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Microelectronic neural bridge for signal regeneration and function rebuilding over
two separate nerves�
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Abstract: According to the feature of neural signals, a micro-electronic neural bridge (MENB) has been designed.
It consists of two electrode arrays for neural signal detection and functional electrical stimulation (FES), and a
microelectronic circuit for signal amplifying, processing, and FES driving. The core of the system is realized in
0.5-�m CMOS technology and used in animal experiments. A special experimental strategy has been designed to
demonstrate the feasibility of the system.With the help of theMENB, the withdrawal reflex function of the left/right
leg of one spinal toad has been rebuilt in the corresponding leg of another spinal toad. According to the coherence
analysis between the source and regenerated neural signals, the controlled spinal toad’s sciatic nerve signal is de-
layed by 0.72 ms in relation to the sciatic nerve signal of the source spinal toad and the cross-correlation function
reaches a value of 0.73. This shows that the regenerated signal is correlated with the source sciatic signal signif-
icantly and the neural activities involved in reflex function have been regenerated. The experiment demonstrates
that the MENB is useful in rebuilding the neural function between nerves of different bodies.
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1. Introduction

Recent development of micro-electronics opens up a new
possibility for the application in the area of neurobiology.
More and more micro-electronic devices are being used in
biomedicineŒ1�3�. On the one hand, much research on the de-
tection or the recording of neural signals has been done to an-
alyze the structure and function of organisms or provide refer-
ences for diagnosis. On the other hand, electronic devices used
as functional electrical stimulation (FES) have already been
used in many aspects of medical rehabilitation, including the
rehabilitation of hearingŒ4; 5�, visionŒ6�8�, sensoryŒ9� and mo-
tor functionŒ10�, especially after stroke or spinal cord injury. A
common feature of those FES methods is that the pulse pat-
terns are formed artificially. In this paper, we will study the
micro-electronic neural bridge (MENB) by which the lost neu-
ral function of an injured nerve can be rebuilt under the control
of the signal from the body itself.

The concept of the MENB was introduced in 2005Œ11; 12�.
In general, theMENBpromoted by our research group includes
both the signal detecting and the FES circuits. Since then, a se-
ries of MENB modules have been implemented in the form
of hybrid integration and more than 20 runs of animal exper-
iments have been carried out. It has been demonstrated that
by means of one of our MENBs, the neural signal, externally
evoked and spontaneously generated, can be regenerated in the

distal stump of an interrupted spinal cord of a rat or a rabbit,
and relevant reactions of legs have been observedŒ13�.

However, the ultimate goal of our study is to develop a
miniature implantable electronic system that can performmany
signal channels in two directions to bridge an interrupted spinal
cord and to ultimately rebuild the motor function. Therefore,
we have made much effort to miniaturize the MENB.

In this paper, a new generation of MENB is developed.
A core chip used for neural signal regeneration is designed in
a standard 0.5-�m CMOS technology (CSMC, Wuxi, China)
and encapsulated in DIP14. A fully complete neural signal re-
generation system based on the core chip is realized on a PCB
and has been used in animal experiments. The experimental
results show that the system can be used in neural signal re-
generation.

2. Methods

2.1. System design of the MENB

To meet the needs of implantation, the MENB should have
a low-noise but high-precision input stage and an output volt-
age driver stage with a low internal resistance or an output cur-
rent driver stage with a high internal resistance.

According to the features of neural signals and implantable
devices, the following aspects should be considered in the cir-
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Fig. 1. Neural signal regeneration system.

cuit designŒ14�20�:
(1) The typical neural action potentials, or spikes, detected

by a pair of electrodes near a nerve have amplitudes of up
to 500 �V when recorded extracellularly, with energy in the
100 Hz–7 kHz band.

(2) The internal resistance of the equivalent voltage source
lies in the range of 5–30 k�.

(3) Many ECG (electrocardiogram) and EMG (elec-
tromyogram) signals may be coupled into the detecting circuit
and act as interferences.

(4) The interface between an electrode and the surrounding
organism could have a large DC offset, which can influence the
work of the detecting circuit.

(5) The power dissipation must be low, because the organ-
ism is sensitive to temperature change.

A core chip is used in the MENB and manufactured in a
standard 0.5 �m CMOS process (CSMC, Wuxi, China) and
encapsulated in DIP14. The circuit diagram of our newMENB
version is shown in Fig. 1. It consists of a head stage, a fil-
tering network, a preamplifier, an integral filter, and a voltage
follower. As the basic cells of the circuit, two types of OPAs
(operational amplifiers) were designed with low power, low
noise, small size, high gain, and high CMRR (common-mode
rejection ratio)Œ21�. They were used in different modes. Among
them, A1 is a two-stage OPA, and A2 is a constant-gm OPA
with rail-to-rail input and output voltages for low-voltage sup-
ply and full-swing driving capability.

As the first stage, the noise performance of the head stage
is critical to the whole system. Therefore, it should be of low
noise. Because of the high and unstable resistance of the organ-
ism, the equivalent current noise is mainly considered. Thus, a
differential unit-gain buffer was used as the head stage. This
is not only for their high resistance but also for their effective
isolation for the next stage.

The design of the pre-amplifier circuit is also very chal-
lenging, because the neural signal detected by the electrode
is very weak. Therefore, a 3-OPA instrumentation amplifier is
generally used as the input stage in bioelectric measurements.
High input impedance and high CMRR can be obtained with-
out extensive trimming. Considering the possible polarization
voltage, AC coupling was accepted. Since many useful bio-
logical signals include low frequency components, it is hard to
choose the cutoff frequency of the filter. We have to make a

compromise between the bandwidth and the baseline drifting.
If the cutoff frequency is too low, the circuit will be blocked
when there is a high pulse at the input of the circuit and it will
take a long time for the baseline to recover. Therefore, we have
chosen an integral circuit as the feedback circuit for the 3-OPA
instrumentation amplifier. The circuit consists of R4, C4, and
an operational amplifier. Thus, the integral circuit and the in-
strumentation amplifier build up the preamplifier stage with a
high pass feature. The gain of the circuit can be adjusted among
550, 1340, and 2000, according to Rg’s value. The cutoff fre-
quency can be calculated as

fHP D
1

2�R4C4

: (1)

The simulated equivalent input noise is 27 nV and the sim-
ulated power dissipation is 4.11 mW.

Figure 2(a) shows the die of the neural signal regeneration
system that has been realized in the 0.5 �m CMOS process of
CSMC (Wuxi, China). The area is 0.99 � 0.934 mm2. Figure
2(b) shows the packaged chip of DIP14 form.

Figure 2(c) shows the PCB-system of the MENB, which is
used in animal experiments successfully.

The gain is

AV D �
R3

R2

�
1 C

2R1

Rg

�
: (2)

AV can be adjusted by changing the external resistor Rg.
R1 D 20 k�, R2 D 20 k�, and R3 D 265 k� were integrated
on chip.

2.2. Experimental set-up

The MENB that we implemented has been used in a series
of animal experiments. For the sake of avoiding the conduction
of the organism itself, or introduction of other interference, we
have designed the neural regeneration experiment on the sciatic
nerves of separate spinal toads, i.e. the sciatic nerve signals
of one toad were transmitted to and regenerated on the sciatic
nerve of another toad by the MENB system. The experimental
set-up is sketched in Fig. 3.

All experimental procedures were in accordance with the
guidelines of theNational Institute of Health Guide for the Care
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Fig. 2. Core circuit of the MENB. (a) Micrograph of the core chip of
realized specific neural signal regeneration system. The area is 0.99 �

0.934 mm2. (b) Encapsulated chip of neural signal regeneration sys-
tem. (c) MENB system.

and Use of Laboratory Animals, which comply with interna-
tional rules and policies. The toads used in the present study
were purchased from a local supplier (Shengming Research
Animal Farms, Nanjing, China) in the weight range of 45–55 g.
Before experiments, one spinal toad (whose brain was cut but
spinal cord kept intact) was prepared. A longitudinal incision
was made through the skin of the dorsal side of the upper leg,
and the sciatic nerve was exposed by pulling apart the muscle
bundles. The sciatic nerve was freed from surrounding tissue,
with care taken to avoid damage to the femoral artery and vein
that run alongside the nerve. The sciatic nerve was exposed be-
tween biceps femora and semi-membranous.

The MENB is a set used as a bridge between two spinal
toads’ left sciatic nerves by two pairs of cuff electrodes (d :

Fig. 3. Experimental strategy of the signal regeneration between the
sciatic nerves of two toads, under a stimulation of 0.05 mL 5% acetic
acid.

Fig. 4. Cuff electrodes of MicroProbes Company.

1.5 mm; x: 2 mm; n: 4), as shown in Fig. 4 (MicroProbes
Company, USA). One pair of cuff electrodes was contacted on
the left sciatic nerve of the source spinal toad, which would
be stimulated by exterior chemical stimulation. The cable con-
nector connected the input of the MENB. Another pair of elec-
trodes contacted with the output of the MENB. Both spinal
toads were actionless in the absence of external stimulation.
After 0.05 mL 5% acetic acid was dropped on the toe of the
source spinal toad’s leg, sciatic nerve signals of both toads were
monitored and recorded.

2.3. Data processing

In order to verify the success of the microelectronic neural
bridge, we need to compare the sciatic signals of the source
spinal toad and of the controlled spinal toad through correlation
function analysis.

The coherence function �xy is defined as

�2
xy D

�
C1P

nD�1

x.n/y.n C m/

�2

C1P
nD�1

x2.n/
C1P

nD�1

y2.n/

;

where x.n/ and y.n/ are discrete signals; m is the number of
shift points and delay time; m > 0 means that sequence y.n/

is shifted leftwards, while m < 0 means that sequence y.n/ is
shifted to the right. We can get different �xy with different m

values.
The coherence function is a normalized correlation func-

tion, and it can measure the relative linearity and delay time
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Fig. 5. Waveform graphs of MENB testing: the input signal is a sine
signal with Vin D 8 mVPP, f D 1 kHz.

Fig. 6. Amplitude–frequency characteristic of MENB: Rg D 200 �,
RL D 20 k�.

between two signals. The coherence value has nothing to do
with the magnitude of the oscillatory signals and is convenient
for comparing the degree of relativity. It can express not only
the phase coherence but also the phase-shift (and delayed) co-
herence. The coherence value indicates the strength of the cou-
pling in the time domain. It is mathematically bounded between
the negative one and the positive one, where one indicates a
perfect linear relationship and zero indicates that the two sig-
nals are not coherent.

3. Results

3.1. Test results

When we tested the electrical characteristics of a MENB,
the test condition was Rg D 200 �. The first channel in Fig. 5
shows the input signal, which is a sinusoidal signal with Vin D

8 mVpp and f D 1 kHz. The second channel in Fig. 5 shows
the output signal of the MENB. Because the waveform gen-
erator used for the test is Agilent 33220, the minimum signal
amplitude is 20 mVpp. Here, the input signal is attenuated to
8 mVpp. Figure 6 shows the measured amplifier transfer func-
tion from 50 Hz to 105 Hz. The midband gain is 62.7 dB. The
low-frequency cutoff is approximately 60 Hz. The amplifier’s
characteristics are AV D 20lg(Vout/Vin/, Rg D 200 �, RL D

20 k�. The power dissipation of the MENB is 40 mW.

Fig. 7. Sciatic nerve signals in a regeneration experiment.

Fig. 8. Coherence function of two spinal toad’s sciatic nerve signals.

3.2. Biological test results

After dropping 0.05 mL 5% acetic acid on the toe of the
source spinal toad’s leg, the source spinal toad flexed its left
leg in a withdrawal reflex. In this case, a neural signal with a
series of spikes was present in the sciatic nerve of the spinal
toad. The signal, detected by the cuff electrode, is amplified
and processed by the MENB. Through another cuff electrode
connected with the output of the MENB, the regenerated neu-
ral signals stimulated the controlled spinal toad’s sciatic nerve.
The left leg of the controlled toad made a similar action just
like the source spinal toad. At the same time, sciatic nerves
signals of both toads were monitored and recorded. Figure 7
shows one segment of the signal.

In order to examine the similarity between the source sci-
atic neural signal and regenerated sciatic neural signal on the
controlled toad’s sciatic nerve, correlation analysis of the data
of Fig. 7 were performed and the result is shown in Fig. 8.

The result in Fig. 8 shows that when the neural signal
on the sciatic nerve of the controlled spinal toad is delayed
by 0.72 ms relative to the sciatic nerve signal of the source
spinal toad, the cross-correlation function reaches the maxi-
mum value of 0.73.

4. Discussion

According to the features of neural signals and the re-
quirements on implantable devices, typical extracellular spikes
(action potentials) have amplitudes of several microvolts to
500 �VŒ14�. A differential input system with a high CMRR is
needed to detect the spikes because of high background noises.
When we test the MENB, the first channel in Fig. 5 is the in-
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put sinusoidal signal, which came from the signal generator
(Agilent 33220) with an amplitude of 8 mV. Owing to the in-
terference, the amplitude of the input signal looks higher and
the wave is distorted. However, we can find that the wave-
form of the second channel in Fig. 5, i.e. the output of MENB,
is smooth. This means that the CMRR of the MENB is high
enough to detect a neural signal.

The energy of extracellular spikes (action potentials) is
in the range of 100 Hz–7 kHzŒ14�. The 3-dB bandwidth of
the amplitude-frequency characteristic of the MENB shown in
Fig. 6 is 60 Hz–160 kHz, which covered the spikes’ energy
range completely. According to the experience obtained from
earlier experiments, stimuli with amplitude equal or greater
than 300–400 mVpp can inspire neural signals effectively. For
the sake of integrating the detecting and the FES circuit on one
chip, the gain of the MENB is defined at approximately 60 dB.
The amplitude-frequency characteristic of the MENB in Fig. 6
shows that the MENB can be used not only for detecting nerve
signals but also for FES. This is an important feature that is
different from those recording systems or FES systems.

The interface between the electrode and the organism
could have a large DC offset, which can influence the perfor-
mance of the detection circuit. We can decrease this DC offset
effectively by using an integral circuit including R4, C4, and
an operational amplifier as the feedback circuit for the three-
op-amp instrumentation amplifier.

This MENB system is gradually formed and improved af-
ter lots of trial. Some of the components, such as the follower
and the integral circuit, are on the PCB and haven’t been inte-
grated. Thus, the power dissipation isn’t low enough yet. We
are pushing our work forward on improving the integration and
lower power dissipation. We hope that the whole MENB can
be integrated on an implantable chip in the future.

5. Conclusions

A new version of theMENB that is implemented on a PCB
has been developed. TheMENBhas been used in animal exper-
iments. In order to avoid the conduction of the organism itself,
or introduction of other interference, a special nerve regenera-
tion experiment method has been used on sciatic nerves of dif-
ferent spinal toads. The result of correlation function analysis
show that the regenerated signal is correlated with the source
signal significantlyŒ22�, and the MENB works well and can be
used in nerve signal regeneration.
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