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Abstract
A multi-microelectrode system for neuroprostheses was designed and manufactured by using microfabrication
technologies. For biocompatibility, we used silicone rubber as the base layer, polyimide as the insulation layer and
gold as the conduction material. A model simulating the electric properties of the microelectrode array was developed
for system design. The electrode system was planar and consisted of 18 microelectrodes. The contact area of each
microelectrode was 600 x 400 µm. The sensing capability of the microelectrode system was tested in animal
experiments. We put the system underneath the sciatic nerve of New Zealand rabbit and passively move the ankle
joint. The results showed that the system could record changes in neural signals during movements. Analyses of the
recorded signals and the joint angle revealed that the recorded neural signals had good correlation with the weighted
sum of joint angle and angle velocity. In conclusion, we developed a planar multi-microelectrode system, which could
sense neural signals in acute animal experiments.
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Introduction
Neural prosthesis, a new and growing development in
rehabilitation, takes the advantage of intact peripheral nerves
to improve the motor functions of patients with lesions in
central nervous system.
The advantages include less
electrical current for stimulation (as compared with
intramuscular and epimesial electrodes), less wiring for
communication between parts and no need for designing
artificial sensors. On the other hand, the extra costs include
larger risk of nerve injury, more calculation load to recognize
the acquired signals and more effort to manufacture the
prosthetic system. To develop a neural prosthesis may
involve many technologies, such as tissue engineering, RF
telemetry and micro-electrico-mechanical system (MEMS)
technology. In particular, fabrication of microelectrode
system plays the central role. Ideally, the system should be
easy to fabricate, small in size, reliable, biocompatible,
harmless to the nerve fibers and multi-polar.
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Many microelectrode systems were proposed for
different purposes [1-5], which could be roughly divided into
two categories according the placement of electrode inside or
outside the nerve fascicles, i.e., extrafascicular and
intrafascicular. The advantage of intrafascicular electrode is
much larger amplitude of signals, as seen in conventional
microneurography [6].
Yet, for long-term usage, the
intrafascicular penetration may cause injury to nerve itself
and may not be easily fixed at the desired position. When the
dimension of microelectrode system increases as the number
of microelectrodes increases, the problem becomes more
serious. On the other hand, the advantages of extrafascicular
placement include less invasive procedures and easy fixation.
Yet, the very small amplitude of signal and low signal/noise
ratio have to be dealt with and there is a risk of encroachment
of the nerve if cuff type configuration is used.
The goal of this study is to develop a planar
extrafascicular multi-microelectrode system, which is small,
stable, selective and minimally invasive. The electrode itself
may not be suitable for long-term fixation. Yet, this is the
first step toward chronic implantation. The challenges are
mainly twofold: (1) how to manufacture the electrode system
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using biocompatible materials and (2) how to confirm the
usability of the electrode, i.e., the electrode system can
capture the neural signals.
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Design of microelectrodes
The major considerations in microelectrode design were
material properties and electrical characteristics. For the
material properties, the component materials should be all
biocompatible and biologically stable. We chose the medical
grade silicone rubber sheet as the base, polyimide (PI) for
insulation layer and gold for conduction material. For the
electrical characteristics, the bandwidth of the electrode
system should cover the bandwidth of the neural signals in
the peripheral nerves (500-5000 Hz) [7]. To assist designing,
we developed an equivalent electric circuit model, which
consisted of solution-electrode interface model, the
conducting part and the interaction between conducting parts
(Figure 1). The interfacial interaction was modeled as a
parallel resistance (Rt) and capacitance (Ci) in series with a
spreading resistance (Rs) [8],

Rt =

R ⋅T
J0 ⋅ z ⋅ F

1

(2)

(3)

ρ ⋅t
A i

i = 1, 2, 3

Rt

Re1

Ci
Rt

V

where R was Boltzman gas constant, z was the valence of
ions, T was the absolute temperature, F was Faraday
constant, J0 was the current density,
L was the
conductivity (Ome*cm) of the solution, L and W was the
length and width of the electrode, CH was Helmholtz
capacitance and CD was the Gouy-Chapman capacitance.
The electrode (Re1), connecting wire (Re2) and bonding pad
(Re3) were modeled as pure resistances,

=

(6)

where W was the width of conducting part, H was the
thickness of insulation layer, S was the distance between
conducting parts, 0 was the dielectric permittivity of free
space and r was the relative dielectric permittivity of the
medium between the two conductors. The values of
constants Re i, CC, Rt, Ci, CS and RS were taken or
calculated from the experimental data in the literature [9].
The model was simulated by using Matlab with Simulink
(www.mathworks.com). The frequency response of the
system was obtained by changing the input frequency
sequentially. The values of four design parameters (W, S, H,
A1) were changed systematically to see the effects of each
parameter. Figure 2(a) was a photograph of the final
prototype and Figure 2(b) showed both the top and the crosssectional views of the microelectrode system.
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Figure 1. The equivalent model of the microelectrode circuit. V was
the input source and V0 was the measured signal.

(4)

where was the resistivity, t was the thickness and A1, A2 and
A3 were the areas of the electrode contact part, conducting
wire and bonding pad, respectively. The interaction between
conducting parts was described as pure capacitances CS
(between electrodes and between bonding pads) and CC
(between conducting wires),

(a)

Electrode contact area

Bonding pad

Insulation layer

Glass plate

Silicone rubber sheet

(b)

Figure 2. The layout of the multi-microelectrode system. (a) was a
photograph of the final prototype, (b) schematically
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showed the top view on the left and the cross-sectional
view on the right.

Fabrication
As far as the authors knew, no papers in the literature
formally described the fabrication process of micro-electrical
circuits on the silicone rubber sheet. The metal pads in the
classical cuff electrode were accomplished manually [10]. So
we had to develop the fabrication process by try and error.
First, we lay a thin silicone rubber sheet (1.25 mm) on a glass
plate for the convenience of processing. A layer of PI (~10
m) was spin coated onto the silicone rubber sheet as the
insulation layer. Second, metal gold was evaporated to form
the conducting layer (~0.5 m) on top of the PI layer and
photo-etched by the standard photolithography with the first
mask to create 18 microelectrodes. The size of each
electrode contact area was 600 x 400? m2. Third, another PI
layer (6? m) was spin-coated onto the metal layer and photoetched with the second mask to expose the electrode contact
areas and the bonding pads. The wires to the amplifiers were
soldered to the bonding pads manually under a dissecting
microscope.
Experimental procedure
The experimental apparatus consisted of a high gain and
high impedance amplifier and a computer equipped with an
analog-digital conversion board. We used New Zealand
white male rabbits (2-2.5 kg) as the experimental subjects.
Animals were anesthetized with Ketamine injected
intramuscularly and the skin area to be operated was prepared
with the standard aseptic procedure. The incision was made
on the lateral side of the thigh to expose a segment of sciatic
nerve before the nerve bifurcated into peroneal and tibial
nerves. The sciatic nerve was carefully not too extensively
dissected and lifted off slightly out the underlying fascia plan.
Then, the custom-designed multi-microelectrode system was
inserted beneath the nerve. The nerve and the microelectrode
system together were covered with a thin layer of inert oil.
The animal together with the pre-amplifier was placed in a
custom-made copper-web cage to prevent the interference of
surrounding electromagnetic waves. The signal received by
the electrode, i.e., electroneurography (ENG), was amplified
105 times and filtered with a hardware band-pass filter (5005000 Hz). In addition to the custom-made microelectrode
system, we inserted a standard concentric needle electrode to
the muscle beneath the microelectrode system to record
electromyography (EMG) for comparison and analyses. The
EMG signal was amplified 5000 times and filtered with a
hardware band-pass filter (100-5000 Hz).
We elicited sensory signals by manually changing the
ipsilateral ankle joint angle. We tried to do the movement
consistently, either in dorsiflexion or plantar flexion
direction. Each movement lasted about 5 seconds and
separated with enough time for preventing the effects of
previous movements. The angle trajectory was recorded by a
variable-resistance electrogoniometer with a four-parallel bar
mechanism [11]. All the signals (ENG, EMG and oj int
angle) were digitized at 20K Hz per channel and stored in the
computer for off-line analyses.
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For the control study, we applied jelly-form Xylocaine,
a local anesthetic, to the sciatic nerve distal to the segment of
Table 1. Results of the simulation.

Case

Bandwidth
(Hz)

Parameters (m)
W

S

H

Ap

1

200

400

10

400 x 600

1.81 M

2

200

20

5

70 x 70

10 K

3

500

20

5

140 x 140

10 K

electrode application and repeated ankle movements at 2.5, 4
and 8 minutes after the application of the anesthetic.
Signal analysis
The stored signals were transformed to the frequency
domain by Fourier transformation for analyzing the changes
in frequency content. Also, the signals were smoothened
with moving average, i.e., calculating root mean squares
(RMS) of 200 points and moving without overlap for
evaluating the correlation between channels.
We also developed a simple model for fitting the
recorded ENG.
We assumed that ENG signal was
proportional to the weighted sum of angular position (x) and
& ),
angular velocity ( x
y = ax + b x& + c

(7)

where a, b and c were constant parameters to be estimated.
For estimating parameters (a, b and c), since the model was
linear, we first derived analytic solution of minimum with the
cost function defined as the least squared errors and
calculated the parameters accordingly.

Results
Simulation of the electrode
The results of simulating the microelectrode circuit
model were shown in Table 1. The effect of changing S was
relatively small. Case 1 was the dimension of current planar
microelectrode system and its bandwidth was 1.81M (Hz),
which was obviously higher than the demand of the neural
bandwidth. Alternatively, if we set 10K Hz as the lower limit
of the highest passband frequency and changed the design
parameters to see the allowable ranges of parameters. Table
1 showed two possible limit dimensions of the
microelectrode system. The limit dimension was well
smaller than the currently designed multi-microelectrode
system. The results indicated that we could design a new
system with more packed smaller microelectrodes.
Neural Recording
The results of extending (plantar flexion) the animal
ankle were shown in Figure 3. Figure 3(a) showed the angle
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changes in ENG more clearly and definitely. The correlation
between ENG and EMG signals (Figure 3(e)) was low, which
eliminated the possibility that ENG signal was a
contaminating artifact of EMG signal. Figures 3(f) and 3(g)
showed the power spectrums of ENG before and during the
movement. The power in the passband increased during the
joint movement. Similar shapes of the power spectrum
before and during the movements reflected the passband of
the hardware filter.
The results of dorsiflexing the ankle joint were shown in
Figure 4. ENG decreased with dorsiflexion. Again, the
correlation between ENG and EMG was minimal. The
power in the passband decreased during the joint movement.
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Figure3. The response of the microelectrode system during plantar
flexion. (a) joint angle trajectory, (b) EMG, (c) ENG, (d)
RMS of ENG, (e) correlation between EMG and ENG, (f)
and (g) power spectrum of ENG in one second interval
(first and sixth second) at two different angles.
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The results of the multi-channel recording were shown in
Figure 5, in which E1, E2 and E3 were ENG signals from
different electrodes of the same multi-microelectrode system.
The magnitudes of signals in E1 and E2 were clearer and had
similar trend, while E3 signal was not. From Figure 5(h), the

ENG (μV)

Angle (deg.)

trajectory. The magnitude of ENG (Figure 3(c)) changed
with the angle trajectory, while EMG (Figure 3(b)) showed
no similar trend. RMS of ENG (Figure 3(d)) showed the

ENG (μV) RMS (μV) EMG (V)
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Figure 4. The response of the microelectrode system during
dorsiflexion. The convention was identical as in Figure
5.

correlation between E1 and E2 signals was higher because
E1and E2 electrodes were closer and in good contact with the
nerve. The correlation between E1 and E3 signals was lower.
During the experiment, we observed that the E3 electrode
was on the lateral edge of nerve.
Control studies
The results of control study were shown in Figure 6.
After applying Xylocaine, while the magnitude of
background activity decreased slightly, the magnitude of
movement related changes decreased more markedly with
time gradually. After eight minutes, moving ankle joint
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Figure 5. The responses of three microelectrodes in the same microelectrode system during plantar flexion.
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Figure 6. The influence of Xylocaine on the ENG signal. The upper, middle and lower sets
of plots represented ENG response to passive joint movements 2.5, 4 and 8 minutes
after the application of Xylocaine, respectively.
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changes in ENG were really sensory signals conducted via
the nerve fibers, not the motion artifact transmitted through
connective or muscle tissues.
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produced only mild change in ENG amplitude. The blocking
effects lasted about 30 minutes. The results indicated that the
blocking effects actually came from Xylocaine, since it took
time for Xylocaine to diffuse into nerve fibers. Also, the
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Figure 7. The model results of ENG signals as a function of knee joint angles. In (b) and (d),
the solid lines were the experimental ENG RMS corresponding to joint movements
(a) and (c) and the dashed lines were the simulated results using parameters derived
from 40 degrees movement. The dotted line in (d) was the simulated results using
parameters de rived from 20 degrees movement.

Model results
Figure 7 showed the simulation results with the ENG
model. We did similar ankle joint movements. We first
estimated the parameters of the model with 40 degrees
plantar flexion (a = 0.009, b = 0.016 and c = 0.613) and then
simulated ENG signal. The simulated trajectory fitted the
experimental data well. When we used the parameters
derived from the 40 degrees movement to simulate the results
of 20 degrees plantar flexion, the simulated trajectory also
fitted the experimental data well, except a relatively constant
bias. We estimated the parameters again with 20 degrees
movement data (a = 0.009, b = 0.013 and c = 0.874). The
derived parameters fitted better. When we compared two sets
of parameters, we found that the main difference was the
constant term (c). This result indicated that ENG signal
could be predicted well with a function consisting linearly
weighted summation of joint angle and angular velocity. The
uncertain term was the variable background level.

Discussion
Electrode dimension
We chose the dimension of the microelectrode based on
the dimension of the animal sciatic nerve and the results of
circuit model simulation. There was dilemma between the
choices of larger or smaller electrode size. Larger electrode
had the advantage of collecting signals from large number of

nerve fibers. On the other hand, smaller electrode had the
advantage of high impedance and larger signal amplitude, at
the cost of larger noise level. Our current circuit model did
not take these factors into consideration. We are working on
improving the model.
Movement artifacts
In current study, we moved the ipsilateral ankle joint to
observe the change in ENG magnitude. This procedure
introduced several potential sources of artifacts. First was the
movement artifact, which was transmitted through the
connective tissues. Second was the change of potential field,
as the human body was also a conductor. Third was the
direct traction of the nerve. Fourth was the cutaneous touch
and pressure sensory inputs. We performed a control study to
rule out these possibilities. The results of control study
excluded all above-mentioned possibilities, except the direct
traction of the distal part of the nerve distal to the blocking
point. It was difficult to prove the source of ENG magnitude
change was on the sensory organ generator or the distal part
of the nerve. The problem was even more complicated when
we recalled that the signal source of some nerve endings was
the deformation of the end part of the nerve fiber. Since in
the normal movements, either active or passive, would also
tract the nerve, we thought it was not important to distinguish
whether the generator site was the sensory organ or the distal
endings of the nerve fibers. It was clear that the surgical
procedure, which freed the nerve out of the connective tissue,
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did not cause movement artifacts between the nerve and the
microelectrode system.
Model results
The preliminary results of ENG model showed that the
simulated results matched the experimental results well. Yet,
there remained several problems if ENG was to be used to
predict the joint angle. First was that we did the experiment
only in a small range of movements (20 to 40 degrees).
There were reports that ENG might not faithfully reflect joint
angle at both extreme ends [12]. Second, the threshold,
which represented the background noise level, also
represented the lower limit of detectable angle range. The
solution to this problem would be a better amplifier with
lower background noise level.
Third, the variable
background level might be a reflection of other neglected
sensory information. It could not be easily solved unless
more understanding of other sensory sources.
Contents of ENG
We did experiments on several animals and found that
the direction of ENG amplitude change and joint angle
change was not constant, i.e., dorsiflexion of ankle joints
increased ENG magnitude in some animal subjects and
decreased in others. Theoretically, moving the joint in either
direction stretched muscles on one side and shortened
muscles on the other sides. The discharge rate of afferents
from muscle spindles in the stretched muscle would increase
and vice versa. So, it was difficult to predict ENG amplitude
would increase or decrease with dorsiflexion. We suspected
that the direction of change might be different, depending on
the recording site along the perimeter of the nerve trunk.
This would explain why sometimes ENG amplitude increased
and sometimes decreased with dorsiflexion in different
animals with the same settings. In order to solve this
problem, more densely packed microelectrode system in the
future would be required.
Though we found that the changes in ENG correlated
well with angle and angular velocity, we did not assert that
ENG only contained these channels of information. At our
experimental setting, the magnitudes of motor efferent and
the force afferent were relatively small. We also neglected
the exteroceptive information, such as cutaneous pain,
temperature and touch sensations. It would be a big and
interesting challenge to separate these channels of
information.
Currently, we are working on refining the multimicroelectrode system in two directions. One is to design
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smaller and more densely packed system and the other is to
convert the planar configuration into cuff one.

Conclusions
We successfully developed a planar multimicroelectrode system. The system could detect changes in
ankle joint angle. The information contained in ENG was
found to be a combination of angle and angular velocity.
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