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a  b  s  t  r  a  c  t

Functional  Electrical  Stimulation  (FES)  helps  individuals  with  paralysis  recover  their muscle  function.  As
opposed  to voluntary  muscle  movement,  which  involves  probabilistic  recruitment  of  different  muscle
fibers  at  the  neuromuscular  junction,  FES  is  usually  performed  using  electrodes  with  just  one  channel,  and
as a result,  tends  to stimulate  the  same  muscle  fibers  repeatedly.  This  induces  excess  muscle  fatigue,  which
manifests  itself  as a loss  of generated  force  after  extended  stimulation.  Since  the  force  generated  is  not
typically  measured  in a FES  system,  electrical  stimulation  parameters  need  to  be adjusted  manually  when
muscle  fatigue  occurs.  To  address  the  problems  of current  FES,  we propose  a  flexible  muscle  interface
device  with  multiple  stimulation  electrodes  and  an  integrated  pH  sensor.  By  using  different  subsets  of
electrodes  for  stimulation,  alternating  excitation  of  muscle  fibers  can  be  achieved  to  reduce  fatigue  in
the  muscles.  At the same  time,  the  pH sensor  helps  to  provide  quantified  information  about  the  state
of  the  muscles,  potentially  allowing  the  stimulation  parameters  to be altered  in a  closed-loop  fashion.
Different  interfacing  materials  were  compared  in  terms  of  impedance  and  charge  delivery  ability.  IrOx

exhibited  lower  impedance  of 0.7  k�  at 1 kHz,  and  higher  charge  storage  capacity  (CSC)  of  23.77  mC/cm2.
In  in vivo  muscle  stimulation  experiments,  the use  of  alternating  electrodes  during  stimulation  induced
less  muscle  fatigue,  as well  as  less  pH  change,  compared  to using  fixed  electrode  pairs.  This  flexible
multi-channel  stimulation  device  can  potentially  be  used  to  reduce  and  monitor  muscle  fatigue  during
functional  electrical  stimulation.

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Paralysis is the loss of ability for a muscle or a group of mus-
les to move voluntarily. It is often caused by stroke and spinal
ord injury, after which the voluntary movement of muscles is lost
ue to the inability of the brain to communicate with the corre-
ponding muscles. Functional Electrical Stimulation (FES) is often
sed for individuals with paralysis to recover voluntary movement
f muscle, by applying electrical stimulation to excitable muscles

1–5].

Currently, three kinds of muscle stimulation interfaces are
ommonly used: transcutaneous [6–8], percutaneous [9–11], and

∗ Corresponding authors at: Singapore Institute for Neurotechnology (SINAPSE),
ational University of Singapore, 28 Medical Drive, 117456, Singapore.

E-mail addresses: shihcheng@nus.edu.sg (S.-C. Yen), elelc@nus.edu.sg (C. Lee).

ttp://dx.doi.org/10.1016/j.sna.2016.07.034
924-4247/© 2016 Elsevier B.V. All rights reserved.
implanted interface [12–14]. The main advantage of transcuta-
neous stimulation is that it is non-invasive and easy to apply, but
it has difficulty reaching deep muscles and selectively activating
specific muscles. This is because when the electrical field is gen-
erated by the transcutaneous interface device, it spreads in the
cutaneous layer, and will often activate other muscles along with
the targeted muscle. It may  also activate cutaneous pain receptors
and cause pain in the subject. Percutaneous stimulation involves
inserting needle electrodes through the skin to stimulate the under-
lying muscles. It has the ability to target deeper muscles, as well as
isolating muscles for stimulation, but some subjects may  be uncom-
fortable with the use of these needles, and improper sterilization of
the needles or skin may  result in infections that are hard to manage.

Stimulation through wireless implanted devices requires surgery,
and is thus the most invasive. However, once implanted, the devices
can be powered and controlled transcutaneously through the skin,

dx.doi.org/10.1016/j.sna.2016.07.034
http://www.sciencedirect.com/science/journal/09244247
http://www.elsevier.com/locate/sna
http://crossmark.crossref.org/dialog/?doi=10.1016/j.sna.2016.07.034&domain=pdf
mailto:shihcheng@nus.edu.sg
mailto:elelc@nus.edu.sg
dx.doi.org/10.1016/j.sna.2016.07.034
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Fig. 1. Schematic illustration of device design. Six electrodes of same diameter are
distributed with uneven distance between each other. Two arrays of suture holes
facilitate the fixation of the device on the target muscle.
70 J. Wang et al. / Sensors and

roviding a safe interface that can be used repeatedly to stimulate
eep muscles, as well as isolated muscles.

Implantable interfaces for FES have been developed for decades,
ut significant drawbacks still remain. The critical problem is that
ES induces excessive fatigue. FES tends to activate muscle fibers
imultaneously [15], and the activated muscles fibers are random
16,17]. In this way, FES induces muscle fatigue easily, and is dif-
erent from normal voluntary muscle contraction, which has two

echanisms to lower fatigue [18]: one is to activate smaller and
atigue-resistant fibers first to delay the onset of fatigue [19,20];
nother is to recruit fibers in an unsynchronized pattern to replace
he fatigued fibers with others. Currently, most FES devices are
nable to quantify the force generated through the muscle stim-
lation, so when fatigue sets in, the adjustment of the stimulation
arameters needs to be made manually by experienced clinicians.

Till now, researchers have not reached a consensus on the chem-
cal releasing mechanism that leads to muscle fatigue, and fascial

uscle pH value may  be an indicator of muscle fatigue. Some
esearchers agree that accumulated lactate leads to muscle fatigue
21]. While others agree that muscle fatigue is related to energy
upply, under which circumstances faster expenditure of ATP than
eneration of ATP releases NH3 and monophosphate into blood
22].

In recent years, implantable devices based on flexible polymer
ubstrates have started to emerge. These devices have been applied
n other fields, including a 3D membrane for cardiac monitoring and
timulation [23], foldable electrode array for brain activity mapping
24], adaptive neural ribbon electrode for small nerve recording
25], instrumented surgical sutures for wound monitoring and ther-
py [26], and absorbable silk device for infection abatement [27].

The flexible polymer substrates, together with the usage of
nert metal (gold) or absorbable metal (magnesium) as conduc-
ive layer, have been shown to be biocompatible as well [28–30].
he integration of different sensors and actuators, including electri-
al stimulation sites, electrical recording sites, temperature sensor,
train sensor, and micro-heater, makes these devices applicable for
ealthcare monitoring and functional stimulation. Unlike previous
ulky implantable devices, these devices are flexible, so that they
an conformably attach to target nerves, tissues, or organs for better
ecording and stimulation.

To address the problems of FES interfaces mentioned above,
nd take advantage of the development of multi-functional,
mplantable devices based on flexible substrates, we  propose a flex-
ble multi-channel muscle interface to reduce muscle fatigue and

onitor pH to reflect muscle fatigue during FES. By alternating the
timulation electrode site pairs during FES, different muscle fibers
ocated on the same muscle are excited alternatively, to mimic the
oluntary muscle contraction pattern. Meanwhile, the IrOx pH sen-
or on the implanted interface monitors pH change to quantify the
egree of muscle fatigue, so that corresponding adjustments on the
timulation parameters can potentially be made.

. Design and fabrication

Fig. 1 shows the design of the muscle interface device. Six rectan-
ular electrode pads were designed to fit a flexible printed circuit
FPC) connecter. Every electrode pad was connected to one elec-
rode site with interconnects of 50 �m width. We  designed the
lectrode site to be as large as possible to provide lower impedance
so as to consume less power during electrical stimulation) and to

enerate less heat during electrical stimulation. However, due to
he limitation in device size, 600 �m was chosen as the electrode
ite diameter. Suture holes were designed to facilitate the fixation
f the device on the target muscle with surgical suture.
All chemicals were used directly after purchasing, without fur-
ther purification. The chemicals were: Durimide 7500, Durimide
developer HTRD-2, and RER 600, purchased from Fujifilm; AZ
9260, and AZ developer AZ 400 K, purchased from MicroChemicals;
potassium carbonate, iridium chloride, and oxalic acid, purchased
from Alfa Aesar.

As shown in Fig. 2, the fabrication of the sandwich-structure
muscle interface started from a silicon wafer with a 200 nm alu-
minium layer. First, polyimide was spin coated, patterned with UV
lithography, developed, and cured at 200 ◦C in N2 to form the bot-
tom layer (Fig. 2 (b)). The middle metal layer was  realized by a liftoff
process. The AZ layer was  spin coated, UV pattered, and developed
to generate the metal layer pattern. Two  layers of 10 nm chromium
and 200 nm gold were deposited by electron beam evaporator sub-
sequently. Then, the liftoff process in acetone removed the extra
Cr/Au by dissolving the AZ layer, and left the desired metal pattern
on the device (Fig. 2 (c)). A top polyimide layer was fabricated using
the same method as the bottom layer.

IrOx was coated on the electrode sites, to be used as electrical
stimulation and pH monitoring material. The electroplating solu-
tion was prepared in the following way: 300 mg  iridium chloride
was dissolved in 200 ml  DI water, and stirred for 15 min. Then,
1000 mg  oxalic acid powder was  added to the solution, and stirred
for 10 min. To adjust the pH to 10.5, potassium carbonate was
slowly added to the solution. The prepared solution sat at room
temperature for 2 days before use, during which it turned into a
violet color. It was  stored in a dark bottle at 4 ◦C in the fridge until
it was used.

To electroplate the electrode sites with IrOx, the electrode pads
were connected to the negative terminal of an external voltage
source, with only the electrode sites immersed in the prepared
solution. The positive terminal of the external voltage source was
connected to a platinum mesh electrode immersed in the solu-
tion. Pulsed voltage, with peak-to-peak magnitude of 3 V and bias
voltage of 1.5 V, was applied for 3 min  to plate IrOx.

The device was  then released from the substrate, by dissolving
the Al sacrificial layer, as described previously [31]. The silicon sub-
strate and platinum mesh electrode were immersed in a conductive
solution of 2 M NaCl. The wafer was connected to the positive termi-
nal of the external voltage source, and the platinum mesh electrode
was connected to the negative terminal. DC voltage of 1 V was
applied for 15 min, and then raised to 15 V for another 3 h. The
released device is shown in Fig. 2 (f).

Fig. 3 shows the connection between the muscle interface device
and a FPC connector. Since the muscle interface was designed to fit
the FPC connector, it inserted into the opened FPC connector easily,

with an additional spacer used to ensure good contact.
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Fig. 2. Fabrication process. The device is fabricated layer by layer on the silicon substrate, and then released by etching away the aluminium sacrificial layer.

Fig. 3. Schematic illustration of the device connected to a FPC connector. The pads
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Fig. 4. Three-electrode setup. The working electrode, Ag/AgCl reference electrode,
and  Pt mesh electrode are immersed into the PBS solution.

can deliver more charge to the tissue when used as a muscle stim-
n  the device are designed to match the FPC connector, and can be plugged in the
PC  connector easily.

. Electrical characterization

.1. Electrical characterization of stimulation interface

Cyclic voltammetry (CV), electrochemical impedance spec-
roscopy (EIS), and potential transient responses were measured for
lectrode sites of three different materials (Au, Pt black, and IrOx)
n 600 �m-diameter electrode sites, to characterize the perfor-
ance of the stimulation electrode and the properties of the IrOx.

u was the initial conductive layer grown by sputtering, while Pt
lack and IrOx were electroplated separately to modify the contact
urface.

The measurements were performed using a three-electrode
etup: the electrode to be measured acted as the working electrode,

 Ag/AgCl electrode acted as the reference electrode, and a Pt mesh
cted as the counter electrode (Fig. 4). These three electrodes were
mmersed into phosphate-buffered saline (PBS) solution (pH = 7).

In the measurement of CV and EIS, the working electrode,
g/AgCl reference electrode, and the Pt counter electrode were
ll connected to the potentiostat (Autolab M204). However, in the
easurement of CSC, the Pt mesh electrode was connected to both

he oscilloscope (Keysight, 2000 X-Series) and a custom made cur-
ent stimulator, while the Ag/AgCl reference was connected to the
ther terminal of the oscilloscope and the working electrode was

onnected to the other terminal of the current stimulator.

Fig. 5 shows the CV measurement results. The closed area
ormed by each curve represents the charge storage capacity (CSC)
Fig. 5. Cyclic Voltammograms (CV) of different contact materials. The current den-
sity  is derived from dividing the current by interface electrode area.

of the material. In this area, a reversible redox reaction occurred,
which indicated that the coating material on the electrode surface
was not dissolved in the solution. By using Eq. (1), where the voltage
sweep rate was 50 mV/s, the CSC of each material was  calculated.
IrOx achieved the highest CSC of 23.7 mC/cm2, in correspondence
with previous results [32], and much higher than Au, which exhib-
ited a CSC of 0.506 mC/cm2. The higher CSC of IrOx means that it
ulation interface material. As opposed to nerve stimulation, which
only needs stimulation currents of several nA, muscle stimulation
requires several mA of current. As a result, materials with higher
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ig. 6. Bode plot of electrode impedance. At 1 KHz, IrOx shows lower impedance of
.7 k�, compared to Pt black of 1.4 k� and gold of 5.3 k�.

harge delivery capacity, which IrOx has demonstrated here, meet
he requirements for muscle stimulation.

SC =
∫

|Current density| ∗ d (Voltage)

Voltage sweep rate
(1)

Fig. 6 shows the complex impedance magnitudes for 600 �m-
iameter electrode sites. At all frequencies below 10 kHz, IrOx
howed lower impedance than Pt black and Au. At 1 kHz, the fun-
amental frequency of biological relevance in action potentials, the

mpedances of IrOx, Pt black, and Au were: 0.7 k�, 1.4 k�, and
.3 k�, respectively. For the purposes of muscle stimulation, where
igh stimulation currents are used, lower impedances are critical
s less heat will be generated. So, IrOx with its low impedance is
referred as the material of the stimulation electrodes.

Using the method described by Negi et al. [33], the maximum
timulation current was found by gradually increasing the stimula-
ion current until the maximum negative potential excursion (Emc)
eached the water reduction potential of −0.6 V, with stimulation
ulse widths fixed as 120 �s. Using Eq. (2), the charge injection
apacity was calculated. The comparison of CIC is shown in Table 1,
here IrOx shows the highest CIC of 3.95 mC/cm2. The reason for

he difference between measured CIC and CSC for each material was
hat the measurements were performed at different frequencies.
he CSC measurements were carried out at a frequency of 0.025 Hz,
hile the CIC measurements were carried out at 20 Hz. At the low

requency of 0.025 Hz, carriers have enough time to diffuse in the
olution to finish the reversible reaction. While at higher frequen-
ies, some carriers may  not be able to reach the electrode before the
nset of the next redox reaction, thus causing a lower deliverable
harge in the reversible reaction.

IC = Stimulation current × Pulse duration

Electrode site area
(2)

Compared to Pt black, IrOx showed improvements in both
mpedance and charge delivery ability. Apart from being used

idely at the stimulation interface, IrOx is also widely used in pH
ensing. As a result, we choose to use IrOx instead of Pt black as the
oating material in our device.

.2. Calibration of IrOx pH sensor

A commercial pH meter (Hach, LPV2550T.97.002) was used to
alibrate the pH measurements with the IrOx electrode. The cali-
ration was performed in solutions of different pH value, by mixing
ydrochloric acid (HCl) and potassium hydroxide (KOH) solutions
ith different ratios. Before the measurement of each solution,
he commercial pH meter, IrOx electrode, and Ag/AgCl reference
lectrode were rinsed in DI water and blown dry using N2 gun.

For each prepared solution, the pH was first measured using the
ommercial pH meter, and then the IrOx electrode. When measured
Fig. 7. pH calibration of IrOx electrode and commercial glass pH meter. Open circuit
voltage shows linear relationship with the pH change.

with the IrOx electrode, both the IrOx electrode and Ag/AgCl ref-
erence electrode were immersed in the solution, and connected to
the multi-meter (Fluke 45) for voltage readout. We  waited fifteen
seconds between readings to ensure that we obtained stable read-
outs of the Open Circuit Voltage (OCV) between the IrOx electrode
and Ag/AgCl reference electrode.

The pH calibration result is shown in Fig. 7. The IrOx electrode
was tested in solutions with lower pH at first, and then in solu-
tions with higher pH, and repeated again from higher pH to lower
pH. The mean value of the OCV readout in the same solution was
plotted. When pH decreased by 1, the voltage readout decreased
by 68.94 mV.  The correlation between the OCV and pH was com-
puted before in-vivo measurements, so that the OCV readout during
in-vivo tests could be mapped to pH values.

4. In-vivo muscle fatigue measurement

4.1. Study on stimulation parameters

All procedures were performed in accordance with the ethics
guidelines of the Agri-Food and Veterinary Authority of Singapore
and approved by the Institutional Animal Care and Use Committee
at the National University of Singapore. Male Sprague-Dawley rats
were anesthetized with isoflorane, and isoflorane vapor was con-
tinuously supplied to maintain the rat under anesthesia during the
experiment.

Muscle stimulation was  performed on both legs of the same
rat, first on the right leg, followed by the left. The biceps femoris
muscle, right underneath the skin layer, was chosen as the target
muscle. The skin on the right leg was cut with a blade, and fat on the
muscle was removed carefully with tweezers. After exposing the
muscle, the motor unit of the biceps femoris muscle was  found by
identifying the position where maximum muscle contraction was
generated. To fix the electrode to the motor unit, surgical sutures
were made through suture holes to the muscle tissue, as shown in
Fig. 8. To quantify muscle contraction under electrical stimulation,
a pulley system was  used: using a string, a 10 g weight suspended
on a pulley at the edge of the table was  tied to the ankle of the
rat leg. Under electrical stimulation, the rat leg kicked backwards,
and pulled the weight up, which was recorded by a video camera

placed in front of the weight. By comparing the displacement of the
weight, the contraction of the leg was quantified.

The electrical stimulation consisted of several signal pulse
trains, with a time interval between each of the pulse trains. Within
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Table  1
Comparison of impedance, CSC and CIC.

1KHz impedance (K�)  Charge Storage Capacity (mC/cm2) Charge Injection Capacity (mC/cm2)

IrOx 0.7 23.7 3.95
Pt  black 1.4 21.42 2.96
Au  5.3 0.506 0.329

Fig. 8. Illustration of in-vivo muscle stimulation. The device is sutured to Biceps
femoris muscle surface. A weight is tied to the leg through a pulley system. By
recording the vertical movement of the weight, the leg displacement can be derived.

Fig. 9. Correlation between electrode stimulation current and leg displacement
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Fig. 10. Experiment design for comparison of muscle fatigue using different elec-
mean value of 20 displacements). For a certain subset of electrode, the leg dis-
lacement tends to increase with the stimulation current at first, and then saturate,

ollowed by dropping at large stimulation current.

ach pulse train, multiple biphasic pulses were delivered. For a cer-
ain pair of electrode sites, several electrical stimulation parameters
ere studied: current magnitude (I), pulse width (w), stimulation

requency (f), pulse number (n) in a train of electrical stimulation,
nd time interval between two pulse trains of electrical stimulation
Tinterval).

We  first learnt from the experiment that changing pulse width
nd time interval between two pulse trains of electrical stimulation
ad a small influence on the induced muscle contraction magni-
ude. As a result, these two parameters were fixed during the study
o w = 100 �s and Tinterval = 3 s.

Stimulation frequency and pulse number were optimized
ogether to achieve smooth muscle contraction. When low stimula-
ion frequencies were used, individual tetanus muscle contractions
ere observed, as the muscle fibers relaxed before the onset of

he next stimulation pulse. When a small pulse number was used,
ery slight tetanus contractions were observed, as the muscle fibers
ere not able to accumulate enough force. Thus, the stimulation

requency and pulse number were fixed at f = 50 Hz and n = 20 per

ulse train.

The result of using different electrode pairs and stimulation
urrent is shown in Fig. 9. Here, we used Dmn to denote the leg
isplacement measured when using stimulation on electrode sites
trode pairs. During the muscle fatigue induce process, the left leg is stimulated with
alternating electrode pairs, while the right leg is stimulated with fixed electrode
pair.

m and n. Except for I = 2.5 mA,  the relationship of leg displacement
was: D34 > D24 > D23. This can be explained with the mechanism
of muscle contraction under electrical stimulation: when more
muscle fibers are excited, larger contraction will be generated. For
electrical stimulation on e2 and e3, since the distance between the
electrode contact was  small, a strong, localized electric field was
created, and only a few muscle fibers were excited. For stimula-
tion of e2 and e4, the electric field was distributed over a larger
distance, so the charge at each location was reduced, resulting in
fewer muscle fibers being activated. For stimulation of e3 and e4, a
good balance of electrical field spread and localized magnitude was
achieved, thus a larger portion of muscle fibers were excited. The
sole exception occurred at I = 2.5 mA,  where D24 was found to be
larger than D34 even though the distance between e2 and e4 was
larger than that between e3 and e4. This may  be because the stim-
ulation current was  low, so the spread of the electrical field played
a more important role than the magnitude of the electrical field.

When using the same electrode pair, another trend was
observed: with increased stimulation current, the leg displace-
ments reached saturation after a certain current magnitude. This
suggests that smaller currents can be used to generate the desired
displacement to protect the coating material on the electrode.

4.2. Muscle fatigue measurement

In the muscle fatigue experiments, the electrode was first
implanted on the right leg, and then on the left leg of the same rat.
For the right leg, muscle stimulation was performed continuously
using the same electrode pair (e1 and e4) to induce muscle fatigue.
For the left leg, muscle stimulation was  performed by alternating
the electrode pairs (e1 and e3, e3 and e4) to mimic the voluntary
muscle contraction by exciting different muscle fibers.
The electrical stimulation for each leg was carried out in three
stages, as shown in Fig. 10. In the initial stage, the OCV between
the IrOx electrode and the external Ag/AgCl reference electrode
(which was  attached on the same muscle) was recorded. In the ini-
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Table  2
Results of muscle fatigue comparison.

Mean displacement (cm) pH
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Sci. 111 (2014) 17385–17389.
Before stimulation 1.14 0.6 6.5 6.6
After stimulation 0.645 0.05 6.7 7.3

ial stage, a standard stimulation was applied to e1 and e4: I = 2 mA,
 = 50 Hz, w = 100 �s, n = 20, Tinterval = 3 s. The weight displacement

as measured using a pulley system over 20 muscle contractions.
hen, muscle fatigue was induced in each group with a series of
uscle stimulation trials. To induce muscle fatigue during muscle

timulation, a higher current magnitude of 4.5 mA  was used, with
ther parameters kept the same as in the initial stage. In the final
tage, the same standard stimulation was applied to the muscle
gain, and weight displacement was recorded. Right after the final
tage, the OCV between IrOx electrode and the external Ag/AgCl
eference electrode was recorded.

The comparison of muscle fatigue under different stimulation
atterns is shown in Table 2. Mean displacement of 20 smooth con-
ractions on the left leg (using alternating electrode pairs) reduced
y 43.4%, while those on the right leg (using a constant electrode
air) reduced by 91.7%. This showed that muscle fatigue induced
y alternating electrode pairs was lower than that with a constant
lectrode pair. Meanwhile, the pH change on the left leg was lower
han that of the right leg.

The reduction of leg displacement was in correspondence with
he reduction in pH change. It suggests that we may  be able to quan-
ify muscle fatigue by monitoring pH change. Since the electrical
timulation sites and pH recording sensor were integrated on the
lectrode, this suggests that closed-loop control of muscle stimula-
ion may  be possible for long-term implantation: when significant

uscle fatigue is detected through a pH change, the stimulation
urrent can then be increased before further muscle stimulation.

. Conclusions

In this paper, we have described a muscle interface device
ith integration of multi-channel electrical stimulation and pH

ensing. IrOx was employed as the electrode material, which
xhibited lower impedance of 0.7 k� at 1 kHz, and higher CIC
f 23.77 mC/cm2. By mimicking voluntary muscle contraction,
e showed that multi-channel stimulation produced less muscle

atigue. We  also showed that with IrOx based pH monitoring on the
urface of the muscle, closed-loop control of FES may  be possible.
he pH feedback signal may  offer an indication of muscle fatigue,
hich will allow the device to automatically increase the stimula-

ion current to achieve the same muscle contraction. This concept
ill be tested in future experiments.
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