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Abstract

Electrical impedance tomography (EIT) is a non-invasive, real-time, continuous imaging
technique that has multiple applications in health care. EIT is a realizable technique for
radiation-free medical imaging ranging from real-time monitoring of bone fracture repair to
lung functioning. This work explores the prospect of printing a wearable bioimpedance sensor
on textiles for EIT imaging. Screen printing and Stencil printing were applied to fabricate the
sensor on the textile substrate and the imaging was carried out with the worn sensor on the
human body. The first part of the work focuses on developing a flexible textile sensor in the
form of a bracelet to obtain cross-sectional images of the forearm that unravel bone features
like shape, size and position. However, body parts such as the thorax have added complexities
due to their constantly varying perimeter and uneven shape. It is a significant prerequisite for
the wearable sensors to apply to dynamic body parts where irregular shape and continuous
volume variations occur. The second part of the article therefore addresses the fabrication and
testing of a stretchable textile-based sensor to address such instances of body dynamicity. The
proposed stretchable sensor, worn on the thorax, demonstrates the feasibility of imaging such
an uneven and dynamic body part. Although the EIT images are inherently attributed to low
resolution, this work shows the prospect of wearable imaging applications in health monitoring.
Apart from demonstrating the printed sensor for EIT imaging, the article shows the image
rendering quality dependency over the frequency of the signal and the number of electrodes.
This work could light up to initiate further research on wearable EIT based health monitoring

devices for real-life scenarios.
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1. Introduction

The importance of personal health care systems for non-
invasive health assessment and disease diagnosis has grown in
recent years [1]. After the introduction of flexible electronics
into bio-medical applications, demand for wearable and
portable devices ascended. Also, the application of advanced
communication technologies resulted in a paradigm shift from

XXXX-XXXX/ XX/ XXXXXX

a hospital centred health care model to a preventive and
personal health care model [2-4]. Modern wearable health
monitoring systems demand for certain prerequisites like the
compatibility to continuous monitoring in a non-invasive way
and the ease of use. Along with the functionality requirements,
the wearable device has to be deformable, conformable,
economical and preferably fabricated on textiles, also known
as smart textiles [5, 6].

© xxxx IOP Publishing Ltd
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With the rising market for wearable electronics, the smart
textile concepts also grabbed attention and started to grow [5,
7]. Smart textile production has got several roots from
weaving, embroidering, knitting and printing techniques
ultimately producing various devices, from the temperature,
strain and Electrocardiogram (ECG) sensors to light-emitting,
energy harvesting and logic circuit devices [8-11]. Among the
different production techniques, printing seems to be more
attractive as it offers the freedom to deposit a wide range of
material compositions (silver, carbon, piezoelectric, dielectric,
semiconducting polymer inks) to produce flexible and soft
functional textiles at a higher speed and a lower cost [12-14].
Proper designing of the sensor architecture and the selection
of suitable inks makes the wearable device bio-compatible for
the human body.

Printing of conductive structures on fabric has already been
reported in the literature and screen printing is an obvious
choice for fabric printing since it is known for thick (even
above 10um) material deposition [14, 15]. Typically
roughness and absorption are the two main constraints for
printing on the textile substrates. To acquire adequate
uniformity and wettability for the surface over which
conductive electrodes are printed, Gordon et al. reported of
coating a planarizing layer of polyurethane on the textile and
applied the sensor for biopotential measurements [16]. Hong
et al. developed a textile-based wearable compact sensor
system for EIT imaging of breast cancer. The electrodes are
fabricated on textiles applying planar fashionable circuit board
technology (P-FCB) and tested on phantom made up of agar
and carrot for breast and cancer tissues, respectively. This
study shows that cancer tissues of even 5mm in size could be
detected with their EIT sensor [17]. Researchers from UC
Berkeley presented their investigations about printing a
bioimpedance tomographic sensor on foil for pressure ulcer
detection. The findings were quite encouraging and showed
ulcer formation over time by applying constant pressure and
ulcer detection with a corresponding decrease in the
impedance of the mice tissues [18].

EIT imaging is based on the mapping of bioimpedance
distribution, measuring the electrical response of the
biological body to applied electrical signals. This work
discusses the EIT imaging of the human body which
comprises of different tissues. Each kind of tissue has unique
electrical properties that depend on its composition. Tissues
consist of cells, and the cells are mainly built up of cell
membrane and aqueous contents. A living cell possesses a
capacitive nature with an ion-rich conductive cytoplasm
embedded in a conductive extracellular fluid separated by a
constant phase element cell membrane. Cell membranes
mainly consist of lipid layers and proteins are attached to it.
Their proportion varies with the tissue types in which the
lipids are mainly made up of glycerol and fatty acids. In
contrast, the building unit of protein is amino acids. The

polarity of these molecules is pertinent in determining the
dielectric properties of the cell membrane.

Along with this, the aqueous part also plays a role in the
properties of the tissue. For comparison, the bone marrows
water content is 8-16%, whereas it is 73-78% in muscle
tissues. The conductivity of the tissues is majorly due to the
presence of ions. In an electric field, the conduction current in
the tissue mainly depends on ion mobility and its
concentration. The bound charges within tissues such as polar
molecules and electrical double layers contribute to their
complex dielectric properties [19]. The characteristic changes
of the electrical signals, while passing through a biological
medium according to the impedance changes, account for the
bioimpedance measurements. These measurements also
depend on the applied signal frequency. The low-frequency
signals would prefer an irregular passage through the
extracellular fluid having a lower impedance, while the high-
frequency signals would travel relatively straight across the
cell membrane as shown in Fig.1 [20-23].
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Fig.1 Depiction of low frequency and high-frequency current signal
behavior in living tissues (upper image). Equivalent circuit diagram
of current passing through tissue (lower image) [24].

Electrical impedance-based body analysis, imaging and
diagnosis are embedded in health care practices and there are
many applications developed based on impedance
measurements of the body [21, 24-27]. EIT enables to draw
the conductivity map (2D or 3D image) of the specimen to
reveal the physiology, composition and damages of the region
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of interest [22]. The device consists of an array of electrodes
arranged around the test specimen. When a small alternating
current is applied between two electrodes, the corresponding
potential difference generated is measured at all other
electrode pairs. Bioimpedance based tomography can be a
miniature application of medical imaging techniques and finds
applications as wearable and portable health monitoring
systems. As a wearable functionality, it can be a promising
technique for continuous monitoring of wound healing,
pulmonary functioning, fracture monitoring, stroke detection
and many more reported in the past [18, 24, 28, 29]. EIT could
guide the ventilator settings for a mechanically ventilated
patient and such systems are commercially available [28, 30,
31]. All the mentioned health monitoring applications
explicitly demand a non-radiative, low cost, portable and
wearable device for continuous imaging, where computed
tomography (CT) or magnetic resonance imaging (MRI)
becomes impractical. It is a fact that EIT imaging doesn't
provide high spatial resolution images as above mentioned
techniques, however high temporal resolution of the EIT
images is a prerequisite in many biomedical applications [24].

The first EIT image was produced decades before and the
technique lodged immense growth prospects. Nevertheless, it
had a low-paced development towards commercialization and
it is less adapted for real-life applications [30]. Medical
electrodes with their associated circuitries are being used for
EIT imaging over these years. Inconvenience caused by three-
dimensional metal structures, and cumbersome and limited
portability restricted the medical electrodes from continuous
monitoring applications. In addition to this, the difficulties
arising from the equidistant electrode placement and the pain
caused by the adhesives on removing the electrodes makes
them less attractive. This article provides a feasibility study
leading towards a new category of devices that can meet the
functional requirements of wearability and EIT imaging in
textile platforms for health monitoring.

This study's main focus lies in the fabrication of two
dimensional EIT sensors on textile substrates, applying
different printing techniques. The smart selection of materials
and appropriate printing processes ensures the flexibility
and/or stretchability of the sensor on textiles at low production
costs. The electrodes printed at equidistance in the textile
sensor and its soft interface with the skin provide
comfortability and reduce the practical difficulties in the
medical electrodes' attachment. The initial part of the article
discusses the fabrication of a textile-based (flexible but not
stretchable) sensor in the form of a bracelet for EIT imaging
of the forearm cross-section. The latter part deals with
relatively more complex thorax imaging that is challenged
from continuous volume changes due to breathing. This
section also tries to address the problems like proper sensor-
skin contact and comfort in wearability through a stretchable
textile sensor. In contrast to the sensor fabrication for static

body part imaging, distinct sensor fabrication strategies are
adopted with an appropriate substrate and material selection
for the imaging of dynamic human body segments. Heading
towards a proof-of-concept device, the sensor effectivity is
tested for human forearm and thorax imaging respectively.

2. MATERIALS AND METHODS

2.1 Materials and processing for sensor fabrication

The proposed work applies textile substrates for sensor
fabrication, as they are considered one of the most convenient
wearable platforms. Non-stretchable and stretchable textiles
with the modulus of elasticity of 48 MPa and 0.188 MPa
respectively are used in the work (up to 25% of stretching).
The fabrication starts with electrode printing and silver is an
excellent choice as an electrode material due to its high
stability,  low-temperature  processability —and  cost-
effectiveness. Above all, it is used in wearables due to the low
contact impedance offered as it is redox-active; meanwhile, its
relatively short lifetime compared to gold and platinum is a
major downside. A silicone elastomer is deployed as one of
the top layers to supplement the conductive tracks' insulation
and serve as biocompatible skin contact. Furthermore, it helps
to omit the relative movements (slip) of the worn sensor as its
mechanical properties are analogous to the skin[32]. This
could help to avoid the motion artefacts and better EIT
imaging of the human body. However, there are constraints in
the printing of textile sensors. The substrate's roughness and
high ink absorption nature are challenging to turn it to
functional with printing and coating. To address such issues,
thick film deposition techniques such as screen printing,
stencil printing and blade coating are used to deposit the
different functional materials.

Screen printing is a conventional technique categorized as
a thick film material deposition method [33]. The setup
comprises a fabric screen stretched and attached to a frame,
where the unwanted areas of the screen are masked with a
suitable emulsion. The thickness of the emulsion coating is the
prime factor deciding the thickness of the printed layer [34].
The functional material in the form of printing ink is pushed
through the unmasked areas of the screen with the help of a
rubber squeegee onto the substrate. Screen printing is widely
used for textile printing applications and in recent times, it is
found adapted into smart textiles as well. Screen printing is
applied in this work because of its excellent attribute to print
on textiles [35]. This work used ISIMAT P1000, an automatic
screen printing machine from Germany to print silver and
insulative material inks. The screen fabric was made up of
polyester with 140 threads/cm and a thread diameter of 31 um
is used for the screen preparation (As per the sensor design,
the screen printing screens are prepared at Mekascreen,
Brussels).
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Blade coating is a relatively simple technique to deposit a
wide range of material compositions. Here the blade and
substrate gap can be controlled with micrometer gauges on the
top side of the blade. Blade coating is mainly used in this work
to deposit a uniform layer of silicone elastomer. It is made
with a coating instrument from MTI Corporation, USA
(Model MSK-AFA-11-220). The coating instrument is capable
of making wet films thickness ranging from 5 to 3000 um. The
gap between the blade and substrate is approximated to 200
pum for the silicone elastomer coating. The stencil printing
technique is considered in the same category of screen printing
but as an older format of it [34]. In this work, a mask (stencil)
is designed using Adobe Illustrator software, later transferred
to a masking substrate. The masks are realised on a polymer
foil where the areas of material deposition are left open. This
is made possible with the use of a laser engraver (Trotec,
speedy R100 CO2 laser) to selectively remove the masking
sheet. The masking sheet is a thermoplastic polyurethane
(TPU) foil (from Grafytip, Belgium) with liner sheet support.
After the laser removal of the mask opening areas, the liner is
removed and placed on the textile substrate. As the TPU foil
is mildly adhesive to the textiles, the squeegee does not let the
mask move from its position during printing. The printing
paste is pushed through the mask openings and the wet film
thickness would be approximately equal to the thickness of the
masking sheet. This way, one could obtain a higher aspect
ratio and thicker ink deposition with patterning prospects.

2.2 Fabrication of the flexible textile sensor

The textile substrate used for this sensor is a polyester
woven fabric (100% polyester - washed and fixated -
kw11401) from Concordia Textiles (Valmontheim, Belgium)
with an average roughness of 6um. It has shown good
printability and flexibility properties and is stable up to 140°C.
The conductive ink, Flexible silver paste (C2131121D3) of
sheet resistance 100mQ/Square, viscosity 6.5 - 8.5 Pa.s) and
the insulating ink (D2090130P4) were purchased from Gwent
group (Pontypool, United Kingdom) which has already
proved for its flawless performance for the flexible device
applications [14]. A silicone elastomer, Polydimethylsiloxane
(PDMS) Sylgard 184 (base A) and curing agent (base B) were
purchased from Dow Corning Corporation.

The substrate was first processed at 120 °C for 10 minutes
to avoid dimensional stability problems during the printing
and curing. Subsequently, a predesigned electrode structure
was applied to the fabric using screen printing (roll-to-roll
process compatible technique) with the flexible silver paste.
The printed structure was kept in a box oven at 120 °C for 10
minutes to remove the solvent part of the deposited ink and
further sinter the ink to make the structures conductive. As a
next step, a layer of insulating paste was screen printed over
the silver tracks. Only the conductive tracks were covered
while the electrodes for skin-contact were kept uncovered.

The insulation layer was cured at 120 °C and a layer thickness
of 10-15um was achieved. Then an additional layer of PDMS
was deposited over the insulation layer. The PDMS base A
and base B (curing agent) were mixed in the weight ratio 10:1
and this mixture was deposited using a blade coating
applicator. To avoid the PDMS inflow into the electrode area,
those are masked with a paper tape. The resulted PDMS film
was cured at 70°C in a box oven for 1 hour. As a final step,
electrode gel (Signa electrode gel from Parker Laboratories,
New Jersey, USA) was stencil printed over the electrodes.

2.3 Fabrication of the stretchable textile sensor

A stretchable sensor was designed on top of an elastic
polyester textile substrate (from Concordia Textiles
Valmontheim, Belgium) of length 70 cm and 16 electrodes
were arranged at equidistance. Unlike the substrate used for
the non-stretchable (flexible) sensor, the one used here is
rough and more absorptive which does not let screen printing
be the deposition technique of choice. Therefore, stencil
printing was used to deposit thick layers of silver paste PE873,
Dupont (stretchable conductor) through a mask for realizing
the electrodes and the tracks (Fig.2). Selectively removed
electrode areas in the mask help to carry out thick layer
deposition of silver paste followed by its curing step at 110°C
in a box oven for 20 minutes. Subsequently, an insulating ink
Tubicoat Mea from CHT group (polyurethane-based and
compatible with stretching) was printed through another mask
to ensure that the tracks are not causing any interference when
touching the body. Thanks to this selective deposition method,
the textile well maintained its stretchability. The sensor
fabrication underwent the deposition of a thin, uniform layer
of PDMS and it was cured as mentioned previously. During
this step, the electrode area was kept masked to avoid PDMS
deposition on skin-contacting areas of the electrode. As a final
fabrication process, an electrode gel is deposited on the



Journal XX (XXXX) XXXXXX

Author et al

electrode's skin-contacting areas as mentioned in the previous
section.

Squeegee

Silver paste
Ma
sk Textile
Step 1 / il
Insulati .
Ive Ink Silver electrodes and
tracks Mask
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> ) -~ -
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PDMS Elect'rode and
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Fig.2 Stretchable sensor preparation. Stepl: printing Silver paste on
stretchable textiles, Step 2: printing insulative ink on tracks (leaving
out the electrode and connection ends), step 3: blade coating PDMS,
step 4: electrode gel deposition

2.4 Measurement Methodology

EIT image reconstruction is a technique that gives the
possibility to reconstruct the electrical conductivity
distribution of a closed domain in a conductive medium based
on the surface potential generated at the boundaries on
injecting a known current signal. To do this, different
measurement patterns available were studied [36].

Isopotenial lines

a.  Conductivity

Current flow lines
Fig.3 Measurement methodology overview

EIT, similar to other soft tomography techniques, defines
diffusive probing energy which results in a significant
variation of sensitivity in the domain of interest.
Reconstruction of such images requires an inverse problem
technique. A nonlinear method is used to solve this problem,
the Gauss-Newton solver [37]. It solves the inverse problem
by iterative linearization of the nonlinear relationship between
the impedance and the electrical potential measurements. To
do this, the Jacobian (sensitivity) matrix is recalculated for
each iteration allowing the finding of the minimal error
between the measured value and calculated value.

=2 U=V (= V) (€D

With s standing for a function describing the conductivity
at a specific point, V,, is the measured potential value at the
boundary and V. the calculated potential value. This algorithm
provides a reconstruction image of the conductivity
distribution. However, as previously mentioned, the ill-posed
inversion problem in EIT must be regularized.

min 1~ FIE + M6@I?}  (E0.2)

Equation (2) describes a general framework of EIT, here
the term (G (o)) represents a matrix for the regularization
term. Based on this equation the conductivity matrix of an
unknown domain can be calculated showing the
inconsistencies regarding the conductivity distributions at
each point in the predefined finite element model.

2.5 Measurement Pattern

In theory, a four-point configuration provides a more accurate
impedance measurement than a two-point configuration
because the parasitic resistance of the wires is not included in
the measurement. However, four-point measurements are
inherently difficult due to the current path problem and non-
ideal contacts between the electrode and the tissue sample,
also known as the contact impedance, especially in tissue
measurements. There are inherent difficulties in measuring the
impedance of non-homogeneous materials [38].

One of the biggest challenges is the current path problem. This
is the path taken by the current between the two injection
electrodes, the current will follow the path of least resistance
rather than the direct path predicted for a homogeneous
material. While a four-point measurement configuration is
preferred because of its ability to minimize contact impedance
and parasitics, the current path problem is worse in a four-
point measurement. The measurement of impedance using a
collinear arrangement of four electrodes relies on the key
assumption that the current driven between the outer pair of
electrodes passes through the material uniformly, and thus the
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voltage measured by the inner measurement electrodes can be
used to calculate impedance from Ohm's law. If the current
takes an unknown path between the injection electrodes
instead of passing straight through the material below the
measurement electrodes, the actual voltage generated within
the material will be very small and the measured impedance
will be erroneously low. In high precision measurement
devices that use a range function to ensure linearity, the
problem becomes worse. To maintain a constant voltage at the
measurement electrodes with uncertainty about the current
path results in an overloading of the drive circuitry and the
inability to properly measure impedance.

The adjacent method (also known as the neighbouring
method or the Sheffield data collection protocol) is applied in
the measurements of this work [39]. In this method, the current
is injected in two neighbouring electrodes and the voltage is
measured from other successive adjacent electrode pairs.
More concrete, in the first cycle of measurements, the current
is injected in E1-E2 and the voltage is measured from the
electrode pairs E2-E3, E3-E4, E4-E5, E5-E6, E6-E7, E7-ES8,
E8-E1. Note that electrode-pair E1-E2 was excluded from
voltage measurements, but E2-E3 and E8-E1 were not. The
next cycle of measurements is one with current injection on
E2-E3 and voltage measurements from E3-E4, ..., E1-E2.
After eight cycles of measurements, there are 56 voltage
measurements available [40].

A lot of different methods for current injection and
measuring patterns are described for electrical impedance
tomography, but up till now, there is no consensus on what the
ideal method is. In previous work, the adjacent method, the
opposite method and the opposite driving/adjacent measuring
method were compared to determine the best method for our
setup and goal [36]. Based on visual interpretation, the
adjacent method performed the most consistent and thus is the
method of choice. Of course, the choice for this method
implied a couple of benefits. Implementation of a minimal
amount of hardware is one of the major benefits together with
the high temporal resolution, compared to other methods.
However, a downside is the current-density in the centre of the
object under test. Because the excitation signals are between
neighbouring electrodes, electrical field lines will remain
close to the boundary. This means that the adjacent method is
prone to noise and error [41]. As a noise reduction method, the
Laplace prior opts as the most optimal way to determine the
regularisation term (4). The approach of this common edge-
sensitive filter makes it possible to detect edges and to make
the reconstruction of the phantom more demarcated [42].

The above measurement methodology is realized using a
MUSEIC V2.0, a low power sensor with multiplexing
capabilities developed by IMEC, Belgium [43]. The EIT
image reconstruction made with the framework of EIDORS
which is used in MATLAB 2018b, a compilation of

algorithms that falls under the GNU Public License [44]. The
duration of measuring all the potential values and the
switching of the multiplexer takes in total 56.0s, for switching
between the channels it takes 0.5s and again another 0.5s for
the measurement itself. An electrical current of 100pA and a
frequency of 10kHz was applied for the experiments.

2.6 Other Characterisations

Electrode to skin contact impedance is measured with

medical electrodes (3M red dot electrodes) and the textile
sensor. Two medical electrodes are attached to the skin,
maintaining a definite spacing (2.5cm) between them. An
electrical current of 1004A over a frequency range of 100Hz
to 100kHz is applied between two electrodes and the
corresponding voltage is measured between those electrodes
to calculate the contact impedance. The measurements are
repeated with textile electrodes attached to the skin surface,
keeping the inter-electrode spacing the same as before.
The sensor strain measurements were established with the help
of an inhouse made strain test bench. Both ends of the textile
sensor were placed and attached firmly in between two metal
plates. These holding plates move apart with a speed of 1cm/
minute, driving the stretching of the test specimen.
Simultaneously, the electrode is connected to a multimeter
through a Labview program to measure the corresponding
resistance change due to stretching. The sheet resistance of the
electrodes is measured with an in-house built VVan der Pauw
four-probe measurement system. The cross-sectional images
of the printed sensor are made with Scanning Electron
Microscopy (SEM). The SEM imaging is carried out with a
FEI Quanta 200F electron microscopy, Hillsboro, USA)

3. Results and Discussion

3.1 EIT imaging for the human arm

To perform wearable EIT measurements, an arm wearable
sensor band was designed and developed (sensor fabrication
mentioned in section 2.2). As an initial step, a feasibility study
was made on the wearable sensors for EIT imaging.

3.1.1 Printed flexible EIT sensor (non-stretchable) on
textiles for forearm

— Electrodes
— Electrode gel

TN =
LI

Textile fabric substrate

2.5cm

Fig4. The textile sensor is worn on the forearm (left), the design of
the fabricated bioimpedance sensor (right).
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As can be seen in Fig.4, the design of the sensor consists of
8 electrodes which were placed at equal distances over a
length of 20cm. Each electrode has a dimension of 15mm by
15mm where the area of the electrode is inversely dependent
on the contact impedance [45]. The electrodes were printed on
the fabric without a planarizing layer and their sheet resistance
is measured (four prob van der paw method) in the range of
0.065 to 0.1Q/o. These electrodes were connected to the EIT
measurement setup [36] through printed conductive tracks. An
insulation layer was printed on top of the tracks to reduce the
noise distortions in the EIT image. Further, an extra layer of
PDMS was deposited to enhance the insulation functionality
and to get an improved conformability and wearability of the
device. The conductive electrode gel was applied onto the
electrode structures using stencil printing to improve the
signal to noise ratio by reducing the contact impedance. Fig.5
shows the SEM image of the cross-section of the sensor built-

up.

+ PDMS

— Insulation layer
+ Silver

Fabric

Fig.5 SEM cross-sectional image of the sensor showing the built-up
of the sensor using different printed layers.

The bioimpedance sensor was tested on the human forearm
(position shown in Fig. 6A) to obtain a 2D image of its cross-
section. The non-stretchable flexible textile sensor is wrapped
around the forearm and a little pressure is applied to bring the
electrodes to adequate contact with the skin. The 2D image of
the forearm cross-section created with the fabricated device is
shown in Fig.6D.

e Skin

—e Fat
Muscle
Bone

LC

Fig.6 Human arm cross-section. Schematic picture of the position of
the sensor (A), an anatomical cross-sectional pictorial of the forearm
(B), the CT scan image of the forearm (C), EIT image reproduced with

a printed sensor on textiles, HC: high conductive region, LC: low
conductive region (D), Human arm cross-section simplified model
[46, 47](E)

The bioimpedance measurements of the forearm cross-
section obtained with the printed sensor produced an excellent
EIT image (Fig.6D) comparable to the anatomical drawings in
the literature (Fig.6B and 6E). The CT scan (Fig.6C) is a high-
resolution forearm image where the bones' boundaries are
clearly defined. Although the feature definition is less, the EIT
image could also reproduce the bones' shape, size, and
position, leading to some appealing possibilities. In the case
of fracture dressing for patients, a sensor like the one
described here could be easily printed on to it. Such a simple
sensor is supposed to be sensitive to impedance changes that
occur during the bone fracture healing stages and it could give
real-time imaging info about healing [48-50]. A contrast in the
electrical impedance of bone, muscle and fat tissue has been
shown experimentally, and these spectral differences which
EIT attempts to exploit and reproduces the forearm cross-
section (bone 17583Qcm, muscle 211Qcm and fat 3850Qcm

[51]).

3.1.2 Printed sensor in reference to Ag/ AgCl medical
electrodes (ECG patches)

Conventionally, hospitals use Ag/AgCIl medical electrodes
as a prior choice for biopotential measurements. The
placement of eight or sixteen individual medical electrodes is
a time consuming and labour intensive effort and removing
them from the body causes pain [52]. The replacement of these
electrodes with flexible textile sensors possesses a lot of
medical perspectives. Alternative to medical electrodes, soft
interfaced textile sensors enhance user convenience and
reduce the preparation time for initiating a measurement.
Apart from this, the textile sensors are fortunate not to have
the bottleneck of EIT imaging using medical electrodes where
the equidistant placement of the electrodes is a mandatory
requirement for precise measurements [52, 53]. As the proof
of functionality, the printed sensor tested in the EIT imaging
is compared against the medical electrodes and shown in Fig.
7 A and B. Although there are some differences between the
two images, the impedance mapping is essentially identical,
proving the printed sensor's functionality. The root cause for
the observed differences can be assigned to the contact
impedance between the skin and the electrodes of the
respective sensors [54]. The resultant graph in figure 7c
indicates that the lesser contact impedance between the printed
sensor and the skin contributes to better EIT images. Boone
and Holder showed the contact impedance impact on the EIT
image depiction in their work [55]. However, such contact
impedance induced variations in the EIT imaging can be
minimised with the right selection of frequency for the
measurement.
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Fig.7 EIT images of human arm reproduced with medical electrodes
(A) and printed textile sensor (B). Contact impedance measurement
for the printed sensor and medical electrodes to skin shown in (C)

3.1.3 Influence of frequency on EIT imaging
The bioimpedance measurements are based on the
electrical 'signature’ nature of the biological tissues. The
dependency of the electrical signal on the permeability of the
different tissues produces distinct details in the images. The
overall AC conductivity of the tissues can be summarised as
[19]
0 =0y + 2nfeye” Eq.3
Where o is the ionic conductivity of tissue, f is the frequency
of measurements, € permittivity in space and €" is the
imaginary component of tissue permittivity. Eq.3 shows how
tissue conductivity varies with its composition and frequency.
The founding father of biomedical engineering, H.P Schawn
identified three different dispersions, i.e. changes in dielectric
constants to the frequency in tissues occur in three different
steps, namely alpha, beta and gamma dispersions [56]. This
put forward the reliance of EIT imaging on frequency for
different kind of tissues. For this reason, the bioimpedance
measurements over a range of frequencies are more efficient
compared to the measurements at a single frequency [22, 57].
However, EIT generally uses single frequency measurements,
as multifrequency measurements have shown limited success.
They often encounter systematic and sensitivity errors in
impedance mapping (variability between measurements can
lead to spatial inconsistencies) [58, 59]. In this work, the
measurements were performed at three different frequencies
to perceive its impact on image reproduction, as is shown in

Fig.8. All three images depict the bones differently from one
another in shape and size. This could be explained based on
tissue properties and penetration depth dependency on the
frequency of the signal. The frequency selection of the signals
in most of the current EIT measurement systems is narrowed
down to between 1 kHz and 2 MHz.

Another vital aspect to be considered is the contact
impedance between electrode and skin. The skin is a
multilayer organ in which the outer one is the stratum corneum
made up of dead cells. This dead layer forms a barrier for
biopotential signal, leading to contact impedance between
electrode and skin [60]. The skin properties show considerable
regional variability over the human body and contact
impedance as well. A low-frequency measurement may suffer
from high contact impedance between the skin and the
electrodes which are shown in Fig.7C. Meanwhile, the high
frequency could lead to enhanced parasitic capacitance
associated with electrode circuitries introducing some
measurement errors [21]. All these hints that selecting the
right frequency is vital to obtain the body part's actual image.
However, the appropriate frequency is dependent on different
factors like the type of tissue, contact impedance and electrode
spacing [21, 61, 62]. Although (as seen in Fig.8) the EIT
image produced at a frequency of 10kHz seems to be the one
with better features, it could be different in other measuring
conditions. For instance, this experiment used dry electrodes
instead of electrode gel; the resulting change in contact
impedance leads to a higher frequency selection. Similarly, the
frequency choice for bone fracture detection will be different
from the instance of wound imaging due to the difference in
tissue properties. Therefore, it can be concluded that the
frequency selection is very subjective in nature and needs fine-
tuning for each application to obtain an optimum image
definition.

Fig.8 EIT images of the same arm cross-section at three different
frequencies, 1 kHz (left), 10 kHz (middle), 100 kHz (right).

3.2 EIT imaging of the human thorax

This section deals with the human thorax imaging with a
printed wearable stretchable textile sensor (sensor fabrication
mentioned in section 2.3).

3.2.1 EIT imaging for thorax with the printed
stretchable sensor
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Due to the regular shape and the nearly static volume of the
forearm, previous section experiment results showed no errors
that arise from the bad contact of electrodes with the body part.
However, for a body part like the thorax, having an uneven
shape and a continuous volume change, more complexities are
added to the EIT imaging. The thorax imaging with
bioimpedance sensor faced difficulty obtaining homogeneous
contact with the body due to its irregular topography and
breathing, leading to measurement errors. To counteract these
motion artefacts and inadequate contact, several precautions
are taken in the work. To enhance the electrode thorax
interface contact and to attain a simultaneous autotuning in the
perimeter of the sensor along with breathing, the effort
extended to the development of a stretchable sensor. During
the course of thorax imaging, the sensor on the textile was
stretched to 15-20% of its original dimension (perpendicular
to the conductive track direction) and the resistance of the
electrodes and the tracks had shown only minor change. The
stretchability of the sensor is tested with the help of strain-
resistance measurements. Fig.9 illustrates the change in
resistance of conductive tracks of the sensor due to stretching
and the change is about 5-10% of the initial resistance.
However, the influence of this resistance change is negligible
compared to the contact impedance of the electrode to the
skin. The breathing phases of inhaling and exhaling exert
different stretching to the sensor. It causes to induce different
amounts of pressure on the electrode to the body. However,
this varying pressure on electrodes does not significantly
influence the contact impedance when there is an electrode gel
in between [63]. Besides, the PDMS layer, which first of all
serves as an insulation layer has a double purpose. It will also
serve as a kind of anti-slip layer to prevent any movement of
the stretchable sensor, relative to the skin of the subject, during
a measurement.
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Fig.9 Resistance of the electrode tracks plotted against stretching

Measurements on the thorax were made with a 16 electrode
stretchable sensor (the fabrication described in section 2.3))

and it is different from that for the forearm measurements.
This difference in electrode arrangement is due to the contrast
in the perimeter of the forearm and the thorax. The EIT image
was created with the printed sensor worn on the thorax
position (Fig.10A) and the impedance measurements were
carried out by applying a current of 100 pA and a frequency
of 10 kHz. The resultant EIT image, as shown in Fig.10C maps
the conductivity distribution of the lungs and it lines up with
the image (Fig.10B) and with the literature[64, 65]. Anyhow,
some image artefacts occurred from the measurements and the
dark blue shades in Fig.10C resulted from such measurement
errors.

The EIT image reproduced with the printed sensor is proof
of the working principle of a stretchable bioimpedance sensor
on textile for EIT imaging of thorax. Medical imaging for
monitoring the functioning of the lungs has a great
significance. The lung is one of the largest organs in the
human body and it has got a much higher resistivity as
compared to other soft tissues. The rise in air volume causes
the resistivity of the lungs to increase further. [66-68]. This
makes EIT a notable technique to assess the breath functioning
by monitoring the size and shape of the lungs in a real-time
manner. Some studies prove the feasibility of the EIT
technique to learn the regional ventilation of intensive care
patient's lungs as an efficient method to guide the ventilator
settings [52, 67, 69].

Fig.10 Thorax imaging, the position of the sensor worn (A), CT scan
image (Case courtesy of Dr. Andrew Dixon, Radiopaedia.org, riD:
36676)(B), EIT imaging for thorax with the printed sensor on
stretchable fabric (C)
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3.2.2 Impact of the number of electrodes on EIT image
quality

EIT measurement systems are inherently attributed to low-
resolution images compared to other imaging modalities such
as CT or MRI scans [21, 52]. The disadvantages of EIT
imaging arise from different factors such as the relatively low
resolution of the measurable data, troubling signal-to-noise
ratio and the constrained algorithm [70]. One way to improve
the resolution of the measured data is to increase the
measurement count by expanding the number of electrodes
[71]. The EIT image quality to the number of electrodes could
be correlated in a comparable way as picture quality correlates
to camera pixels [21]. However, the addition of electrodes is
limited as it further increases the measurement complexity and
the output data is more susceptible to interference and
measurement errors [71]. Besides, adding more electrodes
implies longer measurement times and reduces the temporal
resolution of the system. Another factor that needs to be taken
into account, when increasing the number of electrodes, is the
necessity of more complex hardware and an increase in
computation costs as the reconstruction algorithm needs to
handle larger datasets. Nevertheless, within the possible
window, measurements were conducted to see the influence
of the number of electrodes in rendering the quality of the
image. Fig.11 represents the EIT imaging of the thorax for an
8 and 16 electrode configuration. It exhibited an enhancement
in the definition of the lung outline on increasing the number
of electrodes from 8 to 16. The image made with the 8
electrode arrangement suffered from a lower resolution,
blurred details and inaccurate boundary mapping whereas the
latter reproduces the lung's position, size and shape with better
quality (light blue colour indicates the lungs).

-

S

-

Fig.11 EIT images for thorax with 8 electrodes (left), 16 electrodes
(right). (The short marks on the periphery indicates the position of
the electrodes in the measurements)

4. Conclusion and outlook

Wearable bioimpedance sensors for EIT imaging printed
on both stretchable and non-stretchable textiles were
demonstrated as a conceivable method for health assessment
of the human body. Industrially applicable and roll-to-roll
compatible processes were deployed for the fabrication of
sensors. The investigation achieves these objectives and the
fabricated sensor was applied to render tomographic 2D
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images of human body parts. The EIT imaging on the forearm
generated different colour shades for bones and the tissues
surrounding the bones based on the conductivity distribution.
The functionality of the sensor was cross-checked with a
conventional sensor (ECG patches) used for EIT imaging as
well as compared to CT images. The impact of the number of
electrodes in rendering quality images was evident from the
features of the image. The frequency response of the tissue and
the impact of signal frequency in image rendering quality is
shown in the results. Likewise, the applicability of a
stretchable bioimpedance sensor for lung imaging is proven to
be a potential tool. Hence the functionality of fully printed
wearable impedance sensors is verified as a possible method
for portable applications of scanning and the influence of
important parameters such as frequency and the number of
electrodes, on imaging are studied and explained.

Compared to the conventional EIT measurement systems,
configuring the measurement setup for a printed
bioimpedance sensor consumes only a little time and provides
high accuracy in measurements due to lower contact
impedance and the placement of electrodes at equal distances
[3]. Wearable and compact impedance analysers for EIT
imaging were reported in different works and are
commercialized [28, 72-74]. Having these compact
impedance analysers integrated with printed textile sensors
introduces the possibilities of wearable, low cost and
radiation-free continuous health monitoring modalities.
Recent studies have shown that the impedance of the wound
increases gradually over time on healing. Real-time
monitoring of the wound healing with a printed sensor on the
wound dressing integrated with a mobile impedance analyser
can help better understand the wound healing process and
eventually help wound diagnosis.
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