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Abstract: Implantable bioelectrodes have the potential to advance neural sensing and muscle stimula-
tion, mainly in patients with peripheral nerve injuries. They function as the transducer at the interface
between the damaged nerve and the muscle which is controlled by that nerve. This work reports the
fabrication and characterization of novel, low-cost, flexible bioelectrodes based on polyaniline (PANI)
and supported with silicone polymer. The fabricated electrodes were evaluated for their electrical and
mechanical characteristics. PANI was used as the main transducer component in this fabrication. The
characterization methods included electrical conductivity, capacitive behavior, long-term electrical
impedance, and mechanical evaluation. The results of the fabricated PANI-silicone-based samples
displayed a bulk impedance of 0.6 kΩ with an impedance of 1.6 kΩ at the frequency of 1 kHz.
Furthermore, the bioelectrodes showed a charge storage capacity range from 0.0730 to 4.3124 C/cm2.
The samples were stable when subjected to cyclic voltammetry tests. The bioelectrodes revealed
very flexible mechanical properties as observed from the value of Young’s modulus (in the order of
MPa) which was less than that of skin. Hence, the PANI-based bioelectrodes reported herein showed
promising electrochemical characteristics with high flexibility.

Keywords: conductive polymers; implantable electrodes; flexible polyaniline; electrochemical prop-
erties; neural sensing

1. Introduction

Bioelectrodes act as transducers between the human body and the electronic instru-
mentation system, as they acquire the bioelectrical signals from the body or they can be
used to stimulate the nerve/muscle. They function as an interface between the proximal
end of the muscle and the injured nerve. In the last decade, neuroprosthetic applications
have demonstrated promising results for traumatic neural injuries; hence, the demand
for implantable electrodes has expanded [1,2]. There are various types of bioelectrodes,
such as surface electrodes, muscle electrodes, and neural electrodes. However, implantable
electrodes are a bit more complicated as they fall in direct contact with the intracellular
body tissues. Therefore, materials used in implantable electrodes need to be extremely
specific and well-studied to avoid any damage to the nerve tissues and mismatches which
might induce immune body responses. Some of the most important factors which influ-
ence material selection are: (1) the electrode surface area, geometry, and surface condition
required; (2) the electrical potential, current, and quantity of charge to be delivered or
received; (3) the environmental requirements for which the electrode is going to be placed
in which includes, but is not limited to, mass-transfer variables and solution variables;
and (4) the engineering aspect of the bioelectrodes, which involves the cost of fabrication,
availability of materials, strength, elasticity, and flexibility of the electrode to be fabricated.
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Many of the stimulation methods have so far relied heavily on metals, such as gold and
platinum [2]. These materials can cause mechanical damage to the soft nerve tissue. As a
result, multiple attempts were conducted in the literature to develop new flexible electrode
materials that could solve the previously mentioned challenge. The newly developed
materials are based on conductive polymers [3,4] and precious metals [5–9]. Among the
conductive polymers studied is polyaniline (PANI), which showed potential in sensor
applications [3] and in tissue engineering [3,10]. However, one major drawback of using
PANI is that it is a brittle material. Hence, in this paper, it is aimed at synthesizing flexible
and potentially lower cost PANI-based bioelectrodes supported by the silicone matrix.
Silicone polymer is flexible, stable, biocompatible, has a low cost, and thus a suitable
supporting material. The fabricated electrodes will be evaluated for their electrochemical
and mechanical properties to assess their potential as implantable electrode materials. To
the best of the authors’ knowledge, such study has not been reported in the literature.

2. Materials and Methods
2.1. Sample Preparation

First, PANI was synthesized in our laboratories via the in situ polymerization reaction
using aniline monomers (99.9% purity obtained from SIGMA, Taufkirchen, Germany). The
procedure is well documented in the literature [10]. In brief, PANI was prepared by the
oxidative polymerization of aniline using ammonium persulfate (APS) in a hydrochloric
acid (HCl) solution in the presence of sodium dodecyl sulfate (SDS). After 24 h of reaction,
the solid was collected by filtration, washed, and dried in an oven at 80 ◦C overnight.
To prepare the bioelectrode samples, mixtures of different masses of polyaniline (PANI),
silicone (the commercially available 100% silicone rubber clear (poly(dimethylsiloxane),
hydroxy terminated, CAS Number 70131-67-8), and glycerol (certified ACS from Fisher,
assay ≥ 99.5%, Saint Louis, MO, USA), shown in Table 1, were added. Glycerol is well
known plasticizer [11]. The components were then mixed well (manually in a small plastic
plate) for several minutes until they formed a paste. The paste mixture was then applied in
a Teflon mold and allowed to dry for 24 h in the fume hood (at room temperature.

Table 1. Comparison between different prepared electrode mass compositions.

Sample PANI (%) Silicone (%) Glycerol (%)

Sample 1 0.9 g (30%) 1.5 g (50%) 0.6 g (20%)

Sample 2 0.6 g (20%) 1.5 g (50%) 0.9 g (30%)

Sample 3 0.3 g (10%) 1.8 g (60%) 0.9 g (30%)

2.2. Sample Characterization

Electrochemical impedance spectroscopy (EIS) was used to determine the electro-
chemical properties (bulk impedance, impedance at 1 kHz, and electrical conductivity)
of the dried electrode samples. To obtain the results in EIS, the four-probe method and a
custom-made stainless steel cell were used. The results were displayed as a Nyquist plot.

2.2.1. Electrochemical Impedance Spectroscopy (EIS)

EIS is a technique used to measure the electrical impedance of a device using a sinusoidal
signal [12,13]. An impedance scale is observed by varying frequencies (100 Hz–7 MHz) over
the desired range. An alternating current was applied, and the output was observed as a
function of t frequency. The EIS calculations were carried out with the aid of a potentiostat
(Biologic, model SP-200 with EC lab software v11.02), as shown in Figure 1a. The EIS data is
provided as a Nyquist plot, which was analyzed to determine the sample’s bulk impedance.
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The sample impedance was also measured at a standard frequency of 1 kHz. The equation
below was used to determine the conductivity of the fabricated samples (σ) [7]:

σ =
t
R
× A (1)

where t, R, and A represent the thickness of the sample, electrical resistance, and cross-
sectional area, respectively. The bulk impedance is the intercept of the curve with the x-axis,
which can be determined by the Nyquist plot. One example of a Nyquist plot is shown in
Figure 1b.
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2.2.2. Cyclic Voltammetry (CV) Test

Cyclic voltammetry (CV) is an electrochemical test that enables the investigation of
the sample’s stability (oxidation/reduction reactions) and the possible oxidation/reduction
process. A potentiostat (SP-200, Biologic + cell with stainless steel electrodes) was used
to perform the CV test, with a frequency range of 100 Hz–7 MHz and a voltage range
of −2 V to 2 V. Moreover, the data was recorded and analyzed using EC lab software
v11.02 (Biologic, Seyssinet-Pariset, France). The data was also used to calculate the charge
capacity [14–19]. The charge capacity can be calculated by integrating the cathodal current
area enclosed by CV and dividing it by the sweep rate of 10 mV/s.

2.2.3. Mechanical Testing (Young Modulus)

To calculate the Young Modulus of the sample, Instron 5582 Universal Testing Machine
(using Instron Bluehill software) was used. This test is used to measure the relationship
between the stress of the material and the strain of a bioelectrode sample. To find the Young
Modulus, the slope of the straight line that appeared in the elastic deformation regime on
the (stress/strain) graph was used to calculate the Young modulus using Equation (2) [11].

E (Young modulus) =
Stress (b)
Strain (ε)

(2)

2.2.4. Long-Term Impedance Evaluation for the Bioelectrode Samples

This test was performed to investigate the effect of long-term implantation of the
bioelectrode material properties. The samples were immersed in a phosphate-buffered
saline (PBS) solution as the PBS pH is similar to that of the body (pH around 7.4). The
samples stayed in the PBS solution for eight weeks with three–four days testing intervals
(EIS and CV). The EIS and CV tests were performed to measure the change of the impedance
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with time. This test helped to understand how long the bioelectrode can stay within
the body.

2.2.5. Electrocardiograph (ECG) Test

The purpose of this test was to conduct a simultaneous recording of the electrocar-
diograph (ECG) using standard Ag/AgCl electrodes and our fabricated electrodes. The
ECG monitoring is a very important tool for medical diagnosis. The fabricated electrode
materials in this work will be tested and compared to the commercially available Ag/AgCl
electrodes in terms of the signal’s noise. For this purpose, several electrode samples were
prepared in this work. The conductive side of the electrodes was placed on the participant’s
limbs to record the ECG lead I. The electrodes were then connected to a differential ampli-
fier. The output of the amplifier is then digitized and sampled using the PowerLab system
and the “LabChart software” (LabChart, Colorado Springs, CO, USA). The recorded ECG
signals are then stored for display or further processing.

3. Results
3.1. An Initial Evaluation of PANI-Silicone Electrodes Samples

In order to understand the effect of each component in the composite on the electro-
chemical and mechanical properties of the electrodes, a batch of three samples of varying
ratios of PANI, silicone, and glycerol were prepared. In samples 1 and 2, the silicone
composition was kept constant at 50% while the composition of PANI and glycerol was
alternated between 20% and 30%. Sample 3 was then prepared with glycerol composition
being similar to that of sample 2 while the ratios of PANI and silicone were modified. The
results for the three composite PANI-silicone samples are shown in Figure 2 as Nyquist
plots. The bulk impedance of the samples was determined from the Nyquist plot, as the
intercept with the x-axis; the impedance at 1 kHz was determined, and the conductivity
was calculated using Equation (1). By comparing the three prepared samples, in terms of
impedance, sample 1 had bulk impedance and conductivity of 4 kΩ and 8.33 × 10−8 S/cm,
respectively. At 1 kHz, sample 2 had the lowest impedance which is equal to 8.74 kΩ. In
terms of composition, adding more PANI to the sample resulted in an increase in conduc-
tivity, an increase in the impedance at 1 kHz, and a decrease in the bulk impedance, but the
samples appeared to be more brittle. Hence, this initial analysis showed that there is an
optimum amount of PANI that can be used in the fabrication process and this amount can
be further optimized. The results are summarized in Table 2. Compared to a PANI-coated
foam electrode, the electrochemical results showed that the bulk impedance of sample 1
(4 kΩ) is lower than that of the PANI-coated foam electrode (7 kΩ) [3]. The impedance
at 1 kHz of the prepared sample was equal to 28.4 kΩ which is much lower than that of
the PANI-coated foam electrode (1.45 MΩ) [3]. Therefore, sample 1 was chosen for further
characterization tests.

The CV test was then performed to enable the investigation of the samples’ stability
(oxidation/reduction reactions) and the possible oxidation/reduction process. The results
are shown in Figure 3 for sample 1, which is the best performing sample as observed in
Table 2. The CV analysis for samples 2 and 3 (not shown here) revealed similar behavior
and did not have any peaks in the plots as well. This means that there are no oxida-
tion/reduction reactions taking place within all the samples while applying the alternative
voltage, so the samples were all regarded as stable at these conditions. The charge storage
capacity was then calculated by integrating the cathodal portion of the graph (which is the
negative current capacity enclosed within the cyclic voltammetry), as shown in Figure 3,
and then dividing it by the scanning rate (10 mV/s). Table 3 shows a comparison between
this work and the literature values for some reported charge densities. The table shows
that the charge capacity values obtained for the PANI-based samples prepared in this work
were higher than those reported for PANI in the literature [20].
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Table 2. Comparison between different prepared electrode mass compositions.

Sample PANI (%) Silicone (%) Glycerol (%) Bulk Impedance
(kΩ)

Impedance at 1 kHz
(kΩ)

Conductivity
(S/cm)

Sample 1 30 50 20 4 28.4 8.33 × 10−8

Sample 2 20 50 30 5.3 8.74 6.28 × 10−8

Sample 3 10 60 30 50.1 971 6.65 × 10−9

PANI-Coated Foam
Electrodes - - - 7 1.45 × 103 [3] -

PEDOT: PSS - - - 2.23 2.54 [4] 0.26 [4]
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Table 3. A comparison table for charge capacity for the first batch of the prepared samples.

Composite PANI (%) Silicone (%) Glycerol (%) Charge Capacity (C/cm2) Reference

Sample 1 30 50 20 4.3124 This work

Sample 2 20 50 30 14.4945 This work

Sample 3 10 60 30 0.2575 This work

Graphene - - - 1.42 × 10−9 [19]

Polyaniline - - - 0.02 [20]

To assess the mechanical properties, the relationship between the stress and the strain
was measured for the prepared bioelectrode sample (sample 1) and shown in Figure 4. The
Young modulus was then calculated from the slope of the line that appeared in the elastic
regime deformation as previously explained in Section 2.2.3 and was equal to 0.1468 MPa.
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The comparison between the tested prepared sample of PANI-silicone-glycerol and
the skin tissue showed that the Young modulus of this sample was equal to 0.1468 MPa
compared to that of the skin tissue’s value of 83.33 ± 4.9 MPa [21,22]; which means that the
fabricated electrode is very flexible with an elongation of approximately 307% as observed
in the stress/strain graph (Figure 4). These findings show that the sample is less rigid than
the skin, which means that the skin will deform the electrode but not the other way around.
Thus, adding more comfort to the user in addition to being flexible as well.

3.2. Further Optimization for the PANI-Silicone Electrodes Samples

In order to improve the mechanical and the electrochemical properties of the fabricated
electrodes, an additional batch of three samples with a varying ratio of PANI (by studying
ratios less than 30%), silicone, and glycerol, was prepared. The mass percentage of PANI
was varied between 6% and 20%. The objective was to optimize the bulk impedance and
the impedance at 1 kHz, increase of the conductivity, increase the charge storage capacity,
and increase the flexibility of the samples. The silicon percentage was varied between
50% and 72%, while the glycerol content was varied between 15% and 30%. This new
batch of PANI-based samples was further subjected to electrochemical and mechanical
characterization tests. The compositions are shown in Table 4.
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Table 4. Comparison between different prepared electrode samples.

Sample PANI (%) Silicone (%) Glycerol (%) Bulk Impedance
(kΩ) Impedance at 1 kHz Conductivity

(S/cm)

4 15 70 15 0.025 79.1396 Ω 1.33 × 10−5

5 20 50 30 0.022 56.5978 Ω 1.51 × 10−5

6 6 72 22 0.600 1.6 kΩ 5.55 × 10−7

PANI-coated
foam electrode - - - 7.00 1.45 MΩ [3] -

The Nyquist plots for samples 4, 5, and 6 are shown in Figure 5. In terms of bulk
impedance, sample 5 had the lowest value, and therefore the highest conductivity which are
equal to 22 Ω and 1.51× 10−5 S/cm, respectively. However, both samples 4 and 5 appeared
to be very brittle compared to sample 6 (6% PANI, 72% silicone, and 22% Glycerol), which
had a bit higher impedance and less conductivity (0.6 kΩ and 5.55 × 10−7 S/cm) but
appeared more flexible. The EIS test showed that the electrochemical properties for sample
6 improved compared to the previously prepared samples. The bulk impedance reduced
from 4 kΩ (sample 1) to 0.6 kΩ (sample 6), and the impedance at 1 kHz reduced from
28.4 kΩ (sample 1) to 1.6 kΩ (sample 6), which is much lower than that of the PANI-coated
foam electrode reported in the literature (1.45 MΩ) [3].
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The CV test was performed to enable the investigation of the new samples’ stability
(oxidation/reduction reactions) and the possible oxidation/reduction process, as shown in
Figure 6. The samples did not show any oxidation/reduction peaks, so the samples are
considered as stable samples. The charge storage capacity was calculated as explained
earlier. The average charge storage capacity was found to equal 0.0730 C/cm2.

By comparing the results of the prepared samples, sample 6 had the highest charge
capacity compared to the other prepared samples. In order to assess the mechanical
properties of sample 6, the Young modulus was estimated and found to be 75.312 MPa.
The comparison of sample 6 with the previously prepared sample (sample 1) shows
that the Young modulus for sample 6 (75.312 MPa) was higher than that of sample 1
(0.1468 MPa). A comparison between the prepared sample of PANI-silicone-glycerol and
the skin tissue from the literature showed that the Young modulus of the prepared sample
(sample 6) was equal to 75.312 MPa and it was lower than that of the skin tissue’s value of
83.33 ± 4.9 MPa [21].

3.3. A Study for Long-Term Stability in Phosphate-Buffered Saline (PBS) Solutions

This test was performed to investigate the effect of long-term stability of the bioelec-
trode material properties by the long-term immersion in phosphate-buffered saline (PBS)
solution for 8 weeks. This test helped to understand how long the bioelectrode can stay
within the body. To assess the values on impedance on the long-term immersion, a large
sample of the following composition (similar to sample 6) was prepared (6% PANI, 72%
silicone, and 22% glycerol). Then, it was cut into eight equal pieces. Their weights were
recorded first. They were then immersed in eight different tubes; each tube consisted of
10.5 mL of 10% PBS solution. Every 3–4 days, the samples were removed and tested for
their electrochemical properties. Before each test, the sample was separated from the tube
and the weight of the sample was measured then left to dry for 15 min in the fume hood.
The EIS-CV-EIS test was performed. The weight changes over the 8-week period are shown
in Figure 7. It can be seen that the weight of the samples has increased after the immersion.
This is probably due to the absorption of the PBS solution into the polymer matrix.

As previously discussed in this context, the readings from the CV are used to calculate
the change of the charge storage capacity over the immersion period of 8 weeks, as shown
in Table 5.
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Table 5. Change of the charge storage capacity in the long-term PANI-based samples.

Week Charge Storage Capacity (C/cm2)

1 0.67

2 2.92

3 0.097

4 9.13

5 0.997

6 2.25

7 0.923

8 2.55

As for the long-term testing of sample 6, the shape of the samples did not change
during the immersion phase. The weight of the samples before and after immersion was
measured, and the weight after immersion increased in all the samples due to the soaking
of the PBS solution. In terms of impedance, the bulk impedance had a variation of results
over the immersion phase, which can be due to the soaking of the PBS solution, so the
dimensions of the sample may change slightly (micro spaces); this change affected the
electrochemical properties of the immersed sample (decreased the impedance). However,
the impedance at 1 kHz and the charge storage capacity (CSC) varied slightly during the
immersion phase, yet there was no behavior observed. This shows that the fabricated
electrode sample can maintain resistant to the alteration of electrochemical properties when
subjected to body fluids. In order to make sure that the given values of the fabricated
electrodes were precise and accurate, a confidence interval test was performed with a
composition similar to sample 6.

3.4. Evaluation of the Degree of Confidence

An evaluation for the degree of confidence was performed in this work for 20 prepared
samples. The samples were prepared with a composition of (6% PANI, 22% Glycerol, and
72% Silicone) using a circular mold. The disk’s dimensions are radius = 9.415 mm and
thickness = 2.87 mm. The variables considered were the impedance value at 1 kHz. The 95%
confidence is the value that can be 95% true to the fabricated samples that were prepared
in this paper. Before calculating the 95% confidence, the mean and the standard deviation
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should be found using Equations (3) and (4), respectively, and their values were used in
Equation (5) to find the value of the 95% confidence. The EIS test was used to test and
evaluate the electrochemical properties for all the samples to find the degree of confidence
for the impedance values and frequency at 1 kHz.

x (Mean) =
∑ Xi

The number of x values (n)
(3)

S (Standard Deviation) =

√
(Xi− X)2

n− 1
(4)

µ (95% confidence) = x− 1.96σ√
n
≤ µ ≤ x +

1.96σ√
n

(5)

The results of the analysis showed a mean and a confidence interval of 4129.84 ± 2217.74 Ω.

3.5. ECG Test Results

The purpose of this test was to conduct a simultaneous recording of the electrocar-
diograph (ECG) using standard Ag/AgCl electrodes and the fabricated electrodes in this
work. To perform this test, three samples were taken from the mold, having the same
composition of sample 6 (6% PANI, 72% Silicone, and 22% Glycerol). A metal conductive
tip was placed within the electrode samples and the tip was connected to the ECG probes.
Those three electrodes were placed on the participants’ limbs (two hands, right leg) and
the other end was connected to the “PowerLab 26T”. The results were compared to the
standard Ag/AgCl electrodes, as shown in Figure 8.

An ECG comparison between the fabricated PANI electrodes and the standard Ag/AgCl
electrodes was performed, as shown in Figure 8. The ECG result using the fabricated electrodes
appeared to be promising, but the signal to noise ratio was a bit higher than that observed
in the standard Ag/AgCl electrodes; the reason could be due to the motion artifact or the
50 Hz noise within the room. However, the flexibility of the current electrode material and the
absence of other liquid electrolyte material promises for more levels of conformability [23].
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4. Discussion

Overall, the electrochemical characterizations for the prepared samples in this work
showed that the optimum PANI mass composition in the samples was 6%. The PANI-based
prepared samples in this work showed a high flexibility as opposed to what have been
previously reported in the literature with a Young modulus in the order of that similar
to skin’s tissue. More specifically, the Young modulus has increased from 0.1468 MPa to
75.312 MPa, compared to the skin tissue’s Young modulus of 83.33 ± 4.9 MPa [21]. Thus,
it can be clearly seen that the mechanical properties of the prepared PANI samples were
very promising. During the stress–strain testing, the samples appeared to be noticeably
elongated before breaking. The samples were mostly distinguished by their high elasticity
and ductility in comparison with PANI, which is known to be a brittle material [24,25].

The PANI-based samples showed an impedance in the range of 0.6–4 kΩ with an
impedance at 1 kHz in the range of 1.6–28 kΩ. The samples’ conductivities were in the
order of 10−8 S/cm to 10−5 S/cm and this was achieved by optimizing the PANI content in
the prepared samples. Another important aspect of the electrochemical characterization of
the PANI-based samples in this work was the charge storage capacity, which represents the
maximum amount of charge storage capacity (CSC) that can be allowed during one single
pulse of the electrical stimulation process. The CSC reported in this work was from 0.0730
to 4.3124 C/cm2. The values reported here were very promising compared to the values
reported in the literature for recently reported on sputtered iridium oxide film (SIROF) [26]
and poly (3,4-ethylenedioxythiophene) (PEDOT):Nafion-based electrodes [27].

The long-term testing of PANI-based samples in this work showed no significant
change on the samples’ shape/weight or electrochemical properties. Weekly observations
reported that the samples did not significantly change in dimensions for 8 weeks. The
weight of the PANI-based samples increased in the first few weeks of immersion probably
due to the swallowing effect. However, in terms of the electrochemical properties, the
bulk impedance as well as the impedance at 1 kHz appeared to be fluctuating during the
immersion period but remained within the same order of magnitude. Similar fluctuations
were observed in the CSC, but without a certain trend. Overall, the synthesized material
showed that it can maintain stable electrochemical properties when exposed to body fluids
and can do so for several weeks.
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Given the small mass fraction of the PANI material used in the fabricated electrodes,
they are characterized by being low-cost materials, especially when compared to poly
(3,4-ethylenedioxythiophene):poly (styrene sulfonate) (PEDOT:PSS). Nonetheless, and to
further characterize the electrode materials fabricated in this work, biocompatibility tests
are still required.

5. Conclusions

This paper reported the fabrication of a highly flexible implantable electrode based
on a conductive polymer (PANI) and silicone. PANI-based bioelectrodes were supported
by the silicone matrix. Optimization experiments were conducted to find the best mass
composition/combination of the materials. The best performing electrode sample has a
PANI mass percentage of 6%. The EIS showed a bulk impedance of 0.6 kΩ. The cyclic
voltammetry reported the stability of the prepared samples and was used to calculate the
charge storage capacity. A charge storage capacity range from 0.0730 to 4.3124 C/cm2 was
obtained for the sample that contained 6% PANI. Moreover, the mechanical testing was
performed to calculate the Young modulus of the samples. The sample of 6% PANI showed
high elasticity and ductility, with a Young modulus of 75 MPa. The fabricated electrodes
were promising, especially when compared to the body’s skin tissue which is equal to
83.33 ± 4.9 MPa. The fact that the sample possessed a lower Young modulus than that of
the skin makes the sample less rigid. This also means that the skin tissue is controlling the
deformation process and will always deform the electrode but not the other way around.
Thus, adding more comfort to the user. Future work will be directed towards evaluating
the surface roughness of these electrodes using scanning electron microscopy (SEM), as
well as evaluating their biocompatibility.

The long-term stability of the implantable electrodes was studied and evaluated. The
results showed a promising electrochemical impedance. More work is recommended to
improve the mechanical properties of the prepared samples as well as improving the ECG
testing to minimize the signal to noise ratios of the current fabricated materials.
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