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Abstract—This paper describes a single-channel implantable the body and connected to the electrodes via percutaneous
microstimulator for functional neuromuscular stimulation. This  electrical wires (nonimplantable) or be implanted inside the

. 3 - :
device measures X 2x 10 mm and can be inserted into par- 4 415ng with interconnect cables (implantable). Implantable
alyzed muscle groups by expulsion from a hypodermic needle.

Power and data to the device are supplied from outside by devices_ have_been powered 'prically by e_ither a small battery
RF telemetry using an amplitude-modulated 2-MHz RF car- Or an inductively coupled link, depending on the power
rier generated using a high-efficiency class-E transmitter. The requirement and lifetime of the device [6].
transmitted signal carries a 5-b address which selects one of the  yer the last two decades. three generations of FNS systems
32 possible microstimulators. The selected device then deliversh b d | d and ' d with . d f
up to 2 uC of charge stored in a tantalum chip capacitor for ave _een eve OPe an us_,e wi V"’_‘”O‘_‘S egrees or success.
up to 200 us (10 mA) into loads of <800 € through a high- In the first generation, the stimulator circuitry was constructed
current thin-film iridium-oxide (IrOx) electrode (~0.3 mnt in using discrete devices assembled on medium-sized boards
areal).tAd b"(&MOS recll?'VeE4CérCU't(;y9'?/)Used to: ge;ala\;?_'te t\lNok using various hybrid techniques. This resulted in large systems
regulatea voltage supplies (4.0 an , recover a 2- Z Cloc : : :
from the carrier. demodulate the address code, and activate that were not sunablle for |_mplantat|0n and, consequently, were
the output current delivery circuitry upon the reception of an ~ connected to the stimulating electrodes by percutaneous wires
external command. The overall power dissipation of the receiver [7], [8]. In this technique the lead wires were prone to flexion
circuitry is 45-55 mW. The implant is hermetically packaged fatigue and breakage, and could cause mechanical trauma and
using a custom-made glass capsule. infection at the site of entry through the skin. In addition,
Index Terms—Biotelemetry, functional electrical stimulation, percutaneous wires were not cosmetically acceptable for most
implantable devices, medical microsystems, rehabliitative devices. patients_ The second generation Systems used microelectronics
techniques to reduce the stimulator dimensions and to make
|. INTRODUCTION the device more suitable for implantation [2], [9]-[13]. Several
. . multichannel stimulators were developed that used a centrall
HE ABILITY to electrically stimulate selected groups . . b . y
. . located (abdominal cavity for lower extremity and shoulder
of neurons in the central and peripheral nervous system . : L S
{eglon for upper extremity) package containing the circuitry

has proven to be an effective way to intervene in a varie e}/ . ;
. . nd hybrid components. This central module was connected
of neurological disorders [1]. Over the years, researchers

and clinicians have used electrical stimulation to provié Q|st§nt sngs. byl Io?g c;bles tand- Iead-\-/wres. dHowslyer,
controllable limb function in paraplegics and quadriplegic esigning and Impianting the extensive wiring and cabliing
[2], sensation of sound in the profoundly deaf [3], perceptio stems in multichannel applications is a chaIIenglng problem.
of light spots in the visually impaired [4], and suppressio?{he third and most recent group of devices are single-channel

of intractable pain [5]. When electrical stimulation is usednPlantable stimulators [14]. These devices have used mi-
to stimulate motor neurons and elicit controllable muscRIO€lectronics techniques and miniature hybrid surface-mount
contractions, it is called functional neuromuscular stimulatigfPMPoNents to create a small single-channel unit that can be
(FNS). These electrical stimuli are applied to various muscdf@planted in numerous quantities near the individual targets.
groups through appropriate electrodes which are connected toiace these devices use traditional glass sealing and metal-

stimulator circuitry. The circuitry can either be located outsid@/@ss feedthrough techniques, it is difficult to expand them to
a multichannel system.

This paper describes the development of an implantable,
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Fig. 1. Overall structure of a single-channel implantable microstimulator.

supporting a stimulating electrode at each end and providitechnique with multiple feedthroughs, it is possible to increase
multiple feedthroughs, 2) a receiver circuit chip, 3) a hybrithe number of stimulation channels in future systems (this can
capacitor used for charge storage of the stimulation pulse,3® done by increasing the length of the silicon substrate and
a hybrid receiver coil for power and data reception, and 5)pdacing more electrodes on it).

custom-made glass capsule which is electrostatically bondedn Section Il the microstimulator system architecture is
to the substrate to protect the receiver circuitry and hybridiscussed, followed by a description of the transmitter circuitry
elements from body fluids (the device should remain functionahd inductive link in Section IIl. Various building blocks of the
for 40 years). By using a hermetic silicon-glass packagirrgceiver circuitry and its fabrication technology are described
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Fig. 2. System block diagram and data transmission protocol for a 5-b addressable single-channel microstimulator.

in Section V. In Sections V and VI the electrode and packadgeb address to as many as 32 microstimulators located within
design are briefly discussed. Sections VIl and VIII descrilibe volume of the transmitter coil (this coil is 9 cm in diameter
the assembly technique and test results, respectively. Finalind 8.5 cm long). After a specific microstimulator is selected,
Section IX draws some conclusions from the results of thike carrier signal is turned high and then back low again. It is
work. maintained at this low level for a period of up to 206. The
selected microstimulator will then deliver a constant current
pulse of 10 mA into loads 0&800 €2 through the stimulating
Fig. 2 shows the overall system block diagram and dagdectrode pair for the period of time that the carrier is low
transmission protocol for a 5-b addressable single-chanfi#8]. Finally, the carrier is turned back high again, which
microstimulator. As was mentioned previously, the device revill indicate the end of the stimulation period to the selected
ceives power and data through RF telemetry. This is achievaicrostimulator.
by amplitude modulation of a 2-MHz carrier. The choice of the The receiver circuitry for the microstimulator contains five
carrier frequency is dictated by a tradeoff between adequatain circuit blocks: two voltage regulators, an envelope detec-
miniaturization of the components (mainly, receiver coil antbr for data demodulation, a clock recovery circuit, a control
tuning capacitors) and tissue absorption of the electromagneticuit, and an output pulse delivery circuit. The receiver coil
energy. A 2-MHz carrier allows adequate miniaturizatiopicks up the amplitude-modulated RF carrier from the external
while permitting enough power to be transmitted to the réransmitter and performs the following functions: 1) generates
ceiver without much RF absorption and tissue heating (seeo regulated voltage supplies, one 4.5 V for the control
Section 1ll). The telemetry link is a transformer-like coupleaircuitry and one 9 V for the output stage (delivering 10 mA
pair of coils that has been previously used in implantabtd current into a load oK 8002 requires a supply voltage of
telemetry applications [6]. In order to supply enough powet least 8 V); 2) charges a;iF tantalum chip capacitor to the
to the receiver coil, a high-efficiency transmitter/amplifie®-V supply; 3) regenerates the carrier clock; 4) decodes the
was used. Class-E power amplifiers show efficiencies in theodulated carrier to recover the control data for use by the
80-100% range and are suitable for this application where thentrol circuitry; 5) compares the demodulated address code
coupling between the transmitter and receiver is very weakth the microstimulator internal identification code (which
[16], [17]. We will discuss the operation of the class-E poweas programmed into the control circuitry by laser-trimming
amplifier in Section III. metal lines in the circuit); 6) sends a pulse (up to 2@0
The receiver-stimulator circuit design depends primarily an duration) from the control circuit to the output circuit,
the data/power transmission format chosen for the microstisignaling the stimulation period if the correct microstimulator
ulator. The flow of data and power from the time that thhas been selected; and 7) discharges the storage capacitor
transmitter is turned on is illustrated in Fig. 2 and can krough the stimulating electrode and body tissue. At the end
summarized as follows. After power-on, the carrier amplitudaf the stimulation period, the storage capacitor is recharged to
is momentarily turned low to reset all of the blocks on théhe 9-V supply. In Section IV we will describe various circuit
receiver chip and is then amplitude modulated to transmitbéocks of the microstimulator receiver circuitry in more detail.

Il. SYSTEM ARCHITECTURE
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Fig. 3. The class-E amplifier is shown, with a microstimulator (with receiver coil mounted) inside the transmitter coil.

[ll. HIGH-EFFICIENCY CLASS-E TRANSMITTER (M,,), selectively incorporating or disabling a voltage divider

As was mentioned in Section Il, the microstimulator i{ormed by resistorsk,, and Rq. By adjusting 12, the
powered and controlled through an inductive telemetry lirfi€9rée of modulation is easily varied to accommodate the
driven by a class-E power amplifier. The class-E amplifier [§V€lS needed by the receiver's data detection circuitry. The
chosen because of its simplicity and very high efficiency [16Parlington pair formed by transistor§), and Q; serves.
This efficiency in the active device is necessary because fRebuffer and translate the voltage shifts from the resistive
efficiency of the link is quite poor due to the very low couplingjj'v'der into effective shifts in supply voltage for the class-E
between the transmitter and receiver coils (with the implant&plifier, while supplying ample current drive. The current is
system receiving<1% of the average emitted RF energy)kept relatively constant by the use of a choke-inductor coil
This low coupling results from the fact that the transmitte-choke). CapacitorC’. helps to filter switching transients
coil is essentially a relatively large air-core inductor, whil&nd ringing in the amplifier's supply voltage as the signal
the receiver coil is a much smaller coil with a cross sectidf modulated. Using a square wave as the incoming data
that does not capture a very large portion of the magnetic flgignal, the transmitter has been found to respond to modulation
despite its ferrite core. It is beneficial, then, that in the classfEequencies up to 80 KHz, much faster than the data which is
amplifier nearly all of the power drawn from the supply i$ent to the microstimulator in practice.
radiated through the resonant loop with the external inductorMismatch between the switching frequency of the driving
coil forming the transmitting antenna. device and the resonant frequency of the load network will

Fig. 3 shows the class-E amplifier/transmitter with a micro§ause excessive power loss in the active device and may
timulator (with the receiver coil) inside the transmitter coildestroy the active device if this inefficient condition is pro-
The active devicéM,) is a high-speed power MOSFET thafonged. It is important to account for this mismatch, since it
drives the resonant network consisting of parallel capacité®n arise quite naturally from the change in inductance of the
(C,), transmitter coil {,), Rg for limiting the @ of the transmitter coil due to coil warping from limb flexion, as well
transmitter’s tuned network, and the capacit6tsand Cy. as from loading of the transmitter coil due to the proximity of
CapacitorC, is variable and is used for tuning the transmitte@ther strong electromagnetic fields or ferromagnetic objects.
to the required carrier, whil€’; forms a capacitive voltage The amplifier uses a custom CMOS-feedback system to au-
divider with C, in order to keep the input voltage to the selftomatically adjust the driving device’s frequency to that of
oscillating feedback circuitry at safe levels (the purpose #ie resonant network. In this manner, damage to the driving
this feedback circuitry will be discussed in greater detailjflevice and failure of the system are prevented. The feedback
Typically, the resulting sinusoidal voltage and current in thie also responsible essentially for starting the amplifier upon
transmitter coil are about 750-V and 0.5-A peak, respectivelgower-up, since the first oscillations in the resonant network

In the class-E power amplifier, the voltage across trare fed back to the driving MOSM,) with the appropriate
inductor in the series load is a linear function of the supplghase to cause it to start switching at the tuned network’s
voltage. In the microstimulator transmitter this principle ifrequency, until the oscillations quickly become self-sustained.
used to amplitude modulate the outgoing signal. The desir€te feedback has been shown to work within a wide range of
digital signal from a signal generator or external computepil warping. Looking at the transmitter coil along its axis, so
driver causes the amplifier to operate at one of two supglyat its cross section is increasingly elliptical as it is distorted,
levels by turning on or off the linear switching MOSFETand defining the coil aspect ratio as the ratio of the length of the
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Fig. 4. Single-channel microstimulator system electronics.

major axis to the length of the minor axis, it has been observhdving lower conductivity. The muscle tissue conductivity in
that this ratio can reach approximately four (i.e., the cadifansverse direction (this is the same direction as the induced
can be significantly flattened and distorted) before potentialyectric field) at 2 MHz is 0.5 S/m [21], which amounts to
damaging deviation occurs from the normal class-E behaviar power dissipation 0f0.5 W/Kg (muscle tissue density is
At this point, the transmitted voltage actually remains aboutl g/cn? [22]). This is below the safe exposure limits and
80% of its peak value, and the frequency has increased abaould not cause any problem. The conductivity of skin and
17% from its ideally tuned value (2 MHz, in this case). It idat tissue is even lower than muscle and, therefore, the power
unlikely that such severe distortion will occur in nhormal useissipation in those tissues is even smaller than 0.5 W/Kg.
and the receiver's} is typically low enough that the shift in

frequency will not significantly affect power reception. IV. RECEIVER CIRCUITRY AND FABRICATION TECHNOLOGY

A strong magnetic field associated with the transmitter coil Fig. 4 sh th I di fth . timulat
can induce electric field£) and current(.J) in the tissue. 'g. 4 shows the overall diagram of the microstimuator

Thermal effects of RF fields in tissue (with conductivit);'?ceiver circuitry, which consists of five major subcircuits, as
o) arise due to the ohmic loss (L/2E?) associated with discussed below.

the induced electric field. This can cause excessive heating o

and damage if not kept below a certain limit. The saf@- Voltage Regulator Circuitry

limit is usually considered to be the basal metabolic rate The received signal after being picked up by a resonant
(~1 W/Kg) above which any heating would be undesirabl@ank circuit (L., C;), goes through a full-wave rectifier and
[19]. For a single-layer transmitter coil with 46 turi$V), two series voltage regulators in order to generate the required
9 cm in diameter(2a), and 8.5 cm in length(d) used in supply voltages. The tank circuit consists of an induclar-£

our experiments (see Section VIII) the axial magnetic field0-80.H andQ); = 30-60 at 2 MHz), which is wound over
(B, = po(NI/2a+/1+ (d/2a)?)) can be calculated to bea ferrite core (Section VII) and a series of parallel connected
2.3 x 107* T (current = 0.5 A) [20]. Using quasistatic on-chip capacitors with appropriate trimmable aluminum links
approximation, this magnetic field induces a transverse electfiiedividual circuits can be trimmed for the desired received
field (Es| = wBr/2, wherer is the radial distance from frequency). The voltage regulators consist of a full-wave
the axis of the coil andv is the angular frequency) of44 bridge rectifier DR1-DR4, BV = 50 V), storage capacitor
V/m at a distance of 3 cm from the coil's axis at 2 MHz. A{C,, 270 pF), and 4.5-V and 9-V shunt regulato¥R; and

can be seen, the induced electric field is zero at the cen@@R,, 3r = 200) implemented using Zener diodeg;(—

of the transmitter coil and increases toward the perimeter. £4,V; = 5.2 V andIz; = 600-800.A) and resistors KB,
distance of 3 cm from the center of a 4.5-cm radius coil isand RB, = 7.5 K2). The two main design considerations
good location to calculate maximum field in the muscle tissder the voltage regulation circuitry are preventing device
since the remaining distance is skin, fat, and connective tisqureakdown due to the high input voltages received by the
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Fig. 5. Block diagram illustrating the operation and waveforms in the AM envelope detector.

solenoid coil (as high as 20-30 V), and providing good dgate inputs of the Schmitt trigger. The Schmitt trigger has to
regulation from the 2-MHz carrier. Bipolar transistors angroduce a 0—4.5-V output signal that accurately follows the
diodes with high breakdown voltages are used to proviémvelope at its input in the presence of noise. The Schmitt
protection from high input voltages. DC regulation is achievetigger is comprised of transistord/;—Mio, with Mg and

by passing current through Zener diodes to provide a referendg, providing current feedback. The dimensionsdf and
voltage, and by using n-p-n bipolar transistors as current drivé;, are set to determine the threshold levels of the hysteresis
devices. Due to the sharp relationship between current gmavided by the Schmitt trigger (0.5 V and 1.7 V).

voltage in Zener diodes, they provide a stable and reproducible
reference voltage, and the high current gain of the n-p-n bipoB\r
transistors provides a voltage source with a very low outptt
resistance that can supply a stable output voltage to a variabldhe requirements for the output current delivery circuitry

Output Current Delivery Circuitry

load. are to provide a cathodic first constant current pulse with fast
rise and fall times for the entire pulse duration, and to charge-
B. Clock Recovery Circuitry balance the storage chip capacitor during the time between

two consecutive stimulating pulses. The output circuit contains

The clock is regenerated from the RF_ carner _by 'Faklng tiE arge-balance circuitry, stimulus current regulator circuitry,
12-20-V peak amplitude, 2-MHz sinusoidal carrier input an, d startup circuitry

generating a 4.5-V square wave output. The design considera.i.he charge-balance circuitry provides a current of 100
tions for this circuit are to provide breakdown protection fromA through the Mys—My4—M,; current mirror with M,

o ) . o
the|h|]9h |n?hut v_oltage_:j ?_nd tct) S/bf?m a ClcithW'th_ 50% %u roviding a reference current of 50A and M4 being twice
Eyce rom e_smu?m ad_lngu. gagedpggc g?/'s_pr%' the size of Mi13. The stimulus current regulator circuitry

y using p-n junction diodesZICy an 2 — .Y generates a stable and supply independent current pulse. This

V) followed by a capacitive voltage divideC§ and Cy) to was accomplished by using a thermal voltage reference current

provide full-wave rectification and to attenuate the peak inp%urce Vr = 26 :
. T = 26 mV at room temperature) [23]. Transistors
voltage to<9 V. Two cascaded CMOS inverte(8/,-M,) and Q,, and resistorR?; are used to create this stable

are then used to buffer this ac ;lgr!al and produce the Clogﬁnulus pulse. With the area @, being half the area of
signal used by the rest of the circuitry.

(2, the voltage drop acros®; is Vg1 = Vr In(2), this
produces a reference current &, = (Vr/R;) In(2) in
(2. As can be seen, this reference current is independent
Fig. 5 shows the block diagram for a general AM envelopaf power-supply voltage and is only proportional ¥g, Ry,
detector and various waveforms as the received amplitudard the ratio between the emitter areagafand (). In the
modulated carrier passes through the data-detection circuitmjicrostimulator design the collector current in transistQrs
The data recovery circuit is comprised of three main parts:aad @ is set at 50uA by choosing appropriate value for
lowpass filter (LPF), a highpass filter (HPF), and a Schmii;(360 ). TransistorM;- is used to switch this reference
trigger for envelope detection and noise suppression. Tbarrent on and off, whileM;,;—M;, are used to provide a
lowpass filter is necessary in order to extract the envelopenstant load. The drive transistor & and has an area of
from the 2-MHz carrier, as illustrated in Fig. 5. This filter200 times that of); in order to provide the constant current
is constructed using diodeBF; and DEs, resistorRD;(50 drive of 10 mA through the electrodes. Transistéi 8 is used
KQ), and capacito’; (90 pF). The diodes are used to detedb achieve faster switching times and aid in charge removal
the peaks of the envelope, witRD; and C; determining the from the base of the drive transistor. Transistfs), Q9—Q11,
corner frequency of the LPF. The highpass filter is a standaadd resistorZg are used to maintain a constant load current
RC circuit consisting of capacitor’s (90 pF) and resistor for the M;;—M;5 current mirror when no pulse is delivered to
RD-(500 K2) and is required to remove the dc offset of thexternal electrodes. The startup circuitry consists of transistor
envelope and provide breakdown protection for the CMO& 16 and diodesD;—Ds3, which will prevent the circuit from

C. Data Detection Circuitry
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Fig. 6. Cross-sectional view of the bipolar-CMOS fabrication technology.

remaining in a stable state in which zero current flows in the TABLE |
circuit, even when the power supply voltage is nonzero [23]_ SUMMARY OF MEASURED PERFORMANCE CHARACTERISTICS OF
. . . I . THE SINGLE-CHANNEL MICROSTIMULATOR RECEIVER CIRCUITRY
The maximum stimulation frequency (or minimum inter-
pulse delay) is a function of the amount of injected charge Parameter Value

per stimulation period, the magnitude of the charge-balance

current, and the time required to send the address data streQffatng Frequency 2 MHz
This is to ensure that the electrodes are charge balanceqi%ée'ved voltage 10-21 v
. . . _g ulated Received \oltages 490.5and 4.5+ 0.2V

the end of each stimulation period. In our design, the charggdulation Depth 3V
current is fixed at 10Q:A, therefore, with a minimum stim- Stimulation Duration 10-20@s
ulation duration of 1Qus (see Table 1) at 10-mA stimulation Stimulation Frequency <40 Hz
current level and a 10@s period for each address bit, oneStmulation Current Amplitude 10 mA
cannot increase the stimulation frequency beyond 600 Hz Tboad Resistance <8002

. . a . y y : gwer Consumption (at 20 V Received Voltage) 45-55 mW
charge-balance circuitry can be easily redesigned to generate, 136 % 7.5 mn?
a variable charge-balance current level and accommodateredhnology 3:m, bi-CMOS

higher stimulation frequency (600 Hz would be more than
adequate for most applications).

previous implantable stimulators, many of these elements were
E. Control Circuitry hybrid components which took up large amounts of space. For

The control circuitry receives the unsynchronized envelofi@e microstimulator, the hybrid chip capacitor and receiving
detector output and clock from the input circuitry. It generate®®il consume most of the available volume, so the rest of
a synchronized output and detects the logic ones and zer8s stimulator circuitry must be made very small and without
used to represent the address of the microstimulator. A zdyorid components. We have developed a versatile fabrication
is differentiated from a one by the duration of a high pulséechnology that can be used to implement the required circuits
The minimum clock count necessary to register a one [84], [25]. Fig. 6 shows a cross-sectional view of the device
programmable. Each microstimulator also has five addrestsuctures that can be implemented using this technology.
bits which are programmable. Following synchronization, thiEhe fabrication process combines deep-boron diffusion and
received address bits are sequentially shifted into a 5-b regisiestandard 3:m p-well CMOS technology to implement a
which is controlled by a 3-b state counter. The contents ofriety of active devices and passive components. The deep-
this address shift register are compared with the programmigston diffusion penetrates through the n-epi layer and connects
address of the stimulator to enable the stimulus control. The the underlying p substrate, thus, creating junction isolated
duration of the next low pulse received from the transmittef-epi regions. In addition to CMOS circuitry (NMOS and
will determine the duration of the stimulus pulse. UpopMOS transistors with threshold voltages-90.9 and—0.9
completion of the stimulus pulse, the circuitry resets all of, respectively), the lightly-doped n-epi regions can house
the counters and awaits the receipt of another address. 3 number of different bipolar device structures. The process

provides vertical n-p-n transistorg£ = 200) in the isolated
F. Fabrication Technology n-epi regions and a number of junction diodes (p-well/n-epi

As can be seen from the above discussion, a variety @bdes, p-well/r diodes, or g /n* Zener diodes). In addition
passive and active devices are used in the implementationt@fctive devices, the fabrication process provides two layers of
the receiver circuitry, including MOS and bipolar transistorgolysilicon for fabrication of on-chip capacitors and a variety
p-n junction diodes, Zener diodes, resistors, and capacitorsofrdiffused regions for forming large resistors. The fabrication
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. nodically prepared IrOx film has attracted much attention
| as a high charge injection capability material suitable for small
| stimulating electrodes [27]. This is due to its high charge
| - injection capacity (at least 3-5 mC/éngeometric area),
:_ oll Bar nontoxicity, and compatibility with integrated circuit (IC)
I i ““cf,”"?“...'!'“ fabrication technologies. IrOx injects charge through faradaic
I e processes of valence transitions and proton or hydroxyl ion
::T :*ft:du:"l;-_ transfers that occur within the multilayer IrOx film. These
|, I m—— chemical reactions coupled with the porosity of the IrOx film
(g e - are responsible for its high charge injection capacity. IrOx
i S - was chosen for the microstimulator electrode material due to
¥ - its large charge injection capability.
! E—%‘ In order to overcome the edge effect, a new waffle-shaped
g m._.;“i-i.: thin-film electrode has been designed that reduces the current
[ __h,""'"'"l = :: density arounpi the perlmetgr by dividing the tot_al area into
_" . "': many small sites (1@:m in diameter) connected in parallel,
CITEENE each one carrying a portion of the total current (Fig. 8). This
fﬂ:lf_f ‘;:rli.-:-l has a twofold effect on electrode performance. First, multiple
small sites each have higher impedance than a single large site
. 7 11

and as has been shown this creates a more uniform current
distribution on each site [28]. Second, the larger the recess
Fig. 7. Photograph of fabricated receiver circuitry, which measures i.36t0 radius ratl(,) II’.I a.recessed eleCtr_Ode,’ the more uniform is
7.5 mm. the current distribution [29]. The thin-film waffle electrodes
are recessed in a dielectric which is Q.8 thick. This means
that the smaller sites have a larger recess to radius ratio than a
process requires a total of nine masking steps. Fig. 7 sholgyer electrode and this further improves the current density
a photograph of the fabricated receiver circuitry (1.36 mm distribution. These electrodes have been tested with 10-mA
7.5 mm). current pulses in phosphate-buffered saline (PBS) and are able
to withstand more than two billion current pulses without
V. STIMULATING ELECTRODES any sign of degradation (a total of 16.8 billion pulses are

required for 8-h/day operation and 40-years lifetime at 40-Hz
As was mentioned in Section Il, the microstimulator elec-

stimulation rate) [30]. These waffle electrodes are integrated
trode should be capable of injecting 2C of charge in

. . the silicon substrate which supports the receiver circuit
200 ps (10 mA) through a small area designated to it (O.
mm2’)“L T(h|s is ; Iargegamount of charge agnd conventlc()n;%l'p’ and are located at the two ends of the substrate (Fig. 1).

electrode materials (e.g., platinum and stainless steel) are
unable to inject this amount of charge through such a small
area without causing irreversible electrochemical reactionsHermetic packaging of implantable devices is a challenging
and gas evolution. This is due to their low charge injectioproblem. The microstimulator receiver circuitry and hybrid
capability (e.g., 25-75:.C/cn? for platinum electrodes). In components must be protected from body fluids for 40 years.
addition, simple planar electrodes show a drastic increaseVife have developed a new packaging technique that uses a
current density around their perimeter (edge effect) [26]. Thisgh-yield, low-temperature (320C) electrostatic (anodic)
can drive the high current density regions beyond the sdfending of a custom-made glass capsule (Corning #7740, 2
electrochemical limits and delaminate the electrode materiak 2 x 8 mm?®) to fine-grain polysilicon in order to form

VI. HERMETIC PACKAGING
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- e before assembly. In order to avoid contaminating the bond

i e - area on the substrate during assembly, the inductor and chip
ik capacitor are first mounted on the circuit chip. The inductor is
e made of copper wire (AWG 43) which is wound on a ferrite

core (1 mm in Diameter, 3-mm length, = 125) and set

in place with polyimide (PI2611 DuPont, Wilmington, DE).

It measures about 1.25 mm (diameter)3 mm (length) and

. has an inductance ang@ of about 40-80:H and 30-60 (at

R 2 MHz), respectively. After the coil’s insulation is stripped at

: ik the end of the windings, it is positioned carefully alongside the
= o, POLYBILICON circuit under a microwelder. Each lead is then microwelded to
i 2 [FEECTHROLIGH} its respective copper-electroplated pad on the circuit chip. The

charge storage capacitor (0.7-1:B) is now attached to the
circuit chip using conductive modified polyimide. Following
Fig. 9. The microstimulator packaging structure. the inductor and chip capacitor attachment to the circuit chip a
fine line of polyimide is applied to the region of the electrode

a hermetically sealed cavity (Fig. 9). Anodic bonding is gubstrate on which the receiver chip will rest and the circuitry

very simple technique that requires heating the glass capsigiarefully positioned on this region so that no polyimide
and the silicon substrate %320 °C while keeping glass at ©" other contaminants pollute the anodlp bonding region of
a negative potential 0f2000 V with respect to the silicon the electrode subs_trz_ite. _After the circuit placeme_nt on the
substrate [31]. This generates a high electric field at the glaSiPstrate, the polyimide is cured at 180 for 1 h. Finally, -
silicon interface and causes a chemical bond between silid9§ Circuit is electrically connected to the substrate by wire
and glass. The bonding temperature was kept low by usind’@"ding, one bond for each electrode and one for the circuit's
polysilicon overlayer, thus, reducing the damage that can 99IiC output for verlflcatlon'of functionality in further testlng.
caused to the hybrid elements [32]. The almost complete unit is now ready for anodic bonding

The stimulating electrodes outside the package wepkthe protegtive glass capsule over the cirguit to the electrode
connected to the receiver circuitry inside by using a neg\pbstrate. First the asse.mbled substrate,. circuit chip, and glass
feedthrough technique [33]. This technique uses closely spaGapSule are cleaned using an acetone, isopropyl alcohol, and
polysilicon lines that are covered by phosphosilicate glad§ionized-water rinse sequence. They are then placed in an
(PSG). The planarity over the feedthrough lines is critical f@V€n at 200°C for 24 h in order to allow the polyimide
a successful bond, since any step over the lines prevent&ngl various components to outgas adequately, as well as to

good bond and can cause moisture leakage inside the pack&yaPorate moisture from the assembly. The glass capsule is
In order to produce a planar surface on top of the feedthroufjgn Ponded to the substrate assembly on a hot plate &tG20

lines, the PSG is annealed in steam at 13Q0(this causes PY @PPlying 2000 V for about 10 min. The assembled unit

the PSG to soften and flow) [34]. The multiple-feedthroug!? at_tached with epoxy to a small p_rinteq circuit board that
technique is an attractive feature of the microstimulatoProVides @ means of testing the microstimulator for proper
since it will allow expanding the single-channel device to g;lemgtrlc functionality gfter assembly and also for actlvat_mg
multichannel one without any added process complexity. W& high current density IrOx electrodes. The appropriate
have also incorporated a dew-point sensor inside the pack&g@nections from the electrode substrqte to the test .board' are
to monitor any moisture condensation during soak tests. Sallffk® bonded. It should be noted that it can be verified with
and deionized (DI) water soak tests at elevated temperatuf@§Siderable certainty that the circuit is still fully functional
(85°C and 95°C) were performed to determine the reliabilityby monl_tonng the Ioglc cwcmtry’s_ output in response to the
of the package. Preliminary results have shown a mean tifPropriate telemetrically sent signals once the test board-
to failure (MTTF) of 284 days and 118 days at 85 and®@5 mounte.d device is tellemetrlcally powered. Once the electrodes
respectively, in DI water. An arrhenius-diffusion model fof'® activated, the microstimulator is separated from the test

moisture penetration yields an expected lifetime of 116 yeepgard by scribing the electrode substrate between the electrode
at body temperature (37C) for these packages [33]. closest to the end pads used for wire bonding to the board.
Fig. 10 shows a photograph of a completely assembled single-

channel microstimulator.

LI'WER
DELECTAICS

VIl. A SSEMBLY

In order to maximize the yield of complete, fully functional
microstimulators, it was necessary to develop an assembly
procedure that could be implemented reliably and without The fabricated receiver circuitry was subjected to extensive
considerable difficulty. The microstimulator receiver circuitrypench tests to verify the individual building blocks and overall
and substrate containing the stimulating electrodes are falrcuit functionality. A class-E power amplifier was used
ricated separately. The fabricated receiver chips are didedtransmit modulated data (see Section Ill) and drive the
from the wafer and separated from each other. They are thesmsmitter solenoid coil (single-layer, 46-turns, 9-cm diam-
extensively tested and cleaned along with electrode substrages, 8.5-cm lengthl; = 138 pH, @; >800) at 2 MHz.

VIIl. TEST RESULTS
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Fig. 11. \oltage received by the microstimulator [(a) input AM signal], (b)
demodulated data, and (c) output stimulation pulse across &68@d.

Fig. 10. Photograph of a completely assembled single-channel microstim:?-p_roperly ShleldEd’ it can cause interference in surroundlng
lator. evices and instruments.

We have not performeth vivo tests on these microstimula-

. - . - tors. Ourin vitro test results regarding the four major parts of
The receiver circuitry mounted on the printed circuit boar : . . . . o
e microstimulator (i.e., class-E transmitter, receiver circuitry,

(Section VII) was then positioned inside the transmitter caoil. ; .
) . . . igh-current electrodes, and hermetic packaging) have shown
using a manipulator. Fig. 11 shows the voltage received

the microstimulator, demodulated data, and output stimulati?nat all these components are fully functional. Howewerjvo

pulse across a 68Q-load (output current~10.3 mA). Table | ur}cnonahty of the whole sys_tem has to bg Qetermlned W'th
animal tests. These tests require more sophisticated preparation

summarizes the overall results from operation of a single- : . .
channel microstimulator. The experimental results for the Q—Wd will have to be carried out in the future.
and 4.5-V regulators showed a voltage rippled63.5 V and
+0.2 V, respectively. The operating range for the received
input voltage is 10-21-V peak with 3-V modulation depth. The We have developed a single-channel microstimulator for
output of the data recovery circuit demonstrated a respori@dS applications. This device overcomes the shortcomings of
time of 0.5 us for the rising edge of the envelope and @revious neuromuscular stimulators by reducing the number
us for the falling edge. It was observed that the Schmidif hybrid components, lead wires, and bulky packaging. The
trigger circuit had a hysteresis voltage of 1 V, had removedicrostimulator is 2< 2 x 10 mn? in dimensions, requires
all high frequency ripple due to the RF carrier, and haohly two hybrid components (a tantalum chip storage capacitor
generated a clean stable signal (Fig. 11). The overall povaard a receiver coil), and can be injected into tissue by
dissipation of the receiver circuitry was measured to be 45-B&pulsion through a hypodermic needle, thus, reducing the risk
mW (current consumptior<3 mA at 20-V peak sinusoidal and discomfort associated with surgical placement. The device
input voltage). About half of the power is consumed by theeceives power and data from outside by RF telemetry. A
voltage regulators due to the design considerations to achidngh-efficiency class-E amplifier/transmitter is used to transmit
the required regulation. an amplitude-modulated 2-MHz carrier signal to the receiver.
Power reception is dependent on both position and orieA- custom-designed bi-CMOS receiver chip generates 9-V
tation of the implant within the transmitter coil. The receiveand 4.5-V-regulated supply voltages, demodulates control data
remained functional and was able to deliver the stimulatifgpm an amplitude-modulated RF carrier, regenerates a clock
pulse in a volume of 320 ctnwithin the transmitter coil signal from the RF carrier, and delivers a constant current of
(volume bounded by a transverse plane about 1.25 cm frdf mA for durations up to 20Q:s once commanded by the
either ends). The received voltage dropped suddenly outsald@ernal transmitter. The circuitry has been fabricated using a
this volume. Misalignment of the receiver coil within the3-um bi-CMOS fabrication technology and has been shown
transmitter coil causes some power reception drop-off with be fully functional. The overall power dissipation of the
a dependence somewhat looser than that expected stricdgeiver circuitry was measured to be 45-55 mW. A high-
from the cosine of the angle of misalignment. Thus, theurrent iridium oxide thin-film microelectrode has also been
voltage received at a certain angle of axial misalignmet developed as part of the microstimulator to enable the device
will exceed Vinax Perfectalisnment - c0S(c¥). The electric field to inject large amounts of charge (2C) through a small
outside the coil diminishes inversely with respect to distanegea 0.3 mnt). These electrodes have been testeditro
r (|Ey| = wBa?/2r [20]) and is equal to 3 V/m at a distanceand have shown no sign of degradation after being subjected
of 1 m. This is a large field and unless the transmitter cdib more than two billion 10-mA current pulses. The device

IX. CONCLUSION
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is hermetically packaged in a custom-made glass capsule
which is electrostatically bonded to a silicon substrate. The
substrate contains stimulating electrodes and multiple high-
density feedthroughs (200/mm) for connecting the receivgn]
circuitry to the electrodes. Accelerated long term soak tests
on these packages have shown an expected lifetime of 11§
years at body temperature.

The overall system and individual circuit blocks devel-
oped for the implantable microstimulator will be applicablg;3
to a large class of devices which are remotely powered
and controlled through RF telemetry (radio transponders and
actuators). In some applications where the power demandig
not as rigorous as in FNS, e.g., retinal and peripheral nerve
stimulation, the hybrid coil and capacitor can be substitutTgE]
by electroplated on-chip coil and thin-film capacitor. This wil
further reduces the size of the device and makes it more
suitable for implantation in restricted anatomical regions. T
microstimulator can also be expanded to a multichannel system
by placing more electrodes on a longer substrate or using
a flexible silicon ribbon cable with multiple electrodes. cufft’]
electrodes for peripheral nerve stimulation can also be fabri-
cated along with the microstimulator. These future applications
clearly demonstrate the possibility of using the versatile tech?
nologies developed for the microstimulator in other areas.

[19]
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