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Abstract— This paper presents the development and
characterization of biodegradable electrical interconnects
for transient implantable medical devices. The interconnects
comprised micropatterned biodegradable conductive polymer
composites, which were developed using iron (Fe) microparticles
as the conductive filler and polycaprolactone (PCL) as the
insulating matrix. The electrical properties of the composites were
investigated under various degradation conditions. Electrical
percolation was observed at 17% Fe volume fraction, but higher
volume fractions exhibited more stable electrical resistivity
throughout the time course of physiological degradation. The
electrical resistivity of 40%vf Fe-PCL composites increased
tenfold in an emulated packaged environment under degradation.
Biodegradable electrical interconnects based on 40%vf Fe-PCL
composites were successfully micropatterned in daisy-chain
structures, illustrating the process compatibility of Fe-PCL
composites for interconnect applications. The electrical resistance
of the packaged daisy-chain structures exhibited a reasonable
increase under degradation. An electrical lifetime of over five
days was also achieved. System integration with a commercial
humidity sensor and analytical calculations supporting other
application scenarios confirmed the feasibility of micropatterned
Fe-PCL interconnects for use in implantable electrical systems.
Index Terms— Biodegradable electrical interconnects, daisychain structure, Fe-PCL composite, screen printing, system
integration.

I. I NTRODUCTION

I

MPLANTABLE medical devices can facilitate medical
treatment in multiple scenarios, such as providing in situ
measurements of relevant physiological metrics (e.g., oxygen
tension, pH, and temperature) [1]. Biodegradable medical
devices, which can gradually decompose and be expelled
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from the body, may be useful for the monitoring of transient
conditions. In such scenarios, patients do not need a second
surgery to remove the devices from their bodies after the
device is no longer needed [2]–[4]. In addition, biodegradable
devices have the potential to overcome the negative effects
associated with permanent implants, such as fibrous encapsulation and stress-shielding at the implant–tissue interface.
For these reasons, biodegradable implantable devices have
been proposed for the monitoring and treatment of short-term
ailments [5]. Biodegradable analogues of passive RF pressure
sensors have previously been demonstrated, where degradation
lifetime can be tailored based on the material composition
and sensor design. For example, the degradation rate of zinc
(Zn)/iron (Fe) inductors used in sensors can be controlled by
altering the exposed area ratio of the two metals [3], [6].
To date, biodegradable devices have been limited to either
passive designs or active devices with short (i.e., minutes to
hours) functional lifetimes [7]. To achieve active biodegradable
devices with clinically relevant functional lifetimes, research
must address not only the sensor and power source [8] but
also the circuitry and electrical interconnects.
Nondegradable polymer–metal composites have been studied previously for use as electrical interconnect materials in
electronic packaging. Conductive composite materials provide
many advantages compared to traditional interconnect technology, such as low-temperature processing conditions that
support the use of heat-sensitive and inexpensive components
and substrates, less-hazardous environmental waste, lower cost
processing, reduced stress on the substrates, and the ability to
pattern fine-pitch interconnects, facilitating the miniaturization
of electronic systems [9]. Generally, these interconnect materials are developed using metal (e.g., silver, gold, and nickel)
as the conductive filler and polymer (e.g., epoxy, silicone,
and polyimide) as the insulating matrix [9]. With appropriate
materials modification, conductive polymer composites present
an interesting avenue for biodegradable system interconnects.
To develop biodegradable electrical interconnects featuring
polymer–metal composites, biodegradable polymers and metals need to be implemented. Clinically approved biodegradable
polymers typically decompose into small molecules that are
involved in metabolic pathways or removed from the body
through natural pathways [10]. Biodegradable polymers can
be categorized into two types of polymers. One type is
hydrolytically degradable polymers (i.e., featuring unstable
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chemical bonds in the polymer backbone susceptible to hydrolysis), such as poly(α-esters) and polyurethanes. The other
type is enzymatically degradable polymers, such as proteins
and collagen [11]. Polyesters [e.g., polycaprolactone (PCL),
poly(lactic acid) (PLA)] have been particularly appealing for
implants because they can be easily degraded by the hydrolysis
of the ester linkage, their degradation products can be resorbed
through metabolic pathways, and their structure can be modified to alter degradation rates [12]. Biodegradable metals
include magnesium (Mg), Zn, Fe, and their alloys that are
widely used for orthopedic and stents application [13], [14].
The behavior of such composite interconnects can be studied by the use of percolation theory. The percolation theory
is a statistical model that describes how randomly positioned
sites are connected in a disordered system. Above a critical
concentration of positioned sites, or the percolation threshold,
a connected path is formed through the system [15]. The
percolation theory has been used to interpret the electrical
percolation of composite materials consisting of conductive
filler in an insulating matrix. Composites behave as insulators
and as conductors when the concentration of conductive filler
is far below and above the percolation threshold, respectively.
Furthermore, composites show an appreciable change in electrical resistivity when the concentration crosses the percolation
threshold [16].
We present the development of electrical interconnects comprising biodegradable conductive polymer composites for use
in transient implantable systems. The electrical and mechanical properties of the composites were investigated during
physiological degradation. The percolation threshold of the
composites was identified. Compositions featuring reasonably stable properties were selected for subsequent testing.
The electrical properties of select compositions were investigated in constructs representative of biodegradable packaging during degradation. Biodegradable electrical interconnects
were micropatterned to demonstrate their compatibility with
microelectromechanical system (MEMS) processing. In addition, the electrical properties of packaged interconnects were
investigated during degradation to demonstrate their potential
application as biodegradable interconnect materials. Finally,
system integration with commercial electronic components
was performed to illustrate the possibility of these composites
for use in electrical systems.
II. FABRICATION
A. Biodegradable Conductive Polymer Composites
Biodegradable conductive polymer composites were developed using Fe microparticles as the conductive filler and PCL
as the insulating matrix. Iron was chosen for its relatively
low degradation rate, compared to other biodegradable metals
(e.g., Mg and Zn) [17]–[19]. In turn, PCL was selected due
to its slow degradation rate and high processability [11].
To fabricate the conductive polymer composites, Fe powder
(diameter <10 μm, ≥99.9% trace, Sigma Aldrich) was serially washed with dichloromethane (≥99.8%, Sigma Aldrich)
and 1,4-dioxane (99.5%, Acros Organics) in triplicate. PCL
(average Mn 80 000, Sigma Aldrich) pellets were solubilized
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Fig. 1. Fabrication scheme and daisy-chain structures of Fe-PCL biodegradable electrical interconnects. (a) In-plane structure. (b) Out-of-plane structure.

in dioxane to a concentration of 200 mg/mL. Oleic acid
(90%, Sigma Aldrich) was then added to the serially washed
Fe as a surfactant to facilitate the homogeneous suspension of
Fe in the PCL solution. Oleic acid was selected because it is a
commonly used surfactant to stabilize magnetic nanoparticles
and its biocompatibility has been demonstrated [20], [21].
Finally, the PCL solution was added to the Fe/oleic acid
mixture to reach the desired volume fraction.
B. Biodegradable Daisy-Chain Structures
Two types of daisy-chain structures (i.e., in-plane and
out-of-plane) were developed to demonstrate that the composites can be used as interconnect materials bridging discrete electronic components in the same layer and between
different layers, respectively (see Fig. 1). For the in-plane
structure, 4-μm-thick parylene was first deposited on a commercial PLA substrate (2.5-mm-thick, small parts) with an
SCS PDS2010 Parylene Coater. The parylene served as an
insulation layer to prevent the underlying PLA substrate from
being solubilized by the 1,4-dioxane in the composite solution
to facilitate composite characterization and would be omitted
in an actual biodegradable implant fabrication. The substrate
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was then metallized with Fe traces 100 nm in thickness by
sputter deposition through a shadow mask to simulate discrete
electronic components in the same layer. Next, screen printing
of the composite was performed using 10-mil-thick polyester
shim micromachined with a CO2 laser as the stencil. The
patterned shim was then applied onto the PLA substrate,
after which the Fe-PCL composite (40%vf of Fe) was screen
printed onto the substrate. For the out-of-plane structure, glass
substrates were used for more convenient alignment in the
final step, but can be modularly replaced with biodegradable
substrates. First, Fe traces 100 nm in thickness were sputter
deposited onto a glass substrate through a shadow mask
and patterned by laser micromachining (532 nm wavelength,
100 μJ pulse energy, 1 ns pulsewidth, and 10 W maximum
power) to simulate discrete electronic components on one
layer. Specifically, 25% of the Fe surface area of each pad was
ablated to expose the underlying glass to promote adhesion
of the composites. Next, the Fe-PCL composite (40%vf of
Fe) was screen printed through a patterned shim onto the
prepatterned Fe-glass substrate. In the same manner, composites were screen printed onto a second glass substrate with
a complementary pattern of sputter-deposited 100-nm-thick
Fe traces to represent the second layer. Finally, two glass
substrates were flip-bonded at 82 °C and 202 kPa with a
heat press for 5 min. In this manner, in-plane and out-of-plane
electrically continuous daisy-chain structures were formed.
C. Packaging
In actual application, medical devices are packaged so
electrical interconnects will not be directly exposed to the
body fluid after implantation. In order to emulate this situation,
packaging of the daisy-chain structure with encapsulating PCL
film was performed. First, PCL pellets were heat pressed into
a 150-μm-thick film at 82 °C and 3040 kPa for 30 min and
cut to a square size of 10 cm × 10 cm. Wires were soldered
to both ends of the daisy-chain structure for future resistance
measurement. The PCL square film was folded in half, and the
sample bearing daisy-chain structures with soldered wires was
placed inside. The edges of the folded film were melt-joined
on a PDMS substrate at 70 °C, so the folded film became a
sealed biodegradable package.
III. C HARACTERIZATION
A. Composites in Physiological Degradation
1) Electrical Properties: As electrical conductivity is a key
design requirement for interconnects, the effect of physiological degradation on the electrical resistivity of Fe-PCL composites was investigated. Composite films with different volume
fractions of Fe were prepared and immersed in simulated body
fluid (SBF) at 37 °C in an incubator to simulate physiological
degradation. At intermittent time points, the resistivity of the
films was measured using electrical probe testing.
Fig. 2 shows the electrical resistivity of Fe-PCL composite
films as a function of volume fraction, parameterized by the
duration of physiological degradation. Except for one outlier
at 6 h and approximately 17%vf, potentially attributable to
a systemic measurement error, the electrical resistivity of

Fig. 2. Electrical resistivity of Fe-PCL biodegradable conductive polymer
composite films at varying volume fractions of Fe, parameterized by degradation time.

all preparations decreased by orders of magnitude between
10% and 20% volume fractions of Fe with a percolation
threshold at approximately 17%vf, above which the electrical
resistivity did not appreciably change. However, the resistivity of the composites with a higher volume fraction of Fe
(i.e., ≥40%) exhibited enhanced stability. A potential explanation is that with physiological degradation, Fe corrosion
products, such as oxides formed, present an electrical barrier to
conduction, thus a smaller percentage of Fe was transformed
to oxides in composites with higher volume fraction of Fe as
degradation proceeds (since the initial amount of Fe at higher
volume fractions is higher). As electrical stability over time
of the interconnect is an important parameter, composites with
40%vf of Fe were selected for use in subsequent testing.
2) Mechanical Properties: The functional lifetime of electrical interconnects may also be limited by adhesion strength.
Since physiological degradation may further exacerbate the
effect, it was important to enhance the adhesion strength
of Fe-PCL composites on biodegradable substrates and to
ensure that the adhesion persists throughout physiological
degradation. Toward these goals, as well as to demonstrate the
processing compatibility of biodegradable Fe-PCL interconnects on similarly biodegradable substrates, Fe-PCL electrical
interconnects were screen printed onto micropatterned Fe-PLA
substrates. Specifically, Fe traces were micropatterned onto a
250-μm-thick PLA substrate by sputter deposition through a
shadow mask to form a grid of 10 mm × 10 mm squares of
100 nm thickness. Next, the sputtered Fe was ablated with
an array of 250-μm-wide square holes to expose 25% of
the underlying PLA and Fe-PCL composite (40%vf of Fe)
was screen printed onto the micropatterned Fe using the
fabrication procedure described earlier. Note that this approach
allowed Fe-PCL composite material to be in contact with the
PLA substrate through the ablated hole array in the Fe pads.
Samples were then diced into individual coupons comprising
three test samples per coupon and immersed in SBF at 37 °C
for physiological conditioning.
At periodic time points, samples were retrieved for optical
microscopy and adhesion testing in accordance with ASTM
D3359-09 guidelines [22]. Briefly, two intersecting cuts were
made through the Fe-PCL composite in each sample using
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Fig. 3. Optical images of physiologically conditioned Fe-PCL composites
(40%vf of Fe) after adhesion tests were performed on PLA substrates with
micropatterned Fe traces.

a razor blade; the intersection point was aligned with the
center of each square pattern and the intersection angle ranged
between 30° and 45°. For each test, a 75-mm-long strip of
Scotch permanent tape was adhered onto the cut Fe-PCL
composite with the tape running in the same direction as
the smaller intersecting angle. Good contact was ensured
before proceeding. Within 90 ± 30 s of application, the tape
was pulled off rapidly at a peel angle as close to 180° as
possible. Finally, the cut area was inspected for the removal
of composites from the substrate, and adhesion was rated
based on the ASTM scale. The scale ranges from 0 to 5,
which corresponds to the complete removal of the adhesive
material (i.e., poorest adhesion) and negligible loss of adhesive
material, respectively.
As biodegradable electrical interconnects must maintain
adhesion onto similarly biodegradable substrates, the adhesion
of Fe-PCL composites on Fe-PLA substrates was investigated
with respect to degradation time (see Fig. 3). From previous experiments, it was found that the composites showed
poor adhesion on stainless steel substrates, where composites
could be peeled off without effort (i.e., a rating of 0 in
adhesion tests). Furthermore, it was hypothesized that the
corrosion products formed during degradation could embrittle
the Fe-PCL composite and deteriorate its adhesion. However,
the design of the Fe traces presented in this paper, which
featured 25% areal exposure of the underlying PLA substrate,
demonstrated significantly improved adhesion with Fe-PCL
composite. Specifically, the composites scored the maximum
adhesion rating (i.e., 5) and retained their adhesion strength
throughout the time course of degradation. The results not only
confirmed that the design of the micropatterned Fe traces and
Fe-PCL composite can successfully resolve previous adhesion
challenges, but also support their use for biodegradable electrical interconnects in transient implantable applications.
B. Electrical Properties of Composites in Emulated
Packaged Environment in Degradation
Since the composites will be used as interconnect materials in a biodegradable packaged system, it is essential to
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Fig. 4. Electrical resistivity of Fe-PCL biodegradable conductive polymer
composite films (40%vf of Fe) and sputter-deposited Fe traces as a function
of degradation time under various conditions.

characterize the electrical properties of the composites in a
similar environment. In a PCL-packaged system exposed to
SBF, the electrolyte can permeate the PCL film and react
with the composites; thus, a humid condition is a potential
simulation to the packaged environment. Two conditions with
significantly different humidity values were utilized for the
conditioning studies. In the first condition, composite films
were placed next to a beaker full of distilled water in a covered
container at 37 °C in an incubator. The relative humidity (RH)
measured inside the container was between 50% and 60%.
In the second condition, composite films fixed onto a glass
slide were flipped so that the exposed composite surface faced
downward above a container of distilled water. The sample
was maintained at 37 °C in an incubator. The RH measured
inside the container was 90%. Composite films with 40%vf
Fe and physical vapor deposition (PVD) Fe traces (100 nm
thickness) were prepared and exposed to these two conditions.
At periodic time points, the resistivity of the films and Fe
traces was measured using electrical probe testing.
Fig. 4 shows the electrical resistivity of 40%vf Fe-PCL
biodegradable conductive polymer composite films and
sputter-deposited Fe traces (100 nm thickness) as a function
of degradation time for various degradation conditions. The
resistivity of the composite films increased at the beginning
of the degradation test and continued to increase by approximately tenfold over 200 h in both humid conditions. This may
be attributed to iron oxidation in the presence of moisture,
which marked a stark difference from composites immersed
in SBF. Specifically, samples exposed to SBF showed a
significant initial reduction in resistivity due to electrolyte
permeation of the bulk PCL matrix (shown in Fig. 2). The
resistivity of composite films increased at a similar rate in
both humid conditions, supporting the speculation that the
composite degradation mechanisms under the two conditions
were similar. An inflection point was observed between
100 and 200 h in both curves, which may be attributed to
the formation of hydrated iron oxide. This provides mobile
ions that increase the conductivity of composites [23]. The
resistivity of the sputter-deposited Fe traces remained low
in both humid conditions for over 400 h, similar to the
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Fig. 5. Optical and SEM images of micropatterned biodegradable daisychain structures comprising Fe-PCL conductive polymer composites as interconnects bridging sputter-deposited Fe traces. Optical images of (a) in-plane
structure, (b) in-plane structure packaged in PCL and exposed to SBF, and
(c) out-of-plane structure. (d) In-plane structure under SEM (48× magnification), (e) higher magnification (666×) of the black dotted box in (d), and
(f) higher magnification (1618×) of the black dotted box in (e).

resistivity of the packaged Fe traces under physiological
degradation.
C. Optical Images of Daisy-Chain Structures
Fig. 5 shows the micropatterned biodegradable daisy-chain
structures comprising Fe-PCL conductive polymer composites
as interconnects bridging sputter-deposited Fe traces. In the
in-plane structure [see Fig. 5(a)], the interconnect width and
thickness were approximately 600 and 200 μm, respectively,
which support the dimensions of typical MEMS interconnection [24]. Together, the daisy-chain structures demonstrate the
feasibility of interconnect patterning using Fe-PCL composites
with standard MEMS processing techniques. Fig. 5(b) shows
a sample bearing in-plane daisy-chain structures encapsulated
in PCL and exposed to SBF, simulating interconnects with
biodegradable packaging in physiological degradation. In the
out-of-plane structure [see Fig. 5(b)], the laser-machined Fe
traces featuring 25% areal exposure of the underlying glass
substrate can be observed. Glass in the ablated regions is in
direct contact with the overlying screen-printed Fe-PCL composite to promote adhesion. The SEM image [see Fig. 5(d)]
shows the surface morphology of the daisy-chain structures,
and zoomed-in images [see Fig. 5(e) and (f)] show the size of
the Fe microparticles (<10 μm).
D. Electrical Properties of Daisy-Chain Structures
in Biodegradable Package in Degradation
In order to investigate the performance of Fe-PCL interconnects with representative packaging and conditioning, the electrical resistance of daisy-chain structures packaged in PCL was
measured throughout degradation. For these studies, degradation was simulated by immersion in SBF at 37 °C. Packaged
daisy-chain structures and packaged sputter-deposited Fe traces

Fig. 6. Electrical resistance of packaged biodegradable daisy-chain structures
and packaged sputter-deposited Fe traces as a function of degradation time.

(100 nm thickness) featuring the same lateral dimensions were
prepared and immersed in SBF at 37 °C in an incubator.
At intermittent time points, the resistance of the daisy-chain
structures and Fe traces was measured using a multimeter.
Fig. 6 shows the electrical resistance of daisy-chain structures and sputter-deposited Fe traces in PCL packaging as
a function of degradation time. PVD Fe (in-plane structure)
and PVD Fe (out-of-plane structure) have the same geometries as the in-plane and out-of-plane daisy-chain structures,
respectively. Calculated by the dimensions of the daisy-chain
structures, the resistance of the in-plane structure was approximately 200 k and the resistance of the out-of-plane structure
was approximately 400 , both of which were consistent with
the measured resistance before degradation. The resistance
of in-plane and out-of-plane daisy-chain structures increased
as degradation proceeded and electrical lifetimes over 100 h
were achieved with both structures. Since the initial resistance
of the daisy-chain structures was dominated by that of the
composite-based traces, and a higher rate of increase in resistance was observed with composites than sputtered Fe traces
under degradation (shown in Fig. 4), the increased resistance
exhibited by the daisy-chain structures under degradation
should approximate the behavior of composite films under
similar degradation conditions (i.e., both humid conditions),
as demonstrated in Fig. 7. This suggested reasonable performance of the composites as interconnects during degradation.
The stable electrical resistance of the micropatterned daisychain structures in biodegradable packaging supports the use
of biodegradable composite-based interconnects for transient
implantable applications.
IV. A PPLICATION
Since the resistivity of the Fe-PCL composites is relatively high compared to nondegradable interconnect materials and increases as degradation proceeds, its effect on the
power consumption and high-frequency signal transmission
of potentially implantable electronic devices was explored.
The maximum operational resistivity of the Fe-PCL composite
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Fig. 7. Ratio of resistance change of packaged in-plane daisy-chain structure
in SBF and Fe-PCL composite films degraded in humid conditions as a
function of degradation time.

was analytically derived as a function of power consumption and the operating frequency of the device. Interestingly,
the relatively high resistivity of the biodegradable composite compared with commercial, nonbiodegradable composite
interconnect materials may not preclude its use in implant
applications since many implantable devices intentionally
operate at low voltages and frequencies compared with their
external counterparts.
The calculations were experimentally confirmed using two
circuit testbeds: a commercial humidity sensor (HDC1008)
and a commercial differential amplifier (LM324-N), respectively. In the first testbed, a custom-programmed microcontroller provided the signal input to the humidity sensor. The
sensor was powered by a power supply at 3.6 V. Resistors of
various magnitudes were added to the power line to simulate
the effect of the composite resistivity. The corresponding
voltage across the sensor and current in the power line were
measured. In addition, various resistances were added in series
to the clock line (operating at 7.813 kHz). The corresponding
clock signal was observed with an oscilloscope. A similar test
setup was developed with the differential amplifier testbed.
First, the effect of the resistivity of the composites on the
supply voltage is considered. Modeling the testbed by the
series interconnection of a supply, a resistive composite, and
a testbed device yields
Vsupply = Vdevice + Vcomposites.

(1)

This can be written in terms of the device voltage and series
current
Vdevice = Vsupply − Vcomposites
= Vsupply − I ∗ Rcomposites.

(2)

Writing (2) in terms of the power consumed by the device
Vdevice = Vsupply − Pdevice /Vdevice ∗ Rcomposites.

(3)
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Fig. 8. Maximum operational resistivity of 0.1-mm-thick Fe-PCL biodegradable conductive polymer composites per unit area as a function of power
consumption of the device, parameterized by the ratio of the device’s voltage
and supply voltage.

Rearranging for the resistance of the composite interconnect
yields


2
/Pdevice .
(4)
Rcomposites = Vsupply ∗ Vdevice − Vdevice
Equation (4) can be rewritten in terms of the areal resistivity
of the composite interconnect
2
Vsupply ∗ Vdevice − Vdevice
Pdevice ∗ Tcomposites
2
3.6 ∗ Vdevice − Vdevice
(/cm)
=
Pdevice ∗ 0.01

ρcomposites/A =

(5)

where the second part of (5) assumes a supply voltage of 3.6 V
and a typical interconnect thickness of 0.1 mm.
Equation (5), plotted as Fig. 8, shows the maximum operational resistivity of the Fe-PCL interconnect (0.1 mm thick)
normalized by contact area as a function of device power consumption, parameterized by the ratio of device voltage to supply voltage. The humidity sensor retained functionality until
the power supplied to it decreased to 0.79 mW at 3 V, which
was observed with an Fe-PCL resistor of 2.2 k. In turn,
the amplifier operated functionally until the power supplied to
it decreased to 0.95 mW at 1.8 V, observed with an Fe-PCL
resistor of 3.3 k. The results were consistent with analytical
calculations (see Fig. 8). For example, if the contact area is
1 mm2 , the maximum supported resistivity of a 0.1-mm-thick
composite interconnect in use with the humidity sensor testbed
and the amplifier testbed is 2200 and 3300  · cm, respectively. This approximated the maximum resistivity of packaged
Fe-PCL composites degraded for over 400 h (see Fig. 4).
Thus, test results support the use of Fe-PCL composites for
interconnect applications, including routing to power sources.
In addition to the supply of dc power, lossy interconnect
could potentially degrade device performance through an
increased RC time constant on ac output lines. The relationship
between the composite resistance and the operation frequency
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potential application as interconnects. In emulated packaged
degradation, an approximately tenfold increase in electrical
resistivity of the composites was observed. The biodegradable electrical interconnects were shown to be compatible
with standard processing techniques through the formation
of micropatterned daisy-chain structures. Reasonable electrical stability of the daisy-chain structures in biodegradable
packaging was demonstrated under physiological degradation,
and system integration with commercial electronic components
confirmed the feasibility of biodegradable Fe-PCL composites
for interconnect applications in transient implantable systems.
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