 60 !l APS (25%), 20 !l Temed with no cross-linker under vac-
uum. After complete polymerization, the resulting gel was diluted
in 4 ml of deionized water and 5 ml Acrylamide (30%), 250 !l BIS
(2%), 10 !l APS (25%) and 4 !l Temed was added to form the pre-
cursor solution. A comprehensive study of the properties of PAAM
hydrogel may be found on Bassil et al. (2008).

5.2. Experimental setup for sensor characterization

The electro-active properties of PAAM gel were evaluated by
an experimental setup consisting of an electric and optical stage.
The gel was placed between two copper electrodes inside a beaker,
and a sinusoidal electric field was applied. Fig. 5 depicts the experi-
mental setup used to test the electro-active properties of the PAAM
gel.

As shown above, the optical stage is composed of: a 250-W
quartz–tungsten–halogen (QTH) lamp in an Oriel Housing (66881,
Oriel Instruments) is used as the light source with variable power,
a monochromator (Cornerstone 130TM, Oriel Instruments), an opti-
cal fiber, a detection module based on a photodiode (S1336-5BQ,
Hamamatsu) with a photosensitivity of 0.26 A/W at a wavelength

Fig. 5. Experimental setup for testing the electro-active properties of PAAM gel.

of 510 nm, a picoammeter (467, Keithley Instruments) and a com-
puter with an in-house software acquisition. Light passes through
the gel and the amount of light that passes through is collected at
the detection module. On the other hand, at the electrical stage,
an electric field was generated by applying a differential voltage of
10 V at different frequencies, between both copper electrodes.

6. Results and discussion

The following sub-sections will expose the results and respec-
tive discussion, whose relevance is of extreme importance since
they define the applicability of hydrogel-based sensors in a wear-
able braincap. First, the exhibited PAAM hydrogel electro-optic
translation mechanism is explained. Next, the results regarding the
sensor response to electric fields and its frequency response are
shown and discussed. These last sets of results are very important
in characterizing the sensor sensitivity and frequency range.

6.1. Electro-optic translation mechanism

Due to its electro-active property, the gel will go under a few
alterations when submitted to an external electric field. When
applying a sine wave function the gel will bend towards the posi-
tive pole and therefore it will oscillate up and down at the selected
frequency. As a result, when a beam passes through the gel, the
amount of light that hits the photodetection stage will change, i.e.
the light that was not attenuated by the sample. In other words, at
the interface between the two mediums (air and PAAM hydrogel),
the difference in their refractive index will cause light refraction.
However, part of this light is reflected when the beam reaches
the gel surface, causing light attenuation. This can be due to two
main reasons: changes in refractive index due to density alteration
when the gel bends; different angles of interaction with the sample
surface.

Once we are causing the gel to bend, its density suffers alter-
ations and consequently so does the refractive index. As the gel
bends towards the positive pole, its density decreases as it shrinks,
causing an increase on the refractive index. Therefore, it will facili-
tate light entry across the gel sample, which was experimentally
confirmed. The opposite occurs when the gel bend towards the
cathode.

Another possible explanation would be at the level of interaction
of the light beam with the surface of the gel sample, i.e. angles of
incidence. The critical angle plays one of the most important roles
in the reflection phenomena, since it is the main determinant of
total internal reflection. In fact, if the angle of incidence exceeds
the critical angle, all the light is reflected.
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Fig. 6. Frequency response of PAAM hydrogel.

6.2. Sensor response to electric fields

In terms of sensitivity, the experimental setup included a
1 V-generated electric field, which produced differences in light
intensity of approximately 0.4 nA. Since one of the most impor-
tant requirements for biopotential sensors is its smaller size, it is
important to use thin hydrogel samples. This is actually a bene-
fit for our application, since according to Bassil et al. (2008) it is
possible to establish a linear relationship between the amount of
electrical power applied and the thickness of the hydrogel sample.
In fact, the displacement of a thicker sample implies an increase of
its mass and consequently more electrical power to move instanta-
neously. This linear relationship between the electric field and the
sample thickness, allows to roughly estimate what would be the
electric field needed to obtain the same bending. Therefore, if the
gel is constrained according to the design described in Hilt et al.
(2003), a PAAM hydrogel thickness of 2.2 !m can be used, and in
this case the electric field needed to result in the same bending is
2.2 !V. Taking into account that the sensitivity of the picoammeter
is 0.01 pA, and that EEG amplitudes are usually above 2.2 !V, this
approach is able to record signals in the necessary range.

These results contribute to the recommendation of these sen-
sors for wearable EEG acquisition systems, in particular braincaps,
since they have shown the recommended sensitivity. In addition
and in opposition to other acquisition techniques, our approach
proofs to perform better as we reduce the length scale. The use of
optical fiber-based sensors it is also an improvement since some
drawbacks of the available EEG acquisition systems can be sur-
passed, such as: electromagnetic interference, need for electrical
wires, low flexibility, integration problems, contact requirement,
resistance to harsh environments, and others.

6.3. Sensor frequency response

One of the most important parameters of a transducer is its fre-
quency response, because it determines its ability to reproduce
the signals at the transducer input. As a result, we determined
the frequency response for the developed sensor, and the result
is depicted in Fig. 6.

As shown in Fig. 6, we were able to acquire a signal over the
entire frequency range selected, and according to the EEG fre-
quency components stated before, this hydrogel is suitable for the
detection of important brainwaves, such as delta, theta, alpha and
part of beta brainwave. However, some fluctuations in the optical
signal amplitude were seen, due to limitations in the picoammeter.

According to Bassil (2008), the time required for the sample
to bend increases linearly with its thickness, which means that
the frequency response of PAAM hydrogel improves with very

thin samples. Considering the EEG frequency range and the gel
frequency response, PAAM hydrogel is an eligible electro-active
material to be used as a brain biopotential transducer.

7. Conclusion

A new generation of wearable electrodes for brain potential
measurement, based in an innovative wearable brain cap inte-
gration technique, was proposed. The sensor was designed to
respond to an electric field, instead of an electric potential, opening
the opportunity to design new electrodes that require no con-
tact between their surface and the subject skin, avoiding time
consuming and uncomfortable attachment procedures. This fiber-
based integration approach, which basis of operation relies on
the electro-active principle, making much easier the integration
of electrical field sensors in wearable devices. The electro-active
hydrogel was tested as a candidate for the sensing/modulator com-
ponent – PAAM, showing an adequate sensitivity and frequency
response, as well as the ability to perform better as sample thick-
ness decreases, placing it as an eligible sensing component for
biopotential recording applications.
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