170 JOURNAL OF MICROELECTROMECHANICAL SYSTEMS, VOL. 22, NO. 1, FEBRUARY 2013

A SU-8-Based Fully Integrated Biocompatible
Inductively Powered Wireless Neurostimulator
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Will Rosellini, and Jeong-Bong Lee, Senior Member, IEEE

Abstract—A fully integrated minimally invasive compact poly-
mer-based wireless neurostimulator was designed, fabricated, and
characterized both in open air and in vivo. The neurostimulator
(3.1 x 1.6 x 0.3 mm) consists of a planar spiral coil for wireless
power supply through inductive coupling, two Schottky diodes for
full-wave rectification, an application-specific integrated circuit
neurostimulator circuit chip for stimulus spike signal generation,
and two biphasic platinum-iridium (PtIr) stimulation electrodes.
The device is fully integrated and completely embedded in bio-
compatible SU-8 packaging. For in vivo testing, the wireless neu-
rostimulator was implanted subcutaneously in a rat hind limb. At
the coupling power of 21 dBm (125 mW) at 394-MHz resonant
frequency, stable and robust cortical responses during extended
periods of wireless stimulation were recorded. [2012-0085]

Index Terms—Implantable, inductive coupling, neurostimula-
tor, SU-8, wireless.

I. INTRODUCTION

ERVE CELLS and their respective networks play im-

portant roles in the sensory and motor abilities of a
human body. Destruction of nerve cell networks resulting from
diseases or injuries may cause permanent loss of voluntary
motor or sensation functions. Detection and stimulation of neu-
ral activities using microelectromechanical systems (MEMS)-
based microprobes have been one of the primary research areas
in the field of neural engineering for over 25 years. These
microprobes have been designed to be implanted to act as an in-
terface between neurons and electronics for the stable detection
of neural spike signals or for efficient stimulation of neurons
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and their fibers. Neural spike signals can be used to control the
movement of prosthetic limbs or other assistive robotics [1].
Meanwhile, neural stimulation can mediate sensory feedback
from sensors such as tactile, pressure, and force sensors to
restore natural sensations with prosthetic limbs [2].

Electrical stimulation of peripheral nerves is widely em-
ployed to treat regional neuropathic pains. Weiner and Reed
reported the treatment of occipital neuralgia by inserting elec-
trodes in the vicinity of occipital nerves [3]. Slavin and Burchiel
reported the usage of this technique in both occipital and
trigeminal areas [4]. The same technique was also used to
treat inguinal pain, low back pain and sacroiliac pain, and pos-
therpetic pain [S]-[7]. These methods involve delicate surgical
procedures to implant electrodes with a bundle of long lead
wires to connect to bulky controllers. Such methods can cause
risk of infection, long-term patient trauma or nerve damage,
and reduction of functional reliability. Also, it is often related
to problems with the wiring or physical motion of implanted
electrodes.

To avoid these issues, wireless operation of the implanted
neural stimulation devices is highly desirable. In order to
realize such a wireless neural stimulator, it should have an
onboard power source and also contain a circuitry to generate
a specific neural stimulus electrical signal. A battery as the
onboard power source can be a candidate for such a wireless
operation, but its use is limited due to its limited lifespan and
potential risk of leakage of toxic material inside the battery.
Wireless power transmission from the outside of the body to the
implanted devices in the body would be an alternate method.
The transcutaneous power transfer can be accomplished by
utilizing electromagnetic induction between two magnetically
coupled coils: a transmitter coil located outside of the body
and a receiver coil implanted in the body. Inductively coupled
implantable devices have been utilized to restore paralyzed limb
function, improve bladder voiding, measure intraocular pres-
sure and blood pressure, and record peripheral neural activities
[81-[13].

There have been several investigations on the wireless
biomedical implantable neurostimulator and neurorecorder.
Table I shows comparison among the previously developed
MEMS-based wireless neural implants [13]-[16]. The reported
wireless neural implants in Table I were board level packaged
and therefore relatively bulky for selective peripheral nerve
stimulation applications. Furthermore, biocompatibility is one
of the most critical issues for the development of any im-
plantable devices. The device should be made of biocompatible
materials and thoroughly sterilized so that the device does
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TABLE 1
PREVIOUSLY REPORTED WIRELESS NEUROSTIMULATOR AND
RECORDER IMPLANTS

Device Operating Power S
. . N . Application
Dimensions frequency consumption
T.Akinetal. 5x8x2 2 MHz 90 mW Peripheral
(1998) mm neural
recording
C.W.Penget 3cm 2 MHz 30 mW Neuromuscular
al. (2004) diameter control
L. Theogarajan 12 x 31 mm 125MHz 2 mW Retinal
et al. (2000) prototype
M. Ghovanloo 19 x 14 x6 5/10 MHz 50 mW Chronic pain
et al. (2007) mm management
Implanted
— i K —>ir neurostimulator
Power Rt Rr
supply Cr LtLr —|—CR —I—Cs RL | Vind
mircrofabricated circuit for
inductor coil stimulus signal
model generation
Fig. 1. Schematic of wireless inductive coupling system, including power

supply system and implanted neurostimulator.

not damage surrounding tissues and does not cause biofouling
during long-term exposure to the physiological environment.
Most of the biomedical implantable devices use silicon as
the basic materials. Silicon has been demonstrated as a least
biocompatible material with higher density of adherent cells in
the biofouling test. By contrast, Voskerician et al. found that
gold, silicon nitride, silicon dioxide, and SU-8 are less prone
to biofouling [17]. Also, from our previous experiment, we
found that SU-8-based implant is biocompatible and there was
no apparent sign of tissue damage or inflammatory reaction
for over 51-week in vivo test, and successful recording of
spike signals using wired SU-8-based microprobe was achieved
[18]. In this paper, we developed a SU-8-based fully integrated
minimally invasive compact wireless implantable neurostim-
ulator using MEMS technology [19]. Our device is a factor
of ten times smaller than what were reported previously. It
is powered without implanted batteries or wires by receiving
electromagnetic power from a transmitter coil placed on the
surface of the overlying skin.

II. DESIGN AND THEORY
A. Inductive Coupling Power Transfer System

The implanted depth for effective device operation is limited
by the amount of power delivered to the implanted device. Thus,
for certain reliable working distance, the efficiency of the power
transfer between the power transmitter coil and the receiver
coil should be maximized. Fig. 1 shows the schematic of the
inductive coupling system for power transfer from external
circuit to wireless implanted neurostimulator.

Theoretically, when the inductive coupling is small
(RTRr < wk?LrLyg), the induced voltage (vi,q) at im-

planted neurostimulator is given by [20], [21]

|Uind |

W'k"\/LTLR-iT
wLr 2 2 Rp 2
{TL-FWRR(CR‘FCS)} +[1—w Lr(Cr+Cs)+ 32
ey

where w is the operating angular frequency, k is the coupling
coefficient between the transmitter and the receiver coils, i and
i are the current flow through the transmitter coil and receiver
coil, respectively, Ly and Lg represent the transmitter and the
receiver coil inductances, respectively, Cp is the capacitance
of the capacitor connecting the transmitter coil serially, C'g is
the parasitic capacitance of the receiver coil, Cs is the total
capacitance of the circuit for stimulus signal generation, Ry is
the resistance of the transmitter coil, and Rr and R; denote
the series resistance of the receiver coil and the load of the
transponder chip, respectively.

At resonant frequency (fwork = fresT = fresr), induced
voltage reaches maximum value, and (1) can be simplified to

k- TLe i
|Uind\=w T ZTzw'k'\/LTLR'iT'Q (2)
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where Q = (wWLr/Rr + Rgr/wLr) ™! is the quality factor of
the implanted neurostimulator circuit. From (2), we know that
higher induced voltage at the implant can be obtained by higher
coupling coefficient, higher () factor, and higher inductance of
the receiver coil.

The coupling coefficient between two coils depends on var-
ious factors such as coils’ geometries, distance, and alignment
between the coils [20]. Due to physiological constraints of our
target application of peripheral nerve stimulation, the diameter
of the receiver coil was decided to be 1 mm. Its desirable
working distance was subcutaneous level of S mm. The () factor
of the receiver system is one of the most important factors
for the maximum efficiency of power delivery. In this paper,
the input port of the load of the transponder chip consists of
two diodes and two smooth capacitors, which has large input
resistance, meaning that R is large. The @ factor of the
receiver system can be simplified to be

=& 3)

To improve the @ factor, the inductance of the receiver coil
should be maximized. Meanwhile, it is required to reduce the
series resistance which depends on skin depth and proximity
effect, as well as conductor’s resistivity and geometry. In a
given space, although inductance increases as the number of
turns of the coil increases, it makes conductor traces narrower
resulting in higher series resistance and higher parasitic capac-
itance. Therefore, it is necessary to find optimized geometrical
parameters of the receiver coil such as width, pitch distance, and
thickness of the conductor traces. The thickness of the inductor
was chosen to be 10 pm, which is 2.5 times the skin depth at
400 MHz. Beyond 10 pm thick, resistance would not decrease
significantly.
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Fig. 2. HFSS model for planar circular coil.

TABLE 11
@ FACTOR COMPARISON AMONG THREE SIZES OF INDUCTOR COILS

Trace width Gap between
Turns (um) two fraces (um) Q factor
26 5 10 32
20 (for this design) 10 10 29
16 15 10 24

Extensive simulations were performed to find out optimal
coil geometry using HFSS (Ansoft Corporation). Fig. 2 shows
the planar circular coil model used in HESS to extract the )
factor of the receiver. Table II lists a comparison of the )
factor among three different sizes of coils, with identical outer
diameter of 1 mm and inner diameter of 0.2 mm.

From Table II, 5-um-wide trace can get higher () be-
cause of increased inductance. In contrast, the coil trace with
15-pm width has the smallest () factor. However, fabrication of
narrow coil trace with higher aspect ratio is difficult to achieve.
Furthermore, the @) factor with 10-pm-wide trace coil is quite
close to that of 5-um-wide trace coil. Therefore, in this work, a
planar circular inductor was designed to have 1-mm diameter,
20 turns, 10-pm-width coil trace, and 20-pm pitch distance.

B. Design of Microneurostimulator

Switched-capacitor stimulation (SCS) method has been
proved to be an efficient method to stimulate peripheral nerves
[22]. Also, it involves relatively simple electric circuit with
minimal number of components. Conventional neural stim-
ulation methods such as voltage-controlled stimulation and
current-controlled stimulation need complex circuit to control
precisely timed pulses whose amplitude is regulated to be
constant [23]. In contrast, SCS needs only a charge-up capacitor
and a switching circuit. Consequently, the SCS application-
specific integrated circuit (ASIC) chip can be realized with
small size. Platinum—iridium was used as electrode material.
It is one of the most commonly used materials in electri-
cal nerve stimulation due to its high charge-carrier capacity
(300—350 pC/cm?) and mechanical robustness [24].

Fig. 3 shows the schematics of our MEMS-based wireless
battery-free compact neurostimulator. The overall size is 3.1 X
1.5 x 0.3 mm. It consists of a planar circular inductor as a
power coupling element, two Schottky diodes for full-wave
rectification, an ASIC neurostimulator circuit chip for stim-
ulus signal generation, and biphasic platinum—iridium (Ptlr)
stimulation electrodes. Due to its biocompatible requirement,

SU-8 packaging  Schottky diodes

Stimulatingelectrode
ASIC chip
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Fig. 3. Schematic diagrams of SU-8-packaged wireless neurostimulator:
(a) three-dimensional view showing a receiver coil, two rectifying Schottky
diodes, a stimulating ASIC chip, and biphasic stimulating electrodes; (b) side
view; and (c) top view of the device.

biocompatible SU-8 [18] was used as a packaging material as
well as all interlevel insulative layers.

The full-wave rectifier located right next to the receiver coil
was composed of two commercially available Schottky diodes
(830 x 300 x 95 pum) (M2X8554, Metelics, Inc.). Rectified
output signals from the rectification diodes are transferred to
the input pads of the ASIC chip (1 x 1 x 0.15 mm). The ASIC
neurostimulator chip controls charge stimuli by employing a
bistable switch to oscillate between the charging phase that
builds up a charge on the stimulus capacitor (1.5 nF) and the
discharge phase that is triggered when the charge reaches the
desired stimulation voltage by closing the switch to discharge
the capacitor through the stimulus electrodes. Stimulus signals
from the ASIC output is delivered to the 1-mm-diameter Ptlr
stimulating electrodes which are positioned at both the top and
bottom surfaces of the device.

Fig. 4 shows the equivalent circuit model of the designed
wireless neurostimulator. The junction capacitance (0.2 pF) of
the Schottky diodes was used for tuning the resonant frequency
of the receiver coil rather than using microfabricated capacitors.
Along with the smoothing capacitors (47 pF), the total capaci-
tance of the full-wave rectification circuit applied in frequency
tuning was 0.38 pF. The calculated resonant frequency of the
receiver coil was 510 MHz. However, if parasitic capacitance
was considered, the actual resonant frequency of the receiver
should be lower and should get close to the target operating
frequency of 400 MHz.

III. FABRICATION

The designed wireless neurostimulator was fabricated by
SU-8-based surface micromachining technique. The fabrication
process flow is shown in Fig. 5. The fabrication was started
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Fig. 4. Equivalent circuit model of the wireless neurostimulator showing
switching circuit and stimulating capacitor Cggiy, in the ASIC chip.
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Fig.5. Fabrication process flow of the wireless neurostimulator: (a) Patterning
of the bottom gold electrode; (b) formation of the base layer of the SU-8
socket platform; (c) conductor traces of the spiral inductor and the contact pads;
(d) SU-8 insulation on top of the spiral inductor with via holes; (e) conductor
bridge over the spiral inductor; (f) 156-pm-thick SU-8 sockets; (g) diodes and
ASIC chip packaging into the sockets; (h) 100-pm-thick SU-8 protection layer
with the output via hole; (i) patterning of the top gold stimulating electrode;
and (j) device completely released from the substrate.

with deposition of Cr (250 A) and Au (1000 A) electroplat-
ing seed layer on the 3-in Pyrex substrate by using thermal
evaporator. Then, 15-pum-thick SPR-220 photoresist (Rohm and
Haas, Midland, MI) was created by UV lithography as electro-
plating mold. Ten-micrometer-thick gold was electroplated as
the output bipolar pad of ASIC chip [Fig. 5(a)]. After removal
of the Cr/Au seed layer, OmniCoat (MicroChem Corporation,
Newton, MA) was coated to enhance adhesion between the
Pyrex substrate and the next layer. A 10-um-thick SU-8-2010
(MicroChem Corporation, Newton, MA) layer was patterned,
exposing a via hole leading to the bottom gold electrode. Next,
a 100-nm-thick gold electroplating seed layer was deposited
by using dc sputtering, followed by creating a 15-pum-thick
electroplating mold with SPR-220 photoresist. Then, 10-um-

ASIC socket . \\ Diode socket

\ =
y

A

Contact pads

Fig. 6. Fabricated SU-8 socket platform with ASIC and diode sockets, contact
pads on the bottom floor of the socket, and embedded spiral inductor.

thick conductor traces of the spiral inductor and contact pads
of the socket were built by gold electroplating [Fig. 5(c)]. Next,
15-pm-thick SU-8 was formed as the intermediate insulation
layer over the conductor traces [Fig. 5(d)]. After filling up both
via holes by electroplating, a 10-pum-thick conductor bridge
over the spiral inductor was created on top of the SU-8 layer
by gold electroplating [Fig. 5(e)]. A 156-pum-deep SU-8 socket
structure was then patterned by SU-8-2075 in order to make
sure that both the diodes and the ASIC are completely enclosed
by SU-8 socket [Fig. 5(f)]. The fabricated SU-8 socket platform
with coils and pad is shown in Fig. 6.

After the completion of the SU-8 socket platform fabrication,
integration process was performed manually under a stereo mi-
croscope. A small amount of biocompatible conductive epoxy
was applied to the contact pads of the sockets. Then, the ASIC
chip and diodes were slid into the sockets with their contact
pads side down as shown in Fig. 5(g). Because solvent inside
the biocompatible conductive epoxy can affect the subsequent
SU-8 process, it should be completely evaporated. Thus, the
sample was cured in a 95-°C convection oven for 5 h to
thoroughly evaporate the solvent of the conductive epoxy.
Subsequently, the device was thoroughly sealed by 100-um-
thick SU-8, and one of the via holes were created through the
SU-8 sealing on the purpose of output pad connection as shown
in Fig. 5(h). During the SU-8 sealing process, air bubbles are
created on the SU-8 sealing due to uneven surface of the sample
caused by the air gap between the socket wall and the off-
chip components. These air bubbles sometimes make the metal
contacts or traces be exposed to the air, causing device failure
in the physiological environment. In order to avoid this issue,
SU-8 should be spin coated with lower ramping speed. Also,
longer planarization process before SU-8 curing was carried
out. The output via hole was then filled by gold electroplat-
ing, followed by creating the top stimulating electrode by the
same electroplating process [Fig. 5(i)]. The fabricated devices
were then completely released from the Pyrex wafer by using
buffered-oxide-etch etchant for about 24 h [Fig. 5()].

Finally, biocompatible conductive epoxy was applied to at-
tach 1-mm-diameter PtIr stimulating electrodes on the electro-
plated gold electrodes at both the top and the bottom surfaces,
and also, biocompatible conductive epoxy was used to com-
pletely fill up the output via for connection between the Ptlr
stimulating electrodes and the output of the ASIC chip. Fig. 7(a)
shows the successfully fabricated device after integration
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Fig. 7. Photomicrographs of the fabricated wireless neurostimulator: (a) Con-
ductive epoxy was applied to the socket contact pads, and a couple of Schottky
diodes and the ASIC chip were cemented; (b) the device was completely sealed
by SU-8 and released from the substrate; and (c) released devices are on the
one-cent coin.

process, and Fig. 7(b) and (c) shows the released device from
the substrate.

IV. CHARACTERIZATION
A. Open-Air Test

Prior to in vivo study, open-air tests were carried out at
different separation distances between the wireless simulator
and the RF power coil. In order to measure the output stim-
ulus from the Ptlr stimulating electrodes, copper wires were
clamped on both electrodes. The wired device was held to the
RF power coil (operating frequency of 394 MHz) coaxially
at different distances as shown in Fig. 8(a). The switched-
capacitor-based stimulus voltage was detected by an oscillo-
scope. Fig. 8(b) shows measured stimulus output at different
separation distances from the RF power coil. As it can be seen,
the maximum peak value of the stimulus output decreases as the
separation distance increases due to decrease in induced voltage
in the receiver coil. The measured maximum peak voltage
was approximately 6.5 V with 1-W power at 1-mm distance.
Fig. 8(c) also showed that the wireless stimuli remained stable
at repetition rates of up to 100 stimuli/s.

B. In Vivo Test

Subsequently, the fabricated neurostimulator was placed sub-
cutaneously upon the peroneal nerve of a rat. The cortical
responses to wireless stimulation powered by an external RF
coil applied above the skin over the implant were recorded by
wired head cap. Fig. 9 shows the subcutaneous placement of
a wireless neurostimulator and the external RF power coil on
the skin overlying the implant. One end of the SU-8-packaged
neurostimulator is designed as round corner, and it has a slender
shape (1.6 mm by 3.1 mm), which facilitates the insertion of
device to tissue with small surgical cut (~2 mm). No tissue
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Fig. 8. Test fixture to evaluate the open-air wireless performance of the fully
assembled microstimulator: (a) Test setup; (b) wireless stimulus decreasing
with the increase of the separation distance between two coils at RF power
of 1 W at 394 MHz; (c) wireless stimulus amplitude was stable at rates of up to
100 stimuli/s.
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HTransponder Platform#1
Placed upon Peroneal N.

Plastic Film
Insulation Between
Skin and RF Power Coil

]
RF Power Coil

Wi %

Wound Closed Over Platform RF Power Coil on Skin Over Platform

Fig. 9. Acute surgical rat preparation for subcutaneous placement of micros-
timulator implants to record the cortical response to wireless stimulation of the
hind limb.

damage or device breakage was observed during the surgical
implantation.

As can be seen in Fig. 10, increasing wireless stimulation
intensity by increasing the external RF power up to 1 W
(at 394 MHz) resulted in an increase in the amplitude of
the evoked cortical responses. For comparison, the response
amplitudes at this cortical site evoked by “transcutaneous-
electrical-nerve-stimulation-like” stimulation of the plantar
hindpaw (4+2-mA constant current biphasic stimuli x 0.2 ms;
Neuro Data PG4000 Digital Stimulator with Bak Electron-
ics, Inc. BSI-2 Isolator) corresponded to response amplitudes
evoked by wireless stimulation at an applied RF power level
of 125 mW.
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Fig. 10. Robust cortical responses evoked by wireless stimulation across a
range of RF power levels.
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Fig. 11. Cortical responses to wireless subcutaneous stimulation over the
peroneal nerve in the rat hind limb with evoked unit activity apparent in single-
trial recordings at 125-mW input power.

Examples of the stable and robust cortical responses recorded
during extended periods of wireless stimulation are shown in
Fig. 11 where consecutive responses reliably approximated the
averaged response with unitary spikes apparent on single-trial
responses consistently activated during each evoked potential at
125-mW input power.

V. CONCLUSION

A fully integrated minimally invasive compact biocompatible
SU-8-packaged wireless neurostimulator has been designed,
fabricated, and characterized. The device consists of a receiver
coil, two Schottky diodes, ASIC chip, and biphasic Ptlr stim-
ulating electrodes. The overall size of the fabricated device is
3.1 x 1.5 x 0.3 mm, which is at least ten times smaller than
that of the previously reported wireless implantable device.
After open-air tests, the fabricated wireless neurostimulator was
implanted subcutaneously in a rat hind limb, and stable and
robust cortical responses during extended periods of wireless
stimulation with as low as 21-dBm (125-mW) RF power at
394 MHz were recorded. This MEMS-based compact wireless
neurostimulator has a great potential to be used for chronic
pain management application by deploying multiple numbers
of wireless stimulator subcutaneously in the region of interest.
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