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a  b  s  t  r  a  c  t

Beyond  their  biocompatibility,  implanted  electrodes  for neuromuscular  stimulation  require  careful  con-
sideration  of conductivity,  stability,  and  charge  delivery  capacity  (CDC)  to  avoid  irreversible  faradaic
reactions.  To study  these  requirements,  metal  electrodes  of  platinum  (Pt), gold  (Au),  and  titanium  (Ti)
on flexible  liquid  crystal  polymer  are  fabricated  using  electron-beam  evaporation,  and  investigated  by
electrochemical  impedance  spectroscopy,  cyclic  voltammetry  and  atomic  force  microscopy.  A  theoretical
eywords:
lectrochemical impedance
urface roughness
iquid crystal polymer
harge transfer

mplantable electrodes

model is  used  to  explain  the  physical  functionalities.  Frequency  dependent  electrochemical  interfacial
impedance  is  observed.  The  impedance  as  well  as  long-term  electrochemical  stability  is  influenced  by
the surface  roughness,  reactivity  and  capacitance  of  the  electrodes.  Pt electrode  offers  lower  impedance
in the  neuromuscular  stimulation  frequencies  and  higher  CDC  than  that  of  Ti and  Au,  but  is  not  as stable
as  Au  electrode.

© 2012 Elsevier B.V. All rights reserved.

euromuscular stimulation

. Introduction

Implanted electrodes for neuromuscular stimulation provide
etter specificity and enhanced control over transcutaneous or
ercutaneous excitation [1–5]. The advances in prostheses do not
ffer an advantage to a subject that has retained the affected
imb(s). Rather than an orthosis, an implanted electrode may  offer

 better alternative rehabilitative solution. However, an implanted
lectrode must maintain biocompatibility while offering optimum
table charge transfer [6].

Recent works on the electrode/electrolyte interface have been
nvestigated through flexible polymer substrate with various
lectrode metal layers for improved implantation characteristics
1,3,6]. The characteristics of double layer capacitive reactions and
eversible faradaic charge transfer reactions are fundamental to
he implanted electrode. The amount of charge required for metal
lectrodes to reach the necessary activation can greatly exceed
deal capacitive transfer. Therefore, it is essential to determine
he reversible charge injection limit [2,7]. Compared to rigid sub-
trates, flexible ones provide a safer excitation by moving with
erves. Flexible substrates do not apply compression on the nerves
nd minimize abrasion from relative movement of the nerves

nd electrode. Flexibility also enhances mechanical fixation which
etter maintain the ideal charge transfer at electrode/tissue inter-
ace. Preference of such flexibility leads the electrodes material

∗ Corresponding author. Tel.: +1 905 525 9140x26647; fax: +1 905 521 2922.
E-mail address: mrhowlader@ece.mcmaster.ca (M.M.R. Howlader).

925-4005/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.snb.2012.12.051
technology (substrate and conductor) toward using biocompat-
ible polymers as electrodes substrates [1].  Polyimide (PI) is a
common flexible substrate in electrical stimulation electrodes
[1,7–10]; however, it has high water absorption via the adhesion
layer/polyimide interface and is thus subject to hydrolytic attack
and delamination [11]. Compared to PI, liquid crystal polymer
(LCP) substrate offers lower water absorption [11] and enhances
the long-term electrochemical stability of electrodes. The authors
present the seminal work on the usage of LCP as the biocom-
patible flexible substrate [12] for the application of implanted
electrodes.

Beyond biocompatibility and flexibility, implanted electrodes
should transfer maximum electrical impulse at lowest injected
charge. This requires lowest possible impedance. The electrodes
are also required to provide charge delivery capability that avoids
the harmful chemical changes in both tissue fluid and electrodes.
To study the effect of different electrode materials, the authors
chose the commonly used gold (Au), platinum (Pt), and tita-
nium (Ti) with flexible substrate. Further, the effects of elapsing
time on the electrochemical performance of implanted electrodes
with different materials and deposition techniques need to be
evaluated. Based on a study of long-term electrical behavior of
16 different electrode materials using electrochemical interfacial
impedance measurements for 10 days, an increase in impedance
for all materials was observed over the first days [13]. After the

initial increase of impedance for the electrodes with polarizable
metals such as Pt, Au and Iridium (Ir), the impedance stayed
almost constant for 1 week. However, [13] reported decrease in
impedance with progressing time for some materials, such as

dx.doi.org/10.1016/j.snb.2012.12.051
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
mailto:mrhowlader@ece.mcmaster.ca
dx.doi.org/10.1016/j.snb.2012.12.051
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Fig. 1. Schematic for electrochemical measurements with equivalent circuit model

from ZView software.
M.M.R. Howlader et al. / Sensors 

ilver, carbon and doped tin oxide. On the other hand, the dou-
le layer parameters have been investigated for different materials
uch as aluminum (Al), Au, Ti, and magnesium (Mg) alloy in diverse
oles of electrolytes [8,14–16]. Diversity in the electrodes, sub-

trate materials, and electrolytes (e.g., phosphate buffered saline
s. sodium sulfate) results in dispersive double layer behavior.
he double layer dispersion has been discussed on the literature
sing surface roughness, reactivity and adhesion, inhomogene-

ty, oxidation, porosity, and geometry of electrode [13–18]. For
xample, the electrochemical impedance behavior of uncoated
rthopedic surgical implant Ti–6Al–4 V (vanadium) alloys in a solu-
ion of sodium chloride, calcium chloride and potassium chloride
ith compositions of 8.6, 0.48, and 0.3 gdm−3, respectively showed

ormation of a few tens of nanometer thick porous oxide film
16].

To investigate the electrochemical characteristics of the
resented polymer–metal electrodes, the authors present electro-
hemical measurements of Au, Ti, and Pt deposited electrodes on
CP immersed in phosphate buffered saline (PBS) solution [5,8,9].
o determine the best polymer–metal electrode for long term
mplantation, an extended electrode analysis was conducted with
he measurements of root mean square (RMS) surface roughness,
nd electrochemical impedance of the electrode/electrolyte inter-
ace. In addition, the long term impedance was  compared against
he equivalent circuit model, and cyclic voltammograms were per-
ormed to determine charge delivery capacity (CDC).

. Experimental procedure

In this research, Au, Pt, and Ti were the electrode electroac-
ive portion with thickness of 200 nm.  To enhance the adhesion

 30 nm Ti layer was deposited between the conducting layer
nd LCP. The substrate specimens were cut from an A4 size
CP sheet. A 100 �m thick copper deposition mask was  pre-
ared with 8 mm diameter and placed on the LCP. Adhesion and
onducting layers were deposited through electron beam evapo-
ation at 1.5 Angstroms/s with background pressure of 1E−4 Pa.
he deposition conditions such as target location, sample loca-
ion, parameters for target, chamber conditions were kept constant
or all electrodes. Prepared electrodes were investigated using
tomic force microscope (AFM-ICON from Veeco) and electro-
hemical Gamry framework workstation. The latter instrument
rovides electrochemical impedance spectroscopy (EIS) and cyclic
oltammetry (CV). The EIS and CV measurements were performed
t room temperature in 0.1-M phosphate buffered saline (PBS)
olution. PBS is a saline solution containing sodium chloride,
odium phosphate, potassium phosphate and potassium chloride,
nd is commonly used as the physiological medium in biological
esearch.

Fig. 1 shows a schematic of the electrochemical mea-
urement apparatus and the equivalent circuit model of the
lectrode/electrolyte interface. The model consists of a capacitive
nterface with constant phase element (CPE) described by the dou-
le layer, in parallel with a charge transfer resistance (Rct), in series
ith the electrolyte resistance (Re). CPE impedance is given by

8,13,14]:

CPE = 1

K(jω)ˇ
, (1)

here K is the numerical value of the admittance at ω = 1 rad s−1,

 is the imaginary number (j =

√−1), ω is the angular frequency
ω = 2�f, f being the frequency), and  ̌ a value (0–1) indicating the
eviation from a pure (  ̌ = 1) capacitance. The surface and volume
esistivities of the LCP are 1E14 Ohm and 1E13 Ohm m,  respectively.
of  electrode/electrolyte interface.

Thus, the influence of current through LCP is negligible compared
to the parallel metal electrodes.

For studying stability of the electrodes, each electrode was
immersed in PBS solution for 42 days at room temperature.
Through this 42-day period, electrodes underwent electrochemi-
cal impedance spectroscopy measurements at 3, 7, 14, 21, 28, 35,
and 42 days. Upon conclusion of EIS measurements, RMS  surface
roughness of electrodes were observed and compared with their
original values.

The electrochemical impedance spectra of these metals are
analyzed in terms of the exponent of CPE impedance, character-
istic behavior of capacitance, the numerical value of admittance,
and charge transfer resistance. These parameters were determined
using a nonlinear least-squares curve fitting of experimental data
Fig. 2. Electrochemical interfacial impedance of Pt, Au and Ti electrodes of 8 mm
diameter surface area as a function of frequency. Note NMESFR stands for neuro-
muscular electrical stimulation frequency range.
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ig. 3. Three-dimensional AFM images of LCP (a) bare substrate, (b) with deposited

. Results and discussion

.1. Electrochemical interfacial impedance dependence on
requency

Fig. 2 shows the electrochemical interfacial impedances of Pt,
u and Ti electrodes as a function of frequency. Hereafter, we
efer to electrochemical interfacial impedance as impedance. The
mpedance of the electrodes increases with the decrease of fre-
uency. Significant differences in the impedance of the electrode
aterials in the measured frequency range are observed. Lower

mpedance requires lower amount of injected charge to transfer
ertain electrical impulse and hence is desired. If we consider the
euromuscular electrical stimulation frequency range (NMES FR),

t is observed from Fig. 2 that the order in the impedance changes at
he defined cut-off intercept of rising slope tangent with the lines
f constant impedance. The cut-off frequency can be expressed by
he following equation.

c = 1
2�ReK

(2)

here K is defined in Eq. (1),  and describes the double layer capaci-
ance involving charge transfer ability of the electrode to electrolyte
body tissue) [8,13,14,19].
At high frequency, Ti electrode shows highest impedance fol-
owed by Pt and Au. While the impedance for Ti and Pt remains
lmost constant to the cut-off frequency, it gradually increases for
u with the decrease of frequency. CPE approximates a short circuit
) with deposited Pt, and (d) with deposited Ti electrodes from a 1 �m × 1 �m area.

at high frequency, resulting in Rct to be neglected and the system
to function as a high-pass filter with the cut off frequency.

Through cut-off frequency to the lower frequency range, Au
electrode shows highest impedance followed by Ti and Pt. At low
frequency, CPE becomes an open circuit, resulting in an equivalent
impedance of Re + Rct. Therefore, the variation in the impedance at
low frequency range is due to the small changes in Re, and experi-
mental uncertainties, i.e., change in ambient.

An electrode with a rougher surface exhibits a larger surface
area, thus the numerical value of CPE (i.e., K) increases with increase
of surface roughness making its value proportional to the surface
area. The implication is that, in short-term, an electrode with a
rougher surface should exhibit a lower cut-off frequency. From
Fig. 2 we  observe that in fact, the cut-off frequency of Ti electrode
was lower than that of Pt and Au. Therefore, surface roughness of
the electrode material influences the impedance and relevance to
the deviation of constant phase element double layer from pure
capacitive behavior.

3.2. Surface roughness vs. impedance

We have comprehensively investigated the surface roughness
to explain its role in interfacial electrochemical impedance. Fig. 3
illustrates the three-dimensional AFM images of (a) bare LCP and

(b) Au, (c) Pt and (d) Ti deposited on LCP substrates from scanning a
1 �m × 1 �m area. The RMS  surface roughness of bare LCP is 4.6 nm.
After deposition under identical conditions, the roughness of Au, Pt
and Ti electrode on LCP was 3.18, 3.44, and 4.49 nm,  respectively. A



M.M.R. Howlader et al. / Sensors and Actuators B 178 (2013) 132– 139 135

Fig. 4. Electrochemical impedance spectra of Au, Ti and Pt electrodes through the 42-day experiments as a function of frequency (a–c), and as a function of elapsed time at
10−1, 1, 10, 102 and 103 Hz (d–f).
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Table 1
Electrode/electrolyte interface model parameters changing through 42 days of immersing electrodes in PBS solution obtained from fitting experimental data to model. RMS
surface roughness of a 1 �m × 1 �m scan area of electrode on LCP before and after the 42-day experiments.

Days Au Pt Ti

K (×10−5)  ̌ Rct(k�) RMS  surf.
rough. (nm)

K (×10−5)  ̌ Rct (k�)  RMS  surf.
rough. (nm)

K (×10−5)  ̌ Rct (k�) RMS  surf.
rough. (nm)

1 1.8 0.83 1200 3.18 21 0.88 2700 3.44 22 0.93 3600 4.49
3 5.4  0.84 1100 – 1.18 0.84 16 – 0.9 0.89 46 –
7 0.94  0.86 1000 – 2.11 0.84 13.4 – 1.6 0.81 16.5 –

14 0.42 0.92 849 – 2.32 0.84 9.5 – 2 0.7 11.8 –
21  0.5 0.9 55 – 2.78 0.8 3.4 – 5.2 0.6 11.7 –
28  0.59 0.88 8.8 – 3.3 0.78 3 – 7 0.5 11 –
35  0.8 0.86 7.8 – 2.9 0.78 2.1 – 8.2 0.25 10.5 –
42  0.9 0.85 7 11 2.8 0.38 1.6 NAa 9.6 0.25 10.5 6.03
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a NA that surface roughness of Pt on LCP was  not measurable due to delaminatio

omparison between the roughness of the bare LCP substrate and
he Au, Pt and Ti deposited electrodes on LCP shows a 30% decrease,

 25% decrease and an almost 0% change, respectively. This indicates
hat the electrode materials smoothens LCP surface. Au electrode
ffers the smoothest surface followed by Pt and Ti. In the selected
euromuscular stimulation frequency range of 1–250 Hz, Au with
he lowest RMS  surface roughness presents the highest fc produc-
ng the highest electrochemical impedance, followed by Ti and Pt.
n increase in surface roughness will increase the true surface
rea, resulting in increased double layer capacitance and therefore
ecreasing the impedance of the constant phase element.

.3. Impedance stability vs. frequency and time

Fig. 4 shows the electrochemical impedance spectra of Au,
i and Pt electrodes through the 42-day experiments (a, b, c are
lotted against frequency for specific times and d, e, f are plotted
gainst time for specific frequencies). Observing Fig. 4a–c, the
mpedance was increased on the third day, then decreased on
he 14th day compared to the previous measurement and finally
ncreased significantly after 42 days. The slope of impedance
pectra was changed at the cut-off frequency and reduced with
he increase in the immersion time of the electrodes. However,
u electrode shows more consistency in keeping the slope of its

mpedance spectra close to one. The slope decrease is a result

f a drop in  ̌ value. Considering Eq. (2),  this drop in  ̌ value is

 result of the diversion of double layer’s capacitive behavior. It
ffers that with elapsing time, surface roughness increases due to
ater absorption. This increase of surface roughness is likely to

Fig. 5. Optical images for (a) Ti and (b) Pt electrodes after 42 days. Ti and P
cause Rct to decrease. Therefore, the long-term impedance results
in higher cut-off frequencies for the electrodes with increased
surface roughness which is in contrast to that of short-term.

Fig. 4d–f shows the immersion time dependent electrochem-
ical impedance of Au, Ti and Pt in the frequencies of interest in
PBS. At low frequencies (i.e., 10−1 and 1 Hz), the impedance for all
the electrodes shows negative slope with respect to the immer-
sion time. Above these frequencies (i.e., 101, 102 and 103 Hz), for
Au we  observe near independence of impedance and immersion.
For Ti the impedance increases with immersion. This increase is
attributed to the hydrolytic attack of the Ti, which may  have been
covered by a TiO2 layer (which is hydrophilic) due to atmospheric
exposure, prior to PBS immersion [20]. In the case of Pt, at 35 days,
the impedance transitions from independent to an unexpected
dependence and increase; we believe this a residual result of prior
delamination.

Table 1 demonstrates circuit model parameters during the 42-
day stability experiments. Each electrode type surface roughness
increases with time due to water absorption causing the model Rct

to decrease. The increase in the RMS  surface roughness increases
the double layer capacitance but decreases the cut-off frequency.
A significant drop in  ̌ for both Pt and Ti is observed in long-term
evaluation. The decreases in Rct and  ̌ values, and the changes in K
value, are due to the change in capacitive and faradaic behaviors in
long-term studies [15]. However, Au electrodes offer ˇ-unchanged

values, close to one, after 42 days of immersion into the PBS solu-
tion. This is indicative of best stability of Au electrodes due to
reversible capacitive reactions. Optical images for Au (not shown
due to similar behavior of Ti) and Ti electrodes after 42 days

t electrodes show no delamination and delamination, respectively.
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Table  2
Calculated CDC values from CV curves of deposited electrodes at 1E-4 Pa in this study
compared to their values from literature.

Film CDC value (mC  cm−2)

This study Literature

Pt 3.12 2.92–26.81, 4.424
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Au 0.33 0.2426

Ti 0.20 0.5925

howed no delamination (Fig. 5a). In contrast, delamination of Pt
lectrode after 42 days of immersion into the PBS solution was
bserved (Fig. 5b). Pt, due to its hydrophilic nature, is more prone
o hydrolytic attack from the saline solution (PBS), compared to
u and Ti (which are hydrophobic) [21,22].  Therefore, the stability
tudy shows that Au and Ti electrodes on LCP have potentials for
ong-term applications over Pt.

The reduction of  ̌ with elapsing time was observed due to rough
urface. Identical to these observations, from Table 1, an increase
n surface roughness and a decrease in  ̌ of Ti and Pt electrode
fter elapsing time in PBS electrolyte have been observed in our
tudy. In other study [16], current densities of titanium alloys were
easured in saline solution of 0.9% NaCl in compared with pure

i. Lower values of current densities of Ti alloys than pure Ti were
bserved to be due to the formation of passive film (oxide) with
ime. The passivated film [23] resulted in the increase of the resis-
ance of the Ti alloys. Therefore, the characteristic parameters of
PE significantly control the distributions of current and poten-
ial, and ultimately the electrochemical interfacial impedance of
lectrode/electrolyte.

For Au, the surface roughness was significantly increased after
lapsing time and is comparable to that of Ti. The K value was rel-
tively lower compared to that of Ti. While the  ̌ for Au remained
onstant, it was severely decreased in Pt and Ti. The significant
ecrease observed for Ti may  be explained by the formation of

 more porous outer oxide surface layer with extended expo-
ure time. The addition of H2O2 to PBS solution has been found
o significantly reduce electrochemical performance,  ̌ value in
articular, of Ti [15,22,23].  The degraded electrochemical perfor-
ance is attributed to the formation of rougher, more porous,

xides with increased ionic conductivity in the presence of H2O2.
owever, the exact mechanism by which this occurred in the exper-

mental conditions employed herein is not known, and requires
urther study. Identical electrochemical behavior of Pt to that of Ti is
ikely attributed to the applied potential induced oxidation behav-
or [17,18] associated with delamination of Pt. Hence, the increase
n the surface roughness associated with oxidation and porosity is
esponsible for the poorly dependent electrochemical impedance
ehavior of Ti and Pt as a function of frequency in the stability
est. Conclusively, the chemical environment on the surface and
nside the electrode (i.e., pores) controls changes in the electro-
hemical interfacial impedance of electrode/electrolyte with the
ime elapsed immersion of Ti and Pt in the electrolyte.

.4. Charge delivery capacity

Cyclic voltammograms (100 mV/s) of Pt, Au, and Ti electrodes
ere performed to evaluate the ability of each electrode type to

onvert electrical current into ionic current at electrode’s surface
nd vice versa through calculating the charge delivery capacity
CDC – obtained by measuring the enclosed area inside the cyclic

oltammogram graph) over the range of −0.6 V to 0.8 V. Voltage
weep is limited to this range to avoid the electrolysis of water.
ig. 6(a–c) represents the cyclic voltammograms of Au, Pt, and Ti.
imilar to Ref. [1,24],  approximately symmetrical CV plots along
Fig. 6. Cyclic voltammograms of (a) Au, (b) Pt and (c) Ti. The area inside each curve
is  CDC value.

the potential axis are observed for Pt films. However, for Au and
Ti electrodes, unequal cathodic and anodic charge transfer occurs
through the films and the electrolyte.

Table 2 shows the calculated CDC values of electrodes compared
to that of from the literature [1,24,25]. For Pt, similar to Lee et al.
[7] and Hudak et al. [2],  the peaks observed at −0.5, −0.45 and

0.1 V are hydrogen desorption, adsorption, and oxygen reduction,
respectively. For Au, capacitive processes and oxygen reduction are
observed between −0.1 to 0.7 V and −0.5 to −0.2 V, respectively.
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his behavior is identical to that of Au in 0.2 M PBS solution [26]. For
i, between −0.6 and 0.4 V, capacitive reactions are observed. Above
.6 V, Ti behavior is similar to Pt reported behavior in nitrogen-
urged PBS using 1.0–1.5 V applied voltage [25]. Oxidation of the
hloride ion and phosphate group may  be the cause. This is consis-
ent to the formation of oxide layer on electrode surfaces, which
ffects on the charge delivery capacity [17,18,27].

. Conclusions

Electrochemical impedance of gold (Au), titanium (Ti), and plat-
num (Pt) electrodes on liquid crystal polymer (LCP) has been

easured as a function of frequency and immersion time for the
rst time in phosphate buffered saline (PBS) solution. The electrode
aterial changes impedance based upon frequency of applica-

ion, whereby the impedance of the electrodes increases with the
ecrease of frequency. From experimental results, we  propose the
ollowing relationship for determining impedance vs. frequency
ehavior:

Z
∣∣ =

⎧⎨
⎩

f ≤ fc, ∝ 1
f

f > fc, ≈ Const.
(3)

In Eq. (3),  Z is the impedance, f is the application frequency of
nterest, and fc is the cut-off frequency.

In the selected application frequency range, Pt shows lowest
mpedance followed by Ti and Au. This may  be attributed to the
urface roughness of electrode associated with its reactivity and
apacitance in the solution in short-term evaluations. However, in
rder to identify such behavior in long-term, further interrogation
s advised. In long-term stability, the surface roughness is severely
ncreased after 42-days of immersion in the PBS solution. The slope
f impedance decreases with elapsing time due to the degradation
f the double layer capacitive behavior (i.e., ˇ) of the electrode. The

 value for Pt and Ti significantly degrades with immersion time.
owever, this change is not remarkable in Au.

Cyclic voltammetry investigation identifies that Pt offers high-
st charge delivery capacity (CDC) value followed by Au and Ti. It is
lear that there is a choice between best charge transfer and long-
erm stability for the application frequency range. These results
emonstrate Pt electrode with low electrochemical impedance
nd high CDC may  make the best material for the short-term
pplications of neuromuscular electrical stimulation. Au possesses
mproved stability for long-term applications, albeit with higher
lectrochemical impedance and lower CDC. These results provide

 better understanding of the electrochemical design challenges of
mplantable electrode for neuromuscular stimulation applications.
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