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Implantable Flexible
Electrodes for Functional
Electrical Stimulation

Biological and technical interface
Neural prostheses are technical
systems that partially substitute for
the neural functions of the body that
have been lost after traumatic lesions
or neurological disorders. Different
serious disease patterns such as
apoplexy and retinitis pigmentosa
and traumatic lesions lead to damage
or impairment of parts of the nervous
system and loss of body functions.
This loss can be partially replaced by
devices that stimulate the remaining
intact nerves. The most well-known
examples of implantable devices for
functional electrical stimulation (FES)
are cardiac pacemakers and cochlear
implants. This article focuses on one
of the core elements of implantable
devices for electrical stimulation: the
electrodes that build the interface
between the biological and the
technical world.

Implantable devices

The history of implantable devices for
FES in clinical practice started in the
1960s with the development of the
first heart pacemakers to replace the
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autonomic rhythm of the heart. Today,
approximately 600000 pacemakers
are implanted per year.! Systems for
bladder stimulation that allow para-
plegics to control voiding voluntarily
followed in the 1980s.% In cochlear
implants, a complex system consist-
ing of microphone, speech processor,
transmitting unit, implantable stimu-
lator and tubular electrode array
replaces the damaged hair cells by
stimulating the still-functioning
auditory nerve of the patient.3 The
most recent examples of active
implants for FES are stimulators to
treat pain in patients with tumours
and trembling caused by Parkinson'’s
Disease, and to restore the grasp
function in tetraplegics.

All these systems need electrodes
that establish a direct contact to
biological tissues such as muscles or
nerves. Epimysial electrodes are sewn
onto muscles, intramuscular electrodes
are placed near or into the muscle
tissue for heart pacemakers (Figure 1),
and book-shaped electrodes are used
in bladder stimulators to embed roots
of the sacral nerves into the electrodes.

——

A manufacturing technology has been developed to fabricate
microelectrode systems with reportedly high numbers of electrodes
and high reproducibility. The approach leads to flexible microimplants
without the need for heavy and large titanium or ceramic housings.

Electrode manufacturing
Tomorrow’s implantable devices such
as retinal implants or implants for
lower-limb stimulation for gait and
stance need a new approach for
electrode systems and thus new
manufacturing technologies. This is
because it has been found that

B higher numbers of electrode sites
and stimulation channels allow a
better spatial selectivity of peripheral
and central neural implants and an
easier adaptation of the implant
function to the patient’s anatomical
and physiological preconditions

B when contacting nerves, lowest
weight, highest flexibility and

Figure 1:

Cardiac electrode.
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smooth edges are essential to
prevent undesired tissue reactions
and damage to the nervous system
M smaller-scale electrode systems
allow the use of minimally invasive
surgery to minimise the stress for
the patient and achieve shorter
rehabilitation periods.

A manufacturing technology
has been developed, which is based
on micromachining technologies
such as dry etching, to fabricate
microelectrode systems with high
numbers of electrodes and high
reproducibility. This system approach,
which is a combination of flexible
micromachined substrates with
hybrid assemblies of electronics and
well-known encapsulation materials
such as parylene and medical silicone
rubber, leads to flexible microim-
plants without the need for heavy and
large titanium or ceramic housings.

Manufacturing flexible systems
The core element of these electrode
systems is a polyimide substrate,
PI 2611, (HD Microsystems,
www.hdmicrosystems.com) with
monolithically integrated electrodes
for recording and stimulation
purposes, interconnection cables
and connection pads for plugs,
electronic circuitry and electronic
components. Polyimide is used
because it is flexible and light-
weight, has a low water uptake of
below 0.5% and can be patterned
with standard microsystems tech-
nologies such as photolithography,
dry etching and reactive ion etching
using oxygen plasma.*

In these electrode systems one
or more metal layers are sandwiched
between layers of polyimide 5-um
thick, which serve as substrate and
insulation material at the same time.
The use of a dry-etching process
allows openings for electrodes,
connection pads and outer shapes in
an arbitrary geometry arrangement.
In this process, an aluminium mask
protects the polyimide except for the
envisioned openings for electrode
sites and connection pads; the chemi-
cal and physical reactions generated
by the reactive gas ions in the gas
plasma remove the material from

visit www.medicaldevicesonline.com

9:57 am

Page 17

—9—

these unprotected regions. Gold is
used for conducting tracks, and
platinum or iridium is deposited as
functional electrode material to
optimise the stimulation and record-
ing characteristics at the interface to
the biological tissue. The geometrical
surface area of the electrodes
decreases with the square of the
electrode diameter and limits the
reversible charge injection over the
electrodes during stimulation. By
electroplating the platinum on the
electrodes with a rough surface
texture, the so-called platinum black
is obtained; this is a coating with
small grains and a roughness from
which almost no light is reflected,
hence the surface appears completely
black. It lowers the impedance of the
electrode site by approximately two

design

T EPEN Microimplant for epiretinal
stimulation of the ganglion cells.

advantages of the integration density
of flip chip (the integrated circuit is
turned over and the connection pads
point towards the substrate) or
ball-grid array approaches with

the advantages of wire bonding

(the components are bonded on the
top of the part) such as visual

Polyimide-based devices have been designed
and fabricated, which differ in number and
geometry of electrodes and integration of
electronic components.

decades to allow low noise record-
ings and increases the reversible
charge injection and electrical
capacity for stimulation by a
comparable magnitude.®

Assembly and encapsulation

The polyimide structures can be
assembled to functional systems using
hybrid-assembling technologies.
Surface-mount devices such as capaci-
tors, diodes or coils are soldered or
glued with conductive epoxy resin to
the relating connection pads on the
substrate. Application-specific inte-
grated circuits (ASICs) are assembled
with a modified stud-ball bonding
technique known as MicroFlex
Interconnection.® This technique
creates “microrivets” that mechani-
cally assemble and electrically inter-
connect silicon-based electronic
circuitry with the interconnect pads
of the flexible tapes to the same

level of integration density of the
interconnects. It combines the

——

inspection and there is no need for
an additional metal layer on the
connection pads (integrated circuits
dies can be used directly).

For encapsulation of the systems,
Parylene C is deposited from the gas
phase. The electrode areas are pro-
tected with natural rubber that is
released after the vapour deposition.
Another possibility is the deposition
of the complete device and the
opening of the electrodes by means
of an excimer laser or by means of
another dry-etching step. Pilot exper-
iments show that the surface energy
and roughness of the Parylene C
coating could be adjusted by means
of oxygen or a mixture of oxygen
and tetrafluorcarbon plasma. In some
applications, parts of the implant have
been encapsulated with silicone
rubber to obtain haptic areas that feel
like tissue; these are the parts of the
implant that contact tissue and
achieve stability, for example, the
anterior chamber of the eye. >
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-> Biocompatibility
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New technologies often involve the
use of new materials as in this case
for these polyimide-based electrodes.
The micromachined polyimide
electrodes proved to be noncytotoxic
according to ISO 10993.7 The struc-
tural biocompatibility, long-term
stability and functionality of the
polyimide-based electrodes were
proven in chronic implantations in rat
animal models.8

Applications
Different polyimide-based devices
have been designed and fabricated,
which differ in outer shape, number
and geometry of electrodes, tracks
and pads, integration of electronic
components and combination of
medical silicone and coating. Two
applications are described below.
System for retinal stimulation.
The polyimide and hybrid assembly
technology has been successfully used
in an electrode system for retinal

m Polyimide sieve electrode

with silicone guidance channels (inner
diameter of the guidance channel is
approximately 1.4mm) for contacting
peripheral nerves for the control of
artificial limbs.

-

m A polyimide-based

electrode system with holes (40 um in
diameter) for regenerating peripheral
nerves and circular electrode for

stimulation and recording purposes.
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stimulation. These stimulators,

which are a joint effort of the
epiretinal research group in Germany,
consist of a coil for inductive signal
and energy transmission, a decoder
and a stimulator ASIC and 24 electrode
sites (Figure 2).The electrode sites
are coated with platinum black to
decrease the impedance of the electrode
sites and thereby achieve better
stimulation results. At present, systems
for retinal stimulation are being
tested in in vivo experiments.

System to control artificial
limbs. Sieve electrodes based on
polyimide have been fabricated by
micromachining for the control of
artificial limbs after amputation. This
electrode system consists of a poly-
imide foil that contains numerous
holes and 19 circular electrode sites
around some of them (Figures 3 and
4). All the electrodes are coated with
platinum black. While the regenerat-
ing peripheral nerves grow through
the holes, afferent nerves can be
stimulated to give the patient sensory
teedback, and signals from efferent
nerves can be recorded to control
artificial limbs. Artificial arms with a
myoelectrically controlled gripping
function (muscle signals are used as
control input for the artifical limb)
already exist on the market and
devices with higher functionality and
sensory feedback are in the research
and development phase.
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