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Abstract—The Alfred Mann Foundation is developing a
network of up to 850 injectable devices that have
stimulating, sensing and communication capabilities.

Each of the devices is coordinated via radio signals a
hundred times a second by an external small module. All the
devices are powered by lithium-ion rechargeable batteries. The
stimulating, sensing, and communication circuits are designed
to be highly power efficient to maximize battery life. The
stimulator can be programmed to deliver pulses in the range: 5
1A to 20 mA, 7 us to 2000 us, and frequencies up to 4000 Hz.
Bursting, ramping, and other stimulation features are included.
The voltage sensor covers the range 10 uV to 1.0 V with
bandpass filtering and data analysis. The implant also contains
sensors for pressure, temperature, DC magnetic field, and
distances between implants

1. INTRODUCTION

Functional Electrical Stimulation (FES) has been elusive
for restoring significant function to limbs and other
organs, specifically for those with stroke and spinal cord
injuries.

Five apparent reasons for this situation are:

1) Extensive surgery involving pockets, tunneling,
long wires and skill from the surgeon. For example, the
8+ channel Free Hand System [1] and the 20+ channels
Nucleus FES22 [2] required more than 4 hours and 15
hours of surgery respectively to implant.

2) Excessive continuous surface areas of the
implant and wires: All implantable devices may present
a risk for microorganisms to form a biofilm and
ultimately conquer the whole surface of the implant
system.

3) RF powered devices: Two problems are
encountered with these devices: a) maintaining proper
orientation of power transmitting antenna with respect to
the implant and b) the discomfort of wearing an antenna
and battery powered transmitter, especially for long-term
use.

4) Lack of coordinated sensors: Most systems require
one or more sensors in different parts of the body to
coordinate functions. Many sensors are external and
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require wires going around the body. In the market there
are not many implantable sensors.  Sensors and
stimulators from different manufacturers have to be
connected, and the interface becomes a serious
engineering project, usually involving wires strung
around the body, and often improperly matched
electronically.

5) Lack of flexibility and expandability: Extensive
advanced planning is required for each system. The exact
number of sensing and stimulating channels might not be
known until the first few have been implanted and tested.

II. PRESENT STATUS

The functional electrical stimulation battery powered
injectable microstimulator/sensor (FES-MSS) concept
has become a reality through the continued development
of submicron complementary metal oxide semiconductor
(CMOS) processes that provide both high speed for
communications and low power for long-life battery-
powered systems. The FES-MSS overall system block
diagram is shown in Fig. 1.
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Fig 1. Overall system block diagram.
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Communications between the FES-MSS devices and a
single, centralized Master Control Unit (MCU) defines
the system connectivity. The MCU may be external and
is considerably larger and less resource-limited than the
micro implants In the final design it is expected to have a
size similar to a PDA. Presently it is the size of a small
cigar box.. The “star” architecture, commonly used in
standard mobile wireless technologies. In order to enable
bi-directional access for all implants, a framed “Time
Division Multiple Access” regime with time division
duplexing between Downlink and Uplink is used.

Because the system is time division based, each
implant can maintain a low duty cycle to reduce power
consumption. For a typical low-power UHF receiver that
draws 5 mA from a 1.8 V supply, a duty cycle of 0.1% is
required to maintain average power consumption below
10 uW. The main requirement from the FES-MSS
system is to achieve this low average power while
maintaining regular communications between up to 800
implants and the MCU.

It is well known from communication theory that using
coded waveforms along with coherent demodulation
leads to the highest power efficiency [3]. The implant
uses a crystal controlled local oscillator, combined with a
digital delay locked loop (DDLL) to maintain continuous
timing accuracy relative to the MCU. The modulation
and coding for the micro-device communication system
was selected by compromising between decoder
complexity and performance. This compromise results in
a quad-phase modulation combined with a forward error
correction scheme

Fig. 2 shows the chip functional block diagram
explaining the functional planning and division between
analog, digital, and firmware blocks.
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Fig 2. FES-MSS simplified internal block diagram
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The FES-MSS is a 3 mm cylinder that is 25 mm long;
ceramic covers the electronics and titanium covers the
battery, Fig.3.

Fig 3. Photograph of typical FES-MSS implant.

A surgical kit has been qualified for introducing
microstimulators. This introducing method is considered
to be minimally invasive. Probes of a size of 0.5 mm
identify the target stimulation or sensing site.  These
probes guide a dilator to the site for placing the implant.
The implant is then activated at the target area to insure
therapy and/or biological signal integrity through real-
time feedback. A dissolvable suture attached to an eyelet
at the end of the implant allows retrieval and
repositioning up to seven days post implantation. A
typical surgical kit is shown in Fig. 4.

Fig. 4 Surgical tools used to inject the FES-MSS implant. A:
Probe electrode, B: Dilator, C: sheath, with holes, D: RF
microstimulator with suture, E. Ejection Tool (2 marks), F: 3 ml
syringe, with normal saline.
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Implants in sheep and rats developed normal
encapsulated coatings that prevent migration [4]. The
thresholds were mainly below 2 mA and 200 pA. The
capsule in rats consisted of compact laminated layers of
fibro-collagenous tissue varying from 50 to 100 um in
thickness. Their histological characteristics were the
same as pacers and other implantable biocompatible
devices. Stimulation thresholds stabilized in sheep and
rats in about six weeks.

The battery system in the rechargeable FES-MSS is a
novel long-term stable Lithium Ion chemistry developed
specifically for implantable devices. The research team
at Quallion LLC fabricated the smallest cylindrical
rechargeable battery ever built (2.7 mm in diameter and
13 mm long) (Fig. 5). Because the battery must be
implanted in the human body, the team developed a
proprietary Zero-Volt™ technology, which allows the
battery to be kept in a deep-discharge state for long
periods of time without negatively affecting battery life.

Fig. 5 Rechargeable Li lon battery for implant devices

The sensing system is based on utilizing the same
filtering and windowing traditionally employed for
neurophysiologic research. The amplifier has high
impedance, low power consumption and low noise. In
addition, gain and bandwidth programmability are
available to allow for maximum user flexibility. The
programming using wirelessly RF telemetry also
embedded within the implantable device. The block
diagram of the BSAF architecture is shown in Fig. 6.

© 2007 ACADEMY PUBLISHER

75

1 1 Post Filtering
Processing (PFP)
PFPA__ PFPD

—3

Post

Processed
:[> Output

IS high voltage input switth  G2: 2+ gainstage G3:3%gainstage NF: noich filter
ACC: AC coupling stage LEF: low-pass filtey  PFPA: PFP analog circuitey
Gl: 1 gainstage FI: feedback integrator PFPD: PFP digital cireuitry

Fig. 6: Block Diagram of Amplifier

One of the stimulating electrodes of the implanted
device is used as the floating ground. The same electrode
is also used in signal detection, thereby emulating a
pseudo-differential input electrode for the amplifier. The
implementation of the internal amplifier is achieved using
a differential topology with a controlled common-mode
bias voltage so that optimum common mode rejection is
achieved. = This circuit allows reliable EMG/ENG
detection. The programmable nature of the amplifier as
well as internal shunting circuits allow for a fast
recovery.

Angle and distance measurements (goniometry)
require t close coordination of transmission and reception
of magnetic fields facilitated by the communications
system. The distance measurement system is based on
generating a low frequency (127 kHz) magnetic field
from one of the implanted devices and measuring the
strength of this field at another location by another
implanted device (Fig. 7).
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Fig. 7 Goniometry System Principle.

The reasons for this choice are the following:

1) Unlike RF fields, the low frequency magnetic
field has very little interaction with the body.

2) The strength of the field drops with the distance
very rapidly, approximately following an inverse cube
law. This has the advantage of reducing the effects of
reflections, interactions with far objects, with other
patients having similar goniometry systems or with other
sources of interference.

3) The magnetic field generator or sensor (which
are tuned coils) can be also used to receive power from an
external, larger coil to charge the battery of the implanted
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device. The goniometry system will not be able to work
during battery charging but that will happen only for a
small fraction of time (about 20 minutes a day).

The coils for the goniometry transmitter and receiver
are identical and tuned to 127 kHz, any of them can
function either as goniometry transmitter or receiver. For
optimal efficiency each coil (540 uH) has a cylindrical
ferrite core and a Q of 21.

The relative orientations of the transmitter and receiver
(TX/RX) coils are important. The best results are
obtained when the coils remain either parallel or co-axial
during movement, otherwise the signal strength is not
monotonic  with  distance, and more complex
computations are required. Results show that small
misalignments are not critical. For a 45° misalignment the
signal strength drops by cos (45°)=0.71 and the distance
error is (0.71)"°=0.89 (11% error).

For monitoring multiple movements, like the fingers of
one hand, one fixed transmitter can work with multiple
receivers. If two different systems must co-exist, such as
one for each hand, they must not interfere with each
other. Our solution is to use slightly different frequencies
digitally filtered in adjacent 90 Hz bands.

III. PROSTHETIC
MICROSENSOR/MICROSTIMULATOR INTERFACE

These microsensors can be used to detect the EMG
from the muscle segments in the stump and then relay
this information to control joint motor actuator in the
prosthetic limb. Also, sensor (temperature, touch, joint
angle, and pressure) can be relayed by radio to
microstimulators under the skin of the stump to indicate
different sensors being activated. See Figure 8.

IV. PROSTHETIC PERIPHERAL NERVE
INTERFACE

A 128 channel wireless Dbattery powered
stimulating/sensing electrode system using the same
communication stimulating and sensing specifications as
128 injectable micro devices is described here for use as
an interface between a peripheral nerve and an artificial
limb. The stimulation or sensing can be unipolar or
bipolar between any pair of electrodes. A slanted bed of
nails (SBON), similar to that described by Branner, Stein,
and Normann (2001)[5]or any other electrode array can
be used.

This electrode array contains a hermetically sealed
stimulator/sensing IC chip and multiplexing command
system. It is mounted on a peripheral nerve with the
electrodes making contact with the neurons as described
y Dhillon, Lawrence, Hutchinson, and Horch (2004)[6].
This array is connected by a thin flexible cable to a
battery powered 128 channel high speed communications
transceiver (BPX). The BPX is a rounded disk about one
inch in diameter and 6mm thick. The BPX
communicates via high speed radio signals with a master
control unit (MCU) in the artificial limb. Ever 11 ms
there are 128 bidirectional radio signals between the BPX
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and the MCU. The MCU is connected to surface,
temperature, and joint angle sensors and motor control
actuators in the artificial limb. The system is capable of
handling a combination of 128 sensors and stimulation
channels. The advantage of this system over
magnetically powered sensing/stimulator systems is that
this system only uses the small and light weight batteries
in the MCU for coordination computation and
communication only. All the batteries in this system are
rechargeable lithium ion. See Figure 9.

V. HUMAN EXPERIMENTS

Coordinated stimulation between 5 and 8 injected
stimulators have been tested in 7 human stroke patients,
with partially paralyzed arms [7]. These were performed
with RF powered injectable stimulators to develop
experience.  Injections, in many cases, could be
performed in about 15 minutes, but in others took over an
hour to find the optimum position. We are now working
to improve the positioning.

VI. FUTURE PLANS

The application specific integrated circuits (ASICs) for
the FES-MSS along with a small number of discreet
components are being integrated into a final package for
preliminary in vitro testing by 2007. External systems
such as the clinician’s programmer, portable programmer,
MCU, charger and other non-surgical accessories, etc.,
are being developed currently.
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