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ABSTRACT

In mewral prosthetic applications, cull clectredes have been ulilized for providing pe-
ripheral nerve electrical stimulation and signal sensation. It is imperative to monitor the
impedance of implantable cuff electrodes for effective sensing and stimulating schemes.
This study aimed to implement an implantable wircless biomierosysiem [or providing
constant stimulation currents as well as for measuring cuff electrode impedance via a
magnetic-inductive link, For continuous in vive impedance monitoring, a franscutaneous
magnetic coupling technigue was sdopted for transmitting power and commands into the
internal module of the biomicrosystem and transmitting outwards the impedance meas-
urement, For impedance measurement, the two-terminal and four-terminal methods were
adopted for measuring the electrode-tissue interfacing impedance and tissue impedance.
To avoid the high sampling rate required, a gain-phase detector was wtilized for direct
output of the magnitude and phase shift of a sinuseidal current input for impedance
measurement, The same voltage-controlled current source can be converted for the nerve
stimulation function with o mono-phasic pulse inpul. The adjustable stimulation parame-
ters, including the stimulation intensity and frequency, can be controlled via the external
module, Validation tests of impedance measurement and microstimulation function were
first performed in an impedance model of resistor in parallel with capacitor and later by
immersing the entire implantable wircless biomicrosystem with cuff clectrode in saline
salution. The measured impedance differences were less than 10 %% in comparison with
those measured by precision LCR meter. Adier the west of the in vireo saline solution, the
implantable bicmicrosystem is now ready for ir vive animal experiments.
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lransmission
wrapped around a nerve for restoring the nerve funclions
by activating or modulating the damaged nervous system
I. INTRODUCTION

For its easy tabrication, flexibility, and non-pene-
trating harmlessness, cuff electrodes have been adopted
for the peripheral nerve stimulation and neural signal
sensation in many neural prosthetic studies [1, 2, 3]. In
general, the cuff electrodes of varied forms can be easily

[4]. In addition, the implanted cuff electrodes have been
applicd as sensing devices for detecting feedback source
to the nervous system during the restoration of neuro-
muscular disorders [5]. However, the performance of
electrical stimulation or neural sensation using the im-
planted cuff electrode has been influenced by several
factors. Among them, the increase of electrode imped-
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ance at the interface between the nearby connective lis-
sue could be the most influential factor. As the nerve
cuff electrode becomes sheathed, an increase in clee-
trode impedance may result in deficiency in nerve
stimulation or signal recording [6]. Thus, impedance
measurement of the implanted euff electrode would be
essential to obtain information about the interface be-
tween the implanted electrode and the surrcunding
nervous tissue.

In general, there are two types of impedance meas-
urement techniques  including  two-terminal  and
four-terminal methods, In the two-terminal measurement
method, the potential difference is measured between the
two sensing clectrodes. Since the current flows through
the interfacing electrode and tissue, the measured value
includes the impedance of both interfacing electrode and
tissue. In the four-terminal method, the current is in-
jected into the two outermost electrodes whereas the
voltage difference between two inner electrodes is re-
coded. Due to the high-inpul impedance, there is very
little current Mow into the amplifiers. Thus, the voltage
ditference measured in two inner electrodes can accu-
rately represent the measured tissue impedance with a
negligible interfacing impedance of clectrodes [7, 8].

For in vive studies, an implantable wireless biomi-
crosystem is desirable for long-term nerve stimulation
and impedance monitoring purposes. With the wireless
transmission scheme, the problem of wire passing
through skin and causing wound infection can be re-
solved. For long-term and in wive animal experiment,
several factors should be taken into consideration in the
design of implantable wireless biomicrosystem for both
stimulation and impedance sensing purposes [9. 10].
First, it must be small in size and can be hermetically
encapsulated with a biocompatible package for in vive
implantation. Secend, the utilization of a battery should
also be avoided for long-term implantation. Thus, an
implantable biomicrosystem that can be powered from
an external transmitter coil using the transculancous
magnetic coupling technigue is desired. In addition, the
implanted device should wirelessly deliver the com-
mands inwards and transmit the measured data outwards,
Furthermore, the implanted device with both impedance
spectroscopy measurement and  stimulation  functions
should be carcfully designed to avoid the problems of
interfering with each other or consuming too much
power. This kind of integrated wireless biomicrosystem
with cuff electrode for both impedance sensing and
nerve stimulation functions has been less investigated,

The aim of this study was to implement an im-
plantable wireless biomicrosystem  that can  deliver
stimulation as well as provide electrode-tissue imped-
ance measurements. The implantable device relied on
the external module that transmitted both power and
commands into the internal module via the transcutane-
ous coupling technique. For knowing the stimulation
efficiency beforehand, the implanted biomicrosystem
could also measure the electrode-tissue interfacing im-
pedance for transmitting outwards. The measurements of

frequency-swept impedance measurement were first
comparcd  with those measured by LCR  analyzer
{Agilent 4294A precision LCR analyzer). Then, the de-
veloped implantable wircless biomicrosystem encapsu-
lated in glass package was immersed in a saline solution
for system validation.

Il. MATERIAL AND METHOD

A. The design and fabrication of cuff electrodes

The nerve cuff electrode was fabricated in a clean
room on 4-inch polished single crystal Si (100) wafer by
using Micro-Electro-Mechanical-System (MEMS) tech-
nique. Fig. | depicts the structure of the cuff electrode
which is used for nerve stimulating with impedance
measurement option. Two masks were employed during
the fabrication process. One was used for patterning the
A electrode and the other one was used for opening the
insulating polyimide layer. In the fabrication process, the
Au of 200 nm thickness was coated by clectron beam
evaporation and sandwiched in 15 pm thick biocompati-
ble polvimide as the substrate in the lower layer and a 10
pm thick layer as an insulating surface in the upper layer,
as shown in Fig. 1{a). Fig. 1(b} shows the layout of the
cuff electrode in which the inter-electrode distances of
four microclectrodes are 3 mm, 10mm, and 3mm, re-
spectively. The contact arca of each electrode pad is 8%2
mm”. After lifting off the electrode from the Si wafer, a
metal stick was used to spiral the electrode for curing
with a heating apparatus. After winding longitudinally,
the diameter of the cuff electrode is aboul 2 mm wilh a
length of 18 mm. The thin film cuff electrode was con-
nected to the implantable wireless module with Teflon
insulated platinum-iridium wires (A-M System, In¢.).

B. Owverall structure of wireless implantable
biomicrosystem

The whole implantable biomicrosystem, depicted in
Fig. 2, comprises an exlernal control unit and an internal
maodule for delivering stimulation and impedance sens-
ing. The external module includes PC-based host, Class-
E transmitter, amplitude shifted-key (ASK) modulator,
load shifted-key (LSK) demodulator [11] and a trans-
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Fig. 1. (a) The structure of cuff electrode fabricated hy
MEMS technique. The upper and lower layers arc
polyimide, and middle layer is Au patiern. (b) The
specifications and layout of euff electrode.
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Fig. 2. Owerall system block diagrams of the implantable
biomicrosystem  for impedance sensing and nerve
stimulation functions.

ceiver coill. The implantable module contains ra
dio-frequency (RF) front-end, power recovery circuitry,
microe control unit, and a voltage-controlled current
circuit for the microstimulator as well as a gain-phase
detector for detecting the neural interfacing impedance
of the cuff electrode.

In the internal module, there was neither auxiliary
battery nor percutaneous lead wires connecting to an
external device. The power and data were transmitted
via 4 2 MHz RF inductive coupling link, The transcuta-
neous inductive coupling link generally consisied of two
resonant circuils which were realized by one transceiver
coil at the external module and two round-shaped coils
for power and data transmission respeelively. When
facing each other, the inductive coupling transmitted the
power and command from the external module to the
internal module through the skin [12]. After the internal
module received the power and command, the internal
components were commanded to perform for either im-
pedance measurement or nerve stimulation schemes. For
impedance measurement, the measured impedance val-
ues were converted to digital data via the analog digital
converter (ADC) which is embedded in the micro con-
trol unit. Finally, the digital data can be serially modu-
lated by the LSK modulator and transmit the data out-
wards. By using the coupling coil, the serially modulated
data was demodulated as the serial binary data which
were transmitted to the PC and displayed on a GUI de-
signed using LabVIEW. The nerve stimulation scheme
with adjustable intensity and frequency parameters can
be controlled via the external control unit. The detailed
circuit diagrams for the transcutaneous inward coupling
of power and command as well as outward transmission
of sensed data can be referred to [13].

C. The implantable wircless module for impedance
measurement and nerve stimulation

In general, there are two approaches to measure the
impedance of cuff electrode depending on the driving
sources, either pulse or sinusoidal current. Pulse current
approach delivers a short pulse-width current to the cull
electrode and then measures the resulting voltage to cal-
culate the electrode impedance using Ohm’s law. Due to
the capacitance effect of double-layered electrode-tissue
interface, the measured voltage would be in charge and
discharge form which requires adequate sampling points
to accurately derive the amplitude change and phase
shifl from the resulting voltage. Another disadvantage of
the pulse current approach is that the microelectrodes are
susceplible for accumulating eleetric charge on elec-
trode-tissue interface from mono-phasic pulse current,
Those accumulated charges could affect the voltage base
line and the resulting voltage of the pulse current which
might further deteriorate the accuracy in the impedance
estimation in pulse current mode. However, sinusoidal
excitation current with a balanced charge would not
cause ion accumulation on an electrode surface and can
avoid the oxidation of electrodes. For a sinuscidal cur-
rent approach, it is feasible to estimate the impedance
from the magnitude change and phase shift between the
injected current and the recorded voltage. Thus, the si-
nusoidal current approach is adopted in this study,

The detailed block diagram of the impedance meas-
urement and microstimulation device is shown in Fig. 3.
The sine wave generator {ADYE33) produces the excit-
g currenl with peak-to-peak value of 30 pA via the
voltage-controlled current source. The frequency range
of a sinusoidal wave depends on the recording signal and
stimulation pulse-width. The range of impedance spec-
troscopy between 500 Hz and 10 kHz was chosen in this
study because the frequency range of the measured nerve
signal is between 300 Hz to 3 kilz and the stimulation
pulse is also in the similar range [6]. The exciting sinu-
soidal current was injected into the two outermost cuff
electrodes from which the voltage differences and phase
shift between two outermost and inner electrodes were
measured, From the impedance measurement principle,
the impedance measured by the outermost electrodes is
related to the electrode interfacing plus nerve tissue im-
pedance whereas the inner electrodes measured the
nerve tissue impedance only.

However, dircet sampling of the resulting sinusoidal
signal of the proposed range, 500 — 10 kHz, might re-
quire a higher sampling rate that exceeds the limited data
transmission rate of the current transcutaneous coupling,
less than 10 kHz in general. Alternatively, a gain-phase
detector which can directly output the magnitude’s ratio
and phase shift was adopted in this study. The potential
difTferences measured across inner clectrodes and ouler-
mast anes, denoted as V1 and V2, as well as the voltage
across a reference resistor, V3, were delivered inte the
gain-phase detector (ADE302). The measured DC out-
puts including the magnitude’s ratio and phase differ-
ence were sampled by a 10-bit resolution A/D at a rela-
tively low sampling rate. The sampled data were trans-
mitted outwards for deriving the measured resistance
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and capacitance.

The full circuit of the gain-phase detector is de-
picted in Fig. 4. In order to operate al a low frequency,
the Co=30pF was chosen for the high pass comer fre-
quency of f,mmﬁz}=%, (k) = DO6TRH: However,
the outputs of the gain-phase d)ctecmr, the magnitude’s
ratio and phase difference, were not stable when operat-

ing at a low frequency range. An additional capacitor of

C,=10uF was used for stabilizing the output value.
Finally, the magnitude’s ratio and phase difference can
be calculated as follows [14]:

Famary = WD

|z.| = &, x10  s00m¥ (1)

Q0mV — Vphs H“n] )

T omyy degrees

where R, =100£), Vmag and Vphs are the ouwtput val-
ues of the magnitude’s ratio and phase difference in the
gain-phase detector.

In addition to impedance measurement, the same
device can be dircetly used for nerve stimulation after
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Fig. 3 The configuration of nerve stimulation and impedance
measurement using  two-terminal and  four-terminal

schemes,
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Fig. 4 The full eircuil of gan-phase detector for extracling
the magnitude’s ratio and phase shift of measured im-
pedance.

using several switches to control the scheme. The circuit
of the voltage-controlled current source is depicted in
Fig. 5. Under the nerve stimulation, the SW1 is closed
which results in an equivalent resistance of R1 in paral-
lel to R2. Therefore, the stimulation current can be ex-
pressed as:

, - Ryw ¥
stimiarion (R R [(R R )+ Ry ]

(3}

where Vi is the source voltage of the pulse wave gener-
ated by the digital to analog converter (ADS312) via
SW2, Another switch, SW3, is used o ground the elec-
trode which can avoid the oxidation of the cuff electrode
and 1on accumulation on the clectrode interface. When
the current source is low, the SW3 is closed for ground-
ing the V, that causcs no current Mow through the tissue,
On the other hand, the SW3 is opened for delivering the
stimulating current flowing through the tssue to achieve
the nerve stimulation. The voltage-controlled current
source generates constant current at the pulse widih of
2000 ps with an amplinde of 0-2mA and frequency
range of 0.5~ 10Hz for nerve stimulation.

D. Experimental setup for system validation

The double-layer interface between the cuff elec-
trode and tissue has been commonly modeled as a paral-
lel resistor-capacitor network in series with a negligible
value of the resistor [15]. Thus, the simplified BYC
model has been chosen for calibrating the two-terminal
impedance measurement. The resistance of 300 £2 and 5
kO and ecapacitance of 22 nF and 100 nF which were
determined from the lower and upper bound of the fab-
ricated cufl electrode were chosen. In the calibration
experiments, the impedance was measured by
swepl=frequency from 300 Hz to 10 kHz with an excit-
ing sinusoidal current of 30 pA. The messured magni-
tude and phase shift of the impedance can be compared
with LCR analyzer.

To verify the impedance measurement, the devel-
oped implantable device was immersed in a saline solu-
tion to measure the magnitude change and phase shift of
the cuff electrode using the two-terminal impedance
measurement technique. The immersion of the entire
module in saline solution also can validate the wireless
transmission [uncltion and the hermetic package of the

Fig. 5 The voliage-controlled current circuit is used for nerve
stimulation and impedance measurement,
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module. The external coil was placed oulside the beaker
for power transmission and data acquisition for imped-
ance measurement, as shown in Fig. 6. Varied concen-
trations of saline solution were used to simulate ditterent
tissue impedance which was measured by the four-ter-
minal impedance measurement method. The saline solu-
tions of 0.9% and those diluted with 1:1, 1:10 and 1:20
of distilled water were tested for swepl-frequency be-
tween 500 Hz and 10 kHz. The data received wirelessly
in the external module was sent to & computer to calcu-
late the magnitude and phase shift of the measured im-
pedance. Due 1o the parallel resistor-capacitor network
was adopted in the study, the resistance and capacitance
of saline solution which is supposedly independeni of
electrode-interfacing impedance could be calculated.

For in virro stimulation experiment, command was
sent from the external control unil o generate the de-
sired constant pulse current being delivered into the cuff
electrode immersed in the saline solution. The output
voltage was then measured from the saline solution to
verify the feasibility of microstimulation via the cuff
electrode.

lll. RESULTS

A, Implantable wireless biomicrosystem

In this study, the magnetic-coupling link uses a cir-
cular transmitter coil with an inner diameter of 9 cm and
an ouler diameter of 12 em for power and data transmis-
sion at a RF carrier frequency of 2 MHz. This external
coil was powered with a class-E amplifier for transmit-
ting the power and command inwards to the internal
maodule. The RF transmitter coils were made of Litz wire
{strands 48 AW(3) formed in multi-twisted thin lines by
twisting & bundles in a line and 175 strands in a bundle
of 12 turns which yiclded a high inductance value of
21 g H. The implantable wireless module equipped with
two coupling coils of 2.5 cm in diameter using the same
stranded Litz wires at an inductance of 7 4 H. For better
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Fig. 6 Experimental setup for validating the implantable
hiomicrosystem by immersing the entire unit in saline
solution for verifying the impedance measurement and
nerve stimulation funciions.

stability, one of the coils was used for receiving power
and command, and another was employed for transmit-
ting measured impedance data. This implantable device
was built on four-layered circular PCHs with a diameter
of 1.7 cm and a height of 1.3 em. The wircless module is
encapsulated in the glass container which is 2.0 cm in
diameter and 1.6 cm in height, then glued and coated
with PDMS for biccompatibility, as shown in Fig. 7. The
cuff electrode was connected to the implantable biomi-
crosystem by  using the Teflon insulated plati-
num-iridium wires of suitable lengih depending on the
desired ér vive experiment. The total implantable biomi-
crosystem dissipates around 130 mW of power. In order
to receive enough power for implantable biomicrosystem
operation, the transmitter and receiver coils have to be
face-to-face within 1.5 em which is sufficient for in vivo
implantation experiments with coupling coils placed
close to the skin of animal. The detailed specifications of
the implantable biomicrosystem module are listed in
Table 1.

B. System validation for impedance measurement
and stimulation function

For system validation, the two-lerminal impedance
measurement was first verified from the simplified R/C
muodel. Fig. & shows the magnitude and phase shift of the
tested impedance models, combination of four selected
pairs of R and C, which were scanned from 500 Hz to 10
kHz. The impedance measurements of the implantable
biomicrosystem were compared with those of LCR ana-
lyzer. We can find both measurements were quite con-
sistent except the phase shift at lower scanning frequen-
cics, e.g. 500 and 1 kHz.

Fig. 9 shows the magnitude and phasc shift of the
cull electrode immersed in 0.9% saline solution meas-
ured by the two-terminal impedance measurcment. A
decreased trend of magnitude and an increased trend in
phase shift were found along the increase of swept-fre-
quency. The differences in magnitude change and phase

Cult
Ele:tronde

Powier and
Command Coil

Fig. 7 The implantable wircless biomicrosysiem is encapsu-
lated in a glass package with wire connection to cuff
clectrode,
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shift between our system and LCR analyzer was less
than 10/, The derived resistance and capacitance repre-

Tahble 1

The specifications of the implantable biomicrosystem
with impedance measurgment and gurrent stimulation
functions.

Power amplifier Class E amplifier

Carrier frequency 2 MHz

Transmiller coil Litz wire, 90 mm diameter, 12
turns, 21 H

Power and command coil Litz wire, 25 mm diameter, 12
turns, 7 H

Dhata coil Litz wire, 25 mm dismeter, 12
turns, T H

Inward modulation ASK

Outward modulation LSK

Transmission distance

1.5 cm {max.}

Size of packaged implanted|2.0 em in diameter and 1.6 cm)

|piomicrosystem in height

Diameter of internal coil 2.5em

Stimulation pulse freguency  [005 He-20 Hz

Stimulation pulse width 200 ps

Stimulation pulse amplitede [0 mA~2 mA, with 200 steps
lmpedance measurement fre-[0.5 kHz-10 kHz

quancy

Impedance measurement cur-(30 pA
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Fig. 8 Comparisons of (a) magnitude and (h) phase shift of

varicd combination of paralle]l resistor-capacitor mod-
els measured by the implantable biomicrosystem and
LCR analyzer,

senting the electrode-tissue interfacing impedance spec-
troscopy of the saline solution are shown in Fig. 10. We
can observe that the decrease in resistance and in ca-
pacitance along with the increase of scanning frequency.
Similarly, the major disparities occurred at a low scan-
ning frequency of 500 Hz.

For the calibration of four-terminal impedance
measurement, the implantable device with cuff electrode
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was immersed in the saline solutions of different con-
centrations, 0.9% and those diluted with 1:1, 1:10 and
1:20 distilled water. Varied concentrations of saline so-
lutions represent different tissue loads for testing the

four-terminal impedance speetroscopy measurement, Fig,

Il shows the relationship beitween the magnitude and
phase changes measured in different saline solutions
across the swept-frequency. We can observe that the
increased impedance magnitude in more diluted saling
solution with lower conductivity which is independent of
scanned frequency. However, the impedance phase
component decreased as the saline concentration
dropped.

In the vahdation experiment for nerve stimulation, a
constant-current pulse of 1 mA with 200 ps pulse width
and 1 Hz stimulation frequency was delivered into the
cufl electrode. Fig. 12 shows the stimulation waveform
which was recorded with a probe closely placed between
the two terminals of the cuff electrode in the saline solu-
tion. Correct pulse width of stimulation waveforms can
be observed with zero voltage baseline which was held
by using the grounding switch, SW3. However, the
oblique stimulation waveform might be originated from
the capacitance effect of double-layer clectrode-tissue
interface.

IV. DISCUSSION AND CONCLUSION

It is essential to monitor the impedance of an im-
planted electrode for the sake of effective sensing and

Magnituide Frequency Chart
l‘qm - —

Fhase (%)

Fig. |1 The measurements of magnitude and phase shift
measured under different concentrations of saline so-
lutions for testing the four-terminal impedance meas-
urement.

stimulating schemes. In this study, we have implemented
the implantable wircless biomicrosystem for impedance
measurement and nerve stimulation using discrete elec-
tronic components. The whole size of the implantable
biomicrosystem after packaging is 2.0 cm in diameter
and 1.6 em in height which is quite suitable for implan-
tation in animals like the New Zealand rabbit. With the
maximum effective transmission distance of about 1.5
cm, this is useful for over-skin transcutaneous coupling
studies in most of the biomedical applications. The im-
plantable biomicrosystem was first validated by em-
ploying the parallel resistor-capacitor models. After that,
the impedance measurement and microstimulation func-
tions were verified by using the cuff electrode immersed
in the saline solution. The major feature of current im-
plantable device is that the voltage-controlled current
circuit not only can gencrate nerve stimulation pulse but
also can be used for impedance measurement.

The effective transmission distance is an important
parameter for wireless transmission technique which is
determined by several factors including the configura-
tion of coupling coils, modulation schemes, and power
consumption of intemnal module. The latter is extremely
important because the entire power consumption was
magnetic coupling from an external coil over air medium
to the internal coil. As a result, the high power consump-
tion of the internal module may reduce the effective
transmission distance. With more and more components
included in the internal module, such as the integrated
impedance sensing and nerve stimulation functions in
our case, it is essential to manage the requirement for
lowering power consumption. Except choosing
low-power components, a better power management is
another alternative. In the study, the power management
was considered under the condition that the impedance
measurement and stimulation scheme was not operated
simultaneously. Thus, we always can use the same volt-
age-controlled current cireuit for impedance measure-
ment and nerve stimulation which were operated by dif-
ferent source inputs. This approach not only reduces the

Tek o) . i Triad M Pos: —10.000s
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Fig. 12 The stimulation waveform recorded between the two
lerminals of cuff electrode immersed in the =aline so-
lution.
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power consumplion but alse minimizes the size of the
implantable biomicrosystem. Thus, the operation of im-
pedance measurement or microstimulation can be deter-
mined by the command transmitted from the external
device via inductive link. Alternatively, the utilization of
a miniature rechargeable battery may be the solution in
the future version of our implanlable biomicrosystem.
Since safe, minature, and efficient rechargeable batter-
ies have been developed, the magnetic coupling could
become a power recharging scheme under which the
limitatien for immediate power transmission can be alle-
viated. With the combination of power management and
rechargeable battery, it is expected the effective opera-
tion distance could be increased to 2-3 cm withoul sig-
nificant increase in the size of the implanted module.

Although the four-terminal method has been com-
maonly used to measure bicimpedance spectroscopy [14],
it is also essential to check the electrode-tissue imped-
ance using the two-lerminal method before the nerve
stimulation to comfirm the contact between the cuff
electrode and nerve. IT the electrode interfacing imped-
ance value is too high, it might be due to the accumula-
tion of protein of blood plasma or cells on the clectrode
surface or the cuff broken electrode. However, if the
value is too low, there could be a shorl cireuil in the
broken cuff clectrodes. Our developed impedance meas-
urement scheme can provide both two-point  and
four-point impedance measurement  schemes  which
would be an important feature for future animal implan-
tation experiments. Our ongoing project is to observe the
time-course changes in impedance of implanted polyim-
ide-based cuff electrodes encircling the sciatic nerve of a
rabbit. The changes in impedance of the cuff electrode
with varied surface modification schemes of self-as-
semhled monolayer (SAMS) in the in vive animal studies
6] will become feasible using our currently developed
implantable module. In addition, experiments are de-
signed to measure the torque outpul of stimulating the
sciatic nerve of a rabbil 1o observe interplay between
electrode-tissue impedance and stimulation efficiency in
a time-course scheme that has not been possible before
[16].

In addition, binimpedance speclroscopy measure-
ment has been developed as an essential technique for
characterizing human tissue without destructive biopsy.
By comparing the normal condition with the tissue of
pathalogical changes, impedance measurement can be
applied for diagnosis purposes. The currently developed
implantable biomicrosystem with impedance measure-
ment can be extended to other applications. For example,
research has investigated the conditions of tumor and
myocardial ischemia [17] or the possibilities of early
diagnosis of cancer [ 18] via biocimpedance spectroscopy
measurement, Our implantable biomicrosystem for im-
pedance monitoring should provide several important
advantages such as placement close to the organ located
deep inside the body that has been difficult for direct
measurement of impedance. Long-term and time-course
monitoring of the impedance changes of these diseased

organs or tissues might broaden our knowledge about the
vceurrence of diseased tissue in a longitudinal time
frame.

In conelusion, we have implemented the implant-
able biomicrosystem for providing nerve stimulation and
measuring cuff clectrode interfacing impedance via in-
ductive coupling technique. The impedance of the cufl
elecirode interface and nerve can be measured by em-
ploying the two-terminal and four-terminal methods
respectively, For the stimulation function, the
mono-phasic  pulse current was designed for nerve
stimulation. Those schemes of impedance measurcment
and stimulation function can be flexibly controlled by
the external module. After the hermetic testing in the in
vitre saline solution, the implaniable biomicrosystem is
ready for in vive animal experiment, The desipned mod-
ule is suitable for evaluating the effectiveness of sur-
face-modified electrodes for various in vivo experiments.
Furthermore, current implantable wircless biomicrosys-
temn can be extended for various applications of bioim-
pedance spectroscopy for monitoring and diagnosis
purposes in addition to the neural stimulation and sens-
ing in neural prosthetic applications.
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