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a  b  s  t  r  a  c  t

Inexpensive,  easy-to-process,  light-weight  polymer-based  materials  that are  biocompatible,  mechan-
ically  flexible,  and  optically  transparent  have emerged  as alternatives  to metals  and  ceramics  in the
packaging  of  implantable  sensors.  These  materials  have  been  used  to package  components  such  as
microelectrode  arrays,  telemetric  coils  and  structural  membranes.  Polymers  are also  being  used  for  the
encapsulations  and  coatings  of  the  implants.  The  devices  and packages  require  fine-pitch,  low-loss,  and
highly-conductive  paths  on  mechanically  and  chemically  reliable  polymer  films.  In  this  review,  several
polymers  used  for implantation  and  related  integration  technologies  are  identified.  We give an  overview
of novel  applications  of  polymers  in  implantable  sensor  packages,  and  identify  future  directions  for
their  application.  Polymers  exhibit  high  moisture  absorption  rate,  high-frequency  electrical  loss,  and  low
mechanical  stability.  These  properties  are  aggravated  when  polymers  are  used  for  in  vivo  applications.
Also,  the  integration  of polymers  with  polymers/metals  at high  bonding  temperatures  and  pressures  may
degrade their  properties  and  interfaces.  Furthermore,  adhesive  bonding  and  physical/chemical  deposition
methods  for  the  integration  may  introduce  non-hermetic,  permeable,  optically  opaque,  and  poorly  con-
ductive  interfaces.  Thus,  creating  polymer-based  high-density  and  small-dimension  structures  are  critical
for packaging.  To  address  these  issues,  polymers  with  improved  characteristics  as  well  as  integration
techniques  using  low  bonding  temperature  and  pressure  are  indispensable.  Liquid  crystal  polymer  (LCP)

and surface  activated  bonding  (SAB)  technologies  meet  these  requirements.  SAB  technologies  enable
nanoscaled  polymer–polymer/metal  bonding  to realize  reliable,  miniaturized,  and  high-performance
packages  for  implantable  sensors.  This  article  is  meant  to serve  as a reference  for future  research  in
the  emerging  field of  implantable  sensors  by  critically  assessing  the  specific  merits  and  drawbacks  of
several  material-process  combinations.

©  2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

For decades, implantable electronic devices have been used in
ealthcare applications to restore body functions, improve indi-

iduals’ quality of life, and even save lives [1]. Many implantable
evices, such as pacemakers, cardiac defibrillators, artificial
ochlear implants, artificial vision prostheses, and neuromuscular

Abbreviations: RF, radio frequency; I/O, input/output; LCP, liquid crystal
olymer; SAB, surface activated bonding; IC, integrated circuit; MEMS, micro-
lectro-mechanical system; USP, U.S. Pharmacopeia; SEM, scanning electron
icroscopy; Tg, glass transition temperature; RIE, reactive ion etching; UV, ultravio-

et; PVD, physical vapor deposition; CDC, charge delivery capacity; UHV, ultra-high
acuum; ECoG, electrocorticogram; BMI, brain–machine interface; IR, infrared;
FET, organic field-effect transistor; RGO, reduced graphene oxide.
∗ Corresponding author. Tel.: +1 905 525 9140x26647.

E-mail address: mrhowlader@ece.mcmaster.ca (M.M.R. Howlader).

ttp://dx.doi.org/10.1016/j.snb.2014.05.063
925-4005/© 2014 Elsevier B.V. All rights reserved.
stimulators contain complex functional components [2]. These
electronic components are not capable of functioning reliably in
the warm, moist, and mobile environment of the human body [1].
Thus, effective packages are required to provide a suitable environ-
ment for the implants. The quality and reliability of these packages
strongly depends on the materials used as well as the integra-
tion and bonding of diverse materials and components. Therefore,
knowledge of current state-of-the-art materials and technologies
is required in order to develop reliable and high-performance
implantable devices.

The packages for implantable sensors have to be biocompatible,
hermetic and should not outgas. If gas/liquid/moisture penetrates
the encapsulant, it may  result in device failure [3–5]. These chal-

lenges cannot be fully addressed by existing technologies for in vivo
applications [2]. Therefore, advanced packaging materials and tech-
nologies need to be developed to ensure the device reliability
and performance. Currently, different metals including titanium

dx.doi.org/10.1016/j.snb.2014.05.063
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.snb.2014.05.063&domain=pdf
mailto:mrhowlader@ece.mcmaster.ca
dx.doi.org/10.1016/j.snb.2014.05.063
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Table  1
A brief comparison of properties among metal, ceramic, and polymer used in implantable applications.

Properties Metal Ceramic Polymer

Biocompatibility Good for limited metals Good for bioceramics Good for many polymers
Hermeticity Good Medium Mostly poor
Degree  of outgassing Low Low Mostly high
Mechanical flexibility Poor Poor Good
Reliability Good Good Mostly poor
Optical  transparency Poor Mostly poor Good
RF  transparency Poor Good Good
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Ease  of processing Difficult 

Cost  High 

Relative weight Heavy 

Ti), iridium (Ir), platinum (Pt), tantalum (Ta), and their alloys are
eing used for packaging of implantable pacemakers due to their
ermeticity and biocompatibility [6]. Hermetic seals for electri-
al feedthroughs are employed in these packages as well to avoid
nwanted leakage.

The integration of wireless components is another challenge in
any implantable sensors with metal packages [2]. When radio

requency (RF) [7] communication is needed in the device, the
ower-receiving coil or antenna has to be placed outside the metal
ackage, thus increasing the volume of the implant. This require-
ent is critical because the metal package walls reduce the power

ransmitting efficiency due to RF signal blockage.
As an RF transparent substitute, bioceramics [8–11] such as alu-

inum (Al) oxide have been used as the main package materials
or implantable devices [12–14]. With the development of more
omplex implants [15–18], such as retinal implants for blindness
nd paralysis, smaller implantable electronics with a larger number
f input/output (I/O) pins create challenges for traditional tech-
iques like ceramic sintering, as well as metal molding and welding.
lthough metal and ceramic materials could guarantee long device

ifetime, they possess further limitations in terms of miniaturiza-
ion, I/O densification, mechanical flexibility and high cost, which
revents future mass applications of these kinds of implantable
evices. In addition, the hard surfaces of ceramic and metallic pack-
ges can introduce unwanted side effects, such as bleeding [19], to
he host of the implanted device.

To address the challenges and limitations in metal- and
eramic-based implants, polymeric materials offer the possibil-
ty of realizing biocompatible, light, tiny, bendable, and cheap
mplants with dense I/Os. Candidate polymers include epoxy
20,21], silicone [22], polyurethane (PU) [23], polyimide (PI) [24],
oly(p-xylylene) (parylene) [25,26], polydimethylsiloxane (PDMS)
27], as well as the recently developed high-performance liquid
rystal polymer (LCP) [28–30]. Their chemical and physical prop-
rties offer a number of advantages [31]: (1) some of them are
esistant to biological reactions in the human body; (2) their rel-
tively low density reduces the weight of implants; (3) the ease
f molding or processing these polymers enables the fabrica-
ion of smaller implants with a larger number of I/Os; (4) their
ncreased mechanical flexibility assists in the homogenous joining
f human tissues/organs/structures with implants; (5) their ease
f combination with other nanomaterials enhances the implants’
unctional characteristics; and (6) their low cost cuts down on the
rices of implantable devices. A concise comparison among metal,
eramic and polymer used in implantable applications is summa-
ized in Table 1. Table 2 lists six important polymers for implantable
pplications: PI, polyvinyledenedifluoride (PVDF), polyetherether-
etone (PEEK), PDMS, parylene, and LCP, as well as some of their
roperties. These materials will be introduced sequentially in Sec-

ion 2.

Although polymers possess many unique properties, their inte-
ration differs from conventional semiconductor processes due to
heir varying durability under conditions of high temperature, large
Difficult Easy
High Low
Medium Light

external pressure, and the application of chemicals. Table 3 summa-
rizes several integration technologies for polymer–polymer/metal
systems, including thermocompression and fusion bonding, direct
deposition, agent-mediated bonding and surface activated bond-
ing (SAB). These technologies will be discussed in Section 3. Among
them, the SAB technologies have been developed to directly bond
smooth surfaces of similar or dissimilar materials. This integra-
tion method does not require as much pressure and heat as other
methods do, and no thick intermediate material is needed either.
Thus, mechanically-, thermally-, and chemically-induced mate-
rial/performance degradation risks can be avoided. High adhesion
strength between bonded pairs, attributable to the atomic forces
of the activated surfaces, has been reported using this method
[32].

In relevant research domains, a number of review papers have
been published. Ghane-Motlagh et al. [33,34] have reviewed the
design and implementation of implantable microelectrode arrays.
Pang et al. [35] have provided an overview of recent achieve-
ments in active sensing units using polymers, focusing on wearable
and implantable applications. Hassler et al. [31] have reviewed
the properties and applications of five different polymer materi-
als for neural implants. Venkatraman et al. [36] have described
the technological progress of implantable cardiovascular polymers.
Ramakrishna et al. [37] have presented applications of polymer
composites in biomedical science and engineering. Luo [38] and Xia
et al. [39] have recently conducted a review of conductive, polymer-
based biological research and its applications. Lyu et al. [40] have
carried out a comprehensive study on the reliability of polymers
in biomedical implants. Jiang et al. [2] have summarized the non-
polymer based packaging technologies for implantable devices. So
far, there has not been a review of the range of applications of
polymer–polymer/metal integration and packaging technologies
for implantable devices.

This review examines alternative perspectives on the appli-
cation of integration technologies of polymers for structural and
packaging components in implantable sensors. In Section 2, the
characteristics of six polymers for implantable applications are
summarized. They are PI, PVDF, PEEK, PDMS, parylene and LCP.
Their implantation-related mechanical, electrical and biomedi-
cal features are comparatively investigated. In Section 3, the
polymer–polymer/metal integration technologies are reviewed.
From Sections 3.1–3.4, fusion and thermocompression bonding,
laser-assisted bonding, intermediate layer bonding and direct
deposition are described as conventional approaches. In Section 3.5,
the novel SAB technologies are highlighted. Conventional and novel
approaches are compared in terms of their processing parameters,
as well as the resulting features. In Section 4, the functions of poly-
mers are categorized into substrates, structural components, and
the encapsulants and coatings of the implants. The challenges asso-

ciating with the application of implantable microelectrode arrays,
pressure and biomedical sensors, telemetric structures, and inte-
gral systems are presented. Finally, in Section 5, conclusions and
perspectives are provided.
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Table 2
Properties of six polymers for implantable applications.

Materials Density
[g/cm3]

Glass transition
temperature
[◦C]

Coefficient of
thermal expansion
(CTE) [ppm/K]

Tensile
strength [MPa]

Young’s
modulus [MPa]

Moisture
absorption [%]

Dielectric constant
(frequency, [Hz])

USP
class

Application challenges References

PI 1.06–1.45 290–430 3–60 80–392 1800–15,000 2–4 3.5–4 (1k) – High moisture uptake,
short of rigidity

[41–59,86,361–364]

PVDF Around 1.78 >−35 120–145 20–50 2000–4000 0.04–0.05 6–10 (1k–1M) VI  High cost, poor
adhesion to other
materials, low thermal
stability

[74,86,365–370]

PEEK 1.265–1.4 ∼143 48–58 70–100 3600–3950 0.1 3.1–3.6 (50–50k) VI  High cost,
postoperative infection
risk, poor adhesion to
other materials

[86–102,371–374]

PDMS 0.95–1.08 −125 180–450 2.24–6.2 0.36–0.87 0.1–1.3 2.3–10.8 (0.1–10k) VI  High permeability to
gases, protein
adsorption, limited
high frequency
electrical property

[86,118–121,375–378]

Parylene 0.71–1.29 35–80: type C
286: type N

35 25–69 0.6–4 0.06–0.1 2.17–3.15 (60–1M) VI  Fragile, low mechanical
strength, poor
adhesion to metals

[86,297,379,380]

LCP 1.38–1.95 82–280 4–38 52.8–185 5000–20,000 0.02–0.04 2.8–3.2 (0.5–110G) VI  Poor adhesion to metal,
limited patterning
technique

[173–175,177–179,
181–184,186,381]

Table 3
Key features of six polymer–polymer/metal integration approaches.

Integration
approaches

Process parameters Resulting features Advantages Process
challenges

References

Temperature
(T)

Pressure (P) Process
time

Extra agent Biocompatibility Bond strength Hermeticity Alignment
accuracy

Interface quality

Fusion and ther-
mocompression
bonding

High High Long No Good Strong Good Poor Degradation of
heated materials

Easy imple-
mentation

High T & P
required

[28,29,176,188,190,
191,201–203]

Laser assisted
bonding

Locally high Medium Vary Laser Good Locally strong – Medium Degradation of
heated materials

Arbitrary
bonding
pattern

Laser required [212–222]

Intermediate layer
bonding

Medium Medium Medium Adhesive,
solvent

Medium Medium Poor Poor Interface with
extra materials

Reduced T & P,
allow more
material
combinations

Extra agent
required

[25,26,223–231,
233–240]

Physical vapor
deposition

Vary 0 Vary No Good Vary Poor – Adhesion layer
may  be needed

Compatible
with current
processes

Adhesion
problem

[201,243–245]

Electrochemical
deposition

Low 0 Vary Electrolyte Medium Low Poor – Adhesion layer
may  be needed

Low T process Chemical
required, film
quality

[192,198–200]

Surface activated
bonding

Low Vary Long No Good Strong Good Good Smooth, no
degradation

Refer to
Section 3.5

Long process
time

[32,187,193–197,
247–260]
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. Polymer materials for packaging of implantable sensors

Most polymers are soft, light, RF-transparent, easy-to-process,
nd low-cost. Many of them can potentially address the challenges
ssociated with metals and ceramics for implantable applica-
ions. Table 2 shows the corresponding properties of six important
mplantable polymers: PI, PVDF, PEEK, PDMS, parylene, and LCP.
hey are used not only as substrate and structural materials, but
lso as encapsulants for sensors. These polymers meet the basic
riteria for use as implantable packaging materials. They have high
esistance to chemical reactions in the biomedical surroundings,
igh mechanical strength, and high mechanical compatibility with
iological tissues. This section will briefly review the potential, as
ell as the challenges, of using these polymers as structural and
ackaging materials for implantable sensors.

.1. Polyimide

Polyimide materials are polymers made of imide monomers that
ave been used in a wide range of electronic applications. They have
igh electrical resistivity of over 1016 � cm and dielectric strength
f 2 × 1016 V/cm [41]. They also exhibit a relative dielectric constant
etween 3.5 and 4 around 1 kHz [42]. These properties are similar to
ilicon (Si) based insulating materials such as SiO2 and Si3N4. PIs are
lso low-cost materials that have low density, high mechanical reli-
bility, high thermal stability, and mechanical flexibility [42–44].
ecause of their promising mechanical properties, PIs are widely
sed for fabricating flexible cables and medical tubing, as well as
or fabricating insulation and passivation layers in integrated circuit
IC) and micro-electro-mechanical system (MEMS) chips [42].

Besides these properties, the diversity in chemical compositions
nd additives offers PIs a wide range of applications: (1) Pyralin
I2723, which can absorb moisture more effectively, can be used
n moisture sensors [45,46]; (2) owing to its magnetic characteris-
ics, Dupont PI2555 has been applied in magnetic micro-actuators
47,48]; (3) a temperature sensor has been realized by Dupont
I273 [49]; and (4) shear stress sensor arrays have been built using
upont PI2808 because of its high tensile strength [50]. Some PIs
ave high chemical resistivity [51] and biosafety [52] properties
ue to the tight and close arrangement of their molecules [53]. The
hemical stability of PIs makes them reliable insulation materials
n gold (Au), Al, and Ti films in the human body at 37 ◦C [52,54].
hus, in the last few decades, PIs have been applied in biomedical
pplications as reliable substrates, coatings, and insulators [55–59].

Although the mechanical flexibility of PI is attractive for
mplants, it easily buckles during implantation due to its lack of
tiffness [60]. This property reduces the accuracy of the implant’s
osition. In addition, the long-term device reliability of PI-based

mplantable electronics has seldom been reported. Attention
hould be paid towards preventing moisture-induced material
egradation of PI based sensors in the human body [61].

.2. Polyvinyledenedifluoride

PVDF is a chemically stable thermoplastic fluoropolymer syn-
hesized by the polymerization of vinylidene difluoride. The
emi-crystalline piezoelectric PVDF polymer has four phases: �, �,

 and �. The � phase PVDF possesses the largest effective dipole
oment [62] and can be utilized for pressure sensing applica-

ions. As early as 1969 [63], PVDF’s coefficient of piezoelectricity
as measured to be 6 to 7 pC/N, at least one order of magni-

ude greater than that of other polymers at that time. To enhance

he material’s piezoelectricity, PVDF-based copolymers are syn-
hesized to improve material crystallinity, although the degree of
olarization of the unit structure might be reduced. One common
VDF copolymer is poly[(vinylidenefluoride-co-trifluoroethylene])
ors B 202 (2014) 758–778 761

(PVDF-TrFE), which has a piezoelectric coefficient of 38 pC/N [64].
The thermal, mechanical, and electrical characteristics listed in
Table 2 make PVDF suitable for sensor [65–68] and energy har-
vesting applications [69–72].

Like many other fluorocarbon polymers, PVDF is chemically
inert. Its high resistance to hydrolysis, low degradation rate, and
aging-independent material stiffness reveals the material’s bio-
compatibility [73] (U.S. Pharmacopeial (USP) class VI [74]). When
PVDF comes into contact with human tissue, minimal cellular
response without mineralization, intimal hyperplasia, or exces-
sive fibrous tissue reaction has been detected [75]. Thus, PVDF can
be used as packaging material in implantable devices, as well as
active sensing structures due to its piezoelectricity. Its biomedi-
cal applications include, but are not limited to, surgical meshes
[76–78], vascular sutures [75,79–81], and implantable pressure
sensors [82,83].

The non-reactive property of PVDF causes poor adhesion to
other materials [84]. Other drawbacks of this material include: (1)
its inability to form smooth films [84]; (2) its relatively low ther-
mal  stability (upper limit of 80 ◦C) due to its low glass transition
temperature (Tg) [85]; (3) its large vibration of relative dielectric
constant (6–10) in the frequency range from 1 kHz to 1 MHz  [86];
and (4) its high cost (especially of the PVDF-TrFE copolymer).

2.3. Polyetheretherketone

PEEK is a semi-crystalline polymer consisting of monomers of
two ether groups and a ketone group. PEEK and its composites
exhibit excellent mechanical [87–94], thermal [95–97] and chem-
ical [98–100] properties. They have high mechanical strength and
stiffness, good fracture toughness, compatibility with many ster-
ilization techniques, high corrosion resistivity, and are easy to
process by molding or machining. Also, the density of PEEK is
1.32 g/cm, which is comparable with the density of human bones
and muscles [101,102]. The relative dielectric constant of PEEK
stays stable between 3.1 and 3.6 when the frequency sweeps from
50 Hz to 50 kHz [86]. Numerous studies [103–107] have shown that
PEEK can be used for clinical applications, since it can serve as a
substitute for Ti/Ti alloys in biomedical implants [108–112].

Carbon fiber-reinforced PEEK has enhanced performance for
fracture fixation [113]. The flexural fatigue properties and thermo-
formability of polystyrene, polybutylene terephthalate and 30%
chopped polyacrylonitrile carbon fiber-reinforced PEEK has been
studied. PEEK exhibited the highest fracture toughness and bend-
ing fatigue resistance due to its compatibility with carbon fibers.
Also, it was  insensitive to preconditioning and thermoforming.

The drawbacks of PEEK are its high cost and its dimensional
instability [114], which prevents widespread application. As a pack-
aging material, its low surface energy may  result in weak bonding
with other materials using conventional adhesives [115]. In addi-
tion, there are risks for postoperative infections if PEEK is implanted
in the human body [116].

2.4. Polydimethylsiloxane

The PDMS elastomer, a silicone polymer that has a backbone of
silicon-oxygen linked with methyl groups, is formed by crosslink-
ing polymeric chains [117]. The strength, durability [118], flexibility
[119], and wide-range-usage [119] of PDMS are attributable to its
physical and chemical properties, including: (1) its low Young’s
modulus of 1 MPa  [120]; (2) its low shear modulus of between
100 kPa and 3 MPa  [119]; (3) its low Tg around −125 ◦C [119]; (4) its

high dielectric strength around 14 MV/m [121]; (5) its low chem-
ical reactivity; and (6) its non-toxicity [121]. Another advantage
of using PDMS in electronic industries has to do with its low-cost
process compatibility. PDMS can be spin-coated onto substrates to
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orm thin films, or it can be molded to form different geometries
122]. To improve its flexibility in processing, a photo-definable
DMS has been developed. Although photo-definable PDMS is still
ot suitable for biocompatible components [31], other implantable
DMS materials may  easily be patterned by wet or dry etching
123–125].

In biomedical applications, non-photo-definable PDMS has been
sed widely as an encapsulant for long term implants and has
btained a USP class VI certification [126]. Early experiments in
he 1970s demonstrated that PDMS was stable for approximately
5 years in the human body [127]. Another study demonstrated
hat the chemical properties of PDMS remained unchanged after
ver two years of implantation [128]. All the aforementioned
haracteristics make PDMS attractive for biomedical applications
uch as artificial organs and tissues due to its compatible stiff-
ess [129–132]. As well, its chemical stability allows it to be
sed in biomedical microfluidic components [133–137] and sen-
ors [27,138–142], drug delivery systems [143,144], and certain
iocompatible coatings [145,146].

PDMS has high gas permeability [31], which prevents it
rom being used as hermetic packaging material for long-term
mplantable devices (such as implantable neural microelectrodes).
s well, when PDMS surfaces are exposed to biofluids, protein
dsorption presents a challenge for biomedical applications [147].
oreover, the electrical performance of PDMS is not ideal [148]. Its

ielectric constant varies from 2.3 to 3.8 within the frequency range
f 0 to 50 Hz. As a result, it is not suitable for use as the substrate
f telemetric structures.

.5. Poly(p-xylylene)

In the poly(p-xylylene) polymer family, parylene-C (one chlo-
ine in the monomer structure) is used in implantable devices
ecause of its good electrical and chemical barrier properties
149,150], dielectric performance [151], and chemical and biolog-
cal stability [152,153]. Normally, parylene-C is polymerized via
apor deposition process, leading to thin, conformal, and pinhole-
ree films with low intrinsic stress [153–156]. This promising

aterial has been utilized in microwire coatings [157], micro-
achined Si electrode arrays [158], as well as the packaging of
icrofluidic devices [159], retinal stimulation arrays [160,161], and

exible nerve cuffs [162].
Similar to parylene-C, parylene-D has two chlorine groups in the

onomer structure and a higher density than parylene-C [163].
hus, this material is a better barrier to prevent moisture diffu-
ion. However, the poor uniformity of the film limits its applications
163]. Both parylene-C and parylene-D are derivatives of parylene-
, which has no chlorine group in its chemical structure and is
anufactured from the p-xylylene intermediate [163]. As a type

f newly-developed parylene polymer, parylene-HT not only has
eatures of conventional parylenes (type N, C and D), but also has
uperior thermal stability (up to 450 ◦C) and good dielectric prop-
rties (dielectric constant is between 2.2 and 3.2 through 60 Hz to

 MHz) [164]. The variation of the dielectric constant changes the
erformance of the device when working at different frequency
anges. This effect can be observed in both neural signal recording
t several kHz and wireless communication at higher frequencies.
n additional type of parylene is called “reactive parylene,” which
as reactive functional groups linked on the polymer main chains,
nd chemical reactions can happen between reactive parylene and
ther chemicals in certain conditions [165–167].

Except for these advantages, parylene still has several short-

omings: (1) it has low mechanical strength which makes it difficult
o handle [31]; (2) it has weak adhesion to metal surfaces; (3) it
xhibits poor stability under long-term saline soak; (4) it suffers
rom stress cracking due to high currents in devices [168–170];
ors B 202 (2014) 758–778

and (5) it has a relatively high moisture absorption rate. These
challenges limit its applications in implantable devices [171].

2.6. Liquid crystal polymer

The moisture from the human body will eventually pass through
the packages of implanted electronic components and affect their
operation. Moisture-generated surface ions may  cause reliability
issues such as electrical short circuits and/or component degra-
dation, and subsequently may  result in the failure of the device
[172]. Compared with other polymers like PI (moisture absorption
of 2–4% [86]) and parylene-C (moisture absorption of 0.06–0.1%
[86]), the newly-developed thermoplastic LCP material has a much
lower moisture absorption rate (less than 0.04%) [173,174]. More-
over, the gas permeability of LCP is not affected by increasing the
environmental humidity or the surrounding temperature (e.g. till
150 ◦C) [175]. Thus, the application of LCP could possibly ensure
much higher long-term reliability of implanted devices.

If implantable devices require wireless communication [176],
the high frequency electrical performance of the packaging com-
ponents, such as the substrate, is extremely essential. Results have
shown that LCP has a low and constant relative dielectric constant
around 3 from 0.5 to 110 GHz and a low loss factor of 0.002 to
0.0045 up to 100 GHz [177–179]. It has also been reported that LCP
packaging of monolithic microwave ICs had almost no influence
on the RF performances of the devices [180]. The high frequency
characteristics of LCP are superior to other polymeric materials.

Because of LCP’s considerable heat resistance, small CTE value,
high chemical resistance, high mechanical flexibility, promising
biocompatibility, and low cost (50% to 80% lower than Kapton®

PI film) [173,181–184], it has been used for high-density printed
circuit boards [175,185] and semiconductor packaging [186]. In
addition, the low moisture uptake and stable dielectric constant
over a wide frequency range makes LCP a promising substrate and
packaging material for in vivo applications.

While LCP has superior characteristics, the poor adhesion
between LCP and metals is a critical barrier for implantable appli-
cations [187]. Another challenge is the difficulty of making patterns
on LCP. Unlike some other polymers, LCP is not photo-patternable.
However, structures in LCP can be formed by laser-machining or
reactive ion etching (RIE) [31]. Therefore, LCP may  be used in
biomedical applications.

3. Polymer integration technologies for implantable
sensors

Section 2 identified the suitability of polymer materials as sub-
strates, structural components, and encapsulants for the packaging
of implantable electronics. However, many implantable devices
require the integration of two or more dissimilar materials. For
instance, a metal film and a polymer layer need to be bonded to
form flexible and durable electrical pathways in order to form elec-
trical interconnections; a polymer coating should be deposited on
some metal components to prevent in vivo electrochemical cor-
rosion. Thus, the integration of metal structures with polymer
films becomes one of the most critical steps in the fabrication of
implantable devices.

Several criteria for assessing the integration quality of the
implantable metal-polymer systems have been proposed [32].
Integration quality is mainly related to the performance of the inte-
grated interface, and the associated challenges include, but are not

limited to: (1) the weak bond strength; (2) the low electrical con-
ductivity; (3) the low hermeticity of the seal; (4) the low alignment
accuracy; (5) the poor optical transparency; and (6) the poor bio-
compatibility due to foreign materials across the bonded interface.
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First, the high bond strength ensures the mechanical stability
nd reliability of metal-polymer systems in an actively moving
uman body. Second, the high electrical conductivity reduces the
nergy loss in the electronic components. The high frequency con-
uctivity of metal films may  dominate the transfer properties of RF
ignals when wireless communication is required. Third, a hermetic
eal provides a suitable dry and chemical-free environment for crit-
cal components, thus prolonging the life of the device. Fourth, high
lignment accuracy is required for the miniaturization of devices
ith high-density structures such as retinal implants. As well, in
evices such as retinal implants, high interface optical transparency
irectly reduces the reflection of incident light, improving device
erformance [32].

In this section, several polymer-related integration approaches
ill be reviewed based on the material properties mentioned

n Section 2. The LCP is mainly reviewed here because of its
uperior behaviour over other polymers. Technical challenges in
onventional processes will be addressed, and novel surface acti-
ated bonding/laminating technologies for future nanointegration
ill be emphasized. Table 3 summarizes the key features of six
olymer–polymer/metal integration approaches.

.1. Fusion and thermocompression bonding

Both fusion and thermocompression bonding are direct bonding
echniques. In these methods, the objective is to melt or increase the
iffusion rate of at least one of the atomic-contacted materials to
reate bonds at the interface. Both fusion and thermocompression
onding processes require treatments at an elevated temperature
or enhanced interfacial adhesion between polymer and poly-

er/metal. The difference between fusion and thermocompression
onding is that thermocompression would require a relatively

ower temperature than fusion bonding, but much higher external
ressure applied at the bonding site. The purpose of using higher
xternal pressure is to ensure atomic contact between the mate-
ial surfaces. In conventional integration technologies, one typical
xample is to bond copper (Cu) through silicon vias to Cu bumps
188]. In recent research, fusion bonding and thermocompression
onding have also been utilized in implanted electronics due to
heir ease of implementation and the need for less sophisticated
quipment.

While fabricating an LCP-based implantable planar coil, Jeong
t al. [176] used two types of LCPs with different melting points.
u foil was first cladded on both sides of high-temperature LCP
nd patterned. Then, thermocompression bonding was  carried out
t 285 ◦C—above the melting temperature of low-temperature LCP
280 ◦C), but below that of high-temperature LCP (325 ◦C), in order
o melt the low-temperature LCP layer in-between. The melted
ow-temperature LCP acted as the adhesion layer between two
igh-temperature LCP layers, filling the gaps between the inner Cu
ires and forming the coil encapsulant. The gas-impermeable LCP
rotected the Cu wires from degradation, and promising RF per-
ormance was realized. Note that Cu is an unsafe material in some
mplantable applications. For example, Cu in the eyes can cause
halchosis bulbi [189].

However, the feasibility of incorporating Cu with various poly-
ers has been investigated using different integration technologies

28,29,190–200]. Sundaram et al. [29] have reported a novel LCP–Cu
usion bonding process to realize fine pitch interconnections for
etinal and neural prosthetic applications. Its fabrication and inte-
ration process is described as follows: Cu foil was first patterned
nd treated with a thin layer of palladium (Pd). The patterned

u foil was then laminated with 50 �m thick LCP at 288 ◦C with
.69 to 2.07 MPa  applied pressure that lasted for 45 to 60 min. The
igh lamination temperature made the LCP flow in between the
atterned Cu foil template, creating a strong bond between Cu
ors B 202 (2014) 758–778 763

and LCP. The resulting interconnections displayed high adhesion
strength and biocompatibility. The interface leakage rate was  lower
than 5 × 10–13 Pa m3/s.

Apart from LCP, parylene to parylene thermocompression bond-
ing has also been employed at 230 ◦C for 30 min  with an applied
force of 3000 kg m/s2 to fabricate flexible structures [201,202].
Chen et al. [203] have presented a “fold-and-bond” approach to
fabricate inductor coils with enhanced quality factors on parylene-
C substrates for implantable applications. The basic principle of this
development was  to increase the thickness of planar metal coil by
folding and bonding two  symmetric thin coils that were initially
manufactured on the flexible substrate. The bonding step was car-
ried out at 250 ◦C for 24 h. Results showed that the quality factor
of the fabricated planar coil almost doubled, but the misalignment
between the two thin coils was as large as 10 to 20 �m.

The disadvantage of thermal-assisted bonding technology is the
requirement of high temperature and, sometimes, high external
pressure [204–211]. These processing conditions degrade polymers
and reduce the alignment accuracy. In the applications requiring
small-dimension and high-density structures, the alignment of fine
structures on polymers will be rather difficult using high temper-
ature processes. This is due to the relatively large CTE values of
polymers, which are incompatible with those of rigid inorganic
materials.

3.2. Laser-assisted bonding

Laser-assisted bonding involves photochemical reactions. The
reactions alter the chemical compositions of the materials at the
bonded interfaces where the chemical bonds are formed [212,213].
In this technique, the materials to be bonded include an absorbing
material and a transparent material [214,215]. The laser beam is
absorbed by the absorbing material after penetrating the transpar-
ent material, resulting in heat at their interface. The temperature
at the interface goes beyond the melting point of one material, and
the energy is sufficient to create chemical bonds between the two
materials.

This technique has been demonstrated by Wang et al. [216],
using a 100 �m thick polyethylene terephthalate (PET) film bonded
with a 100 �m thick Ti foil for the packaging of implantable devices
such as pacemakers. In this case, a near-infrared diode laser was
used to bond the materials. The bond strengths of the interfaces
varied from 65.46 to 90 MPa. The bond strengths were attributed
to the laser induced Ti carbon (C) bonds in the interfacial region. In
addition, Georgiev et al. [213,217–219] developed a similar process
for the bonding of different materials. Both Kapton® FN PI film and
Teflon® fluorinated ethylene propylene film were bonded with Ti
film using laser-assisted bonding. The measured bond strengths of
the two  types of samples were 3.32 MPa  and 8.48 MPa, respectively.
It was  found that the laser-induced Ti F bonds mainly contribute
to the bond strengths.

In some circumstances, one transparent polymer has to be
bonded with another piece of transparent polymer film or a glass
lid (for example, the substrate and encapsulant of the intraocular
implants need to be transparent). Potente et al. [220], Ebert [221],
and Kim and Xu [222] have demonstrated PI/PET-glass micro pump
structures using laser-assisted bonding. Process parameters, such
as laser power, focal length of the lenses, and exposure time, were
controlled to introduce heat to the interface of two transparent
materials by laser.

Compared with thermocompression and fusion bonding, laser-

assisted bonding can preserve the material properties due to the
localization of heat at the bonded region. An arbitrarily shaped
bonding region can be achieved using a laser beam. Nevertheless,
the applicable materials are limited in this technique, since there
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ust be one transparent material and one absorbing material. The
cope of this process is also limited by its low processing yield.

.3. Bonding with intermediate layer

Two different materials cannot be directly bonded together eas-
ly due to bonding constraints produced by high temperatures
nd surface wetting conditions. Hence, alternative approaches
o achieve a reliable bond, based on intermediate layer assisted
onding, have been explored. These approaches include adhesive
onding and solvent-assisted bonding.

.3.1. Adhesive bonding
Adhesive bonding is a technique of joining two  or more sim-

lar or dissimilar materials using adhesive layers. The adhesive
ayers can be cured using either heat [223,224] or ultraviolet
UV) treatments [225–228]. UV treatments have been more com-

only used. Adhesive bonding of polymethylmethacrylate (PMMA)
as been demonstrated in fabricating microfluidic devices using
DMS [226], SU-8 photoresist [229], and prepolymerized methyl
ethacrylate [230,231]. The use of some adhesives (such as reac-

ive parylene) also results in chemically-induced covalent bonds
25,26]. Parylene-C layers laminated with complementary poly(p-
ylylene)-amine (PPX-CH2NH2) and poly(p-xylylene)-aldehyde
PPX-CHO) adhesion layers have been demonstrated by Seymour
t al. [26] to create hermetic seals over metal electrodes for
mplantable electronics. When the parylene layers were heated up
o 140 ◦C for 3 h, the joint was formed through carbon–nitrogen
C N) chemical bonds.

Adhesive bonding offers the possibilities of lowering the bond-
ng temperature and pressure. However, they introduce different

aterials to the bonding site, which may  affect reliability due to
heir biocompatibility and problems induced by CTE-difference.

.3.2. Solvent-assisted bonding
Solvent-assisted bonding integrates materials below their Tg

sing solvent films. In this method, no adhesive is required and
o different material will be left at the bonded interface. However,
he temporarily applied intermediate solvent film causes swelling
f polymers and softens their surfaces [232]. Thus, the mobility
f polymer molecules increases. A joint diffusion zone between
he polymers is formed once external pressure is applied. With
he evaporation of the solvent, the bonding interface is created.
olvent-assisted bonding has potential as a mass fabrication pro-
ess with high throughput [233], since solvent may be deposited to
he surfaces of polymers either in liquid or vapor phase. Solvents
hat have been used for fabricating microfluidic devices made from
MMA include: acetonitrile [234,235]; ethanol [236]; isopropanol
237]; low azeotropic solvent consisting of 1,2-dichlorethane and
thanol [238]; ethylene glycol dimethacrylate [239]; as well as a
ixture of dimethyl sulfoxide, water, and methanol [240].
The introduction of an intermediate layer compensates for CTE

ismatch at the bonding interface, and thus allows for a variety of
aterial combinations. It also assists with bonding by reducing the

pplied temperature and pressure. However, there are some criti-
al issues with this technology, including reduced biocompatibility
nd poor hermeticity caused by the intermediate layer. In general,
he intermediate layers are polymer materials that cannot guaran-
ee the hermeticity. They also affect the reliability of the bonded
nterfaces.

.4. Direct deposition
Since the direct deposition of thin films of metals and other
aterials have been extensively studied [241], in this section we
ill review approaches for metal deposition on LCP substrate,
ors B 202 (2014) 758–778

which is an excellent polymeric material for biomedical applica-
tions. Deposition methods of metal on LCP include physical vapor
deposition (PVD) as well as electroless and electrolytic deposition.

3.4.1. Physical vapor deposition
PVD is achieved through the use of evaporation and sputtering

techniques [242]. These techniques are widely used in semicon-
ductor and MEMS  industries due to their technological maturity
and the feasibility of batch processing. For polymeric implantable
bioelectronics, electron-beam evaporated Pt, Au, and Ti on LCP sub-
strates have been studied by Howlader et al. [243,244]. This study
focused on the conductivity, stability and charge delivery capacity
(CDC) of the metal films to avoid irreversible Faradaic reactions.
The results suggest that the surface roughness of the substrate and
metal, as well as the reactivity and capacitance of the electrode,
affect the impedance and long-term electrochemical stability of
metal films. In comparison to Ti and Au, Pt electrodes offer lower
impedance at neuromuscular stimulation frequencies (1–250 Hz),
and a higher CDC. However, Pt and Ti were less stable than Au
electrodes.

On the other hand, Ha et al. [201] have reported that a sputtered
Ti/Au bilayer can be integrated between or on LCP and parylene
films. The metals behave as the electrodes of a capacitive pres-
sure sensor for intraocular pressure monitoring. Also, iridium oxide
(IrO2) sputtered films have been studied for flexible nerve stimu-
lation electrodes due to IrO2’s superior charge injection capability
[245].

The challenge in using this technique is the poor adhesion
of the polymers with deposited materials. This challenge can be
addressed by matching the surface energies between the metals
and the polymers. Surface energies can be matched by treatment
of material surfaces, or by adding adhesion layers. However, the
flatness and transparency of the bonded interfaces is sacrificed.

3.4.2. Electroless and electrolytic deposition
Chemical reduction reactions in electrolytic and electroless

deposition occur in an aqueous solution with and without the
use of external electrical power. As mentioned, the poor adhesion
between the substrate (such as LCP) and the deposited metal (such
as Cu) is one of the critical issues in the integration of implantable
electronics. Generally, the adhesion between the polymer and the
metal is achieved by either mechanical interlocking or chemical
bond formation between the modified surfaces [192]. As a result,
both wet  chemical treatment and dry treatment (plasma treatment
and RIE) are usually employed to modify the LCP surfaces to allow
for improved adhesion [198,200]. Moreover, since the electroless
deposition has difficulty in forming thick metal layers, it is rec-
ommended to combine the electroless and electrolytic deposition
processes for practical applications.

Chen et al. [198] have developed a Cu deposition process on LCP.
This process consists of the wet  chemical modification of the LCP
surface, the surface treatment with a Pd catalyst layer, the elec-
troless deposition of 5 �m thick Cu, heat treatment, and, finally, Cu
electroplating. This process allows for the fabrication of metal films
as thick as 40 �m.  Typically, the adhesion strength of Cu film on
LCP was  0.54 MPa. Based on this process, M.  Zhou et al. [199] stud-
ied the aspects that would affect the adhesion strength between
plated Cu and LCP substrate. Results showed that potassium per-
manganate was an effective chemical for surface treatment because
it could introduce hydrophilic groups on the LCP surface. The opti-
mized etching time was  20 min, achieving the adhesion strength of
12.08 MPa.
Finally, Ge et al. [200] compared the adhesion behaviors of
electroless-deposited Cu and sputtered Cu on LCP with different
pretreatments. The Cu/LCP bonded interface was pulled apart using
a tensile pulling tester and the fractured surfaces were examined
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sing scanning electron microscopy (SEM). Chemically-deposited
u was delaminated from untreated, plasma-treated, and RIE-
reated surfaces. Sputtered Cu was also easily delaminated from
hemically-treated LCP surfaces. Both phenomena indicated the
ailure occurred as a result of a complete adhesive fracture along the
u/LCP interface. For electroless plated Cu on chemically-treated
CP, thin LCP debris appeared on the backside of Cu film, showing

 mixed failure mode of both adhesive and cohesive. In other cases,
ohesive failure was identified where the LCP side showed fiber-like
orphology, whereas the Cu side showed a ductile deformation of

he LCP.
Electrochemical deposition provides a low-temperature

olymer–metal integration approach. It allows the deposition
f relatively thick metal layers; however, unwanted chemical
eactions can introduce impurities in the process solution, affect-
ng the quality and adhesion of the deposited films. As well, the
olymer–metal adhesion is influenced by the process-induced
tress in soft polymer sheets.

.5. Surface activated bonding/lamination

The aforementioned polymer-related bonding and integration
echnologies are sometimes incompatible with certain system inte-
ration applications such as implantable electronics due to their
emand for high external pressure, elevated temperatures, and
hemical solvents. Without such prerequisites, it is difficult to inte-
rate various materials with small dimensional structures. The
lignment accuracy or deformation of optical components, such as
olymer lenses and delicate MEMS  devices, also presents a chal-

enge to the use of conventional integration approaches [246].
To address such challenges, SAB technologies have been devel-

ped that are capable of integrating combinations of metals,
emiconductors, and insulators at room temperature, or at least

 much lower temperature and pressure than the aforemen-
ioned processes. So far, SAB has been demonstrated using various
ombinations of materials including Cu [193–195], Au [194], Si
247–249], III-V semiconductors [250–253], ionic materials (for
xample, LiNbO3) [254–258], and LCP [187,196,197,259].

SAB technologies can be categorized into four groups [32,260]:
irect adhesion, nano-layers adhesion; sequential plasma acti-
ation; and hybrid adhesion (sequential plasma activation with
lectrostatic treatment). Their working mechanisms are described
n Fig. 1. For the first approach (Fig. 1a), the surfaces of bonding
airs are cleaned with an argon (Ar) fast atom beam, which removes
he contaminants such as carbon and oxides. Direct adhesion takes
lace when the smooth surfaces are attached in an ultra-high
acuum (UHV) at room temperature. High bond strength can be
chieved because of the formation of covalent bonds between the
air [247].

Bonding of ionic materials is challenging because their surface
ctivation results in inhomogeneous polarization. In the second
pproach (Fig. 1b), the polarization issue is addressed by simulta-
eously activating the surface and depositing a nanoadhesion layer
for example, a few nanometers of iron) [257,258]. This approach
nhances the adhesion between the contacting surfaces. High bond
trength is obtained spontaneously between the contacting sur-
aces in low vacuum or UHV.

In the third approach (Fig. 1c), the surfaces are cleaned using
F RIE and microwave-neutral radicals in a low vacuum envi-
onment. Bonding is carried out in the controlled air of a class
000 clean room. The sequential plasma activation produces

ighly hydrophilic and reactive surfaces. This process generates
anopores as well as oxides on the surfaces. Therefore, the water
t the bonded interface is absorbed by the bulk material, resulting
n strong covalent bonding at the interface [261].
ors B 202 (2014) 758–778 765

The sequential plasma activated bonding process produces
interfacial voids due to the absorbed water in the bulk material.
The fourth approach (Fig. 1d) addresses this issue. After using the
third approach to bond the wafers, the bonded wafers are post-
treated using anodic bonding in the controlled clean room air.
This treatment results in a void-free bonded interface with high
bond strength. This result is produced by the adhesion between
the hydrophilic and reactive surfaces under the application of elec-
trostatic force [262,263].

Generally, activated polymer surfaces with nanoadhesion lay-
ers are difficult to bond with metals at room temperature. This low
bonding strength is a consequence of the high roughness of the
polymer surfaces. Therefore, in the SAB approach, the surfaces of
Cu and LCP were first cleaned by Ar-RF plasma etching in a low vac-
uum environment to remove the surface oxide and contaminants.
Then, a Cu nano-layer was  deposited onto the LCP, and the bonding
was done at room temperature by a roller laminator [196]. Subse-
quently, the Cu/LCP system was  heated in Ar atmosphere outside
the bonding chamber at a temperature below the Tg of LCP. This
process resulted in a higher bonding strength than that of conven-
tional lamination using heat. Also, the size of samples was no longer
constrained to wafer-sizes. Therefore, this process has promising
applications for large-area and low-cost production. Fig. 2 shows
images of a 210 mm × 297 mm piece of laminated LCP/Cu system
(Fig. 2a) prepared by such method, and a peel strength comparison
after annealing the system in different gases (Fig. 2b) [187]. The
peel strength of the Cu/LCP system was dependent on the anneal-
ing gases. The peel strength of samples annealed in Ar and N2 was
significantly higher than that of samples annealed in the air or
O2. The specimens sequentially annealed in Ar/N2 and O2 showed
significant peel strength reduction as the atmosphere was changed.

An x-ray photoelectron spectroscopy study of the delaminated
surfaces showed that sputter etching produced an LCP surface with
a reduced amount of oxygen [187]. Consequently, the adhesion
between Cu and LCP was  improved by the following process: the
Cu adhesion sites were bonded to the plasma-induced dangling
sites on nano-Cu coated LCP, and then thermal reconstruction of
nano-Cu layers was achieved by annealing in Ar and N2 gases. This
result differed from the mechanical interlocking that is observed
in the conventional lamination of polymer–metal systems. While
annealing the specimens in the air or O2, the diffused O2 oxidized
the deposited Cu along the interfaces, resulting in weak bonding.

The advantages of the enhanced adhesion of SAB Cu/LCP, in
terms of its electrical properties, can be demonstrated via fine-pitch
patterning and measuring the frequency-dependent conduction
loss [196,197]. Fig. 3 shows the testing structure of Cu wires of
50 �m width and pitch on LCP, as well as its frequency-conductivity
relation with the Cu/LCP interface. In both SAB and conventional
laminated systems, the measured conduction loss increases with
frequency. However, a three-fold lower loss for the SAB system
was observed in comparison to conventionally-laminated speci-
mens (Fig. 3b). The lower conduction loss of the SAB specimens
was attributed to their lower interface roughness (64 nm for SAB
specimens compared with 970 nm for conventionally-laminated
specimens, root-mean-square value). In addition, the influence of
high frequencies on the interfacial conductivity of Cu/LCP was
examined. 10 �m thick Cu Zr alloy was  bonded to 50 �m thick
LCP with 19 nm thick sputtered Cu–Ni alloy in between. The con-
ductivity of the bonded interface remained above 90% at 20 GHz
(Fig. 3c). This indicated the potential high frequency applications
of metal-polymer systems fabricated by SAB. For the RF antennas
in implantable systems for power transmission or communication,

high interfacial conductivity could enhance the signal transfer effi-
ciency to improve the system performance, and it could reduce heat
generation in order to prevent surrounding tissues and organs from
burning.
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ig. 1. Schematic for SAB technologies that provide atomic-level bonding through
ybrid  adhesion [32].

In summary, the major advantages of the SAB techniques for
olymers compared with conventional bonding and integration
ethods are: (1) the ability to bond low surface energy polymers
ith high bond strength; (2) the small amount of polymer defects

esulting from the application of pressure, heat, and chemicals; (3)
he high alignment accuracy between flexible materials resulting
rom the use of lower temperatures; (4) the biological compatibility
f the bonding interfaces due to the minimal use of adhesion lay-
rs (nanometers thickness); and (5) the realization of mechanical,
lectrical, and optical connections on the same bonded interface.
owever, the long processing time of SAB is its drawback.

. Applications of polymeric packages in implantable
ensors

As discussed, polymers act as the substrates, encapsulants,
nd/or structural components of the sensors. Also, the nature of
he packaging influences the performance, lifespan, and cost of
mplantable sensors. Although there are challenges remaining in
he interdisciplinary areas of materials, electronics, and biomedi-
al technologies, a number of biocompatible polymers have been
ntegrated for the packaging of implantable sensors. Some typical
xamples include the substrates of microelectrode arrays and tele-
etric structures, the structural components (i.e., membranes and
alls) of pressure and biochemical sensors, and the sealing/coating

f implantable devices, as shown in Fig. 4. The details of this system
re beyond the scope of this article, and are not shown in this fig-
re. A list of the applications of these different polymers is shown

n Table 4.

.1. Substrate of microelectrode arrays and telemetric structures

Implantable microelectrode arrays interface between biological
eural/muscular systems and electronic devices [264], function-

ng to sense, modulate, and stimulate neural/muscular activities. A

ypical example of sensing biological signals using microelectrode
rrays is the electrocorticogram (ECoG). ECoG surface electrode
rrays can provide images of brain activities by probing the cor-
ical surface [265]. A lot of effort has been spent on designing
irect adhesion, (b) nano-layers adhesion, (c) sequential plasma activation, and (d)

and fabricating flexible ECoG electrode arrays, from a small samp-
ling area with low electrode density to a large area with high
electrode density. In cases such as this, when RF communication
is required in implantable devices [266,267], polymeric materi-
als are preferred over metals because of their RF transparency.
Many groups have proved the feasibility of using miniaturized
inductor-capacitor sensors for wireless sensing in a number of
implantable applications, including sensing transcutaneous pres-
sure, intracranial pressure, and pressure resulting from abdominal
aortic aneurysms [268–272]. In these applications, PI, PDMS, pary-
lene, and LCP have been widely studied and will be presented in
this review paper.

4.1.1. PI substrates
A research group [273,274] has developed a method to fabricate

8 × 8 flexible electrode arrays on Kapton® PI films, with a 150 �m
electrode diameter and 750 �m pitch. The electrode arrays were
implanted into rats for signal recording and attained reproducible
data over 100 days. Due to the electrodes’ small dimensions and
close distance to tissues, there was  also potential to realize high
spatial resolution mapping for the responses evoked by using these
devices. Later, Brunner et al. [275] utilized a similar 64-electrode
component on PI substrates to set up a real-time functional map-
ping system for studying the neural mechanisms of visual attention
and its directional orientation [276–278]. Patrick et al. [24] have
fabricated flexible implantable electrode arrays on PI substrates to
process the activities of large ensembles of cortical neurons. The
resulting subcutaneous platform reduced overall implant dimen-
sions, and a reliable in vivo electrode-in vitro electronics interface.

While 64-channel ECoG electrode arrays are commonly studied,
it has been found that better ECoG sensors require higher spatial
resolution [279], either by adding micro ECoG fill-in or by shrink-
ing electrode pitch to a shorter distance. In order to study the
interaction mechanisms between neuronal populations, Rubehn
et al. [280] used a micromachined 35 mm × 60 mm ECoG electrode

array consisting of 252 channels on a thin PI substrate, enclosing
Pt electrodes and conductive paths. Because of the large amount of
electrodes combined with the flexible PI substrate, this device could
carry out simultaneous signal recording over several brain areas.
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Fig. 2. (a) A sample of LCP laminated on Cu (210 mm × 297 mm)  using SAB t

 high-density brain-machine interface (BMI) device integrating
ransistors with the electrode arrays on PI substrates has also been
resented [281]. High resolution, high speed and low multiplexer
rosstalk sampling over large brain areas have been demonstrated
n this device. The fabricated 360-channel device covered an area
f 10 mm  × 9 mm with an electrode size of 300 �m × 300 �m and
itch of 500 �m.  Compared with prior work [282], this novel BMI

lectrode array offered a brain sampling region 5 times larger, but
nly required one ninth of the wire amount. This technology poten-
ially allows for a large number of channels with high temporal
esolution.
logy; (b) peel strength of Cu/LCP after annealed in N2, Ar, air, and O2 [187].

The highly flexible PI substrates enable conformal coverage of
the device on the tissues. However, the insertion force may  cause
buckling of the polymer during device implantation. This makes
the insertion procedure more difficult than that of using a rigid
microelectrode array [283]. A study of the long-term neural implan-
tation of PI showed that its crystalline structure would change, and
mechanical properties would degrade due to continuous moisture

absorption [56]. The observed increase in Young’s modulus and
decrease in tensile strength may  lead to the increase in plastic-
ity and stiffness of PI. Together with the chemical reactions and the
mechanical motions in in vivo conditions, the PI packages of the
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Fig. 3. (a) SEM image of patterned Cu on LCP, sample prepared by SAB; (b) frequency-dependent conduction loss of Cu/LCP interface created by SAB and conventional heat
lamination; (c) frequency dependence of the conductivity of Cu/LCP interface created by SAB [196,197].
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intended for implantable applications. In contrast to metal films,
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Fig. 4. Conceptual schematic of packaging

icroelectrode arrays may  undergo extra stress, which affects the
echanical compliance of PI with surrounding tissues [284].

.1.2. PDMS substrates
PDMS has also been employed as a substrate material for
icroelectrode arrays. Henle et al. [285] have created a trilayer
PDMS-Pt-PDMS) electrode structure by laminating a thin piece
f laser-patterned Pt film onto a partially-cured PDMS substrate.

able 4
 list of packaging applications of polymer-based implantable sensors.

Applications Polymer functions Application challenges 

Microelectrode
arrays

Substrate
Encapsulant/coating

Delamination between p
long-term polymer fatig
parts, limited electrode 

incision process
Pressure sensors Substrate

Structural components
Implanting space restric
induced device failure, b
induced signal drift, sen

Biochemical sensors SubstrateStructural components Biocompatibility, signal
Telemetric
structures

Substrate
Encapsulant/coating

High frequency perform
management

Implantable
systems

Substrate
Encapsulant/coating

Hermeticity, biocompat
mechanical durability, c
onents in an implantable sensor system.

Another PDMS layer was spin-coated on top to form the encapsu-
lant. Dupas-Bruzek et al. [286,287] used a UV laser to chemically
activate a PDMS surface and deposited Pt films on top of it
using electroless plating. Fabricated electrode arrays were also
Hu et al. [288] have developed a way  to embed metal nanopowders
into the PDMS matrix for microelectrode fabrication. This tech-
nique allows for electrodes to be fabricated in high aspect ratio

Materials References

olymer and metal,
ue, elimination of rigid
locations, required

PI [24,273–282]
PDMS [285–289]
Parylene [25,160–162,294–297]
LCP [29,190,301,382,383]

tion, body movement
io substance stiction
sitivity

PVDF [82,384]
Parylene [201,298,299]
PDMS [27,141,142,304,321–325]
LCP [201,272]

 drift, long-term usage, integration PDMS [137,327–329]
ance, thermal Parylene [26,203,298,299]

LCP [176,272,302]
ibility,
ost

PEEK [337–339,385]
Parylene [137,157,158,343]
LCP [28,191,301,386]
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orphologies. In addition, conducting structures made from car-
on nanotubes (CNTs) exhibited the properties of large specific
apacitance as well as non-Faradaic behavior, which is favored for
euron electrode applications. David-Pur et al. [289] presented a
ovel flexible neuronal microelectrode device based on multi-wall
NT films embedded in a PDMS layer. The electrodes improved their
erformance as a result of the combination of several CNT proper-
ies: extremely large surface area, good chemical resistivity, and

echanical strength.
As an elastomer, PDMS is permeable to some gases, small

olecules, and moisture [290] in vivo, which limits its application
n packaging of implantable microelectrode arrays. Therefore, sol-
el glass coating [291] and copolymer synthesis [292] have been
eveloped for PDMS to minimize permeability. Also, surface mod-

fication of PDMS [293] has been examined to partially address the
hallenge of protein adsorption [147].

.1.3. Parylene substrates
Parylene-based ECoG electrode arrays have been developed by

eymour et al. [25] for neural recording and drug delivery applica-
ions. The large design space provided a dynamic range of structural
tiffness and enabled electrodes to be placed on the front, back
r edge of the probe. Results indicated that the use of small edge
lectrodes improved performance in comparison to conventional
lanar microelectrodes. Maharbiz’s group [294] have reported an
ptically transparent ECoG electrode array based on a parylene-

 and an indium tin oxide conductive layer. Both a 49-channel
rray (electrode diameter of 500 �m and pitch of 800 �m)  and a
6-channel linear array (electrode diameter of 150 �m and pitch
f 200 �m)  were fabricated. Afterwards, this group enlarged their
CoG electrode array up to 256 channels with the electrode size
f 440 �m × 440 �m and pitch of 500 �m [295]. More recently, the
ame group used these techniques to integrate an antenna with
n array of ECoG electrodes on flexible parylene substrate [296].
he system was designed for long-term neural recording within

 wireless BMI  device. Rodger et al. [297] have demonstrated the
se of a high-density electrode array for neural stimulation and
ecording. The array was on a high-temperature stabilized pary-
ene (parylene-HT) substrate with the electrode diameter of about
0 �m and pitch of less than 50 �m.  The authors claimed that it is
ossible to extend the fabrication process by adding more stacked

ayers so that an array of 1024 electrodes could be realized within
pproximately the same area.

Although telemetric components are critical to the signal trans-
ission capabilities of implantable devices, out of all the polymers

n Table 2, only parylene and LCP have been widely demon-
trated. Tai’s group [203,298,299] have used parylene-C to fabricate
mbedded Au coils through different methods such as surface
icromachining and transfer printing. Because of the good high-

requency electrical performance of parylene-C, they realized
assive wireless sensing elements with high sensitivity and a qual-

ty factor of 30 and higher. The structure was demonstrated by
mbedding the metal coil in parylene-C layers using thermocom-
ression bonding, as explained in Section 3.1 [203].

Parylene substrates may  sustain stable electrical and mechan-
cal contact on tissues. Therefore, an improved signal-to-noise
atio has been demonstrated [300]. However, the poor mechanical
trength and robustness of parylene present challenges for device
mplantation.

.1.4. LCP substrates
An LCP-based flexible microelectrode array was developed by
ee et al. [190] for retinal prostheses. This microelectrode array
as fabricated by means of thermal compression bonding and

aser cutting. Accelerated reliability tests prove that such devices
ave excellent stability in an environment with high humidity and
ors B 202 (2014) 758–778 769

temperature. This might be attributed to LCP’s low water uptake
ability. Other LCP-Cu based interconnections for retinal and neu-
ral prosthetic implants have already been introduced in Section
3.1 [29]. Another group have developed a cortical neural interface
microsystem for neural engineering applications [301], contain-
ing hybrid RF-inductive and infrared (IR) optical telemetries. This
system employed a LCP substrate for the integration of analog, dig-
ital, and optoelectronic components. A 16-channel electrode probe
was bonded onto the LCP substrate and tested in in vivo animal
experiments.

A research group has reported LCP-based implants including
a multilayered planar coil [176] and an LCP-based eye-surface-
conformable telemetric structure [302]. Planar coils used for
wireless communication were constructed by the heat lamination
of low-temperature LCP and high-temperature LCP with embed-
ded Cu films [176]. The link performance was  tested in both in vitro
and in vivo conditions, resulting in a quality factor of 21.15 at
2.54 MHz. The coil could be deformed into a spherical curvature
to fit the eyeball surface without affecting its functions or electrical
characteristics. Fonseca et al. [272] have reported a flexible micro-
machined wireless pressure sensor, which was  packaged by LCP.
The device was highly flexible and could be injected into the body
by folding it up into small dimensions. It was tested in canines for
over 1 month, and its high reliability was proved by comparing
the dynamic pressure waveforms of the implanted and reference
sensor. Although it has not been widely demonstrated, LCP is an
emerging candidate for implantable components due to its low
moisture/gas absorption and permeability.

Polymeric substrates for implantable sensors have considerable
advantages over Si ones. Polymers have good mechanical match to
soft tissues. They can also easily release the strain induced by exter-
nal forces. However, many of the electrode arrays are located on the
sides of the polymer substrate rather than on the edge. Moreover,
their implantation requires an invasive incision to gain access to
the tissue.

4.2. Structural component of implantable pressure and
biochemical sensors

Structural components, such as pressure sensing membranes
and biofluidic channels, can be integrated with polymer substrates
in implantable pressure and biochemical sensors. Pressure sen-
sors can be implanted in many locations in the human body.
For example, intra-ocular pressure sensors are used for treating
patients with glaucoma [303–306]; intra-cranial pressure sensors
are employed to assist the therapeutic treatment of intracranial-
pressure-related head injuries [307–309]; cardiovascular pressure
sensors are implanted in blood vessels or heart chambers to
monitor cardiovascular diseases [310–312]; pressure sensors can
also be applied in the bladder to diagnose urinary problems
[313,314]. While rigid Si-based pressure sensors have been used in
these circumstances, flexible polymeric ones are now emerging as
substitutes favored by their lower densities, better strain releasing
capacity, and lower cost. Biochemical sensors are implanted in the
human body for continuous monitoring of certain chemical com-
positions that cause or aggravate diseases. Examples of implanted
biochemical sensors include commercially-available glucose sen-
sors, as well as those for measuring dopamine, glutamate, lactate,
ascorbate, reactive oxygen, and nitrogen species in neurological
sciences [315].

4.2.1. PVDF structural components

Je et al. [82] introduced a thin film pressure sensor based on

PVDF-TrFE copolymer as the structural layer. It was chosen because
of its high charge constant, mechanical softness, low modulus, high
yield strength, and high resistance to corrosive chemicals [316].
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t was fabricated by standard photolithographic patterning of a
hree-layer structure of metal–(PVDF-TrFE)–metal. The fast recov-
ry time (0.2 s on average), biocompatibility, and compact structure
emonstrate the great potential of PVDF-TrFE for use in implants
hat identify pressure and flow direction. The detected physiolog-
cal pressure was in the range of 0 to 34 kPa (corresponding to
.6 to 1 V output voltages). The normal blood pressure (i.e., 13 to
9 kPa) of the human body was included in this range [317]. Fur-
hermore, PVDF-TrFE copolymer has been employed as the gate
ielectric layer in a pentacene-based flexible organic field-effect
ransistor (OFET) on polyethersulfone substrate [83]. Owing to the

ulti-modal (piezoelectricity and pyroelectricity) sensing proper-
ies of PVDF-TrFE copolymer, this device can respond to IR light,
ressure, and strain simultaneously. Its high sensitivity towards

R may  also allow for applications in biomedical devices that are
n direct contact with the human body. Examples include artificial
lectronic skin, biomedical monitors, and tactile sensors.

In biomedical pressure sensing applications, high sensitivity in
he range of 0 to 100 kPa, minimal long-term signal drift, and a
obust integration platform is required [318]. In vivo piezoelectric
ressure sensing is still challenging because of poor sensitivity. To
ddress this issue, PVDF-TrFE, one of the candidate materials, can
e applied. However, the device fabrication process, the electrical
erformance, and the material cost should be optimized.

.2.2. PDMS structural components
Kim et al. [27] demonstrated a simple fabrication approach for

DMS bladder pressure sensors by utilizing a commercially avail-
ble thin-film strain gauge embedded in the PDMS diaphragm.
erformance validation of the pressure sensors through in vivo
ests (implanted in a rabbit bladder) was carried out. A mea-
urement resolution of 0.2 kPa was obtained, and the implantable
easurement data was consistent with the results of catheter mea-

urement. PDMS has been integrated with graphene to realize a
tretchable and biocompatible strain gauge [319]. Its performance
as better than conventional metal alloy-based strain gauges

320]. PDMS-cast pressure sensors have also been demonstrated in
ntraocular applications. Schnakenberg et al. [321,322] and Stangel
t al. [304,323,324] presented pressure sensors that were inte-
rated with transponders, which were evaluated in rabbit eyes
nd showed promising performance. Min  et al. [325] have applied
educed graphene oxide (RGO) on both sides of bulk PDMS to
abricate electrodes for pressure-sensitive artificial muscles. As-
repared electrodes exhibited greater electromechanical strain
esponse due to the higher conductivity and flexibility of RGO.
ecently, Liu et al. [326] have reported a sensitive planar pressure
ensor measuring the resistance changes of Au thin film on PDMS
embranes. They demonstrated high performance pressure sen-

ors with a sensitivity of 0.23 per kPa in the measurement range
f 0 to 6.67 kPa. The noise-limited resolution was 0.9 Pa and the
esponse time was 200 ms.  The strain-induced microcracks con-
ributed to the high sensitivity. So far, the fabricated sensor is the
est for biosensing in terms of the reported parameters.

Implantable biochemical sensors, such as glucose sensors, using
olymer structural materials have been developed [327–330].
ough et al. [327] experimentally implanted one of their tis-
ue glucose sensors in a pig for over 1.5 years. The sensor was
uilt up by locating immobilized enzymes in PDMS wells over
DMS-protected electrodes. Macaya et al. [328] have developed

 glucose biosensor based on an organic transistor with a con-
ucting channel made of poly(3,4-ethylenedioxythiophene) doped
ith poly(styrene sulfonate). A PDMS well was again molded and

laced on top of a transistor channel that contained analyte solu-
ion (phosphate-buffered saline with glucose and glucose–oxidase
olution in this case). An all-PDMS-fabricated optical glucose sensor
as been designed and fabricated as well [329]. The PDMS material
ors B 202 (2014) 758–778

functioned as the optical waveguide and the transparent substrate
in this example, showing high compatibility with the dye/enzyme
and analyte system in the sensor. Tsai et al. [137] have presented
an integrated implantable multi-analyte biochip system, which
includes PDMS-casted micro-channels connected to blood vessels
for in situ biological signal detection. The micro-channels were
fabricated by curing PDMS in a SU-8 photoresist mold, and later
transferred to a glass substrate with prefabricated metal detection
electrodes.

4.2.3. Parylene structural components
With regard to parylene, Lin et al. [298] reported a new type

of intraocular pressure sensor based on their former design [299].
Au electrodes, together with inductor coils, were embedded in thin
and flexible parylene layers so that they could attach to the cornea.
The sensitivity of this sensor achieved 4 ppm/Pa, which was  high
enough for intraocular applications. As discussed in Section 3.1,
a parylene-parylene thermocompression bonding process for the
fabrication of pressure sensors was  introduced by Ha’s group [201].
This capacitive sensor was designed with an ultra-thin and flexi-
ble construction due to the limited space inside the mouse eye for
intraocular pressure monitoring. The smallest volume they realized
was 300 × 300 × 30 �m3 with a high sensitivity of 2.2 × 10−3 fF/Pa.

Apart from biocompatibility, long-term reliability and power
consumption issues in implantable pressure and biochemical
sensors [331], the remaining challenges include the continuous
detection of signals with drift suppression and a suitable data samp-
ling rate. For example, the capacitive sensors consist of fragile
membranes that are vulnerable to external mechanical shock, and
they require reference pressure when measuring in vivo biological
signals. Also, piezoresistive sensors are limited by their low sensi-
tivity [318]. Depending on the analyte of biochemical sensors, the
structural polymers are normally integrated with different mate-
rials, such as metals [332], silver/silver chloride [333], polyaniline
nanowires [334], or conducting polypyrrole nanowires [335]. How-
ever, conventional integration technologies would either degrade
the properties of materials, or increase the production cost of the
sensors. Therefore, novel integration technologies are indispens-
able for realizing the full potential of the passive structures and the
active sensing elements for the polymer based sensors.

4.3. Encapsulant and coating of implantable devices

Biocompatible hermetic sealing and coating protects electronic
components against the harsh environment of the human body.
Requirements for selecting encapsulant/coating materials include
[336]: (1) non-toxicity and sterilization; (2) surface biocompatibil-
ity to avoid irritating tissues; (3) low permeability to moisture and
ionic chemicals; (4) tolerable flexibility and mechanical strength;
and (5) long-term reliability. Among these requirements, the mois-
ture absorption and permeation of the encapsulants affect the
performance and reliability of the implantable sensors.

4.3.1. PEEK encapsulant
A research group studied the use of PEEK as the packaging mate-

rial for implantable devices [337–339]. They attempted to solve the
adhesion issue between plasma-treated PEEK surfaces and metal
films without using adhesives or other agents. It was found that
maximum adhesion strength can be obtained by tuning plasma
process parameters with the aim of increasing the surface energy
of PEEK.
4.3.2. Parylene coating
As one of the examples described in Section 4.2 [137], the

implantable microfluidic biochemical sensing system should be
packaged inside of a shell made of biocompatible materials. Thus,
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 �m thick parylene-C was coated at the exterior side of the device
o ensure no biorejection would occur. In another study, DeHennis
t al. [340] used 1 �m parylene-C coating outside a fully integrated
ressure sensing and wireless communication system to main-
ain a biocompatible interface and electrical isolation. Parylene was
elected mainly due to its reduced water absorption compared to
ilicone [341]. It was used as the secondary barrier layer to pro-
ect the components from the harsh environment. Furthermore, in
pplications of the ECoG electrode arrays, parylene-C was  used not
nly as the substrate material, but also as the encapsulant layer. The
ncapsulation was demonstrated by Winkin and Mokwa  [342], who
eposited parylene-C from its gas phase to seal the metal structures.
u et al. [343] have coated nickel microprobe electrodes with pary-

ene thin film to improve the biocompatibility of the implantable
evice. In this system, the implanted probe array was connected
ith extra-body bond pads by connecting a 42 mm-long parylene

able with Au connection wires on it. The neural activities in a rat’s
ippocampus were recorded with high quality using this device.
lso, the wing beat stimulations of honeybees were achieved by

njecting pulse signals.

.3.3. LCP encapsulant
An implantable neuroprosthetic device has been developed

sing an LCP encapsulant [191]. The cover lid was fabricated by
hermoforming LCP into the desired geometry for the caged ICs
nd telemetry coils. The LCP lid and substrate were fusion-bonded
ogether to realize the hermetic package, the performance of which
as evaluated using in vitro soak tests. The results showed that the

CP package obtained a higher long-term reliability with regard to
ermeticity when compared with PI and parylene packages. Very
ecently, the same research group used a similar technology and
eveloped a way for producing LCP-encapsulated monolithic RFIC
evices for biomedical wireless communication [28]. This new LCP-
ackaged device has been successfully implanted and tested in a

ive rat.
Biocompatible encapsulants and coatings are intended to reduce

nwanted biological responses, such as inflammatory responses,
nd foreign body reactions [344–346]. Although there are other
ncapsulant materials, such as poly(hydroxyethyl methacrylate)
347,348], poly(vinyl alcohol) [349], poly(ethylene glycol) [350],
nd PU [351,352], they are structurally unsuitable for implantable
ensors. In another aspect, while the weight and volume of the elec-
ronic components are decreasing, those of the encapsulants are
ot significantly changed. Further, coupling capacitors are needed
o prevent tissue damage and component corrosion. The capaci-
ors can balance the charge and minimize the leakage current, but

ay  increase the volume of the device [353,354]. Consequently,
dvanced integration and packaging technologies for biocompat-
ble encapsulant and coating materials are needed in order to
roduce light-weight and small-volume implantable sensors.

. Conclusions and perspectives

In the packaging of implantable sensors [355], light-weight
nd low-cost polymer-based materials have been studied and
tilized because of their superior biocompatibility, chemical resis-
ivity, mechanical flexibility, and optical transparency to metals
nd ceramics. Reliable emerging sensors may  include components
uch as microelectrode arrays, telemetric structures, and sensing
tructures, which need fine-pitch, low-loss, and high-performance
onductive paths on the polymer films. Thus, advanced packaging

aterials and integration processes are required for their fabrica-

ion. This article reviews the properties of specific polymers and
heir integration technologies and provides an overview of emerg-
ng implantable sensors. It is challenging for many polymers to
ors B 202 (2014) 758–778 771

meet the requirements of the implantable sensors due to their high
moisture absorption rate, high electrical loss, and low mechanical
stability. LCP has been found to be one of the desirable materi-
als for packaging of next-generation implantable sensors due to
its superior properties as well as its potential for mass production
compared with other polymers.

For the integration of polymer–polymer/metal in implantable
sensors, SAB technologies are highly promising because they
offer nanoscaled bonded interfaces at low temperature. The
bonded interfaces are highly reliable and biocompatible with
low/minimal degradation of the bonded materials. The SAB inter-
face of polymer/metal shows better performance over other
methods because it does not require high temperature, high pres-
sure, or a thick intermediate layer. This article compares the
properties of different polymeric materials and categorizes various
polymer–polymer/metal integration technologies for implantable
packages. It is suggested that proper materials and technologies
should be selected according to the pros and cons of each material-
process combination.

In the future, polymer-related integration technologies need
to be further developed for packaging of high performance
implantable sensors. Firstly, the technical challenges, such as the
long processing time in SAB, need to be addressed along with
demonstrations of packaging of implantable sensors. Secondly,
there is a demand to fabricate organic ICs (rather than conven-
tional Si ICs) on flexible substrates using the advanced polymer
integration technologies. However, the surface roughness of thin
films greatly affects the performance of the devices [356–358]. To
address this issue, the SAB technologies together with UV irra-
diation [359], polymer planarization with activation [358], and
electropolishing [360] have been applied. Thirdly, small and high-
density patterns need to be created on flexible substrates for the
parallel recording of bio-signals. Fourthly, the integration oppor-
tunities of various thin-layers in the SAB allow for the creation of
light-weight and small-volume coupling capacitors, which mini-
mizes the leakage current.

While polymers provide opportunities in implantable devices,
there are further issues yet to be completely understood. The crucial
challenge may  be the requirement for an interdisciplinary knowl-
edge of polymer-based sensor packaging. This review article guides
and bridges emerging research in polymer-related materials, elec-
tronics, and biomedical technologies to develop integrated systems
for reliable, high-performance implantable sensors at low cost.
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