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Abstract: Three types of dry polarizable electric bioimpedance sensor for skin bioimpedance moni-
toring without skin preparation have been developed. The sensitive materials as a component of
these sensors are the conductive polypyrrole and hybrid nanocomposite polypyrrole-Ag, with 10%
and 20% Ag incorporated in the polypyrrole matrix. The hybrid nanocomposites Ag nanoparticles
(NPs)/polypyrrole were obtained by introducing the colloid solution of Ag NPs in pyrrole solution,
followed by polymerisation, and calculated for 10% and 20% of monomer’s mass. The structural
characterisation and morphological analysis of these sensitive materials were carried-out by Raman
spectrometry, Fourier transform infrared (FTIR) spectroscopy, scanning electron microscopy, and
energy-dispersive X-ray spectroscopy. In making the electrodes, the technique of pressing powders
of polypyrrole and hybrid composites Ag NPs/polypyrrole in a hydraulic press was used in the
form of a disk. The electric bioimpedance performance of sensors was investigated using a two-point
method in the frequency range of 1–300 kHz, at a voltage of 2 Vpeak-peak, on six human subjects,
three men and three women. For these three bioimpedance sensors, it was found that the electric
bioimpedance of the skin decreases across the frequency range and shows good linearity of the
impedance-frequency curve on the range frequency of interest in bioimpedance measurements.

Keywords: polypyrrole; hybrid nanocomposite Ag/polypyrrole; dry polarizable bioimpedance
sensor; electric bioimpedance

1. Introduction

Electrical impedance of biological tissue, named electric bioimpedance, is used for
medical diagnosis due to properties such as the possibility of monitoring organs and tissues’
state, both in vivo and in vitro modes. Moreover, it can offer the relatively simple possibility
of technological achievement for bioimpedance sensors [1]. Bioimpedance presents an
advantage because it is a technique that provides health information in a non-invasive way.
This medical technique involves an injection of alternating electric current in human tissues
at very low intensity. In the technique of bioimpedance measurements, performed under
the influence of the injected electric current, the biologic tissues, organs, cells medium
behave like conductors, dielectrics, or insulators, each depending on their composition.
Because of this phenomenon, bioimpedance dependence on frequency produces much
information about the biological medium’s psychological state under investigation [2].
This investigation refers to the changes taking place in organs, muscle, nerves, brain, heart,
skin, eye retina in establishing a diagnosis, can be made by clinical methods, like ECG
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(electrocardiogram), EMG (electromyogram), EOG (electrooptigram), ESR (galvanic skin
reflex), electrooculography, electroencephalography (EEG) [3–9].

Bioimpedance sensors must meet several requirements, such as being non-invasive,
portable, user-friendly, and low cost [2]. A skin inclusive ECG electrode is a contact sensor
that produces an electrical interface between the body and the measurement system, allow-
ing the electrical charges to flow through the tissue and sense endogenous biopotential [10].

The bioimpedance electrodes are classified into polarizable and non-polarizable elec-
trodes, also known as dry or wet electrodes. In the case of a polarizable electrode, no
electrode reactions occur when an electrical potential is applied, and no charge flows across
the electrode–electrolyte interface. In this case, the electrode behaves as a capacitor. In
the case of non-polarizable electrode, the electrode will not change from its equilibrium
potential in the presence of a density of electric current, which appeared due to the injection
of a constant current. For this type of electrode, the current flows freely across the electrode
without producing any electric potential. An ideal non-polarizable electrode exhibits a
resistive behaviour, with a nominal resistance value that is ideally zero [10,11]. The polariz-
able electrodes are more suitable for sensing biopotentials, while non-polarizable electrodes
are more suitable for current stimulation by current injection [12].

Ag/AgCl is the most common non-polarizable wet electrode and requires a gel elec-
trolyte to work properly. The use of the gel leads to many negative effects over time, such
as: it reduces the resistance between the surface of the metal part of the electrode and the
skin below the stratum corneum (SC) layer; it increases the dielectric constant between skin
and electrode, and operates for short time because of degradation of conductivity as the
electrode interface and the impedance changes over time, from gel evaporation, so, the sig-
nal quality of the electrodes decreases. The long-term contact between the gel and the skin
can also produce unwanted adverse reactions (e.g., irritation or eczema). For this reason
in particular, these electrodes should be replaced with dry electrodes [12,13]. Dry sensors
work without the use of conductive gel and other skin preparations. However, these sen-
sors depend on the interfacial potential, the contact surface, the high interfacial impedance,
and the noise [13]. For bioimpedance measurements, three methods are used: configu-
ration with two electrodes, with three electrodes, and four electrodes, respectively. The
four-electrode method has been frequently used to overcome the interference that occurs at
the electrode–skin interface, while the method with two-electrodes presents the advantage
that it does not require a circuit as complicated as that for measuring the impedance by the
four-electrode method [14]. For ECG monitoring, used to detect cardiovascular disease, the
bioimpedance electrodes are positioned on the chest, neck, finger or wrist [15]. A category
of polarizable electrodes is the orbital electrodes. Dry polarizable orbital electrodes are
made to last longer than the common clinical electrodes such as Ag/AgCl. An orbital
electrode consists in a mixture of metals like aluminium, gold/gold chloride nickel and
titanium and stainless steel. They can cause skin irritation over long-duration use [16,17].
In the last period, the polymers are the most promising organic materials for electronic
applications, as stretchable electronic skin and flexible biomedical sensors, due to their
valuable properties, like good mechanical deformability and robustness, higher device
density, and skin biocompatibility. The polymers can replace the metallic electrodes, which
are stiff and uncomfortable for the skin [10,12,18]. Elastomers represent the first class of
polymers with applications in bioimpedance electrodes for ECG monitoring, for example,
PDMS (polydimethylsiloxane). Chlaihawia, A.A. et al. developed a flexible dry sensor on
polyethylene terephthalate PET substrate. A silver electrode was printed was deposited
on this PET substrate by the screen printing method. Finally, it was deposited on the
printed Ag electrode the composite multi-walled carbon nanotubes (MWCNT)/PDMS,
by using a bar coating technique. However, the electrodes presented high impedance
values and good linearity of impedance-frequency curve [19,20]. Baek et al. developed a
flexible dry sensor for ECG monitoring by depositing gold on PDMS films using a plasma
treatment; however, this sensor presents a poor skin-contact electric connectivity [21]. Re-
cently, different conductive polymers, such as polythiophene, polyaniline, and polypyrrole
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(PPY), are used in various fields like flexible electronic devices, sensors, catalysis, batter-
ies, supercapacitors, microactuators, anti-electrostatic coatings, low-cost solar cells, and
biomedical, due to their excellent electrical conductivity, thermal stability, environmental
stability and relative ease of synthesis. These good properties come from their chemical
structure, e.g., conjugated electrons or alternating the single bond with a double bond sys-
tem [22–26]. A conductive polymer used as a bioimpedance electrode can be the composite
PEDOT/PSS, poly (3,4-ethylenedioxythiophene):(styrenesulfonic acid), where PSS is used
as a doping agent. Karimullaha, A.S. et al. developed a bioimpedance sensor based on
PEDOT/PSS, with low impedance, over conventional material such as gold, which is due
to the low charge transfer resistance of PEDOT/PSS [27]. Takamatsu, S. et al. developed
a bioimpedance sensor based on PEDOT/PSS coated on a fabric characterised by low
impedance and long-term stability. However, making the sensor is complex and expensive
and presents a poor linearity of the impedance-frequency curve [28]. This polymer was
used to achieve the electrode patterns on textiles because it presents a low impedance
contact with human skin. From the conductive polymers, the polypyrrole was the most
studied, experimented and used in various applications because of its good electrical and
electronic properties, good stability derived from its aromatic ring chemical structure, and
π-conjugated bonds, which can be modified by oxidation and protonation [29,30]. Conduc-
tive polymers are present in a variety of biomedical applications like implants for neural
prosthetics [31], biomaterials for biosensors application [32], evaluation of their biocom-
patibility in nerve tissue in vitro and in vivo [33], as a biomaterial for implants [34], and in
studies on the interaction of cells and tissues of polypyrrole [35]. For ECG measurements,
Jimenez, O.T. et al. developed a bioimpedance disk sensor with polypyrrole, without no
conductive agglutinant, to increase the electrical conductivity of the sensitive material [36].

This paper presents a new dry polarizable bioimpedance sensor based on polypyrrole
and silver (Ag) nanoparticles (NPs)/polypyrrole hybrid nanocomposites. Ag NPs were
chosen for the functionalisation of polypyrrole for two main reasons: the increase in the
sensitive materials’ electrical conductivity and its antimicrobial properties [37], respectively.

The advantages of the presented sensors consist of low impedance values in the fre-
quency range of interest for skin bioimpedance monitoring, good linearity of the impedance
vs. frequency curve in the same frequency range, and simple realisation without using
complex equipment and inexpensive construction. In addition, the paper presents a com-
parative study of these new sensing materials.

2. Materials and Methods

Pyrrole monomer for synthesis (97% purity and density of 0.967–0.971 g/cm3) was
purchased from Merck; FeCl3 × 6H2O (99.8%) and AgNO3 salts, of analytical grade, were
purchased from REACTIVUL SA Romania. Deionised water was used as a solvent. The
polypyrrole and Ag Np/polypyrrole composites synthesis follow the path described in
reference [17].

2.1. Polypyrrole Synthesis

PPY was synthesised using a chemical oxidative polymerisation method using pyr-
role monomer and FeCl3 × 6H2O as an oxidative agent (Figure 1). Briefly, a solution of
0.05 M pyrrole monomer was added, over 45 min, dropwise, in a solution of 0.115 M
FeCl3 × 6H2O, under stirring at room temperature (the ratio of monomer/ FeCl3 × 6H2O
was 1/2.33). The mixture was slowly stirred for another 4 h. After that, the solution
was left at room temperature for 24 h without mixing. Monomer pyrrole’s polymeri-
sation reaction with an aqueous solution of FeCl3 × 6H2O is a fast reaction to obtain
a black precipitate [38]. The black precipitate formed was filtered and washed with
deionised water and dried for 24 h at room temperature, followed by drying at 80 ◦C
for 10 h. The oxidative polymerisation reaction of pyrrole in the presence of oxidative agent
FeCl3 × 6H2O is described by the following reaction [30,36,38] (1).
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The flow of the synthesis stages of the sensitive material polypyrrole is presented in
Figure 1.

2.2. Ag NP/PPY Hybrid Nanocomposite Synthesis

The Ag NPs were obtained following a chemical synthesis route by reducing a solution
of AgNO3 with hydrazine (the ratio of AgNO3/Hydrazine was 1/3) at a temperature of
80 ◦C. The pale-yellow colloidal silver solution was mixed with a fresh solution of pyrrole
monomer/FeCl3 × 6H2O, following the same steps as the polypyrrole synthesis described
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above (Figure 2). Thus, two composites of 10% and 20% (w/w) of Ag Np in polypyrrole
were obtained.
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2.3. Obtaining the Dry Polarizable Electric Bioimpedance Sensors

In making the bioimpedance electrodes, the polypyrrole and Ag/polypyrrole hy-
brid nanocomposite powders were pressed in disk format, with 6 tons force/cm2 pres-
sure, by using a hydraulic press: Ø 12 mm ± 0.2 mm, h = 1.6 ± 0.3 mm for PPY and
Ø 12 mm ± 0.2 mm, h = 2.5 ± 0.3 mm for Ag NPs/PPY nanocomposite. A layer of conduc-
tive silver paste was deposited on one side of the obtained disks. Each of the disks thus
obtained are arranged on another silver disk of the same diameter. The dry polarizable
electric bioimpedance sensor (Figure 3) was obtained by using two electrodes arranged at
6 cm from each other.
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The electrical connection is made from the opposite side of the silver disk.

2.4. Equipment

The structures of PPY and Ag NPs/PPY hybrid nanocomposites were studied by
attenuated total reflection Fourier transform infrared (ATR-FTIR) spectroscoy using a spec-
trometer Jasco 4200 coupled with an ATR JASCO PRO 470–H accessory. The samples were
measured directly by placing them on the ATR device’s crystal and pressing with a con-
trolled force, in the following conditions: the spectral range of 4000–500 cm−1, resolution
4 cm−1, scans number/spectrum: 50 accumulations. Raman spectroscopy measurements
were performed with a Raman-dispersive spectrometer–LabRam HR Evolution, Horiba
Jobin Yvone, France, equipped with laser extinction of 633 nm, acquisition time 15 s,
and 100 accumulation/spectrum. The Raman spectra were used to characterise the dis-
order degree in the synthesised nanocomposite. The morphology of the samples PPY
and Ag NPs/PPY nanocomposite was studied by scanning electron microscopy (SEM)
using a Carl Zeiss SMT FESEM-FIB (Scanning Microscope Tunnelling Field Emission
Scanning Electron Microscope-Focused Ion Beam) Auriga type scanner in the following
conditions: the tension of acceleration 10 kV and magnitude of 20 and 50 k. The elemental
analysis (energy-dispersive X-ray spectroscopy (EDX)) was performed with a dispersive
energy probe of Inca Energy 250 type Oxford Instruments Ltd. England coupled to SEM.
The electric bioimpedance measurements were carried-out with a precision LCR (Induc-
tance Capacitance Resistance) meter, AGILENT E4980 A type, in the frequency range of
1–300 kHz. The configuration was in two points measurement, the simplest set-up method
for electric bioimpedance measurements [4], by using a bioimpedance sensor made of the
two obtained electrodes (Figure 3).

3. Results
3.1. Structural Characterisation
3.1.1. Raman Spectroscopy

Figure 4 shows the Raman spectra recorded on the three sensitive materials. The most
important band in the Raman spectra for pyrrole is the one present around
1605 cm−1, representing the vibration mode characteristic of the C=C bonds, which form
the skeleton of the polypyrrole [39]. The Raman spectrum shows an increase of the band
intensity, positioned at around 1605 cm−1, with the amount of silver, which concludes
that the increase of the percentage of silver causes modifications of the crystalline struc-
ture of the polypyrrole. The second important group of bands appears at 1321 cm−1 and
1331 cm−1, attributed to the pyrrolic ring’s stretching mode. The third important group
of bands appears at 1040–1054 cm−1, determined by the C–H bond’s plane deforma-
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tion. Also, it can be observed that the intensity of the bands at 1321–1331 cm−1 and
1040–1054 cm−1 increases with the amount of silver (Ag). The introduction of silver (Ag)
determines the polypyrrole’s amorphisation, deformation of the pyrrole ring, and the
C–H bond [39]. The introduction of a large quantity, respectively of 20% Ag, leads to the
disruption of the polypyrrole’s internal structure, reducing its crystallinity.
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3.1.2. Fourier Transform Infrared (FTIR) Spectroscopy

The molecular structures of synthesised polypyrrole and nanocomposites with 10%
and 20% silver (Ag) embedded into polymer matrix were analysed using FTIR spectroscopy
(Figure 5). The allure of the obtained FTIR spectra confirms the structural configuration
of the PPY indicated from the literature data: the peak at 780 cm−1 attributed to C–H
out of plane of the polypyrrole ring, the peak at 1040 cm−1 represents N–H in plane
deformation [40], the peak located at 1186 cm−1 is assigned to C–N stretching vibration [41].
The peaks at 1288 cm−1 and 1040 cm−1 are assigned to C–N in plane vibration; the peak
at 1557 cm−1 is attributed to the polypyrrole ring’s vibration [41,42]. The broad peak
at 3228 cm−1 is attributed to the stretching of N–H and C–H bonds [43,44]. The Ag
NPs’ introduction into the PPY structure leads to some PPY FTIR characteristic bands’
displacements, indicating specific interactions between Ag NPs and the PPY functional
groups, especially those in the N–H group region [43,45].
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3.2. The Morphological Analysis

The morphological structure of the three sensor materials was undertaken by SEM
microscopy (Figure 6). The SEM images show a classic polypyrrole structure consisting
of globular units with average dimensions around 400 nm formed by the collision of
smaller globular formations with average dimensions around 200 nm. In the case of the
10%Ag/PPY hybrid nanocomposite (Figure 6b), a classical structure is observed, mainly
globular but with smaller dimensions than in the case of simple PPY. In addition, an
inhomogeneous dispersion of Ag NPs clusters can be observed on the PPY surface. These
non-homogeneous silver clusters have submicron sizes, formed of particles with wurtzite
crystalline structure (parallelepiped with a height of 200–300 nm and widths of 100 nm
(Figure 6c)). In the case of the 20%Ag/PPY hybrid nanocomposite, the structure is similar
to the one previously presented. In both cases, the PPY covers the silver nanoparticles, as
in the core-shell structure.

3.3. Elemental Analysis

The backscattered electron images, the spectra and elemental mapping for the samples
PPY, 10%Ag/PPY and 20%Ag/PPY (Figures 7–9) confirms the presence of C, N, Cl and O
for all analysed materials and of Ag for 10%Ag/PPY and 20%Ag/PPY hybrid nanocompos-
ites, which confirms the incorporation of Ag into the polymer PPY phase. For all samples,
EDX mapping shows a relative homogeneous distribution of C, N, Cl, and O, but for Ag,
some aggregates distribution in composites, much more distinguished in the sample with
20%Ag/PPY, is observed.
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3.4. Measurements of Magnitude Level of Skin Bioimpedance

The dry polarizable electric bioimpedance sensors is realized by using two electrodes.
These two electrodes were glued on an adhesive strip for bioimpedance measurements
and spaced at 6 cm apart from each other (Figures 3 and 4). The equivalent parallel scheme
Rpe-Cpe (Resistance-Capacity) corresponding for electrodes is shown in Figure 10.
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For electrical impedance measurements of electrode with frequency, disk-shaped
electrodes were silvered with silver paste on both sides, as shown in Figure 11.
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Figure 11. Disk-shaped electrode made with sensitive materials PPY or hybrid nanocomposite
10%Ag/PPY or hybrid nanocomposite 20%Ag/PPY, silvered with silver paste on both sides.

Table 1 shows electrical impedance Ze, in therms of magnitude level and the Cpe capac-
ity and Rpe resistance respectively of the electrode. The values of measurements obtained
is corresponding to the equivalent parallel Rpe-Cpe scheme for electrodes
(Figure 10). The obtained data is corresponding for three electrodes made with sensi-
tive materials PPY and hybrid nanocomposites 10%Ag/PPY and 20%Ag/PPY, respectively.
The measurements of electric impedance of electrode were performed at an applied sinu-
soidal voltage of 2 Vpeak-peak, for the frequency range of 10–300 kHz and at a temperature
of 25 ◦C, by using a precision LCR meter, AGILENT E4980 A type. It can be seen that
the electrodes made with hybrid nanocomposites 10%Ag/PPY and 20%Ag/PPY as sen-
sitive materials have a good linearity of the impedance vs. frequency in the frequency
range of 10–300 kHz (Figure 12). In addition, the value of electric impedance of electrodes
made with hybrid nanocomposites 10%Ag/PPY and 20%Ag/PPY is quasi-constant with
frequency (Figure 12).

Table 1. The measurements of electrical impedance of electrode Ze, of capacity Cpe and Rpe resistance respectively.

Frequency,
[kHz]

Electrode of PPY Electrode of 10%Ag/PPY Electrode of 20%Ag/PPY

Cpe, [nF] Rpe, [Ω] Impedance
Ze, [Ω] Cpe, [nF] Rpe, [Ω] Impedance

Ze, [Ω]
Cpe,
[nF] Rpe, [Ω] Impedance

Ze, [Ω]

10 2.484 392.5 488.8 2.542 138.5 143.2 2.444 103.4 102.84
50 2.082 382.9 451.4 1.827 139.5 141.88 2.130 102.8 102.14

100 1.925 363.4 392.25 1.682 137.8 139.02 2.033 102.04 100.94
120 1.899 355.1 370 1.648 136.54 137.7 2.011 102.31 100.17
150 1.825 343.7 339.37 1,634 135.4 135.68 1.985 101.70 99.22
200 1.749 323.6 296.93 1.583 133.5 131.98 1.948 100.75 97.10
250 1.695 304.47 263.3 1.540 131.45 128.02 1.920 99.54 94.7
300 1.637 286.61 236.59 1.510 129.64 124 1.894 98.25 92.15
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was attached distally on the left wrist along with the radial artery (Figure 13).  

Figure 12. Variation of electric impedance of electrodes with frequency, for electrodes that is realised
with sensitive materials PPY and hybrid nanocomposites 10%Ag/PPY and 20%Ag/PPY, respectively.

The measurement of magnitude of the level of skin bioimpedance in series with of
two electrodes’ impedance can be performed at two points, by using the dry polarizable
electric bioimpedance sensor.

For the magnitude level of total bioimpedance measurements, i.e., skin bioimpedance
in series with two electrodes’ impedance, six subjects participated, three men with the
initials, LPD, RC, CO with ages between 32 and 59 years old, and three women with the
initials FB, CB, II, with ages between 43 and 52 years old. The dry bioimpedance sensor
was attached distally on the left wrist along with the radial artery (Figure 13).
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The magnitude level of total bioimpedance measurements, i.e., for skin bioimpedance
in series with two electrodes’ impedance were achieved with the subjects in the sitting
position on the same day for each subject. In a first stage, for all the six subjects selected,
the impedance was measured only with PPY and 20%Ag/PPY composite bioimpedance
sensors, in the frequency range of 1–300 kHz. In Table 2 the experimental data are presented.

Table 2. The measurements of magnitude level of total bioimpedance, i.e., for skin bioimpedance in series with two
electrodes impedance, the data is corresponding for the two bioimpedance sensors made with sensitive materials: PPY and
20%Ag/PPY hybrid nanocomposite.

Frequency,
[kHz]

LPD
59 Years Old

RC
32 Years Old

CO
50 Years Old

FB
43 Years Old

CB
52 Years Old

II
46 Years Old

Impedance,
[kΩ]

Impedance,
[kΩ]

Impedance,
[kΩ]

Impedance,
[kΩ]

Impedance,
[kΩ]

Impedance,
[kΩ]

PPY 20%Ag/
PPY PPY 20%Ag/

PPY PPY 20%Ag/
PPY PPY 20%Ag/

PPY PPY 20%Ag/
PPY PPY 20%Ag/

PPY

1 16 41 65.70 450 16 100 80 220 155 380 58.70 380
10 3.87 12 12.70 54.8 3.55 18.20 15.54 31.30 24 43 13.04 38.80
50 1.82 3.24 4.23 12.9 1.82 4.75 5.30 7.20 7.12 10 5.02 8

100 1.42 2.00 2.57 7.01 1.40 2.60 3.37 3.91 4.21 4.80 3.24 4.02
120 1.31 1.70 2.27 6.04 1.30 2.20 2.95 3.42 3.60 4.60 2.76 3.25
150 1.18 1.47 1.97 4.75 1.17 1.81 2.52 2.75 3 3.52 2.34 2.54
200 1.00 1.04 1.65 4.12 1.02 1.40 2.09 2.11 2.34 2.71 1.88 1.87
250 0.90 0.88 1.44 3.24 0.88 1.17 1.75 1.84 1.92 2.25 1.58 1.54
300 0.82 0.79 1.23 3.07 0.80 1 1.52 1.44 1.67 1.80 1.36 1.30

In the case of the PPY bioimpedance sensor, the total bioimpedance decreases with
frequency (Figure 14), and this decrease is more significant in the case of male subjects
than female subjects. Thus, at the low frequency of 1 kHz, the total bioimpedance values
in the case of the male subjects were between 16–65.70 kΩ much lower values compared
to 58.7–155 kΩ in the case of the female subjects; it is possible that the skin of the male
is more conductive than the skin conductivity of females. In the case of the 20%Ag/PPY
hybrid nanocomposite sensor, the same tendency of decreasing the total bioimpedance
with frequency is observed, but compared to neat PPY, the total bioimpedance values are
increased due to Ag NPs incorporated in the polymer chain and obstruction of polymer
electron gaps.
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Moreover, the measurements performed to obtain variation of electric impedance
of electrodes with frequency (Figure 12) shows the influence of Ag NPs incorporated in
the polymer. On that account for electrodes realised with the sensitive material PPY, the
impedance of electrode was in the range of 236.59–488.8 Ω while for electrodes that realised
with hybrid nanocomposites 10%Ag/PPY was in the range of 124–143.2 Ω and in the range
of 92.15–102.84 Ω for hybrid nanocomposites 20%Ag/PPY.

In addition, the total bioimpedance values obtained at a low frequency of 1 kHz are
increased in the case of female subjects, with values between of 220–380 kΩ compared
to those of the male subjects between of 41–100 kΩ, except for a single male whose
total bioimpedance value is 450 kΩ (Figure 15). The same tendency was observed for
measurements performed at 300 kHz.
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Table 3 presents the experimental data regarding the total electric bioimpedance
variation with frequency for three of the subjects, a man (LPD) and two women (CB
and FB). For comparison, the measurements were taken by using three bioimpedance
sensors made with sensitive materials: PPY and 10%Ag/PPY and 20%Ag/PPY hybrid
nanocomposites.

In this case, a decrease of the total bioimpedance with frequency for all the three hu-
man subjects tested (Table 3) was observed. On the frequency domain tested of 1–300 kHz,
a more pronounced decrease is found at high frequencies (250–300 kHz), especially for the
bioimpedance sensor made with sensitive material 10%Ag/PPY nanocomposite, compared
to bioimpedance sensors made with PPY and 20%Ag/PPY nanocomposite. Values of
16–220 kΩ for 1 kHz to 1.80–0.512 kΩ for 300 kHz were observed. At the frequency of
300 kHz, the lowest bioimpedance values were obtained, respectively 0.512 kΩ for men
LPD, 1.44 kΩ and 1.33 kΩ for women CB and FB. These trends are also illustrated
in Figures 16–18.
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Table 3. The measurements of magnitude level of total bioimpedance, i.e., for skin bioimpedance in series with two
electrodes impedance, the data is corresponding for three bioimpedance sensors made with sensitive materials: PPY and
10%Ag/PPY and 20%Ag/PPY hybrid nanocomposites.

Frequency,
[kHz]

Impedance, [kΩ]
Subject 1 LPD

Impedance, [kΩ]
Subject 2 CB

Impedance, [kΩ]
Subject 3 FB

PPY 10%Ag/
PPY

20%Ag/
PPY PPY 10%Ag/

PPY
20%Ag/

PPY PPY 10%Ag/
PPY

20%Ag/
PPY

1 16 31.40 41 155 174 380 80 164 220
10 3.87 6.41 12 24 25.80 43 15.54 25.70 31.30
50 1.82 1.87 3.24 7.12 6.64 10 5.30 6.40 7.20

100 1.42 1.10 2 4.28 3.64 4.80 3.37 3.53 3.92
120 1.31 0.944 1.70 3.60 3.07 4.60 2.95 2.38 3.42
150 1.18 0.796 1.47 3 2.52 3.52 2.52 2.05 2.75
200 1.00 0.661 1.04 2.34 1.98 2.71 2.09 1.87 2.11
250 0.90 0.571 0.88 1.92 1.67 2.25 1.75 1.55 1.84
300 0.82 0.512 0.79 1.67 1.44 1.80 1.52 1.33 1.44
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In addition, it is worth mentioning that on the analysed frequency range, were ob-
served lower bioimpedance values for the male subjects compared to the bioimpedance
values obtained for the female subjects, resulting in a different behaviour between the two
sexes in terms of bioimpedance.

A comparative evaluation of results with the literature considered another poly-
meric material, namely PDMS [46]. A flexible dry electrode for long-term EEG measure-
ment based on PDMS material was realised and tested. The magnitude of total electric
bioimpedance was measured by using two electrodes were placed on skin separately (about
3 cm), and then current is applied to measure impedance (Figure 19). The signal of LCR
meter is set to 2 V and the frequency range of 20 Hz–10 kHz. In this study, 10 tests on five
different participants are performed [46].
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The results of these measurements are shown in Figure 20.
Both AgNPs/PPY hybrid nanocomposites as well as PDMS presented a tendency to

decrease with frequency of the measured skin bioimpedance. Due to the obstruction of
the polymer electron gaps by Ag NPs, the bioimpedance values in the frequency range of
1–300 kHz were higher compared to the behaviour of PDMS in the frequency range of 20
Hz–10 kHz. For both hybrid nanocomposites 10%Ag/PPY and 20%Ag/PPY as well as
for PDMS the results obtained indicated a good tendency of quasi-linear decreasing of the
electric skin bioimpedance with frequency.
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4. Conclusions

This paper presents three types of dry polarizable bioimpedance sensors, based
on conductive polymer, PPY and hybrid nanocomposite PPY-Ag, with 10 and 20% Ag
incorporated in the PPY matrix as sensitive materials, developed for electric bioimpedance
measurements.

The conductive polymer PPY was synthesized by chemical oxidative polymerization
using FeCl3 × 6H2O like oxidizing agent in molar ratio polymer/oxidizing agent 1:2.33.
For hybrid composites synthesis Ag/PPY, the colloid solution of Ag NPs was introduced
in the pyrrole solution, followed by polymerization.

The structure and morphology of the sensitive materials were assessed through a
series of investigative methods, and it was found that the introduction of Ag NPs in the
PPY leads to the formation of silver clusters covered by PPY, similar to a core-shell structure.
In addition, an amorphization of the polypyrrole should be considered in the presence of
Ag NPs. From Raman spectra are resulted that a first important band appears at 1605 cm−1,
representing the vibration mode of the C=C bonds. The second band appears at 1321 and
1331 cm−1 attributed to the stretching mode of the pyrrolic ring and the third important
band appears at 1040–1054 cm−1, determined by the plane deformation of the C–H bond.

For PPY, ATR FTIR spectra identified the functions: the peak at 780 cm−1 is attributed
to C–H out of plane of polypyrrole ring, the peak to 1040 cm−1 represents N–H in plane
deformation, the peak located at 1186 cm−1 is assigned to C–N stretching vibration. Ag
NP’s introduction into the PPY structure leads to some PPY FTIR characteristic bands’
displacements, indicating specific interactions between Ag NPs and the PPY functional
groups, especially those in the N–H group region.

The SEM images show a classic polypyrrole structure consisting of globular units
with average dimensions around 400 nm formed by the collision of smaller globular
formations with average dimensions around 200 nm. In the cases of 10%Ag/PPY and
20%Ag/PPY hybrid nanocomposites the PPY covers the silver nanoparticles, as in the
core-shell structure.
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In making the bioimpedance electrodes, the polypyrrole and Ag/polypyrrole hybrid
nanocomposite powders were pressed in disk format. A layer of conductive silver paste on
one side of the obtained disks was deposited. Each of the disks thus obtained are arranged
on another silver disk of the same diameter. For obtaining the dry polarizable electric
bioimpedance sensor, two electrodes arranged at 6 cm from each other were used. The
electrical connection is making from the opposite side of each silver disk.

The values obtained for the impedance of the electrode, for all the polymeric mate-
rials used, were much lower and almost constant in relation to the total bioimpedance
(impedance measured for skin bioimpedance in series with two electrodes impedance),
for the whole spectrum of frequencies. For this reason, the conclusions regarding the total
bioimpedance can be considered true also for the skin bioimpedance in the
first approximation.

The skin electric bioimpedance measurements were performed at two points, by using
the dry polarizable electric bioimpedance sensor made of two bioimpedance electrodes,
glued on an adhesive strip, and applying a sinusoidal voltage of 2 Vpeak-peak, in the fre-
quency range of 1–300 kHz, at room temperature. The electric bioimpedance measurements
were performed on six human subjects, both men and women, between 32 and 59 years
old. For all cases, the bioimpedance decreased with frequency, more pronounced in the
case of males. At the low frequency of 1 kHz, the bioimpedance values ranged between
16–65.7 kΩ for male subjects and 58.7–155 kΩ for female subjects.

The measurement of the useful signal can be influenced by noise. In the case of
measurements of the useful signal in order to obtain total electric bioimpedance by using
a precision LCR meter, AGILENT E4980 A type, the measuring probe TL09A ensured an
accuracy of 1%. However, to develop ECG equipment that uses the dry polarizable electric
bioimpedance sensors made with sensitive materials 10%Ag/PPY or 20%Ag/PPY hybrid
nanocomposite it was necessary for the useful signal to be taken in differential mode and
the input impedance to be of MΩ values. The problem of shielding and filtering the signal
by using bandpass filters must also be solved.

Both AgNPs/PPY hybrid nanocomposites presented a tendency to decrease the mea-
sured skin bioimpedance with frequency, but compared to the behaviour of PPY, the
bioimpedance values were higher due to the obstruction of the polymer electron gaps by
Ag NPs. For hybrid nanocomposites 10%Ag/PPY and 20%Ag/PPY the results obtained
indicate the best tendency of quasi-linear decrease of the electric skin bioimpedance with
frequency compared to the PPY material.

For the nanocomposite 20%Ag/PPY, the tendency of decreasing the electric skin
bioimpedance with frequency was observed but compared to the behaviour of PPY and
10%Ag/PPY the electric skin bioimpedance values were higher, because a higher quantity
of Ag NPs inserted in polymer obstructs the hopping of electrons in polymer.

The importance of measurements for skin bioimpedance is given by the possibility of
performing studies related to monitoring wound healing in post-operative phases.

The results obtained indicate that both sensitive materials the hybrid nanocomposite
10%Ag/PPY and 20%Ag/PPY can be considered for obtaining the bioimpedance sensors.

Future developments will study the possibility of using the dry polarizable electric
bioimpedance sensors at frequencies lower than 100 Hz as well as higher than 300 kHz,
in order to take over the signals of the ECG (electrocardiogram), EMG (electromyogram)
and EEG (electroencephalography) types. These studies and further developments will be
performed for a larger number of subjects and will involve statistical data processing.
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