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Abstract: Polymer materials attract more and more interests for a biocompatible package of novel
implantable medical devices. Medical implants need to be packaged in a biocompatible way to
minimize FBR (Foreign Body Reaction) of the implant. One of the most advanced implantable
devices is neural prosthesis device, which consists of polymeric neural electrode and silicon neural
signal processing integrated circuit (IC). The overall neural interface system should be packaged
in a biocompatible way to be implanted in a patient. The biocompatible packaging is being mainly
achieved in two approaches; (1) polymer encapsulation of conventional package based on die
attach, wire bond, solder bump, etc. (2) chip-level integrated interconnect, which integrates Si chip
with metal thin film deposition through sacrificial release technique. The polymer encapsulation
must cover different materials, creating a multitude of interface, which is of much importance in
long-term reliability of the implanted biocompatible package. Another failure mode is bio-fluid
penetration through the polymer encapsulation layer. To prevent bio-fluid leakage, a diffusion barrier
is frequently added to the polymer packaging layer. Such a diffusion barrier is also used in polymer-
based neural electrodes. This review paper presents the summary of biocompatible packaging
techniques, packaging materials focusing on encapsulation polymer materials and diffusion barrier,
and a FEM-based modeling and simulation to study the biocompatible package reliability.

Keywords: biocompatible packaging; implantable; reliability; Finite element method (FEM); simula-
tion

1. Introduction

Evolution in IC (Integrated Circuit) packaging technology has been driven by the need
for higher speed and higher density devices enabling smaller form factor and lower power
consumption. For example, HBM (High Bandwidth Memory) has been developed by
stacking memory die based on TSV (Through Silicon Vias) and stacking with micro-bump
bonding in order to achieve higher bandwidth and thus lower power consumption [1–4].
Packaging of an implantable device is critical as it determines hermeticity and compatibil-
ity of the implant system in biological environment. Thus, reliability and life-time of the
implant system highly depend on both packaging materials and technology. In general,
implantable device packaging houses the electronic or mechanical system through polymer
encapsulation [5–12], welding or bonding of metal [13,14], and ceramics [15]. Materials of
the polymer encapsulation package include epoxies, silicones, polyurethanes, polyimides,
silicon-polyimides, parylenes, polycyclic-olefins, silicon-carbons, benzocyclobutenes (BCB),
and liquid crystal polymers. Conventionally, titanium (Ti) box has been used for packaging
of an implantable electric device such as a pacemaker in order to ensure hermetic and
biocompatible packaging of the microelectronic device. While it is a well-proven hermetic
implant package, the Ti-box is rather large and rigid, which evokes a pronounced foreign
body reaction (FBR) upon implantation, resulting in a thick fibrous tissue encapsulation,
which might decrease the implant’s sensor sensitivity. Furthermore, mechanical mismatch
of the Ti-box and local tissue might cause chronic discomfort for the patient [16]. There-
fore, different packaging approaches have been reported to replace the existing Ti box
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package for implantable devices. Cardiac monitoring system has been implemented with
commercial 3-axis accelerometer mounted on PCB as shown in Figure 1a. To be suitable
for implant, parylene has been first coated on the surface of the accelerometer and PCB
and then it is fixed on Teflon support providing stitching of the sensor on the cardiac wall
with epoxy resin. Finally, a soft encapsulation in medical grade PDMS (NUSIL MED-6015)
was fabricated around the device [17,18]. Pressure sensor device mounted on a stent graft
has been flip-chip bonded to flexible, biocompatible polymer which has predefined metal
feedthrough. After filling silicone gel around the bonded pressure sensor, a polymer has
been laminated to seal the pressure sensor. A biocompatible silicone gel links the same
with the thinned substrate layer in order to transfer the pressure within the aneurysm
to the sensitive area of the sensor as shown in Figure 1b [19]. The flip-chip technology
has been used to ensure miniaturization and flexibility of the device, compared to the
commonly used wire bonding. Bare die assembly techniques such as flip-chip technology
are the preferred choice, as they provide thin, small, and lightweight features and can
be assembled on ceramic, laminate, Molded Interconnect Devices (MID) molded, and
flexible substrates. Flip-chip technology can substitute and complement conventional
surface-mounted devices (SMD) or wire bonding processes for an even higher degree of
miniaturization [20]. An implantable retina stimulator is implemented by MFI (MicroFlex
Interconnection) technology. The MFI technology is based on the common thermosonic
ball-wedge bonding process. A gold ball is bonded by force, temperature, and ultrasound
through the hole in the substrate on the IC pad as shown in Figure 1c. The metal pair is
then welded together, resulting in mechanically and electrically stable interconnects [21,22].
Emergence of new implantable devices such as retina prothesis requires an innovative
packaging as conventional wire-bonding techniques would not be applicable to imple-
ment massive electrical interconnect, for example, 1000 electrodes (see Figure 1d) [23].
In this case, technological barrier exists in substantial scale difference between Si chips
and polymeric stimulation device for mechanical interconnection. As a solution, standard
silicon wafer having through-holes of 2.51 × 2.63 mm2 is used as a temporary packaging
platform. The 260-µm-thick chips are inserted from the backside and planarized using a
tape on the front of the wafer. Photoresist sacrificial layer on the perimeter of the Si chip
with help of anchoring parylene layer on the backside. From the frontside of the Si chip,
parylene and metal interconnect has been fabricated to finalize the desired retina prothesis.
The packaging and integration have been finished by separate the parylene with Si chips
from the temporary Si platform through photoresist sacrificial etch [23]. Emergence of
UTC (Ultra Thin Chip) opens new pathway of miniaturization of biocompatible package
causing minimal neural tissue damage upon implantation for neural electrodes as shown
in Figure 1e [24,25]. The initiation of UTC is made by need for embedding Si chip into
packaging carrier substrate, which could reduce packaging cost by suppressing certain
step of conventional packaging, for example, EMC (Epoxy Mold Compound) for flip-chip
technology.

From the examples shown in Figure 1, it is found that the biocompatible packaging
starts to use conventional packaging technology such as wire-bonding, flip-chip bonding,
PCB chip carrier and advances to use microfabrication technology due to the need for
maximum miniaturization and lots of electrical wiring. Implantable microsensors have
been packaged in a conventional method such as EMC (Epoxy Mold Compound), wire
bonding, PCB, and they are bonded and encapsulated with soft or biocompatible material
to be suitable in biological environment. Furthermore, advanced medical device such
as neural prosthesis is implemented with flexible material, its electrical interconnection
with silicon IC is the essence of packaging technology. Thinned Si IC can be embedded
into polymer material and it can be integrated with the polymer-based neural prothesis.
Such a thin silicon chip is ideally best approach to achieve maximum miniaturization of an
active implant. This paper presents polymer-based biocompatible packaging techniques for
implantable devices. Biocompatible packaging approaches, focusing on materials and the
packaging process, have been summarized in Section 2. Section 3 addresses the reliability
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issues of the biocompatible packaging as well as FEM modeling and simulation based on
interfacial fracture mechanics.
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Chip (UTC) packaging.

2. Biocompatible Packaging Methods

The objective of the biocompatible packaging is to provide a protection for the im-
planted electronic device to be tolerating the harsh biological environment in order to
increase life-time of implanted device. Sealing of the implanted device is one of the critical
aspects of long-term reliable biocompatible package. Materials and process will determine
the type of sealing of the biocompatible packaging; hermetic, watertight, or permeable.
Particular difficulty of the biocompatible packaging is the need for feedthrough as the
implanted device should interact with the biological medium in different ways; electrically,
chemically, mechanically, or optically. It is required that the feedthrough should withstand
mechanical stress due to biological environment such as muscle activity. In addition,
it should not add significantly to the mechanical load of the implant, as in the case of
tethered neural implants whose cable weight and flexibility may negatively affect tissue
response [26,27]. As shown in Figure 1, it can be said that the biocompatible packaging is
mainly being achieved in two different ways: (1) polymer encapsulation of conventional
circuit board (2) chip-level packaging.

2.1. Polymer Encapsulation

Figure 2 shows conceptual drawing of polymer encapsulation of Si chip wire-bonded
on PCB board. The role of polymer encapsulation is to protect the packaged circuit
preventing biofluid from penetrating during its operation. Such a polymer encapsulation
is implemented through a molding process which uses predefined mold to encapsulate the
implanted electronics. To be well-bonded and guaranteed their mechanical properties, the
polymer materials should be cured at designated temperature for suitable time duration. It
could make additional thermal stress on the implantable device in conventional package
and sometimes newly-formed interfaces between encapsulated device and encapsulation
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polymer suffers from delamination. In addition, this packaging approach has drawbacks
in view of miniaturization of implantable devices as it houses conventional package with
biocompatible polymer encapsulation. Most of the biocompatible packaging uses this
approach even for advanced implantable neural devices. Material properties and process
conditions of frequently-used polymer materials are summarized in Table 1 [28]. Polymer
material has lower mechanical modulus, which reduces mechanical stress to surrounding
tissues. The polymer materials are utilized through coating for molding or bonding for
lamination to encapsulate the package inside.
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Table 1. Summarizes material properties and process conditions of polymer materials.

Properties Polyimide + Epoxy Parylene-C PDMS ++ SU8 +++

Possible thickness (µm) 3–20 1–100 10–100
with spincoating 1–300

Moisture absorption (%) - 0.06 <1 0.55–0.65
Glass transition temperature (◦C) - ≥40 * - - 200–210
Thermal coefficient of expansion

(ppm/K) 35 52 (below Tg) *
191 (above Tg) * 35 - 52

Tensile strength (MPa) 200 34 ** 69 6.2 60
Elastic modulus (MPa) 3400 4800 ** 3200 0.1–0.5 2000

+ HD microsystem HD4100 Series, * EPOTEK-302 data sheet, ** Araldite 2014, ++ Nusil MED-1000, +++ Microchem SU8-2000 and SU8-3000
series.

Most of the polymer materials need to be cured at certain temperature in order to
ensure stable mechanical properties. For example, epoxy will have different mechanical
properties depending on curing conditions. Epoxy, cured at room temperature for 24 h
(equivalently around 50% curing rate), shows yield strength of 24 MPa and elastic modulus
of 2 GPa, while it has 35 MPa yield strength and 5 GPa Young’s modulus after 4 h curing
at 64 ◦C [29]. In addition, hydrophobic surface treatment of the polymer is one of good
solutions to improve the reliability of the biocompatible package [30–32].

2.2. Chip-Level Packaging

The important perspectives in implantable electronic package are biocompatibility,
hermeticity, and miniaturization. Biocompatibility typically refers to the way the body
tolerates the presence of an implant material and thus polymer materials given in Table 1
and Ti (titanium) box are frequently used for the biocompatible package as explained in
previous section Hermeticity of a package is referred as the integrity of sealed packages to
resist gas and liquids penetrating the seal or an opening (crack) in the package, especially
critical to the reliability and longevity of a packaged electronics. A diffusion barrier based
on thin-film passivation can be deposited onto a Si chip or a polymer encapsulation in
order to prevent biofluid penetration or diffusion of IC materials into the body. Table 2
summarizes material properties of frequently-used diffusion barrier of the biocompatible
package. Diffusion barrier is a dielectric film deposited on a Si surface or an encapsulating
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polymer to avoid liquid passage through biocompatible package [33–40]. The dielectric
layer, Al2O3 deposited by ALD (Atomic Layer Deposition) is frequently used as moisture
barrier between polymer layers to increase adhesion strength between the polymer layers
or enhance the life-time of a neural electrode bilayered with parylene material [41,42].
Ultra-thin thermally-grown silicon dioxide transferred to flexible substrate has shown high
robustness as biofluid barrier compared with conventional approaches such as LCP and
Al2O3/Parylene-C [43].

Table 2. Material properties of diffusion barrier layer of the biocompatible package *.

Material Properties SiO2 Si3N4 SiC Al2O3

Density (g/cm3) 2.65 3.44 3.21 3.95
Thermal coefficient of expansion (10−5 K−1) 0.05 0.28 0.44 0.70

Elastic modulus (GPa) 66.3 310 90 330
Poisson ratio 0.15 0.27 0.35 0.22

Tensile strength (MPa) 45 400 240 240
* Table 2 is partially taken from reference [21].

Figure 3 shows a concept of UTC-based chip-scale biocompatible package. It has
merits of miniaturization compared with polymer encapsulation of conventional package.
Miniaturization of the biocompatible package is important because mechanical load of
the implanted device may negatively affect tissue response. Therefore, chip-scale biocom-
patible packaging may be more suitable for advanced implantable devices compared to
the previous polymer encapsulation. It is realized, with microfabrication technologies,
combining Si chips and polymer-based devices such as neural probe, retina prostheses,
etc. It would make it possible to integrate Si chip into soft materials for neural probes
without utilizing a chip carrier such as PCB. Technological difficulties of the integration
process with two different materials rise in size mismatch between Si chips and polymer
devices and thus innovative integration techniques, including metallization, are highly
demanded. The Si chips are typically in a range of 200 µm after fab-out, while the polymer
devices have total thickness up to tens of micrometers even if multiple polymer layers
have been used. In general, typical Si chip having a few hundred micrometers in thickness
is assembled to flexible circuit through flip-chip bonding with metallic bumps such as
copper, gold, etc. Anisotropic Conductive Adhesive (ACA) is a good approach to integrate
Si chips onto flexible substrate [44–46]. The advantages of ACA are reduced processing
steps, lower processing temperature, and fine pitch capability. Stability of ACA’s electrical
or mechanical performance depends on associated adhesive types; thermoplastics, such
as polymer, or thermosetting, such as epoxies and silicones. ACA flip-chip technology is
used to assemble bare chips where the pitch is extremely fine, normally less than 120 µm.
ACA flip-chip bonding exhibits better reliability on flexible chip carriers because the ability
of flex provides compliance to relieve stresses. For example, the internal stress generated
during resin curing can be absorbed by the deformation of the chip carrier. ACA joint
stress analysis indicated that the residual stress is larger on rigid substrates than on flexible
substrates after bonding [47]. The thickness of ACA has ranged from 20 µm to 75 µm
depending on the associated materials, and the process temperature is usually less than
200 ◦C. The drawback of ACA technique exists in that it needs a bonding process that is a
reason of low throughput, and the finest pitch it can provide is limited down to hundred
micrometers, as mentioned earlier. In case of retina protheses, it requires a great of number
of interconnects for 1000 electrodes [48]. The packaging methods relying on bonding
would not be desirable due to its low throughput and thus an innovative way of integra-
tion is necessary to achieve high density (fine pitch) chip-scale integrated interconnect
packaging. Standard microfabrication-based chip-level packaging enables the density of
interconnects to scale to the limits of photolithography used to define the etch holes over
the on-chip pads [48]. However, integration packaging process is not simple because it is
based on sacrificial layer release of the temporary guiding substrate. The guide substrate
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is required to hold relatively thicker Si chips compared with the parylene-based neural
interface device during the microfabrication interconnect process. Such non-conventional
processes sometimes create process errors such as misalignment between pad on Si chip
and neural electrode, which eventually deteriorates the process yield as well as process
cost. Ultra-thin-chip (UTC), defined as less than 20 µm in thickness, packaging could be
a solution to tackle the process barrier related with thickness mismatch between Si chip
and polymer materials. Fabrication of UTC is a big challenge and it can be implemented
in different ways; grinding, epitaxial growth, SOI, silicon wafer with buried cavities, etc.
Furthermore, UTC having 10–50 µm thickness shows good flexibility and good mechanical
stability and it provides excellent flexibility and unconditional stability when its thickness
is less than 10 µm. Embedded UTC in a polymer encapsulation may have great advantage
because it provides low mechanical stress as well as biocompatibility. Such a thin Si chips
may also be beneficial in view of process compatibility between polymer materials and
silicon.
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3. Reliability of Biocompatible Package

The biocompatible packages should be tested to estimate the reliability and life time
as conventional packages. It is generally carried out through an accelerated aging test,
which uses aggravated environmental conditions, such as temperature and humidity,
to predict the expected life time of test devices or packages. In electronic package, the
flip-chipped Si IC must use organic underfill to protect solder bumps by substantially
reducing the mechanical stress. However, the underfill may create a new failure mode
of the package due to CTE (Coefficient of Thermal Expansion) mismatch between the
materials in joint. Shear or peeling stress could result in delamination of imperfect underfill
with voids or microcracks under temperature cycling conditions. Such delamination is
considered as mixed mode interfacial fracture and thus it is studied using FEM modeling
and simulation [49–53]. Concerning biocompatible package, it is also similar case to the
underfill of flip-chipped Si chip because polymer encapsulation creates multiple interfaces
with the encapsulated Si chips, as explained earlier. Therefore, the theory of interfacial
fracture mechanics is briefly explained, and then, an example of FEM modeling and
simulation based on fracture mechanics is presented.

3.1. Estimation of Package Life-Time through Acceleration Aging Test

The acceleration aging test simulates real-time aging using elevated temperatures to
artificially speed up the aging process. This test enables to get the expected life-time of
the device under test. The estimation of the life-time can be calculated by using Arrhenius
equation as follows [54].

k = Ae
−Ea
kBT (1)

where k is rate constant, A is constant, Ea is the activation energy, kB is the Boltzmann
constant and T is absolute temperature.
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If an acceleration aging test is running at T2 instead of T1, destruction will occur at a
rate k2 where

log
k2

k1
=

Ea

kB

(
1
T1
− 1

T2

)
(2)

Suppose rate doubles between 32 ◦C and 42 ◦C,

log 2 =
Ea

kB

(
1

305 ◦K
− 1

315 ◦K

)
(3)

Therefore, Ea
kB

= 6663 ◦K (Hence E = 0.58 eV). Suppose the test temperature is 67 ◦C,
whereas the temperature in life is 37 ◦C.

log
k2

k1
= 6663

(
1

310 ◦K
− 1

340 ◦K

)
(4)

Therefore, k2
k1

= 6.66, the speed up factor is achieved.

Therefore, the test period for a 5-year life should be 5 years
6.66 = 274 days.

3.2. Interfacial Fracture Mechanics

Conventional crack has been dealt in assumption that the material is homogeneous, but
packaging for electronics or implantable device should be considered as non-homogeneous
materials, creating different interfaces. In fracture mechanics, there are three types of cracks,
referred to as mode I, II, and III, as shown in Figure 4. Mode I is a normal opening mode,
while mode II and III are shear sliding mode and shear tearing mode, respectively. In case of
homogeneous material, any fracture mode may be described by one of the three basic modes
or their combination. The stresses near crack tip in the crack plane (xz-plane) for these three
modes can be expressed as (y = 0, x->0+) [55],

σyy =
KI√
2πx

+ O
(√

x
)
, σxy = σyz = 0 (5)

σxy =
KI I√
2πx

+ O
(√

x
)
, σyy = σyz = 0 (6)

σyz =
KI I I√
2πx

+ O
(√

x
)
, σyy = σxy = 0 (7)

respectively, where the three parameters KI, KII, and KIII are named stress intensity factors
corresponding to the opening, sliding, and tearing (anti-plane shearing) modes of fracture,
respectively. These equations shows that stress tend to be infinity as x approaches to crack
tip.
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Bimaterial interfacial cracks tend to exhibit mode mixity with coupling between mode
I and mode II [54]. Stress along the interface ahead of crack tip is given

σyy + iσxy =
Kxiε
√

2πx
(8)

where K = KI + iKI I , x is the distance from crack tip, σyy and σxy are stress component
normal and parallel to crack surface, respectively. The oscillatory index, ε, a function of the
material properties

ε =
1

2π
ln

κ1
µ1

+ 1
µ2

κ2
µ2

+ 1
µ1

(9)

where µ is shear modulus, κ = 3–4 ν for plane strain or = (3 − ν)/(1 + ν) for plane stress.
The subscripts 1 and 2 represent each material associated to build the interface.

Phase angle, a measure of mode mixity, is given as follows.

ψ = tan−1
(

KI I
KI

)
(10)

Another important parameter for interface fracture, energy release rate G, can be
found

G =
1

cosh2(πε)

|K|2

E∗
(11)

where 2
E∗ =

1
E1

+ 1
E2

The delamination will occur when the stress energy release rate G falls in following
condition

G ≥ Gc(ψ) (12)

where Gc is critical stress release rate of an interface, which is determined through experi-
mental characterization.

3.3. FEM Simulation of a Biocompatible Package

Finite element method (FEM) simulation, with appropriate mechanics theories, be-
comes useful to find a solution of the reliability issues of different package structures. For
example, underfill has significant impact on flip chip package reliability due to delamina-
tion driven by coefficient of thermal expansion (CTE) mismatch between organic substrate
and silicon die. Such a delamination problem can be solved through FEM study of the
effects of various design variables, including underfill material properties, fillet dimensions,
and die overhang on underfill delamination fracture parameters. Since the delamination
can be considered as a bimaterial interfacial crack, the FEM study is based on interfacial
fracture mechanics, fundamentally a mixed mode, including both energy release rate and
phase angle [38]. Likewise, the biocompatible package can be simulated through FEM
modeling to study its reliability issues concerning delamination of encapsulating polymer.
Figure 5a shows a conceptual drawing of biocompatible package for FEM simulation. The
Si chip is attached to PCB carrier with glue and then wire-bonded for electrical connection.
Flexible cables are connected with typical flexible cable connector at I/O ports of the Si chip.
The conventional package has been encapsulated with a biocompatible polymer. Failure
of such biocompatible package could be caused by imperfect encapsulation material with
voids or microcracks as indicated in Figure 5b. Therefore, the failure mode, due to the
initial crack, is of interest for the FEM simulation. Figure 5c presents 2D FEM model for
fracture analysis due to the initial crack. The initial crack has been defined at the interface
between Si chip and encapsulation polymer, epoxy. As it is a half model of the package,
boundary condition has been correspondingly defined at symmetric line; ux = uy = 0 at
x = y = 0, ux = 0 at x = 0. Table 3 summaries material properties and dimension of the
model. The 2D element behavior is defined as axisymmetric or plane strain and applied
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temperature load is −100 ◦C in assumption that the package is under the acceleration
aging test for its life-time estimation. Initial crack with crack tip is defined starting from Si
edge at the interface with encapsulation epoxy. As the objective of this simulation is to find
stress parameters related with the failure mode, finer mesh has been defined at the crack
tip as shown in Figure 5d. The applied thermal load from the acceleration aging test makes
the biocompatible package deformed due to CTE difference between materials. Thus, the
deformation of the package has been first found in the simulation as shown in Figure 6a.
The package has deformation of out-of-plane bending due to the thermal loading and thus
Si chip is under tensile stress as expected.

Next, the crack modes at the crack tip have been checked. Figure 6b,c clearly demon-
strates the direction of opening and shearing modes of an initially closed crack interface.
It is important to understand the change of fracture parameters, including both energy
release rate and phase angle, during crack propagation, i.e., increase in crack length.

Figure 7 shows stress intensity factor, phase angle, and strain energy release rate as
function of crack length, respectively. Opening mode (KI) and shear mode (KII) increase
as the crack length increases. After 0.5 mm crack length, KII is slightly reduced and KI
is still increasing, which is confirmed in phase angle change as function of crack length.
Phase angle starts from near 90◦ (shear mode) and shows 72◦ at 1 mm crack length. Phase
angle of 0◦ represents opening mode. Therefore, shear mode strength of epoxy is important
when crack length is small, while tensile mode strength becomes important when crack
length is substantial. SERR in mode 2 (G2) has maximum at 0.5 mm crack length, while
SERR in mode 1 (G1) increases in the crack length of interest.

Micromachines 2021, 12, x  9 of 16 
 

 

nation can be considered as a bimaterial interfacial crack, the FEM study is based on in-
terfacial fracture mechanics, fundamentally a mixed mode, including both energy release 
rate and phase angle [38]. Likewise, the biocompatible package can be simulated through 
FEM modeling to study its reliability issues concerning delamination of encapsulating 
polymer. Figure 5a shows a conceptual drawing of biocompatible package for FEM sim-
ulation. The Si chip is attached to PCB carrier with glue and then wire-bonded for electri-
cal connection. Flexible cables are connected with typical flexible cable connector at I/O 
ports of the Si chip. The conventional package has been encapsulated with a biocompati-
ble polymer. Failure of such biocompatible package could be caused by imperfect encap-
sulation material with voids or microcracks as indicated in Figure 5b. Therefore, the fail-
ure mode, due to the initial crack, is of interest for the FEM simulation. Figure 5c presents 
2D FEM model for fracture analysis due to the initial crack. The initial crack has been 
defined at the interface between Si chip and encapsulation polymer, epoxy. As it is a half 
model of the package, boundary condition has been correspondingly defined at symmet-
ric line; ux = uy = 0 at x = y = 0, ux = 0 at x = 0. Table 3 summaries material properties and 
dimension of the model. The 2D element behavior is defined as axisymmetric or plane 
strain and applied temperature load is −100 °C in assumption that the package is under 
the acceleration aging test for its life-time estimation. Initial crack with crack tip is defined 
starting from Si edge at the interface with encapsulation epoxy. As the objective of this 
simulation is to find stress parameters related with the failure mode, finer mesh has been 
defined at the crack tip as shown in Figure 5d. The applied thermal load from the acceler-
ation aging test makes the biocompatible package deformed due to CTE difference be-
tween materials. Thus, the deformation of the package has been first found in the simula-
tion as shown in Figure 6a. The package has deformation of out-of-plane bending due to 
the thermal loading and thus Si chip is under tensile stress as expected. 

  
(a) (b) 

  
(c) (d) 

Figure 5. Finite element method (FEM) model of the biocompatible package. (a) Concept; (b) Cross-sectional view; (c) 2D 
model; (d) Meshed model. 

PCB (FR4)

EPOXY

Si

Die attach FPCB

Initial crack
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model; (d) Meshed model.

Table 3. Material properties and model dimension.

Name
Elastic Modulus

(GPa)
Poisson

Ratio
Coefficient of Thermal

Expansion (/◦C)
Dimension

Width (mm) Height (µm)

Epoxy * 1.58 0.4 60.7 × 10−6 11 3350

Silicon ** 190 0.28 3.1 × 10−6 5 350

PCB (FR4) *** 24 0.15 14.5 × 10−6 10 1000

* Material properties has been extracted from Ref. [29]. ** Material properties have been taken from Ref [56]. *** Material properties have
been extracted from Ref [57].
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In case of small crack length, mode 2 is a dominant factor, as validated with phase
angle and thus, critical toughness (Gc) in mode 2 becomes important. When the crack
length becomes substantial, critical toughness (Gc) in mode 1 plays an important role. In
general, Gc in mode 2 has bigger value that that of in mode 1 [53].

The effect of material property of the packaging material has been studied as it is
one of major critical parameters. The encapsulation polymer is the packaging material
for biocompatibility, so its elasticity has been changed to check its effect to the packaging
reliability. As seen in Figure 8, strain energy release rate (SERR) increases with elastic
modulus of encapsulation material, which indicates that stiffer encapsulation will generate
a larger crack driving force and accelerate crack propagation once the crack is initiated.
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Given with fracture analysis results, geometric parameters of the packaging have
been studied to find optimal package dimension. The dimension parameters of interest
in the package design are top epoxy height, bottom epoxy height as indicated in Figure 9.
Initial thickness of top and bottom epoxy is 100 µm and the crack length is fixed to 0.5
mm. Figure 10 shows the thickness effect on fracture parameters, strain energy release
rate (SERR) and phase angle. SERR increases with top epoxy thickness, while it reduces
with bottom epoxy thickness. Closer examination on the bending mode of the package
reveals that bending modes are dependent on the ratio between top and bottom epoxy
height, as shown in Figure 11. When top epoxy height becomes thicker than that of bottom
epoxy, opening the fracture mode becomes dominant due to the packaging bending mode.
However, increasing bottom epoxy thickness maintains the initial bending mode making
shear fracture mode far more dominant. Thus, it is recommended that bottom epoxy height
should be always thicker than that of top epoxy as shear mode adhesion has greater than
that of opening mode. It makes the Si chip under tensile stress, which reduces Si chip
delamination from carrier substrate.
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4. Conclusions

Biocompatible packaging plays a more and more important role in implantable medi-
cal devices due to emergence of new technology such as neural prosthesis. Evolution of the
biocompatible packaging has been recently reported; it has been recognized that flip-chip
bonding with a bare chip is one of best way of packaging in terms of miniaturization as is
conventional electronics packaging. However, microfabrication-like packaging has been
frequently reported as advanced UTC (Ultra-Thin Chip) technology is introduced. The
major advantage of UTC technology is the capability of maximum miniaturization and
thus, biocompatible packaging can take advantage of this new technology as package
mechanical stress can cause undesirable FBR (Foreign Body Reaction) during implant. The
biocompatible packaging approach can be categorized in two different ways, polymer
encapsulation of conventional package and chip-level packaging. Material properties for
encapsulation polymers and diffusion barrier have been presented in view of long-term
biocompatible packaging. Diffusion barrier is a dielectric or ceramic layer to prevent liquid
penetration or leaching of toxic chemical out of packaged Si chip, while encapsulating
polymer is a protection polymer with lower elasticity causing smaller mechanical stress to
surrounding tissue. As encapsulating polymer has multiple interfaces with the packaged
objects such as sensors, Si chip, bumps, and bonding wire, there would be interfacial
delamination caused by imperfect manufacturing of polymer coating, resulting in voids or
microcracks. FEM modeling and simulation, based on fracture mechanics, is an efficient
way to understand of the failure mode due to the interfacial delamination. At FEM mod-
eling and simulation, phase angle based on stress intensity factor of mode I and mode II
is used to find principal failure mode of encapsulation polymer for biocompatible pack-
age. Package design can be also made through FEM-based parametric study of package
geometric parameters. In conclusion, this paper addresses that it is of high importance
that packaging technology, material selection, modeling, and simulation are essential for
long-term reliable biocompatible package.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Lee, D.U.; Kim, K.W.; Kim, K.W.; Kim, H.; Kim, J.Y.; Park, Y.J.; Kim, J.H.; Kim, D.S.; Park, H.B.; Shin, J.W.; et al. 25.2 A 1.2 V 8

Gb 8-channel 128 GB/s high-bandwidth memory (HBM) stacked DRAM with effective microbump I/O test methods using 29
nm process and TSV. In Proceedings of the 2014 IEEE International Solid-State Circuits Conference Digest of Technical Papers
(ISSCC), San Francisco, CA, USA, 9–13 February 2014; pp. 432–433.

2. Jun, H.; Cho, J.; Lee, K.; Son, H.-Y.; Kim, K.; Jin, H.; Kim, K. HBM (High Bandwidth Memory) DRAM Technology and Architecture.
In Proceedings of the 2017 IEEE International Memory Workshop (IMW), Monterey, CA, USA, 14–17 May 2017; pp. 1–4.

3. Jun, H.; Nam, S.; Jin, H.; Lee, J.-C.; Park, Y.J.; Lee, J.J. High-Bandwidth Memory (HBM) Test Challenges and Solutions. IEEE Des.
Test 2016, 34, 16–25. [CrossRef]

4. Kim, S.; Kim, S.; Cho, K.; Shin, T.; Park, H.; Lho, D.; Park, S.; Son, K.; Park, G.; Kim, J. Processing-in-memory in High Bandwidth
Memory (PIM-HBM) Architecture with Energy-efficient and Low Latency Channels for High Bandwidth System. In Proceedings
of the 2019 IEEE 28th Conference on Electrical Performance of Electronic Packaging and Systems (EPEPS), Montreal, QC, Canada,
6–9 October 2019; pp. 1–3.

5. Kim, S.J.; Lee, D.S.; Kim, I.G.; Sohn, D.W.; Park, J.Y.; Choi, B.K.; Kim, S.W. Evaluation of the biocompatibility of a coating mate-rial
for an implantable bladder volume sensor. Kaohsiung J. Med. Sci. 2012, 28, 123–129. [CrossRef] [PubMed]

6. Teo, A.; Mishra, A.; Park, I.; Kim, Y.J.; Park, W.-T.; Yoon, Y.-J. Polymeric Biomaterials for Medical Implants and Devices. ACS
Biomater. Sci. Eng. 2016, 2, 454–472. [CrossRef] [PubMed]

7. Pérez-Merino, P.; Dorronsoro, C.; Llorente, L.; Durán, S.; Jiménez-Alfaro, I.; Marcos, S. In vivo chromatic aber-ration in eyes
implanted with intraocular lenses. Invest. Ophthalmol. Vis. Sci. 2013, 54, 2654–2661. [CrossRef] [PubMed]

8. Kirsten, S.; Uhlemann, J.; Braunschweig, M.; Wolter, K.J. Packaging of electronic devices for long-term implan-tation. In
Proceedings of the 35th International Spring Seminar on Electronics Technology (ISSE), Bad Aussee, Austria, 9–13 May 2012;
IEEE: Piscataway, NJ, USA, 2012; pp. 123–127.

9. Hogg, A.; Aellen, T.; Uhl, S.; Graf, B.; Keppner, H.; Tardy, Y.; Burger, J. Ultra-thin layer packaging for implanta-ble electronic
devices. J. Micromech. Microeng. 2013, 23, 075001. [CrossRef]

http://doi.org/10.1109/MDAT.2016.2624283
http://doi.org/10.1016/j.kjms.2011.10.016
http://www.ncbi.nlm.nih.gov/pubmed/22385604
http://doi.org/10.1021/acsbiomaterials.5b00429
http://www.ncbi.nlm.nih.gov/pubmed/33465850
http://doi.org/10.1167/iovs.13-11912
http://www.ncbi.nlm.nih.gov/pubmed/23493299
http://doi.org/10.1088/0960-1317/23/7/075001


Micromachines 2021, 12, 1020 14 of 15

10. Hassler, C.; von Metzen, R.P.; Ruther, P.; Stieglitz, T. Characterization of parylene C as an encapsulation mate-rial for implanted
neural prostheses. J. Biomed. Mater. Res. Part B 2010, 93, 266–274.

11. Lee, S.W.; Min, K.S.; Jeong, J.; Kim, J.; Kim, S.J. Monolithic Encapsulation of Implantable Neuroprosthetic Devices Using Liquid
Crystal Polymers. IEEE Trans. Biomed. Eng. 2011, 58, 2255–2263. [CrossRef]

12. Min, K.S.; Lee, C.J.; Jun, S.B.; Kim, J.; Lee, S.E.; Shin, J.; Chang, J.W.; Kim, S.J. A Liquid Crystal Polymer-Based Neuromodulation
System: An Application on Animal Model of Neuropathic Pain. Neuromodul. Technol. Neural Interface 2013, 17, 160–169. [CrossRef]
[PubMed]

13. Kramar, T.; Michalec, I.; Kovacocy, P. The laser beam welding of titanium grade 2 alloy. GRANT J. 2012, 1, 77–79.
14. Schuettler, M.; Ordonez, J.S.; Santisteban, T.S.; Schatz, A.; Wilde, J.; Stieglitz, T. Fabrication and test of a hermetic miniature

implant package with 360 electrical feedthroughs. In Proceedings of the 2010 Annual International Conference of the IEEE
Engineering in Medicine and Biology, Buenos Aires, Argentina, 31 August–4 September 2010; pp. 1585–1588. [CrossRef]

15. Chlebowski, A.L.; Chow, E.Y.; Ellison, C.; Irazoqui, P.P. Integrated LTCC packaging for use in biomedical devices. Bio-Med Mater.
Eng. 2012, 22, 361–372. [CrossRef]

16. Op de Beeck, M.; O’Callaghan, J.; Qian, K.; Malachowski, K.; Vanfleteren, J.; Van Hoof, C. Biocompatible packaging solutions
for implantable electronic systems for medical applications. In Proceedings of the IEEE Circuits and Systems Society Forum on
Emerging and Selected Topics, Seoul, Korea, 20 May 2012.

17. Brancato, L.; Weydts, T.; Oosterlinck, W.; Herijgers, P.; Puers, R. Biocompatible packaging of an epicardial accel-erometer for
real-time assessment of cardiac motion. Procedia Eng. 2016, 168, 80–83. [CrossRef]

18. Brancato, L.; Weydts, T.; De Clercq, H.; Dimiaux, T.; Herijgers, P.; Puers, R. Biocompatible Packaging and Testing of an Endocardial
Accelerometer for Heart Wall Motion Analysis. Procedia Eng. 2015, 120, 840–844. [CrossRef]

19. Kirsten, S.; Schubert, M.; Braunschweig, M.; Woldt, G.; Voitsekhivska, T.; Wolter, K.-J. Biocompatible packaging for implantable
miniaturized pressure sensor device used for stent grafts: Concept and choice of materials. In Proceedings of the 2014 IEEE 16th
Electronics Packaging Technology Conference (EPTC), Singapore, 3–5 December 2014; pp. 719–724.

20. Velten, T.; Ruf, H.; Barrow, D.; Aspragathos, N.; Lazarou, P.; Jung, E.; Malek, C.; Richter, M.; Kruckow, J.; Wackerle, M. Packaging
of bio-MEMS: Strategies, technologies, and applications. IEEE Trans. Adv. Packag. 2005, 28, 533–546. [CrossRef]

21. Meyer, J.-U.; Stieglitz, T.; Scholz, O.; Haberer, W.; Beutel, H. High density interconnects and flexible hybrid assemblies for active
biomedical implants. IEEE Trans. Adv. Packag. 2001, 24, 366–374. [CrossRef]

22. Stieglitz, T.; Schuetter, M.; Koch, K.P. Implantable biomedical microsystems for neural prostheses. IEEE Eng. Med. Boil. Mag. 2005,
24, 58–65. [CrossRef] [PubMed]

23. Rodger, D.C.; Tai, Y.-C. Microelectronic packaging for retinal prostheses. IEEE Eng. Med. Boil. Mag. 2005, 24, 52–57. [CrossRef]
[PubMed]

24. De Beeck, M.O.; Verplancke, R.; Schaubroeck, D.; Cuypers, D.; Cauwe, M.; Vandecasteele, B.; O’Callaghan, J.; Braeken, D.; Andrei,
A.; Firrincieli, A.; et al. ltra-thin biocompatible implantable chip for bidirectional communication with peripheral nerves. In
Proceedings of the 2017 IEEE Biomedical Circuits and Systems Conference, Turin, Italy, 19–21 October 2017; pp. 1–4.

25. Barz, F.; Lausecker, R.; Wallrabe, U.; Ruther, P.; Paul, O. Wafer-level shellac-based interconnection process for ultrathin silicon
chips of arbitrary shape. In Proceedings of the 2016 IEEE 29th International Conference on Micro Electro Mechanical Systems
(MEMS), Shanghai, China, 24–28 January 2016; pp. 520–523. [CrossRef]

26. Biran, R.; Martin, D.C.; Tresco, P.A. The brain tissue response to implanted silicon microelectrode arrays is increased when the
device is tethered to the skull. J. Biomed. Mater. Res. 2007, 82, 169. [CrossRef]

27. Du, Z.J.; Kolarcik, C.L.; Kozai, T.D.; Luebben, S.D.; Sapp, S.A.; Zheng, X.S.; Nabity, J.A.; Cui, X.T. Ultrasoft microwire neural
electrodes improve chronic tissue integration. Acta Biomater. 2017, 53, 46–58. [CrossRef] [PubMed]

28. Inmann, A.; Hodgins, D. Implantable Sensor Systems for Medical Applications; Woodhead Publishing Series in Biomaterials; Elsevier:
Amsterdam, The Netherlands, 2013.

29. Lapique, F.; Redford, K. Curing effects on viscosity and mechanical properties of a commercial epoxy resin adhesive. Int. J. Adhes.
Adhes. 2002, 22, 337–346. [CrossRef]

30. Dy, E.; Ho, C.-M. Development of a cytomic force transducer for experimentalmechanobiology. In Proceedings of the 2009 IEEE
22nd International Conference on Micro Electro Mechanical Systems, Sorrento, Italy, 25–29 January 2009; pp. 391–394.

31. Erismis, M.A.; Neves, H.P.; De Moor, P.; Puers, R.; Van Hoof, C. A water-tight packaging of MEMS electrostatic actuators for
biomedical applications. Microsyst. Technol. 2010, 16, 2109–2113. [CrossRef]

32. Chang, K.-C.; Hsu, M.-H.; Lu, H.-I.; Lai, M.-C.; Liu, P.-J.; Hsu, C.-H.; Ji, W.-F.; Chuang, T.-L.; Wei, Y.; Yeh, J.-M.; et al. Room-
temperature cured hydrophobic epoxy/graphene composites as corrosion inhibitor for cold-rolled steel. Carbon 2014, 66, 144–153.
[CrossRef]

33. Phan, H.-P. Implanted Flexible Electronics: Set Device Lifetime with Smart Nanomaterials. Micromachines 2021, 12, 157. [CrossRef]
34. Song, E.; Li, R.; Jin, X.; Du, H.; Huang, Y.; Zhang, J.; Xia, Y.; Fang, H.; Lee, Y.K.; Yu, K.J.; et al. Ultrathin Trilayer Assemblies

as Long-Lived Barriers against Water and Ion Penetration in Flexible Bioelectronic Systems. ACS Nano 2018, 12, 10317–10326.
[CrossRef]

35. Pham, T.A.; Nguyen, T.K.; Vadivelu, R.K.; Dinh, T.; Qamar, A.; Yadav, S.; Phan, H.P. A versatile sacrificial layer for transfer printing
of wide bandgap materials for implantable and stretchable bioelectronics. Adv. Funct. Mater. 2020, 30, 2004655. [CrossRef]

http://doi.org/10.1109/tbme.2011.2136341
http://doi.org/10.1111/ner.12093
http://www.ncbi.nlm.nih.gov/pubmed/24024655
http://doi.org/10.1109/iembs.2010.5626677
http://doi.org/10.3233/BME-2012-0725
http://doi.org/10.1016/j.proeng.2016.11.152
http://doi.org/10.1016/j.proeng.2015.08.704
http://doi.org/10.1109/TADVP.2005.858427
http://doi.org/10.1109/6040.938305
http://doi.org/10.1109/MEMB.2005.1511501
http://www.ncbi.nlm.nih.gov/pubmed/16248118
http://doi.org/10.1109/MEMB.2005.1511500
http://www.ncbi.nlm.nih.gov/pubmed/16248117
http://doi.org/10.1109/memsys.2016.7421676
http://doi.org/10.1002/jbm.a.31138
http://doi.org/10.1016/j.actbio.2017.02.010
http://www.ncbi.nlm.nih.gov/pubmed/28185910
http://doi.org/10.1016/S0143-7496(02)00013-1
http://doi.org/10.1007/s00542-010-1136-3
http://doi.org/10.1016/j.carbon.2013.08.052
http://doi.org/10.3390/mi12020157
http://doi.org/10.1021/acsnano.8b05552
http://doi.org/10.1002/adfm.202004655


Micromachines 2021, 12, 1020 15 of 15

36. Li, J.; Li, R.; Du, H.; Zhong, Y.; Chen, Y.; Nan, K.; Won, S.M.; Zhang, J.; Huang, Y.; Rogers, J.A. Ultrathin, Transferred Layers
of Metal Silicide as Faradaic Electrical Interfaces and Biofluid Barriers for Flexible Bioelectronic Implants. ACS Nano 2019, 13,
660–670. [CrossRef] [PubMed]

37. Phan, H.P.; Zhong, Y.; Nguyen, T.K.; Park, Y.; Dinh, T.; Song, E.; Nguyen, N.T. Long-lived, transferred crystal-line silicon carbide
nanomembranes for implantable flexible electronics. ACS Nano 2019, 13, 11572–11581. [CrossRef] [PubMed]

38. Fang, H.; Yu, K.J.; Gloschat, C.; Yang, Z.; Song, E.; Chiang, C.-H.; Zhao, J.; Won, S.M.; Xu, S.; Trumpis, M.; et al. Capacitively
coupled arrays of multiplexed flexible silicon transistors for long-term cardiac electrophysiology. Nat. Biomed. Eng. 2017, 1, 1–12.
[CrossRef]

39. Reiher, A.; Günther, S.; Krtschil, A.; Witte, H.; Krost, A.; Opitz, T.; Voigt, T. In vitro stimulation of neurons by a planar Ti–
Auelectrode interface. Appl. Phys. Lett. 2005, 86, 103901. [CrossRef]

40. Jiang, Y.; Li, X.; Liu, B.; Yi, J.; Fang, Y.; Shi, F.; Tian, B. Rational design of silicon structures for optically con-trolled multiscale
biointerfaces. Nat. Biomed. Eng. 2018, 2, 508–521. [CrossRef]

41. Lee, C.D.; Meng, E. Mechanical properties of thin-film Parylene-Metal-Parylene devices. Front. Mech. Eng. 2015, 1, 10. [CrossRef]
42. Xie, X.; Rieth, L.; Williams, L.; Negi, S.; Bhandari, R.; Caldwell, R.; Sharma, R.; Tathireddy, P.; Solzbacher, F. Long-term reliability

of Al2O3 and Parylene C bilayer encapsulated Utah electrode array based neural interfaces for chronic im-plantation. J. Neural.
Eng. 2014, 11, 026016. [CrossRef]

43. Fang, H.; Zhao, J.; Yu, K.J.; Song, E.; Farimani, A.B.; Chiang, C.H.; Jin, X.; Xue, Y.; Xu, D.; Du, W.; et al. Ultrathin, transferred
layers of thermally grown silicon dioxide as biofluid barriers for biointegrat-ed flexible electronic systems. Proc. Natl. Acad. Sci.
USA 2016, 113, 11682–11687. [CrossRef]

44. Park, D.; Oh, T.S. Comparison of Flip-Chip Bonding Characteristics on Rigid, Flexible, and Stretchable Sub-strates: Part I.
Flip-Chip Bonding on Rigid Substrates. Mater. Trans. 2017, 58, 1212–1216. [CrossRef]

45. Balde, J.W. Foldable Flex and Thinned Silicon Multichip Packaging Technology; Springer Science Business Media: New York, NY, USA,
2003.

46. Haberland, J.; Becker, M.; Lutke-Notarp, D.; Kallmayer, C.; Aschenbrenner, R.; Reichl, H. Ultrathin 3D ACA FlipChip-in-Flex
Technology. In Proceedings of the IMAPS Device Packaging Conference, Scottsdale, AZ, USA, 9 March 2010.

47. Wu, C.; Liu, J.; Yeung, N. Reliability of ACF in flip-chip with various bump heights. In Proceedings of the 4th International
Conference on Adhesive Joining and Coating Technology in Electronics Manufacturing. Presented at Adhesives in Electronics
2000 (Cat. No.00EX431), Espoo, Finland, 18–21 June 2000; pp. 101–106.

48. Rodger, D.C.; Weiland, J.D.; Humayun, M.S.; Tai, Y.C. Scalable Flexible Chip-level Parylene Package for High Lead Count Retinal
Prosthesis. In Proceedings of the 13th International Conference on Solid-State Sensors, Actuators and Microsystems, 2005. Digest
of Technical Papers, Seoul, Korea, 5–9 June 2005; pp. 1973–1976.

49. Ayhan, A.O.; Nied, H.F. Finite element analysis of interface cracking in semiconductor packages. IEEE Trans. Compon. Packag.
Technol. 1999, 22, 503–511. [CrossRef]

50. Ayhan, A.O. Finite Element Analysis of Semiconductor Package Debonding Due to Thermal Cycling. Master’s Thesis, Lehigh
University, Bethlehem, PA, USA, 1997.

51. Zhong, Z.; Yip, P.K. Finite element analysis of a three-dimensional package. Solder. Surf. Mt. Technol. 2003, 15, 21–25. [CrossRef]
52. Fan, X.; Wang, H.; Lim, T. Investigation of the underfill delamination and cracking in flip-chip modules under temperature cyclic

loading. IEEE Trans. Compon. Packag. Technol. 2003, 24, 84–91. [CrossRef]
53. Zhai, C.J.; Sidharth; Blish, R.C., II; Master, R.N. Investigation and Minimization of Underfill Delamination in Flip Chip Packages.

IEEE Trans. Device Mater. Reliab. 2004, 4, 86–91. [CrossRef]
54. Donaldson, P.E.K.; Sayer, E. A technology for implantable hermetic packages. Part 2: An implementation. Med. Biol. Eng. Comput.

1981, 19, 403–405. [CrossRef] [PubMed]
55. Sun, C.T.; Jin, Z.-H. Chapter 3 the elastic stress field around a crack tip. In Fracture Mechanics; Elsevier Inc.: Amsterdam, The

Netherlands, 2012.
56. Seok, S. Experiment and Analysis of the Effect of BCB Sealing Ring Flatness on BCB Cap Transfer Pack-aging. Microsyst. Technol.

2021, 27, 263–268. [CrossRef]
57. Zhang, T.; Choi, K.K.; Rahman, S.; Cho, K.; Baker, P.; Shakil, M.; Heitkamp, D. A hybrid surrogate and pattern search optimization

method and application to microelectronics. Struct. Multidiscip. Optim. 2006, 32, 327–345. [CrossRef]

http://doi.org/10.1021/acsnano.8b07806
http://www.ncbi.nlm.nih.gov/pubmed/30608642
http://doi.org/10.1021/acsnano.9b05168
http://www.ncbi.nlm.nih.gov/pubmed/31433939
http://doi.org/10.1038/s41551-017-0038
http://doi.org/10.1063/1.1879109
http://doi.org/10.1038/s41551-018-0230-1
http://doi.org/10.3389/fmech.2015.00010
http://doi.org/10.1088/1741-2560/11/2/026016
http://doi.org/10.1073/pnas.1605269113
http://doi.org/10.2320/matertrans.M2017065
http://doi.org/10.1109/6144.814965
http://doi.org/10.1108/09540910310455680
http://doi.org/10.1109/6144.910806
http://doi.org/10.1109/TDMR.2003.822339
http://doi.org/10.1007/BF02441302
http://www.ncbi.nlm.nih.gov/pubmed/7321607
http://doi.org/10.1007/s00542-020-04945-z
http://doi.org/10.1007/s00158-006-0034-x

	Introduction 
	Biocompatible Packaging Methods 
	Polymer Encapsulation 
	Chip-Level Packaging 

	Reliability of Biocompatible Package 
	Estimation of Package Life-Time through Acceleration Aging Test 
	Interfacial Fracture Mechanics 
	FEM Simulation of a Biocompatible Package 

	Conclusions 
	References

