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Abstract—Parylene C is a widely used dielectric barrier in im-
plantable medical devices because it conforms well to surfaces
and insulates against biological environments. However, multiple
studies have shown that moisture can intrude into Parylene C films
through defects and intrinsic diffusion, leading to delamination
and device failure. While many studies have tested device integrity
in vitro, few have isolated the influence of specific degradation
mechanisms on device failure. Here, we use a broadband impedance
technique called Microwave Microfluidic Spectroscopy (MMS) to
measure fluid permeation in targeted regions of Parylene C films
that are free of defects and have optimal adhesion to the sub-
strate. We found no changes in the broadband S-parameters from
100 MHz–110 GHz for Parylene C coated coplanar waveguides
soaked in water or phosphate buffered saline at 20 °C or 37 °C for
two months. Furthermore, there was no delamination induced by
fluid soaking. Our study helps to clear debate about the influence
of water and ion diffusion on Parylene C device lifetime and inform
better fabrication of Parylene C coatings for implantable devices.

Index Terms—Accelerated aging, delamination, dielectric
measurements, implantable biomedical devices, microfluidics,
microwave devices, polymer films, scattering parameters,
spectroscopy.

I. INTRODUCTION

IMPLANTABLE active medical devices provide a proximal
interface to modulate biological systems [1]. These devices

commonly employ polymer coatings to protect internalized
devices from the harsh biological environment. Parylene C is
a common choice for implantable device coatings because it
is biocompatible, flexible, conformal, low-cost, easy to process
and optically and RF transparent [2], [3]. Despite these advan-
tages, Parylene C coatings are known to lose their barrier prop-
erties within months of operation in vivo, resulting in partial or
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complete device failure [4], [5]. Various mechanisms for barrier
failure have been proposed, including oxidation, loss of adhesion
to the substrate, permeation of fluid through pinhole defects and
cracks, and intrinsic diffusion of water or ions through the film,
leading to film delamination [6], [7], [8], [9], [10]. However, the
influence of these individual degradation mechanisms on overall
device lifetime is unclear, which slows the improvement of Pary-
lene C-based devices. Resolving coating failure mechanisms
may lead to increased lifetime of implanted medical devices and
reduction of costly, invasive follow-up procedures for patients.

Many studies have explored the failure mechanisms of Pary-
lene C coatings, but few isolate the effects of specific degradation
pathways on device performance. While in vivo studies certainly
reflect the true integrity of implantable devices [4], [5], they
are costly and time-consuming. A less costly method is to use
electrochemical impedance spectroscopy (EIS) (0.1 Hz–1 MHz)
in combination with in vitro accelerated aging to evaluate the
lifetime of Parylene C devices [4], [5], [10], [11], [12], [13].
Devices are soaked at elevated temperatures in biological envi-
ronments (e.g., phosphate-buffered saline, PBS), then the device
impedance is monitored over time. In this case, a change in
impedance indicates device failure. The lifetime of the device
can be extrapolated down to body temperature (37 °C) by an
Arrhenius model [9].

However, device performance at elevated temperatures is not
always reflective of behavior at 37 °C, because the acquired
data is above the glass transition temperature of Parylene C
(∼50 °C) [11], [14]. Moreover, EIS frequency windows are often
narrow, and the complexity of equivalent circuit modeling makes
it difficult to assign impedance changes to specific degradation
mechanisms [7], [9], [10]. EIS may exclude important fluid
effects that can be indicative of device failure, such as changes
in ionic conductivity, ion pairing, or molecular relaxations that
occur at much higher frequencies (1 MHz–1 THz) [15]. Given
the ambiguity in the literature, we sought to test if microwave
microfluidic spectroscopy (MMS) might provide additional in-
formation that could help isolate the effects of individual degra-
dation mechanisms on Parylene C device performance.

Microwave Microfluidic Spectroscopy (MMS) is a dielectric
spectroscopy technique used to characterize fluids over a broad
range of frequencies (40 kHz–110 GHz) [16], [17], [18]. MMS
uses measured scattering parameters (S-parameters) of coplanar
waveguides covered with microfluidic channels. Electromag-
netic modeling is used to fit the S-parameter data to equivalent
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Fig. 1. Microwave microfluidics device used to measure water and ion
permeation in Parylene C films. (a) Cross-section of the Parylene C device.
(b) Zoom-in of the interelectrode gap where the electric field is concentrated.

circuit models and extract dielectric properties. This technique
captures many dielectric effects in one measurement, including
electric double layer formation, ionic conduction, ion pairing,
and dipolar relaxations [17], [19]. With MMS, we can track the
presence of water or ions directly by analyzing their dielectric
responses at higher frequencies.

Changes in Parylene C film integrity through oxidation, per-
meation into defects, and poor adhesion is well studied [5], [6],
[7], [11]. Here, we are interested in determining whether intrinsic
water and ion permeation through Parylene C films can induce
film delamination in absence of other failure mechanisms. Few
studies have explored intrinsic fluid permeation into Parylene C.
Davis, et al. observed diffusion of water into Parylene C (6.2
× 10−9 cm2/s) within days of soaking at 25 °C by infrared
spectroscopy [20]. Song, et. al. observed significant permeation
of water and Na+ ions through Parylene C coatings on transistor
devices at 95 °C [21]. However, neither study correlated intrinsic
diffusion with film failure at realistic conditions (37 °C). Here,
we perform an experiment that isolates the effect of intrinsic fluid
permeation on Parylene C film failure at 37 °C in the absence of
other failure modes.

In what follows, we use MMS to measure the effects of
intrinsic water and ion permeation on Parylene C film dielectric
and structural properties. We can isolate the intrinsic diffusion by
analyzing microscopic regions of the film that are free of defects
and have good adhesion to the substrate. Microfluidics helped
mitigate edge effects during the fluid soaking that can make it
difficult to study intrinsic fluid permeation into the polymer film.
We measured the broadband S-parameters (100 MHz–110 GHz)
of Parylene C coated coplanar waveguides (CPWs) soaked in
H2O or 1×PBS at 20 °C or 37 °C for a two-month period (Fig. 1).
Changes in S-parameters were used as a proxy for the diffusion
of water and ions into the film. We found that the S-parameters
of fluid-soaked Parylene C devices did not change significantly
over the two-month period, indicating that only a small amount
of water and ions permeated into the film. Also, profilometry

Fig. 2. Parylene C microwave microfluidic chip. (a) Parylene C chip with
PDMS microfluidic layer aligned on top. (b) Zoom-in of the Parylene C device,
showing a single coplanar waveguide. (c) Assembled Parylene C microfluidic
chip on a probe station.

and imaging showed no signs of delamination or cracking of
the films. Therefore, we find that water and ion permeation
is unlikely to cause significant changes in Parylene C film
properties in biological environments. Below, we outline our
experimental progression and measurement results to support
these conclusions.

II. PARYLENE C DEVICE FABRICATION

A. Chip Fabrication

We used procedures outlined by Yoon et al. to fabricate
Parylene C coated platinum coplanar waveguides (Pt CPWs)
on a fused silica wafer (Supplemental I) [22]. The fabricated
wafer was annealed at 200 °C for 48 hours in a N2 gas purged
vacuum oven to improve the crystallinity and adhesion of the
Parylene C films [8]. We also fabricated reference chips with
Au CPWs to calibrate S-parameter data to the probe tips of the
microwave probes (described in Section IV-A) [19].

Next, we fabricated a polydimethylsiloxane (PDMS) mi-
crofluidic cover via mold casting in a 3D-printed mold, which
had microfluidic channels on the bottom measuring 213 μm
(±3 μm) wide by ∼100 μm deep. Fig. 2(a) shows the PDMS
cover aligned on the Parylene C chip. We chose Parylene C
chips that were free of debris and macroscopic defects for device
assembly. Fig. 2(b) shows an example of a Parylene C device.
The total line lengths and channel lengths of the Parylene C
devices we measured are given in Table I. Fig. 2(c) shows the
assembled chip on our microwave measurement probe station.
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TABLE I
EXPERIMENTAL CONDITIONS FOR SOAKED PARYLENE C DEVICES

Fig. 3. Stylus profilometry of Parylene C devices. Red arrow indicates the
scan direction. (a) Line profile at the Pt CPW landing pad. (b) Line profile of the
Pt CPW cross section with and without Parylene C on top. Blue arrows indicate
the approximate position of the CPW gaps. We observe fencing of the Pt at edges
and the Parylene C film conforms to these Pt features.

B. Measurements of Device Geometry

We measured the topography of the Parylene C devices with a
stylus profilometer. With this data, we constructed accurate elec-
tromagnetic models of the device geometry and set a baseline for
the device form factor. The stylus had a force of 2 mg and a scan
speed of 5 μm/s at a 200 Hz tapping frequency. Fig. 3(a) shows a
line profile of the cutout region in the Parylene C film that starts at
the substrate level and progresses onto the Pt CPW and Parylene.
From left to right, the first feature is a protrusion at the Pt CPW
edge. The edge is raised by an additional 0.5 μm above the plane
of the Pt CPW and is likely a result of inconsistent removal of
metal at the edges during the lift-off process, leaving behind Pt
“fences” [23], [24]. The Pt thickness was 405 nm (±5 nm), close
to the intended thickness of 400 nm. The Parylene C edge had
an average height of 6.5 μm (±0.1 μm), close to the intended
thickness of 6 μm.

A profile of a Parylene C coated CPW in Fig. 3(b) shows
protrusions directly above the Pt fences, indicating that the
Parylene C film conformed well to the Pt topography. The size
of the protrusions (1.8 μm ± 0.2 μm) is much larger than
the Pt fences, which may be a result of the added thickness
from the Parylene C film conformal deposition. While metal
fencing can sometimes impact device performance, we ensured
the functionality of each Parylene C device with S-parameter
measurements (see Section IV). We also accounted for the
protrusions in the Parylene C in our electromagnetic simulations
to accurately model the device.

Fig. 4. 2D electromagnetic simulation at 50 GHz of a Parylene C coated
CPW with the PDMS microfluidics at the channel section. The intensity of the
electric field generated by the CPW is given as a gradient log scale on the right.
The electric field is most concentrated in the interelectrode gap, but penetrates
through the entire thickness of Parylene C.

III. ELECTROMAGNETIC SIMULATIONS

A. Electric Field Simulation

We performed 2D electromagnetic simulations to model the
dielectric properties of the Parylene C device with different fluids
(air, water, or 1×PBS) in the microfluidic channel. The per-
mittivity and conductivity values assigned to each material are
listed in Supplemental IIA. We determined the dimensions for
the model from stylus profilometry and optical imaging. These
simulations produced distributed circuit parameters that we used
to build S-parameter models with varying material properties but
the same measured cross-sectional geometry. Due to the con-
straints of the device design, constructing the S-parameters of
the full device in simulation and comparing them to experimental
S-parameters is necessary to validate our dielectric model and
estimate the material properties of Parylene C.

We plot the simulated 2D electric field generated in the
channel region of the Parylene C device at 50 GHz in Fig. 4.
The electric field penetrates through the Parylene C film and
extends into the fluid above. Since most of the electric field is
concentrated in the Parylene C film near the interelectrode gap,
our measurements are more sensitive to dielectric changes in
this region compared to the rest of the device. The magnitude
of the electric field diminishes by only one order of magnitude
through the Parylene C film, indicating we maintain sensitiv-
ity to dielectric changes throughout the entire film thickness.
We also compared the electric field distributions with varying
permittivity of the Parylene C to simulate the effects of fluid
intrusion on the confinement of the electric field. As shown in
Fig. S2, the electric field distribution does not change signif-
icantly, indicating that we maintain sensitivity throughout the
entire thickness of Parylene C even as the permittivity changes.

B. S-Parameter Simulations

Our electromagnetic simulations predict the S-parameters of
the Parylene C device for each fluid condition and establish the
sensitivity of our measurements. We simulate the S-parameters
calibrated to the probe tips by cascading individual sections of
the Parylene C device (Fig. 5) using methods outlined in [18].
From simulations, we derived the transmission line circuit model
elements Ri, Li, Ci, and Gi for each section i of the line in

Authorized licensed use limited to: Boulder Labs Library. Downloaded on November 24,2023 at 23:01:57 UTC from IEEE Xplore.  Restrictions apply. 



PAWLIK et al.: INFLUENCE OF INTRINSIC WATER AND ION PERMEATION 331

Fig. 5. Diagram of each section of the Parylene C device and PDMS microflu-
idic channel. (a) Top-down view of each section i and their respective transmis-
sion line model quantities γi andZi and line lengths li. (b) Cross-sectional view
of each section.

Fig. 5, then we computed the characteristic impedance Zi and
propagation constant γi of each section i:

Zi =

√
Ri + iωLi√
Gi + iωCi

(1)

γi =
√

(Ri + iωLi) (Gi + iωCi) (2)

Given the Zi and γi of each section, we derived the trans-
mission parameter matrix Ti of each section and the impedance
transformers QZn

Zm
for each transition of Zi between sections:

Ti =

[
e−γili 0
0 eγili

]
(3)

QZn

Zm
=

1

2Zm

∣∣∣∣Zm

Zn

∣∣∣∣
√

Re (Zn)

Re (Zm)

(
Zn + Zm Zn − Zm

Zn − Zm Zn + Zm

)
(4)

where n and m denote transmission of a signal from section n
to section m. We then computed a T-matrix Tall representing
the entire device in Fig. 5(a), corrected to 50 Ω by cascading the
T-matrices and Q-matrices as follows:

Tall = Q50Ω
1 T1Q

1
2T2Q

2
3T3Q

3
4T4Q

4
3T3Q

3
2T2Q

2
1T1Q

1
50Ω (5)

where indices of each matrix correspond to section numbers
labelled in Fig. 5(a).

We converted T-matrices to S-parameters, then plotted the
result as a function of frequency. We show the simulated S-
parameters for a Parylene C device filled with air, H2O, or
1×PBS solution in Fig. 6. S11 and S21 represent the reflection
and transmission of the microwave signal from the Parylene C
device, respectively. Each fluid gives unique S-parameters across
the entire frequency range. The magnitude of the S-parameters
drops at around 1 GHz due to the skin effect, where the electric
field becomes confined to the surface of the conductor at higher
frequencies [25]. 1×PBS shows greater attenuation of the mi-
crowave signal compared to H2O, likely due to the higher ionic
conductivity of the 1×PBS solution. There are also differences
in the curvature of S11 around 10 GHz, which is in the frequency
range of dielectric loss for water [17]. This simulation shows that
our electrical measurements are sensitive to dielectric changes
unique to each fluid in the channel region.

Fig. 6. Comparison between simulated and experimental S-parameters for
Parylene C devices filled with air, H2O, or 1×PBS at 20 °C at day 0. Panels
a,c give the linear magnitude of S11 and S21 with measurement uncertainty
(indicated by line thickness), while panels b,d give the difference between the
simulated and experimental S-parameters for S11 and S21, respectively. The
experimental S-parameters agree well with simulated values and differences are
of similar magnitude to the measurement uncertainty.

To further assess our measurement sensitivity, we performed
simulations where we altered the dielectric constant of Parylene
C in the channel region and quantified changes to the overall
S-parameters (Fig. S3). We find that |S11| is sensitive to changes
in the Parylene C dielectric constant as small as ±0.2 near
10 GHz, while |S21| is less sensitive (±0.8 near 10 GHz).
Furthermore, we simulated the effects of film delamination by
removing Parylene C entirely from the channel region (Fig.
S4). In Fig. S5, we observe distinct changes in both |S11| and
|S21| across all frequencies. Preliminary results from additional
simulations of minor delamination (by introduction of small
air gaps) indicate that our measurements are sensitive to just
50 nm of film separation [26]. Our S-parameter measurements
are highly sensitive to dielectric changes in the Parylene C film
and to film delamination.

IV. S-PARAMETER MEASUREMENTS

A. Comparison of Experimental and Simulated Data

We obtained S-parameter measurements with a vector net-
work analyzer (VNA) and extender heads on a temperature-
controlled probe station. We measured 512 frequency points on
a log grid from 100 MHz to 110 GHz with a 10 Hz intermediate
frequency bandwidth and source power of −17 dBm. All S-
parameter measurements were calibrated to the probe tips with
a combination of multiline thru-reflect-line (TRL) and series
resistor calibrations [27], leaving only the Parylene C device as
the device under test. We performed S-parameter calibrations
and sensitivity analysis with the NIST Microwave Uncertainty
Framework using the “elaborate closed-form coplanar wave-
guide transmission line” model [28]. The upper and lower 95%
confidence intervals for S-parameter values were determined
from sensitivity analysis and the results were implemented as
type B uncertainty. We estimated the type A uncertainty of our
measurements by taking the standard deviation of measurements
on the same Pt CPW across eight different calibrations. The
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Fig. 7. Differences in the linear magnitude of S11 and S21 between day 0 and
day 56 for Parylene C devices soaked in (a) H2O at 20 °C, (b) 1×PBS at 20 °C,
and (c) 1×PBS at 37 °C for 2 months. The uncertainty bounds are given as a
shaded region on the day 56 curve and also on the x-axis as a reference for day 0.
Overall, we observe no significant changes in S-parameters for any of the fluid
conditions.

uncertainties were compiled from each analysis into a single
uncertainty by a root mean square sum. The uncertainty for day
0 measurements of 1×PBS are reported with a 95% confidence
interval in Fig. 6(b) and (d) as a reference for the accuracy of
our simulated S-parameters.

In Fig. 6, we compare the linear magnitude of experimental
and simulated S-parameters of Parylene C devices filled with air,
water, or 1×PBS at 20 °C. For each case, the S-parameters are
dampened at frequencies> 1 GHz due to the skin effect, which is
the confinement of electric current to the surface of the Pt CPW
at high frequencies. The differences in S-parameters for each
fluid condition are small at low frequencies and increase only
slightly at higher frequencies. We observed similar agreement
in the phase data (Fig. S8). These small differences indicate a
close match in the anticipated geometry and material properties
of the simulation to the physical setup. Remaining differences
are likely a result of non-idealities such as surface roughness, Pt
fencing, channel misalignment, and variation of thickness along
the length of the device.

B. S-Parameters of Soaked Parylene C Devices

We measured the S-parameters of Parylene C devices soaked
in different fluid conditions to capture changes in the dielectric
properties of the film over time. We focus on measurements of
air-filled devices since the simulations agreed with experiments
most accurately when the properties of the fluid were omitted.
In this way, we can isolate changes in the dielectric properties
of the Parylene C film irrespective of changes in the fluid over
time. We obtained measurements of the air-filled channel by
removing the fluid, washing with deionized water, and drying
the microfluidic channel with a syringe. We also replenished
fluid levels as needed to retain a consistent volume and steady
conditions in the microfluidic lines.

Fig. 7 shows the differences in linear magnitude of S11 and
S21 on day 56 compared to the first measurement day for

each fluid condition. The data for each fluid condition shows
that the differences in S-parameters from day 0 to day 56 are
not significantly different from the typical repeatability of our
measurements. There were some slight differences in S11 near
10 GHz for the 1×PBS device at 37 °C, where our measurements
are most sensitive, but the data does not significantly exceed the
measurement uncertainty bounds from previous days and does
not display a trend over time. We also observe no changes in the
phase for each fluid condition (Fig. S9). Given the high sensi-
tivity of our measurements to dielectric changes in the Parylene
C, we conclude that soaking Parylene C films in H2O or 1×PBS
at 20 °C or 37 °C does not induce significant coating failure. If
significant delamination had occurred, we would have observed
drastic changes in |S11| and |S21|, exceeding the uncertainty
threshold of ± 0.01. Moreover, it is likely that water and ion
permeation does not occur substantially in our films under these
conditions.

V. DEVICE CHARACTERIZATION AFTER SOAKING

A. Optical Imaging

We obtained optical images of the devices after soaking to
capture macroscopic changes in the device form factor (Fig.
S10). For the H2O chip, we observe clear differences in the
quality of the Parylene C in the channel region compared to the
rest of the Parylene C film. Near the interelectrode gap region,
the Parylene C has a lighter tint than the surrounding material.
This change may indicate some disruption to the adhesion of
the Parylene C film to the Pt CPW near the electrode edges.
However, this film disruption was not observed on any of the
other fluid soaked CPWs on the chip (Fig. S11). Also, we soaked
a separate Parylene C device in D2O for 1 month and observed
no disruption of the Parylene C film (Fig. S12). This suggests
that the Parylene C film was already in this state before soaking.
Unlike the H2O-soaked chip, the Parylene C films soaked in
1×PBS showed no signs of delamination. Since 1×PBS at 37 °C
is a more intense soaking condition than H2O at 20 °C, the
delamination at the electrode edge in the H2O device is likely
an anomaly. The optical imaging shows that the fluids did not
induce macroscopic changes to the Parylene C film properties,
corroborating our S-parameter measurements.

B. Stylus Profilometry

Fig. 8 shows cross-sectional profiles of the channel regions
of the Parylene C devices soaked in each fluid. A comparison of
profiles between an unsoaked device and soaked devices shows
that there are minimal changes to the physical topography after
56 days for the 1×PBS devices. Meanwhile, the H2O profiles
show broadening at the base of the protrusions at the interelec-
trode gaps, reaching ∼60 μm compared to the 20 μm–30 μm
peak width for the other profiles. Again, since 1×PBS is a
more intense soaking condition than H2O, we suspect that the
delamination in the H2O device was anomalous and present
before the soaking experiment. We also observe no broadening
of the protrusions in the D2O profile after 1 month of soaking.
Overall, the fluid conditions did not cause major disruption or
delamination of the Parylene C films in our devices. We find that
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Fig. 8. Stylus profilometry of Parylene C devices after soaking in fluid (see
Table I). Each sample includes three different measurements overlayed. While
the H2O profile does show some irregularities near the interelectrode gap, the
overall topography of each Parylene C device did not change significantly. Also,
the D2O profile shows no deformation after soaking.

the intrinsic permeation of water and ions into Parylene C films
does not cause a significant loss in structural integrity or volume
change in the absence of macroscopic defects.

VI. DISCUSSION

Our results are consistent with some prior reports of Pary-
lene C device lifetimes in phosphate-buffered saline at 37 °C,
which are typically> 1 year [13], [29], [30], [31]. We find this to
be especially true for∼5μm Parylene C films that were prepared
with optimal adhesion to the substrate and were free of defects.
Multiple studies have shown that introducing the adhesion pro-
moter A-174 silane [32], [33] or annealing Parylene C films
above 200 °C in an inert atmosphere [8], [20], [29] significantly
improves film adhesion and fluid barrier properties. Without any
surface treatments or annealing, Parylene C films have been
known to fail within days of soaking [13], [29]. We annealed
our Parylene C films at 200 °C for 48 hours under vacuum
to improve adhesion to the Pt surface and enhance the barrier
properties. We also ensured the absence of macroscopic defects
on the Parylene C surface before measurements. Proper adhesion
and defect-free deposition of Parylene C films is pertinent for
ensuring device longevity.

Given the repeated success of annealed Parylene C devices in
saline at 37 °C, our results are not initially surprising. However,
no study had yet investigated the influence of fluid permeation
on Parylene C device lifetime in the absence of defects and
with good film adhesion. Many studies submerge an entire
Parylene C device into fluid and measure the impedance over
time. With MMS, we were able to simplify the equivalent circuit
model to a microscopic region of the Parylene C film free of
defects. This allowed us to better isolate the influence of intrinsic
permeation on coating failure. Our study confirms that intrinsic
fluid permeation does not give rise to coating failure in 1×PBS
at 37 °C in a 2-month period.

Although we were not able to directly measure a fluid perme-
ation rate of water or ions through Parylene C, we can conclude
that the fluid saturation point is small given the consistency
of our S-parameter measurements over a two-month period.
Water permeation measurements performed by Davis, et al.
show evidence of diffusion of water into Parylene C within

days of soaking (6.2 × 10−9 cm2/s), reaching a saturation point
of ∼ 0.5 wt% after 1 month for a 17 μm thick film [20]. Our
S-parameter measurements were likely not sensitive enough to
detect the ultralow concentrations of water reported in these
studies. However, our research focus was instead to determine
effects of soaking on coating failure. Our findings show that the
overall water absorption into Parylene C had minimal effect on
the coating quality and electrical properties of the film. Resonant
or interferometric techniques focused on a single frequency
might improve the sensitivity to detect permeation beyond what
was demonstrated here.

While the purpose of this study was to isolate the influence
of fluid permeation on Parylene C device performance, we
acknowledge that our measurements do not reflect the actual
environment of an implanted Parylene C device. in vivo ex-
periments show highly accelerated Parylene C coating failure
compared to in vitro studies, attributable to the harsh oxidative
environment of the body [5], [11]. Soaking Parylene C devices
in phosphate-buffered saline at 37 °C does not directly translate
to device lifetime in vivo. Some studies have achieved greater
parity between in vivo and in vitro experiments by introducing
oxidative species such as H2O2 into the measurement setup
[5], [11]. In addition, implantable devices often operate under
mechanical stress and active voltage or current conditions, which
can accelerate device failure [34]. Given the convenience of
performing in vitro studies to predict implantable Parylene C
device lifetime, more research is needed on artificial conditions
that closely mimic the biological environment of the body.

VII. CONCLUSION

In this study, we employed Microwave Microfluidic Spec-
troscopy (MMS) to examine the effects of fluid permeation on
Parylene C film dielectric and structural properties. We mea-
sured the broadband dielectric properties of Parylene C devices
(100 MHz–110 GHz) subjected to biological-like conditions
(1×PBS at 37 °C) over a two-month period and observed no
measurable changes in the S-parameters. Additionally, we did
not observe delamination or other significant structural changes
in the Parylene C film. This suggests that the loss of barrier
properties of Parylene C films in medical devices does not occur
solely from intrinsic bulk fluid or ion permeation. For future
studies, we suggest that Parylene C medical device testing should
focus on assessing other modes of fluid-induced delamination,
such as fluid transport through defects. Each of these failure
mechanisms is likely to depend on variations in topography,
film thickness, and surface area. Also, improved accuracy of
equivalent circuit models for complicated device geometries
will improve understanding of potential Parylene C film failure
mechanisms. Broadly, this work provides valuable context for
extending implanted medical device longevity and enhancing
the quality of life for patients.
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