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Abstract— Flexible implantable bioelectrodes have the potential 

to advance neural sensing and muscle stimulation, especially in 

peripheral nerve injuries. In such cases, the application of 

electrical stimulation to muscles prevents muscular atrophy and 

helps to bridge the gap between the injured nerve and the 

corresponding muscle. This work investigates the fabrication and 

characterization of a novel, cost effective, flexible bioelectrodes, 

based on silicone polymer (polysiloxane) and titanium (IV) 

dioxide. Samples were synthesized and evaluated for their 

electrochemical and mechanical properties. The bioelectrodes 

fabricated in this work exhibited promising electrical and 

mechanical characteristics. The ductile properties for the samples 

showed an elongation of 293% ± 27.1% before breaking and an 

elastic modulus of 32.9 ± 5.01 kPa. The impedance at 1 kHz (a 

standard frequency value to measure the neural activity) was 

equal to 198 kΩ. The lowest electrode impedance found at 7 MHz 

was 0.35 kΩ.  Thus, supporting its’ potential to be employed in 

implantable electrode applications. 

Index Terms—implantable electrodes; neural sensing, 

conductive polymers; silicone-titanium dioxide, flexible electrodes. 

I. INTRODUCTION

HE nervous system is composed of delicate tissue that is

highly susceptible to injuries with low levels of 

regeneration. Nonetheless, recent studies have reported the 

possibility of axon regeneration in some cases of peripheral 

nerve injuries if small parts of neurilemma remain [1, 2]. 

Neurilemma is the outer layer of myelin sheath that is 

composed of cytoplasm of schwann cells, remain then the axon 

can be regenerated [2, 3]. Th regeneration process depends on 

multiple factors, including the extent of the injury, production 

of nerve growth factors by neurilemma, and the gap length 

between the damaged axon and the effector organ [1]. The 

regeneration process is referred to as Wallerian Degeneration 

and is guided by schwann cells [1, 3]. 

Electrical stimulation showed promising potential in 

peripheral axonal regeneration. This is stipulated by the 

presence of schwann cells in the injury site [3, 4]. In the 

literature, it was demonstrated that the electrical co-stimulation 

in vitro of neurons and schwann cell enhanced neurite 

outgrowth [2]. This has been also supported by numerous 

studies that showed larger neurite outgrowth upon electrical 

stimulation provided to the damaged tissue via neural or 

implantable electrodes [2, 5-8]. Implantable electrodes are 

acting as an interface between the electronic system and 

biological tissue. They must have the ability to register the 

bioelectrical signals within the body and deliver any stimulation 

signal from the instrumentation system to the target tissue 

(nerve/muscle). Thereby, they are functioning in a bidirectional 

manner that has been capitalized in many medical and 

therapeutic applications, including neuromodulation (NM) and 

functional electrical stimulation (FES) [9, 10]. NM is widely 

used in pain subjugation [11]. This type of practice depends on 

the application of electrical stimulation to the afferent nerves 

advancing to the brain and spinal cord. This in turn induces a 

variation in the excitatory or inhibitory signals of the neural 

network [9, 12].  

Similar to NM, FES includes applying an electrical signal to 

nerves; however, in FES, the motor neurons and their 

corresponding muscles are targeted. Additionally, muscular 

contractions are synchronized to perform their functions. This 

treatment is focused on attenuating muscle atrophy [13] and 

simultaneously facilitating the neural connection reparation 

[12].  Although stimulation electrodes are commonly attached 

to the muscles (muscles electrodes), the applied stimulation is 

more likely to activate the nerves rather than the muscle fibers 

due to their lower threshold. Accordingly, FES’s purpose is the 

recovery of the neuromuscular activity in cases of partial or 

complete spinal/brain lesions that lead to loss of voluntary 

motor control. In such cases, the connection between the lower 

(spinal) motor neurons innervating the muscles, and the upper 

(cortical) ones is severed. Consequently the voluntary 

activation fails and the patient loses movement ability [10]. 

There have been multiple successful FES systems produced for 

rehabilitation of upper and lower extremities [14-16], in 

addition to rectification of disorders in bladder, bowel and 

respiratory system [10]. Furthermore, FES has been utilized in 

exercise regimen for healthy adults and athletes [17].  

The commonly used materials in implantable electrodes 

include: inert metals and conductive polymers [18]. 

Conventional bioelectrode interfaces are metal based, including 

precious metals (such as platinum (Pt), gold (Au)) and silver or 

silver based materials in addition to metal alloys such as 

platinum-iridium (Pt-Ir) [19-22]. Platinum is the leading 

material in neural prosthesis [20] and deep brain stimulation 

(DBS) [23]. However, such platinum electrodes are inherently 

rigid and have mechanical mismatch with the soft tissue; this is 

demonstrated in the log-scale plot in Figure 1. This issue arises 

in implantable applications as it causes chronic inflammatory 
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response, due to the repetitive abrasion between the two 

surfaces with tissue and/or electrode micro-motion [20, 24, 25]. 

Additionally, the smooth exterior of metal-based electrodes 

suppress cell attachment to the surface, which triggers the 

immune system to attempt encapsulating the electrode; thereby 

increasing the electrode’s impedance, and attempting to 

decompose it; thus possibly releasing cytotoxic elements [20]. 

This results in high interfacial electrochemical impedance 

between the electrode and the soft tissue, and poor signal 

recording of neural activity or muscle stimulation. The 

mechanical forces exerted on soft tissues by the stiff mechanical 

electrodes may result in damaging them. Research activities are 

therefore directed towards the development of flexible, durable 

implantable electrodes with low interfacial impedance.  

 
Fig. 1. Log scale plot for young’s modulus of common material for implantable 

bioelectrodes. Figure adapted from [12, 26] 

In order to overcome the foreign body response (FBR), metal 

electrodes were coated with organic materials [27]. For 

example in Harris et al. iridium-based electrodes were coated 

with either polypyrrole (Ppy) or 3,4-ethylenedioxythiophene 

(PEDOT) [28]. Additionally, market implantable electrodes are 

moving towards metal-based electrodes with polymer coating 

layer, such as NeuroNexus that fabricate neural electrodes that 

are coated with silicon or polyimide (PI) [29]. However, due to 

the rigidity of the metals; mechanical mismatch remains. 

The use of conductive polymers presented a breakthrough in 

the bioelectrode materials research. They possess high 

conductivity [30-36], and enhanced flexibility [35, 36]. In 

addition, the physical and chemical properties can be adjusted 

according to the function, via the incorporation of organic 

components [33, 37]. However, some of their mechanical 

properties (being brittle) are still restricting their applications. 

In this work, flexible bioelectrodes materials composed of 

titanium dioxide (TiO₂), silicone (polysiloxane) and glycerol 

are fabricated. The objective is to investigate the 

eletrochemical, mechanical properties and long term stability of 

these materials before their application in micro-electrodes for 

electrical stimulation/recording neural activity of peripheral 

nerves. Upon success, the next step will be using these materials 

to fabricate the micro-electrode arrays for neural 

sensing/recording using proper micro-machining methods. The 

composite material reported here is proposed as a replacement 

for the existing conventional materials such as Metals or 

expensive conductive polymers such as PEDOT. The electrodes 

can be fully fabricated from the reported materials. 

Silicone and polydimethylsiloxane-based materials were 

previously used in recording and neuroprosthetic interfaces [38, 

39] as well as plastic surgery implants and showed good 

biocompatibility with little to no immunological response [40, 

41]. Recent research reported employing it for biosensor 

applications [42]. TiO₂ on the other hand is a metal oxide that 

possesses valuable conductive and biocompatible properties 

[43-45]. It was previously investigated in biosensors [45]. 

Glycerol has unique properties of biocompatibility and stability 

[46] in addition to its dispersing properties and proton 

conductivity [47, 48]. 

In this work, it is attempted to properly pack the 

semiconductor (Titanium dioxide) on silicone substrate via 

encapsulation within silicone matrix, as a prior step to fabricate 

a functioning, flexible and low cost electrode. The material’s 

electrochemical and mechanical properties were evaluated and 

compared to the properties of conductive polymers and metals 

reported in literature. SEM images of a sample of the prepared 

material were taken at different magnifications. Furthermore, a 

study for the long-term change of impedance was carried out.  

II. METHODOLOGY 

A. Materials  

The material to be used are commercially available silicone 

(100% silicone rubber clear (Poly(dimethylsiloxane), hydroxy 

terminated, CAS Number 70131-67-8), titanium (IV) oxide 

powder (Anatase ≥ 99%, −325 mesh) from Sigma-Aldrich, in 

addition to glycerol (Certified ACS, CAS Number 1317-70-0), 

and Glycerol (C3H8O3) (Certified ACS from Fisher, assay ≥ 

99.5%). 

B. Sample Preparation 

Electrode samples are prepared using a standard procedure, in 

which 1.5g of silicone was added into the weighing dishes 

(diamond-shaped, polystyrene, 30 mL) from Sigma-Aldrich 

using the laboratory scale (Nimbus, NBL 254i) from Adam 

Equipment. Then, a specific mass of TiO₂ was weighed ranging 

from 0.3 g to 0.9 g to obtain a mass ratio of TiO₂:silicone from 

1:3 to 3:5. Glycerol dispersant was added in specific mass from 

0.3 g to 0.6 g. The mixture was then well-mixed, slowly and 

steadily, for 5 minutes at least until a uniform blend was 

achieved and to minimize the possibility of generating air 

bubbles. The use of glycerol combined with well and steady 

mixing would ensure uniform dispersing of titanium dioxide 

particles within the viscous silicone matrix and prevent them 

from clustering in one side. The material was then casted in a 

custom-made, teflon mold 5.0 cm length, 0.6 cm width, and 0.2 

cm thickness, shown in Figure 2a. The samples are then left to 

dry for 24 hours in the fume hood at room temperature shown 

in Figure 2b. 
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Fig.  2. (a) Teflon mold (b) Bioelectrode batch prepared with a ratio (50% of 

silicone, 30% TiO₂ and 20% glycerol 

Initially, six samples with different ratios of the material 

were tested to determine the optimal composition of the 

materials. The tested ratios were (70% silicone, 15% TiO₂ and 

15% glycerol), and (50% silicone, 30% TiO₂ and 20% 

glycerol). After the initial testing, 10 samples were prepared 

from the composition (50% silicone, 30% TiO₂ and 20% 

glycerol) as these ratios showed the best performance as will be 

discussed in the following section. Statistical analysis was also 

performed on the prepared samples to investigate the 

reproducibility. 

C. Material Characterization 

1) Electrochemical Impedance Spectroscopy (EIS) 

EIS is a non-destructive technique that involves evaluating 

the impedance of a sample resulting from the application of 

alternating potential and recording the corresponding 

alternating current as a sinusoidal function. The mathematical 

approach is analogous to Ohm’s law; i.e, interdependency of 

sinusoidal voltage potential E(t) with a frequency of (𝜔) and 

corresponding current I(t) with the same frequency and a phase 

shift of (Ф). Accordingly, the electrochemical impedance is 

calculated as shown in equations (1) and (2) [55].  

𝑍(𝜔) =  
𝐸(𝑡)

𝐼(𝑡)
=  

|𝐸𝑜𝑒𝑗𝜔𝑡| sin(𝜔𝑡)

|𝐼𝑜𝑒𝑗𝜔𝑡−𝑗Ф| sin(𝜔𝑡−Ф)
=  𝑍𝑜

sin(𝜔𝑡)

sin(𝜔𝑡−Ф)
     (1) 

𝑍(𝜔) =  |𝑍𝑜|𝑒𝑗Ф =  |𝑍𝑜| cos Ф + 𝑗|𝑍𝑜| sin Ф =  𝑍𝑅𝑒 + 𝑗𝑍𝐼𝑚  (2) 

 

Thus, the impedance can be expressed as a sum of the real 

(ZRe) and imaginary impedance (ZIm). This is shown in the 

Nyquist Plot, in which the real impedance is plotted against the 

imaginary impedance at each frequency. Such representation is 

allows the determination of the equivalent electrical circuit and 

its resistance components [55]. 

 

The Nyquist plot is composed of a semi-circle with an x-axis 

intersection, at high frequencies, representing the bulk 

resistance of the sample (the sample’s mass impedance). The 

diameter of the semi-circle usually represents the charge 

transfer impedance. In this case, it represents the resistance of 

the grain boundaries [49]. EIS was conducted on the prepared 

samples, using Potentiostat (SP-200, Biologic). A custom-made 

cell with stainless steel blocking electrodes was used. The 

material sample was packed and sandwiched in between the 

stainless steel electrodes for EIS testing.  The applied voltage 

was set to 10 mV with a frequency range of fi = 7 MHz down to 

ff = 100 Hz. EC lab software to record the data. The impedance 

of the sample was obtained from the EC software. It is found by 

the intercept of the semicircle with the x-axis at the high 

frequency region [49]. The data was fitted into the best model 

using the EC lab software. The bulk impedance was used to 

calculate the conductivity,  (S/cm) using the equation (3) [48] 

 = t/R×A                                                                             (3) 

Where t is the sample thickness in cm, R is the resistance on 

Ω (obtained from the Nyquist plot) and A is the cross sectional 

area of the sample in cm2.  

For comparison with electrode materials reported in literature, 

the impedance at 1 kHz was also extracted and used for 

comparison, as it represents the neural activity frequency [56]. 

2) Cyclic Voltammetry (CV) 

CV is a qualitative test that enables the investigation of 

reduction/oxidation reactions on the molecular level as well as 

materials’ capacitance properties [57]. It is called non-

destructive by electrochemists because it is usually employed 

to study catalysis and a very small fraction of the sample might 

be affected by the decomposition [50]. It is carried out by 

applying a cyclic potential at the electrode and measuring the 

generated current, then plotting the data in a voltammogram. 

The peaks height and location are recorded and used in the 

characterization process [58]. Additionally, the data can be used 

to calculate the charge storage capacity (CSC) that represents 

electrodes’ upper limit of charge density allowed during 

electrical stimulation [59]. The CV test was done for the same 

sample used in EIS in the voltage range from (-1V, 1V).  

 

3) Mechanical Characterization 

The mechanical testing is important to determine the 

samples’ ductility and flexibility. The method chosen in here is 

a quasi-stastic uniaxial tension test using Instron (5582 

Universal Testing Method, Instron), as shown in figure 3. The 

sample undergoes controlled tensile force until failure. The data 

is plotted in a stress-strain format, and the parameters chosen to 

be studied are the modulus of elasticity and elongation% as they 

are indicators of flexibility and ductility. The displacement rate 

of 5 mm/min, and the test was carried out until rupture, then the 

results were displayed and extracted by Instron Bluehill. 

 

 
Fig.  3. Mechanical test performed for TiO₂-based batches (a) initial length 

before tensile test (b) stretched sample during tensile test (c) fractured sample 

(end of test).    

4) Surface Morphology using Scanning Electron Microscopy 

Scanning electron microscopy (SEM) was used to investigate 

the surface morphology of the samples. SEM was performed 

using Tescan VEGA XMU, LaB6 filament, Oxford Instruments 

X-Max 50 SSD detector, at different magnifications (2x, 10x 

and 35x). 

(a) (b) 

(a) (b) (c) 

1 cm 1 cm 
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5) Long-Term Impedance Test 

In order to assess the long-term stability of the prepared 

samples, electrochemical impedance analyses were performed 

on multiple samples that were prepared and fully immersed in 

phosphate buffer solution (PBS) of 7.4 PH for 8 weeks to 

simulate the body’s conditions. The samples were inserted in 

test tubes containing PBS solution and numbered by the weeks. 

Eight similar composition samples were prepared. Each week, 

the corresponding sample was removed from PBS, dried in the 

fume hood for 15 min and subjected to EIS and CV to monitor 

any changes in impedance and assess stability. 

III. RESULTS 

1) Electrochemical Impedance Spectroscopy and Cyclic 

Voltammetry 

Three samples were prepared by varying the amount of TiO₂ 

in each (15% TiO₂ and 30% TiO₂). Additionally, if the TiO₂ 
proportion exceeded 35%, then it will hinder mixing and a 

uniform mixture becomes difficult to achieve. The samples 

were then tested by EIS and the results are shown in table 1. 

EIS analysis showed lower bulk impedance for the 50% 

TiO₂. The bulk impedance in 15% TiO₂ had a value of 

8.96±0.799 kΩ and in 30% TiO₂ had value of 4.06±0.448. 

Therefore, further testing was carried out for the 30% TiO₂ ratio 

as it gave the lower impedance. Of the 30% TiO₂ ratio, three 

samples were prepared and subjected to EIS analysis. The 

results are shown in Figures 4 and 5. 

 
 

Figure 4 shows an example of a Nyquist plot, whereas figure 

5 shows the frequency vs. impedance plot for the same samples.  

 
Fig.  4. Nyquist plots for three samples from the 30% TiO₂ ratio (50% silicone, 

30% TiO₂ and 20% glycerol) 

ANOVA single factor test (alpha value of 0.05) was 

performed for the bulk impedance and impedance at 1 kHz with 

the null hypothesis that all the batches’ impedances are 

equivalent, while the alternative hypothesis contradicts that. 

The results of the analysis are shown in tables 2 and 3. The 

results support the reproducibility of the impedance at 1 kHz 

judging by the F-value, P-Value and F-critical value. 

 

 
Fig. 5 Bode plots (impedance vs frequency) for three samples prepared with 

30% TiO₂ ratio (50% silicone, 30% TiO₂ and 20% glycerol) 

The examination of Figures 4 and 5 shows an impedance 

average value of be 353 ± 13.5 Ω and an impedance at 1 kHz 

equal to 198 ± 183 kΩ. The results of this work, namely 

conductivity ( in S/cm) are compared with typical conductive 

polymers reported in the literature and used bio-electrodes as 

shown in Table 4, to highlight their reasonable semi-conducting 

properties. Figure 6 shows an example of CV voltammogram 

for a sample with 30% TiO₂ ratio at a scanning rate (SR) of 20 

mV/s. 

 
Fig.  6. Voltammogram plot for a sample of 50% silicone, 30% TiO₂ and 20% 

glycerol composition (scanning rate of 20 mV/s) 

Figure 7 shows the CV results on the 50% silicone, 30% TiO₂ 

and 20% glycerol sample, at different scanning rates. CV is 

used to investigate the faradic reactions in the sample as well as 

the charge storage capacity (CSC). CSC is a quantity indicating 

the amount of charge available in the electrode surface. It also 

refers to the maximum charge allowed in that electrode during 

any electrical stimulation process. Examining the CV scans 

shown in Figures 6 and 7 shows no obvious redox peaks 

referring to the stability of this sample in this voltage range. 

Furthermore, the observed CV voltammogram is similar to the 

quasi-rectangular shape described in the literature [57] of these 

CV scans is an indication of capacitive properties [56, 57]. The 

recorded current-potential data was used to calculate the charge 

storage capacity (CSC) at scanning rate of 10 mV/s, by 

integrating the cathodal current then dividing by the scanning 

rate, as described by D. Park et al [59]. 

 

 

TABLE 1 

COMPARISON OF PREPARED SAMPLES IMPEDANCE FOR DIFFERENT RATIOS 

Ratio 

 

 

Batch 

70:15:15 50:30:20 

Bulk 

Impedance 

(kΩ) 

Impedance 

at 1 kHz 

(kΩ) 

Bulk 

Impedance 

(kΩ) 

Impedance 

at 1 kHz 

(kΩ) 

Batch 1 17.2 1480 4.25 78.2 

Batch 2 7.62  1140 3.55 24.2 

Batch 3 17.5 1510 4.38 105 

Average 8.96 ± 0.799 1370 ± 206 4.06 ± 0.448 69.0 ± 41.0 
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TABLE 2 

ANOVA TEST FOR BULK IMPEDANCE VARIANCE BETWEEN 10 ELECTRODE BATCHES 

Source of Variance SS dF MS F P-Value F-Critical 

Between Groups 107×103 9 1.18×103 0.539 0.824 2.59 

Within Groups 329×103 15 21.9×103    

Total 436×103 24     

TABLE 3 

ANOVA test for impedance at 1 kHz variance between 10 electrode batches 

Source of Variance SS dF MS F P-Value F-Critical 

Between Groups 43.3×1012 9 48.1×109 1.78 0.135 2.39 

Within Groups 54.0×1012 20 27.0×109    

Total 97.2×1012 29     

TABLE 4 

COMPARISON TABLE FOR IMPEDANCE FROM LITERATURE 

Material Bulk Impedance 

(kΩ) 
Impedance at 1 kHz (kΩ) Conductivity (S/cm) 

PEDOT:PSS 2.23 [51] 2.54 [51] 0.06–945 [52, 53] 

PPy - 146 - 256000  [20, 54]  0–340 [52, 53] 

polycarbazoles (PC) - - 4×10-5 - 5×10-2 [53] 

Polyaniline and Polythiophene - - 2.67 ×10-4 - 10-2 [52, 53] 

This work 0.353 ± 0.0135 198 ± 183 7.22 ± 0.0169 × 10⁻⁴ 

The calculated CSC for the three samples (30% TiO₂ 

composition) was found to be 27±1.1 mC/cm². This value was 

compared with some reported values in table 6. It can be clearly 

seen that the results reported here are higher than those for gold 

(0.32 mC/cm²) [58] and PEDOT:PSS-coated indium oxide [60]. 

However, this property increases with the decrease in thickness 

due to enhanced mass transport properties. Therefore, it is 

anticipated that when micro-electrodes are fabricated from our 

materials, the CSC value would be higher. 

 
Fig.  7. Voltammogram plot for a sample from prepared electrode batch of 50 

% silicone and 30% TiO₂ at different scanning rates 

TABLE 6 

COMPARISON TABLE FOR CSC FROM LITERATURE 

Material 
Charge Storage Capacity 

(mC/cm2) 

Gold 0.3 ±0.03 [58], SR= 10mV/s 

Transparent graphene electrodes  
0.116−0.174 [59] 

SR=10mV/s 

PEDOT:PSS-Coated Indium-Tin-Oxide 0.0581 [60], SR=100 mV/s 

Parylene C-based cuff electrode  1.64±0.4 [61], SR=250 mV/s 

PVA-taurine coated platinum-iridium  160 [62], SR=150mV/s 

Iridium oxide-platinum coated platinum 54.14 [63], SR=50 mV/s 

PPy 16.32 ± 1.5 [58] 

PEDOT 4.86 ± 0.24 [58] 

This work ( 0.2  cm thickness) 27±1.1  

 

2) Evaluation of Mechanical Properties 

The tensile mechanical test was performed for four samples; 

one and the resulting stress-strain curve is shown in Figure 8. 

The results showed an elastic modulus of 32.9 ± 5.01 kPa and 

it reached an elongation of 293% ± 27.1% before breaking. The 

examination of the Young’s modulus presented in Figure 1 

shows that the value reported here falls within the range of skin 

and spinal cord tissue elasticity. Hence, it appears to be very 

promising and mechanically integrated with the soft tissue. 

 

 
Fig.  8. Stress-strain curve for a TiO₂-based sample 
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3) Surface Morphology using Scanning Electron Microscopy 

 
Fig.  9.  Top-view of SEM images for one sample of (50% silicone, 

30% TiO₂ and 20% glycerol) at different magnifications (a) 2x (b) 10x 

(c) 35x 
 

Figure 9 shows top-view SEM images for the TiO₂-based 

electrodes fabricated in this work at different magnifications. 

Examination of the surface morphology shows the small TiO₂ 

particles embedded within the silicone polymer matrix. Higher 

magnifications (image c) show the distribution of very small 

spherical particles (in the size of 100 nm).  In general, a smooth 

surface is observed with a few pores present. The surface of the 

synthesized electrodes appears fairly smooth when compared 

with the morphology of PEDOT based electrodes reported in 

the literature [64]. 

4) Long-Term Impedance Test  

The prepared electrode samples composed of 50% silicone, 

30% TiO₂ and 20% glycerol were subjected to a long-term 

stability test. The long-term immersion test was carried out, in 

which 24 electrode batches with 30% TiO₂ were prepared and 

immersed completely in 8 tubes containing 10.5 mL of 10% 

PBS solution with a one-week testing interval. Every two weeks 

three samples were extracted from their tubes, left to dry for 15 

min. in the fume hood, then EIS-CV-EIS was performed. The 

results of EIS analysis pre-CV and post-CV are shown in tables 

7 and 8. The results show almost a constant impedance with 

time and a change in the weight of the sample after immersion. 

This could be attributed to the swelling effect. The samples’ 

weight started to decrease after 4 weeks of immersion. This 

could be attributed to some glycerol leaching. This was 

confirmed by analysis to the PBS solution that showed 

maximum leaching of 25% (not shown here). 
TABLE 7 

CHANGE OF WEIGHT OF TIO₂-BASED SAMPLES OVER TESTING PERIOD 

Week Weight (g) Weight Change% 

0 (Before Immersion) 0.558 - 

1 1.00 79.7 

2 1.06 89.3 

3 0.888 59.0 

4 0.732 31.2 

5 0.693 24.1 

6 0.651 16.6 

7 0.801 43.4 

8 0.638 14.3 

TABLE 8 

CHANGE OF IMPEDANCE OF TIO₂-BASED SAMPLES IN LONG-TERM SAMPLES  

Week Bulk Impedance (kΩ) Impedance at 1 kHz (kΩ) 

0 (Before 

Immersion) 
0.739 ± 0.0849 160 ± 7.38 

1 1.26 ± 0.448 96.6 ± 0.663 

2 1.23 ± 0.205 47.2 ± 3.49 

3 1.80 ± 0.940 84.6 ± 34.4 

4 1.15 ± 0.180 95.2 ± 27.8 

5 1.22 ± 0.490 69.5 ± 16.4 

6 1.94 ± 0.362 49.2 ± 12.2 

7 1.18 ± 0.622 61.7 ± 27.6 

8 0.755 ± 0.181 16.3 ± 4.21 

 

Figure 10 displays the CV on prepared samples after 

immersion in PBS for 8 weeks. They all show a stability for the 

investigated samples over this period.  

 
Fig.  10. Voltammogram for immersed samples of (50% silicone, 30% TiO₂ and 

20% glycerol) in PBS solution (scanning rate of 20 mV/s) for 8 weeks. 
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IV. DISCUSSION 

The results showed that the impedance is inversely proportional 

to the amount of TiO₂ ratio in the sample. This is typical as TiO₂ 

is a well-known semi-conductor.  The prepared electrodes’ 

materials bulk impedance in this work was comparable to the 

reported values of PEDOT:PSS. The results of ANOVA 

analysis for bulk impedance generated an F-value of 0.539 and 

F-critical value of 2.59 with a p-value of 0.824. Therefore, the 

null hypothesis cannot be rejected. This supports the 

reproducibility of the bulk impedance.  The results of ANOVA 

analysis for impedance at 1 kHz and CV also data support the 

reproducibility of the results.  The fabricated electrode 

materials showed very high elasticity. Hence, the material in 

this work is expected to have much less mechanical mismatch 

with biological tissue. With an elongation of 293% ± 27.1% 

before breaking, the material demonstrates high ductility as it 

can stretch to almost three-fold of its length before breaking. 

The surface morphology shows nano size TiO₂ particles 

embedded within the silicone polymer matrix. The long-term 

impedance testing of samples in PBS solution showed that the 

weight of the sample has increased after immersion in the first 

four weeks with slight swelling for the silicone polymer; 

however, in the following weeks the swelling and weight 

started to decrease which can be explained by glycerol leaching 

reaching maximum 25% upon PBS solution analysis (not 

shown here). The samples were tested for their mechanical 

properties after one week of immersion and no significant 

change was observed. EIS analysis showed stability with time, 

with few outliers, in regards to bulk impedance and impedance 

at 1 kHz, with a decrease in impedance at 1 kHz after only 1 

week of immersion in PBS. This indicates that the material is 

chemically stable with constant impedance with time even 

when immersed in PBS for 8 weeks. This was supported by CV 

analysis that showed stability over the 8-weeks period. As 

proper electrical packaging for these electrodes is crucially 

important in neural recording/stimulation, future studies will 

focus on fabricating silicone-based flexible leads. 

V. CONCLUSION 

Bioelectrode materials based on silicone polymer and TiO₂ 

were synthesized and characterized for their electrochemical 

and mechanical properties. The prepared materials 

demonstrated promising electrochemical and mechanical 

properties as well as smooth surface morphology. The 

synthesized electrodes’ materials in this work offer a less 

expensive alternative with competitive properties. The study of 

long-term impedance after immersion in PBS produced 

consistently stable electrochemical properties, thus supporting 

their use on the long term. Future studies will focus on the 

fabrication of a micro-electrodes array using a proper 

machining method and suitable and low cost insulating material 

such as silicone itself. 
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