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Abstract

Patients suffering from conditions such as paralysis, diabetes or rheumatoid arthritis could in the future be treated
in a personalised manner using bioelectronic medicines (BEms) (Nat Rev Drug Discov 13:399–400, 2013, Proc Natl
Acad Sci USA 113:8284–9, 2016, J Intern Med 282:37–45, 2017). To deliver this personalised therapy based on
electricity, BEms need to target various sites in the human body and operate in a closed-loop manner. The specific
conditions and anatomy of the targeted sites pose unique challenges in the development of BEms. With a focus on
BEms based on flexible substrates for accessing small peripheral nerves, this paper discusses several system-level
technology considerations related to the development of such devices. The focus is mainly on miniaturisation and
long-term operation. We present an overview of common substrate and electrode materials, related processing
methods, and discuss assembly, miniaturisation and long-term stability issues.

Background
In the context of this paper, bioelectronic medicines
are devices that use electricity to regulate biological
processes, treat diseases, or restore lost functionality
(Birmingham et al. 2013; Koopman et al. 2016; Bouton
2017). BEms can interact with excitable tissue in three dis-
tinct manners: they can induce, block and sense electrical
activity. Depending on the application, i.e., the specific dis-
ease being treated, a combination of these functionalities
might be necessary. For example, a system offering
complete control over the urinary tract could require initi-
ation of voiding (activation) in a timely manner using
feedback (sensing), while avoiding involuntary voiding at
all other times (blocking). However, the human urinary
tract is complex and sophisticated; it includes our kidneys,
ureters, bladder and urethra, and its natural control mech-
anisms pass through both the central as well as the per-
ipheral nervous system (PNS). Restoration of full control
of the urinary tract could therefore be possible via a var-
iety of approaches; some of those could require a

distributed wireless system of BEms, in which each unit is
responsible for a specific functionality, but all are commu-
nicating and working together in a coordinated fashion to
deliver the required therapy. For such an implementation,
miniature (<1cm3) BEms placed close to their targeted
nerves are required. These BEms, belong to a new gener-
ation of implants: they have to be of a compact unibody de-
sign (including a three-dimensional neural interface and the
electronics), operate wirelessly (either standalone or in a dis-
tributed system), and in a closed-loop fashion, having
stimulating, biomarker sensing and neural recording pos-
sibilities. Figure 1 illustrates an artistic impression of such
a system.

Interfacing the peripheral nervous system
The PNS consists of neurons whose bodies lie in the
spinal cord but axons extend all the way to target organs.
These afferent (sensory) or efferent (motor) nerve fibres
can be myelinated or unmyelinated and are grouped to-
gether into fascicles, based on their destination rather
than their function. A collection of several fascicles makes
up a nerve. The organisation of fibres into fascicles
changes along the length of a nerve, from fewer, larger
and fused fascicles proximally, to a higher number of
smaller fascicles distally. Also, the overall size and
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composition of peripheral nerves varies greatly; for ex-
ample, the major and minor diameters of the compound
femoral nerve are about 10.5 mm and 2.3 mm, respect-
ively. In contrast, the diameter of pelvic splanchnic nerve
bundles can be smaller than 0.05 mm, or larger than
0.2 mm (Gustafson et al. 2009; Jang et al. 2015).
Access to the PNS can be achieved at a varying degree

of invasiveness and a varying degree of selectivity. Extra-
neural interfaces leave the nerve intact but usually target
several bundles of axons or fascicles within it, hence
offer lower selectivity. Such interfaces can be placed
around or through a nerve root (book electrodes), on a
nerve (epineural) or around it (cuff, helicoidal, FINE1)
(Brindley 1972; Koller et al. 1992; Loeb and Peck
1996; Tyler and Durand 2002). When higher selectiv-
ity is required, interfaces tend to be more invasive.
Approaches include minor penetration of the nerve
without penetrating the fascicles (SPINE2); longitu-
dinal (LIFE3) or transverse (TIME4) penetration of
fascicles (Tyler and Durand 1997; Lawrence et al.
2003; Boretius et al. 2010; Badia et al. 2011), to ac-
cess fibres of a single or multiple fascicles, respect-
ively; as well as single units or arrays of needle-like
interfaces that penetrate fascicles and aim to access
even single fibres (Utah, Michigan and Twente arrays)
(Branner et al. 2001; Anderson et al. 1989; Rutten
and Meier 1991). Figure 2 illustrates some examples
of interfaces that have been used to access the PNS.

For a thorough review on the subject the reader is re-
ferred to (Navarro et al. 2005).

Stiff versus flexible materials
The hardware implementation of BEms, including the
design, material selection and fabrication process, is
largely dictated by the implantation site. More specif-
ically, the size of the targeted tissue, its location
within the body (e.g., deep vs close to the skin), the
available area and anatomical structures around it
(e.g., soft tissue, bones), the related mechanics, perfu-
sion rates, as well as the surgical procedures, will all
place additional requirements that the BEm needs to
adhere to. BEms can be constructed from hard or
softer materials, which define the implant’s mechan-
ical properties.
Hard implants have been extensively used for probes

penetrating the brain (Moxon et al. 2004; Vetter et al.
2004; Rousche and Normann 1997), while they are also
very well suited for attachment on hard structures inside
the body, such as on teeth or bones, due to their similar
mechanical properties, reflected by their Young’s moduli.
Silicon-based implants have the advantage of a fabrication
process that is often compatible with standard comple-
mentary metal–oxide–semiconductor (CMOS) processes,
resulting in easier electronic integration, with high yield
and a high degree of miniaturisation. They are, however,
stiff and rigid, and micromotion of the device might cause

Fig. 1 Artistic impression of a flexible BEm for accessing the peripheral nerves (concept). The BEm features a compact layout, with all
components required for its wireless closed-loop operation integrated on the device. Small and thin ASICs connect to electrodes and give the
system its intelligence. They receive and store energy, communicate with the outside world, process the acquired signals, and deliver the
personalised therapy in the form of electrical stimuli
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tissue damage (Alexander Arts et al. 2003). Despite the
fact that modified designs tailored to the peripheral nerves
have shown promising performance in long-term tests
(Branner et al. 2004; Christenses et al. 2016), their use in
the PNS is limited.
Softer materials match much better the mechanical

properties of the surrounding tissue, and several of
them have shown excellent performance during
chronic implantation, with only mild to minor foreign
body reactions (25). These properties are particularly
important when designing implants for accessing the
PNS. Interfacing with the peripheral nerves is challen-
ging due to their often small size and fragile nature.
State-of-the-art implants that target the PNS are,
therefore, mainly based on flexible materials (Navarro
et al. 2005). Many of them have shown promising
performance in long-term in vivo tests (Sohal et al.
2016; Caravaca et al. 2017; Hara et al. 2016; Wurth et
al. 2017; Pothhof et al. 2016). The majority of those
implants are however passive devices, connected to
remote electronics using long wires.

BEms are active implants
The envisioned operation of BEms is to deliver personalised
therapy, which will require adjustment of the treatment and
dosage, in a similar fashion as with conventional drugs
(Birmingham et al. 2014). To this end, bi-directional
communication and programmability are necessary, while
safe and secure chronic operation is of utmost importance.
Despite the fact that some on-site intelligence can be incor-
porated with the use of flexible transistors (Viventi et al.
2011), the level of maturity of such technologies is not yet
sufficient to meet neither the foreseen processing complexity
nor the strict requirements for clinical use. For these, high
performance active electronics are necessary. Systems
assembled from off-the-shelf components could provide a
rapid prototyping solution, but these are neither area nor
power optimised. We thus envision that application specific
integrated circuits (ASICs) will be an integral part of the
implant.
The development of active implants is, in many ways,

more challenging compared to their passive counterparts.
Even though integrated circuit fabrication technologies are

Fig. 2 Examples of various interfaces that have been used to access the peripheral nerves. a A silicon-based penetrating electrode array, the Utah
Slanted Electrode Array, reproduced from (Branner et al. 2004), b–e polymer-based FINE, TIME, LIFE, and CUFF electrode arrays, reproduced from
(Schiefer et al. 2010) and (Badia et al. 2011). The scale bar for b is on the right of the picture and is in mm. c–e are all implanted in the rat sciatic
nerve. a–e have been reproduced with permission
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well developed and characterised, hence high performance
ASICs can be reliably made at high yields, translating these
into implantable microsystems presents its own additional
challenges, which, at the moment, do not have a universal
solution. Referring to our envisioned flexible BEm for the
PNS, illustrated in Fig. 1, and targeting a decades-long life-
time, we identify the following challenges: (a) ensuring that
the presence of the implant does not cause any adverse ef-
fects to the tissue; (b) ensuring that the implant does not
cause any adverse effects to the tissue during active oper-
ation; (c) achieving the spatial selectivity required for the
application; (d) preserving the flexibility (or bendability) of
the implant despite the rigid silicon ASIC; (e) reliably con-
necting the ASIC to the electrodes so that failure due to
movement does not occur; (f) reliably protecting the ASIC
and interconnects from the body so that failure does not
occur; and (g) bringing enough energy deep inside the body
to reach the BEm, while still keeping the volume of the
implant small. Several of the above are shared challenges
between passive and active implants, while some others are
mainly application dependent. In this paper, we focus on
the relevant technology considerations associated with the
hybrid nature of these devices. We begin our discussion
with common materials used as substrates and their pro-
cessing and electrode requirements, before presenting the
challenges related to the assembly, miniaturisation, and
long-term stability of these hybrid implants.

Technology considerations
Polymers as substrates
Existing technologies for realising flexible implants are
mainly polymer-based. These polymers are often used as
substrates, but also as intermediate insulation or passiv-
ation layers. Most commonly used polymers are polyimide
(Rousche et al. 2001; Rodriguez and al 2000; Lacour et al.
2008; Cutrone et al. 2015), parylene (Takeuchi et al. 2005;
Kuo et al. 2013; Sohal et al. 2014), polydimethylsiloxane
(PDMS) (Minev et al. 2015; Schuettler et al. 2005a; Guo et
al. 2013), but several others have been reported, such as li-
quid crystal polymer (LCP) (Wang et al. 2009; Gwon et al.
2016), SU-8 photoresist (Altuna et al. 2012; Huang et al.
2014), polyurethane (Roger et al. 2016). These polymers
come in different forms, including powder (parylenes), li-
quid (polyimides, PDMS, SU-8), and sheet or film (polyi-
mides, LCPs, polyurethanes, SU-8). Depending on the
material, common deposition techniques include
spin-coating, vapour deposition and melting. Polymeric
substrates can be patterned using laser ablation (PDMS,
LCP), wet or dry etching (PDMS), reactive ion etching
(polyimides, parylene, LCP). Several of these materials
come in photopatternable versions (PDMS, polyimide,
SU-8), although none of those is approved for use in
chronic implants at the moment. Resulting layer thick-
nesses range from hundreds of nanometres (parylene), via

some or tens of micrometres (polyimide, parylene, PDMS,
SU-8, LCPs), up to some millimetres (LCPs). For a more
detailed and complete discussion on polymer processing
for implants the reader is referred to (Hassler et al. 2010;
Scholten and Meng 2015).
Challenges of the use of polymers as substrate materials

for BEms relate to their limited working temperatures
(< 350 °C), which makes them incompatible with several
important processing methods, such as chemical vapour
deposition and baking, but also with conventional assem-
bly methods, such as bonding and soldering. Further pro-
cessing challenges relate to the usually slow polymer
etching. Processing practices can sometimes adversely
affect the biocompatibility as well as the stability of the
implant in the body (Schuettler et al. 2005b).
Polymers are permeable to gasses and water vapour,

which often means that additional protection of structures
and components is necessary to ensure decade-long oper-
ation inside the body – more on this is discussed later in
the paper. Air can be trapped in the polymer during
fabrication and manifest itself as air bubbles, which can
gradually compromise adhesion between layers and
promote delamination.
Furthermore, the mechanical properties of these flexible

materials, although they match those of human tissue bet-
ter, complicate handling and insertion into the body.
Therefore, additional design features and custom-made
tools, such as stylets, may have to be employed to ease
implantation.

Electrodes
Electrodes are necessary interfaces in all medical devices
that act on the electrophysiology of the body, with an,
often, dual functionality: they are used to inject electrical
signals into the human tissue, but also to sense electrical
activity from the tissue. Generally, denser electrode inte-
gration is desirable as it offers higher spatial resolution,
both for the stimulating and sensing operation mode.
Noble metals such as gold and platinum have been ex-
tensively used as electrode materials.

Size
One major bottleneck limiting the achievable electrode
density is that small electrode sizes come at the expense
of higher impedances, an undesired feature both in the
recording as well as in the stimulation domain.
In the recording domain, the higher electrode imped-

ances will result in a lower signal-to-noise ratio, making
it harder to extract the low amplitude extracellular sig-
nals from the noisier environment.
In the stimulation domain, a certain amount of electrical

charge is required to activate excitable tissue. High electrode
impedances would result in large voltages appearing across
the electrode-tissue interface, which could trigger undesirable
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electrochemical reactions (e.g. electrolysis). These electro-
chemical reactions might be harmful to the tissue or damage
the electrode. Furthermore, large electrode-tissue voltages
complicate the design of the output-stage electronics, as they
necessitate the use of high-voltage output transistors, which
are large, and often incompatible with the smaller CMOS
technology nodes used for fast digital circuits. Solutions to
this include implementing the whole design in larger
technologies (Giagka et al. 2015a; Liu et al. 2012) at the ex-
pense of slower speed and increased power consumption, or
splitting it into a two-chip solution (Ethier and Sawan 2011),
requiring larger total area and a more complicated assembly.
Some techniques exist that aim to reduce the electrode

impedance without increasing their size. One popular tech-
nique is roughening the surface of electrodes, in order to in-
crease the electrochemical surface area (Cogan 2008), while
keeping the geometric surface area constant. Alternatively,
electrodes are often coated with more suitable materials,
which, depending on the application, aim to either increase
the charge injection capacity or improve the noise perform-
ance. Possible candidates include metals, conducting poly-
mers, and more recently carbon, as well as combinations of
the above. More specifically, platinum black (Tand et al.
2014) and nanostructured platinum grass (Liu et al. 2012)
coatings have both shown significant improvements in elec-
trode impedance, due to an increased surface area. The de-
position processes for platinum black have reportedly
caused cytotoxic reactions due to lead traces found in the
electroplating electrolyte (Schuettler et al. 2005b). This was
not observed for nanostructured platinum grass (Boehler et
al. 2015). Iridium oxide (IrO2) coating is corrosion resistant
and exhibits, in general, good biocompatibility and higher
charge delivery capacity (Wang et al. 2009). Nevertheless, its
exact properties depend greatly on the fabrication method –
activated, sputtered and electrodeposited variants have been
reported – which, in turn, affects the stability of the coating.
Titanium nitride (TiN) coated electrodes have exhibited
good electrochemical stability and charge injection limits
similar to that of iridium oxide, but the biocompatibility of
the coating still needs to be investigated further (Brunton et
al. 2015). Poly (3,4 – ethylene dioxytiophene) (PEDOT) is a
conductive polymer known to exhibit low electrochemical
impedance due to its porous film surface. PEDOT is inter-
esting as it can be modified by the addition of bioactive mol-
ecules to e.g. promote cell adherence to the electrode
surface. It exhibits large charge injection capacity and has
proven to be stable in vivo without causing any toxic effect
(Charkhar et al. 2015). More recently, looking for ways to
improve the stability of the neural interface by creating a
friendly environment for cells, carbon-based materials, such
as carbon nanotubes and graphene also have been investi-
gated for neural applications (Yi et al. 2015; Lu et al. 2016).
Despite the fact that there is no consensus yet regarding
their biocompatibility, both materials have shown promising

performance. Carbon nanotubes are interesting due to their
high surface-to-volume ratio, while graphene’s attractiveness
is due to its combined properties of transparency, conduct-
ivity and mechanical strength. Combinations of the above
materials have also been reported for electrode coating. For
a more thorough review on the topic the reader is referred
to (Chen et al. 2017).

Number of electrodes
Another factor limiting the electrode density is the num-
ber of connections required to access each of them
independently.
Although systems with thousands of electrodes have

been reported (Dragas et al. 2017), these are
silicon-integrated systems meant for in vitro recordings,
with electrodes and electronics monolithically integrated.
Current state-of-the-art silicon-based in vivo systems do
not commonly feature more than hundreds of electrodes
(Campbell et al. 1991), with recent improvements bringing
this number closer to one thousand (Shobe et al. 2015;
Scholvin et al. 2016; Buszáki et al. 2015), even on a single
probe (Jun et al. 2017). For systems on flexible substrates
this number is usually in the order of tens for similar areas
(Rubehn et al. 2009). Denser electrode integration can be
achieved using multiple metal layers (Suaning et al. 2007),
but flexible systems are rarely multi-layered, due to the
more complex fabrication process this implies and the
higher chance of failure. In another approach, the use of
flexible silicon electronics has been successfully employed
to map brain activity in vivo over larger areas (Viventi et
al. 2011), but stimulation and long-term performance are
yet to be demonstrated.
Based on the above, it is foreseen that the first gener-

ation of flexible BEms will feature several, up to tens of
electrodes, rather than hundreds, with relatively larger
sizes, recording compound neural activity as closed-loop
control signals, rather than single-unit action potentials
– which are anyway difficult to acquire chronically.

Interconnects
In virtually all neural implants reported to date there is
a strong need for long interconnect lines (connecting
electrode sites with the driving or read-out electronics).
Materials that have been commonly used for such pur-
poses on flexible substrates are noble metals and alloys,
such as platinum, platinum-iridium, gold.
The density of these interconnect lines largely depends

on the selected technology and processing, but reported ex-
amples include: laser-patterned platinum, or platinum irid-
ium foil tracks (usually 12 μm thin) on PDMS (Schuettler
et al. 2005a), lithographically-patterned gold or platinum
thin (300 nm) films on polyimide or parylene (Rodriguez
and al 2000), thermally evaporated ultra-thin (35 nm)
stretchable gold tracks on PDMS (Minev et al. 2015).
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Generally, although platinum is preferred as stimu-
lating electrode material due to its higher charge stor-
age capacity, its low conductivity (more than four
times lower compared to gold) renders it undesirable
for narrow, thin and long interconnects. Platinum is
therefore, often, combined with gold to circumvent
this problem. It is generally desired that dissimilar
metals are avoided, as galvanic corrosion could occur
if exposed to body liquid. However, as the galvanic
potentials of gold and platinum are close to each
other, such failures for this intermetallic combination
are unlikely to occur.
Due to the softer nature of the polymeric sub-

strates, in which these interconnects need to be em-
bedded, however, deformation due to motion from
nearby organs is likely to occur. The degree of this
deformation will of course vary depending on the im-
plantation site. Therefore, the mechanical properties
of these interconnects (and their substrates) should
be such that they allow the implant to withstand the
expected deformation over millions or even billions of
cycles without failing.
These mechanical properties depend on the initial form

of the material as well as its processing techniques. In the
foil form, platinum is often mixed with iridium for
reinforcement. This solid alloy is usually used in thicknesses
in the order of 10 μm (Giagka et al. 2015b), which offers a
good compromise between mechanical stability and ease of
processing. When nm-thin layers of metals are used as in-
terconnects, these are usually constructed by sputtering, or
evaporation of metal particles in an additive process. The
resulting layer’s cohesive strength (and conductivity) is
worse than that of an equal-thickness layer of solid material
(Ordonez et al. 2012). Nevertheless, evaporated thin-film
gold layers on PDMS have shown to remain electrically
conductive when stretched by tens of percent, due to bridg-
ing of built-in microcracks (Lacour et al. 2006).
Due to the presence of body fluids, adhesion between

metal layers and the polymeric substrates can be compro-
mised in the long-term. When metal foils are used, a possible
way to improve long-term stability is to perforate and mech-
anically lock them in place by the top and bottom polymer
layers, thus avoiding metal dislocation (Ordonez et al. 2012).
Nevertheless, when current is allowed to pass through

these tracks into the ionic body solution, at high current
densities, metal corrosion will slowly occur. Loss of adhe-
sion has much more prominent effects when nanometer
films are used, as complete dissolution of the thin metal
and implant failure is expected. It is therefore not surpris-
ing that researchers have focused on polymer-to-metal ad-
hesion promotion techniques. These include oxygen
plasma treatment (Rubehn et al. 2009), extra titanium or
chromium metallization layers, as well as silicon carbide
additional insulating coating (Cogan et al. 2003).

Thin electronics
Common thicknesses of polymeric substrates are usually
in the range of tens of micrometres. Although thicker
substrates can be fabricated, thinner devices are preferred
as these usually can withstand larger bending radii. The
hybrid nature of flexible BEms implies that the custom
designed ASICs required for the performance of the
system will have to be assembled on the flexible substrates
in a heterogeneous process.
Typical thicknesses of fabricated chips are in the order

of 500 μm – 1 mm, while the active layers may occupy
only the top 5–10 μm, depending on the complexity of
the design. The extra material, which mainly serves as
mechanical support, can be removed after processing to
create thinner, hence bendable, devices. Chips with func-
tional structures thinner than 25 μm have been reported
(Burghartz et al. 2010). Several techniques for silicon
back-thinning have been developed from a combination of
different mechanical and chemical processes. Most
commonly, grinding, lapping or polishing are used for
the removal of the major part of the material, usually
followed by a stress-relief step. In this step dry, wet
or laser chemical etching techniques are employed for
the removal of the last 10–100 μm of silicon, to re-
duce the backside damage caused by the previous
coarse step and ensure a smooth surface finish (Feil
et al. 2003). In nearly all the efforts described above,
the problem of silicon thinning is dealt with at wafer
level. Die level thinning has also been reported for
prototyping purposes, when ASICs come from
multi-project wafers (Giagka et al. 2014).
However, even after thinning and die separation,

millimeter-small, micrometer-thin individual dice have
to be handled, mounted, aligned and assembled on the
flexible substrates, and related challenges are far from
trivial as they are radically different from wafer level
processes (Bosman et al. 2011).
Thinned ASICs will add to the flexibility of the BEm,

but may have to be bent and conform to the features or
structures of the implantation site. Care should therefore
be taken that the resulting mechanical strength of the
thin die is adequate for the application. This has been
greatly correlated with the surface topology of an ASIC,
with smoother surfaces presenting greater strength (Krö-
ninger and Mariani 2006).
Bending will also affect the performance of the ASIC.

Several groups have started looking into this, and new
challenges lie ahead in the integrated circuit design do-
main for implantable ASICs; expected bending should
be characterized, transistor models and design kits
should be adapted to include expected performance
changes (Vilouras et al. 2017), and new, robust circuits
should be designed such that their performance will re-
main immune to bending.
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Limited off-chip components
Due to the limited available space around the peripheral
nerves it is desirable that the majority of components re-
quired for the operation of the system are integrated on chip,
as in Fig. 1. Contrary to existing neuromodulation implants,
conventional large blocking capacitors will be close to im-
possible to fit inside the BEm. Complete elimination of
blocking capacitors could be an option, as they anyway do
not offer the protection the community thought they did–
they introduce a voltage offset across the electrode-tissue
interface, which is often neglected and needs to be properly
characterised to ensure safe operation (van Dongen and
Serdijn 2016). Blocking capacitors are still useful to block
direct currents (DCs), but fail-safe blocking capacitor-free
stimulator designs have been reported (Liu et al. 2008; Sit
and Sarpeshkar 2007), and could be employed instead. When
large capacitors are still needed, for example for energy
storage purposes, silicon integration of such structures could
be another viable alternative (Lallemand and Voiron 2013).
Other common off-chip components include light emitting
diodes (LEDs) for optogenetic stimulation, and receiving
elements for wireless power transfer, such as inductors, an-
tennas, ultrasonic transducers. Efforts have been reported to
integrate all of these on chip for mm-scale devices (Zargham
and Glenn Gulak 2015; Gurun et al. 2014).

ASIC assembly
When electronics are integrated on implantable devices
the connections need to provide both good electrical and
mechanical stability to prevent implant failure throughout
its lifetime. The most common assembly techniques used
in the microelectronics industry are wire bonding, tape
automated bonding and flip-chip bonding. In a hybrid
system, as the one discussed here, the thin silicon chip as-
sembly needs to be performed on a flexible substrate. The
two materials will have very different mechanical prop-
erties and high temperatures like the ones used for
thermocompression bonding are often above the sub-
strate’s melting point. Most of the aforementioned
processes have been adjusted for use on flexible sub-
strates while at the same time some other processes
have been developed.
Gold-wire bonding onto flexible polymeric substrates (poly-

imides, thermoplastics and polytetrafluoroethylene (PTFE))
has been reported (Hall et al. 1996; Karnezos et al. 1996).
Flip-chip bonding has been extensively used on flexible

substrates in several variations, including reflow soldering
and thermocompression processes for thin dice (50 μm)
(Banda et al. 2008; Zhang et al. 2009), but dispensing the
underfill without allowing the material to flow on top of
the very thin die is challenging. Polymeric adhesives are
also very popular for flip-chip bonding on flexible sub-
strates (Lai and Liu 1999; Chen et al. 2000; Lu and Chen
2010; Chiang et al. 2006; Chuang et al. 2010) as they can

eliminate the need for underfill. The adhesive acts as the
interconnection medium between the bumped chip and
the substrate, while it at the same time protects the con-
tacts and provides mechanical support. Transfusion
flip-chip bonding has also been reported on flexible sub-
strates (Kulojarvi and Kivilahti 1998).
Gold electroplating (Govaerts et al. 2009) and conduct-

ive pastes in micromachined trenches (Marinov et al.
2012) have also been employed to electrically integrate
thinned chips into polyimide substrates.
When thick film rather than thin film is used options

could include soldering, which provides reliable results,
although it would probably not be suitable for very fine
pitches (Schuettler et al. 2008), parallel-gap welding
(Schuettler et al. 2008) and laser welding, which can be
used to weld dissimilar materials with very different
thicknesses (ratio 50:1) (Rischall and Shackleton 1964).
Another interesting approach is the microflex assem-

bly technique (Stieglitz et al. 2000), which is based on
biocompatible materials and can be used both with thick
but also thin films. In this process, also referred to as
electrical rivet bonding, conductive tracks are thermoso-
nically bonded on a substrate using gold ball studs
through via holes, as microrivets.

Protection of electronics
BEms are developed to live decades in the human body
and it is essential that they are reliably protected from
the surrounding environment.
In-body protection of implantable electronics has

mostly been realised using hermetically sealed metallic
or ceramic enclosures, with electrical feedthroughs for
connections to electrodes and other remote parts.
This protection mechanism aims to prevent corrosion

by keeping the internal environment of the enclosure
dry. The hermeticity of such packages can be charac-
terised, and predictions regarding the expected device
lifetime can be extracted.
However, for the small dimensions of BEms, conven-

tional protection is becoming increasingly difficult to
implement. Furthermore, rigid packages are likely to
damage the fragile targeted nerves, while it has been
shown that for hermetic packages with volumes less than
1mm3, long-life predictability is lost (Vanhoestenberghe
and Donaldson 2013).
It is, therefore, natural that several groups have been

investigating other options, based on encapsulation. In
encapsulation, the encapsulant attaches to the surface of
all components to be protected, forming a conformal
layer which protects them from the formation of liquid
water, thereby preventing corrosion. Different materials
can be used as encapsulants. Candidates include poly-
mers, despite the fact that they are permeable to water
vapour. As an example, PDMS-coated sacral nerve roots
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stimulators made by Finetech Medical, UK, have lived in
the human body for decades (Rijkhoff 2004).
Polymer encapsulation relies on achieving good adhe-

sion between the substrate and encapsulant, which, if
not compromised, should provide reliable protection.
Therefore, clean substrates and void-free polymers are
crucial. Furthermore, implantable ASICs, should be de-
signed such that the current density through their pas-
sivation layer is limited, as this has been shown to affect
the lifetime (Vanhoestenberghe and Donaldson 2013).
Another approach that is currently being explored is a

combination of the above, in which ceramic atomic layer
deposition (ALD) layers, acting as barriers, are sandwiched
between layers of polymer, to increase softness and
flexibility (Op de Beeck et al. 2017; Xie et al. 2014).
This approach employs redundancy in an attempt to
delay failure and to ensure long-term reliability of the
protection in vivo, and has shown promising results
in soak tests. Eventually, deformation, bending, and
application of DC biases need to also be incorporated
in soak tests to fully characterise the long-term per-
formance of these protection methods.

Conclusion
In this paper we discussed some of the most prominent
technological considerations related to the development of
flexible BEms for accessing the peripheral nervous system.
This review is not meant to be exhaustive, but rather to
give the reader a good round image of the related
system-level technological challenges. We have focused on
challenges related to the hybrid nature of these active
microsystems, when miniaturization and reliable long-term
operation are the goals. Technologies for developing flex-
ible implants are clearly focusing on polymer processing,
with some clear prominent candidates standing out because
of their proven biocompatibility. Nevertheless, substrate
processing steps need careful consideration, as they might
adversely affect both the reliability, but also the overall bio-
compatibility of the implant. Electrode materials have
moved from noble metals to advanced coatings, con-
structed by either different materials, or different geom-
etries. Several of those exhibit good performance in vivo,
both in the recording as well as in the stimulation domain.
Their reduced impedance and/or increased electrochemical
surface allow for denser electrode integration, hence higher
specificity and further miniaturisation. For the targeted
decade-long lifetime though, further characterization and
testing is often necessary. Interconnecting lines are always
an unwanted but necessary feature in all implantable de-
vices. In flexible BEms, these need to be strong but at the
same time well protected to avoid failures. Similarly, new
protection methods for any active electronics are necessary.
Large metallic or ceramic hermetic packages do not any
longer fit in the miniature dimensions discussed here.

Promising material candidates that could offer this protec-
tion include combinations of polymers and ALD ceramics.
In summary, this review discussed developments related

to the need for miniaturization and safe long-term oper-
ation. Challenges, however, do not stop here. Many other
major aspects, which were out of the scope of this review,
remain unsolved. These include: (a) how to bring enough
power inside the body to operate such systems wirelessly,
(b) how to map the functions of body organs or body pro-
cesses onto specific neurons or nerves, (c) how to use bio-
sensing to regulate the therapy, (d) how to guarantee the
safety and security of the users. New results and
state-of-the-art works that try to tackle several of these as-
pects are continuously being reported. Overall, combined
efforts from different fields are necessary to make these
systems a reality.

Endnotes
1Flat interface nerve electrode
2Slowly penetrating interfascicular nerve electrode
3Longitudinal intrafascicular electrode
4Transverse intrafascicular multichannel electrode
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