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Soft, flexible pressure sensors for pressure
monitoring under large hydrostatic pressure
and harsh ocean environmentsy
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Traditional rigid ocean pressure sensors typically require protection from bulky pressure chambers and
complex seals to survive the large hydrostatic pressure and harsh ocean environment. Here, we
introduce soft, flexible pressure sensors that can eliminate such a need and measure a wide range of
hydrostatic pressures (0.1 MPa to 15 MPa) in environments that mimic the ocean, achieving small size,
high flexibility, and potentially low power consumption. The sensors are fabricated from lithographically
patterned gold thin films (100 nm thick) encapsulated with a soft Parylene C film and tested in a
customized pressure vessel under well-controlled pressure and temperature conditions. Using a
rectangular pressure sensor as an example, the resistance of the sensor is found to decrease linearly
with the increase of the hydrostatic pressure from 0.1 MPa to 15 MPa. Finite element analysis (FEA)
reveals the strain distributions in the pressure sensor under hydrostatic pressures of up to 15 MPa. The
effect of geometry on sensor performance is also studied, and radially symmetric pressure sensors (like
circular and spike-shaped) are shown to have more uniform strain distributions under large hydrostatic
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pressures and, therefore, have a potentially enhanced pressure measurement range. Pressure sensors of
all geometries show high consistency and negligible hysteresis over 15 cyclic tests. In addition, the
sensors exhibit excellent flexibility and operate reliably under a hydrostatic pressure of 10 MPa for up to
70 days. The developed soft pressure sensors are promising for integration with many platforms
including animal tags, diver equipment, and soft underwater robotics.
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1. Introduction

With the rapid development of sensing technologies, pressure
sensors have been used in many fields including health moni-
toring," ocean exploring robots*® and ocean animal tags.””®
For example, pressure sensors in conductivity-temperature—
depth (CTD) sensor systems are used to monitor parameters
like ocean depth and water velocity'®** in the ocean, which
usually requires the sensor to withstand a large hydrostatic
pressure. Traditional ocean pressure sensors such as those in
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cable-controlled underwater vehicles'>'® and rigid underwater

robots®'”'® are made of rigid materials, which often need the
protection from a pressure chamber to survive the large hydro-
static pressure in the ocean, limiting the flexibility of the
sensing systems for integration with many platforms and
increasing the size and energy consumption of the sensor
system.'%2°

In the past decade, many flexible pressure sensors have been
developed based on soft materials including conductive poly-
dimethylsiloxane (PDMS) composites,*** hydrogels,** liquid
crystal polymers (LCPs),>**” and dielectric elastomers.”®*® The
flexible pressure sensors based on soft materials are promising
for deep ocean sensing because of their incompressibility under
large hydrostatic pressures and, therefore, the potential for
eliminating pressure chambers. However, the study on the
measurement range of these flexible pressure sensors so far
has been mostly limited to the order of a few kPa, rarely reaching
the range of MPa.>®*?°? For example, a pressure sensor with
microstructured rubber dielectric layers for electronic skin mea-
sures pressures on the order of tens of kPa.>® More recently, a
porous PDMS-based flexible pressure sensor for autonomous

This journal is © The Royal Society of Chemistry 2023
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underwater vehicles is reported with a pressure measurement
range of 0-230 kPa.** To further expand the potential applica-
tions of flexible electronics to a deep ocean environment, the
desired sensors are expected to have robust performance over a
wide range of hydrostatic pressures (e.g., on the order of a few or
tens of MPa).**** For example, in our previous studies,*"* we
introduced soft, pressure-tolerant temperature and salinity sen-
sors with high flexibility for operating under a large hydrostatic
pressure (0.1-15 MPa) and high salinity (30-40 Practical Salinity
Unit (PSU)) environments, thus eliminating the need for protec-
tion from pressure chambers and potentially achieving small
sensor size and low power consumption.

Here, we develop soft, flexible pressure sensors that can
measure large hydrostatic pressures of up to 15 MPa via an
integrated experimental and computational approach. The
pressure sensor consists of an ultra-thin gold (Au) film encap-
sulated with soft polyimide (PI) and Parylene C films for depth
measurements in marine environments. Pressure sensors with
three types of geometries (rectangular, circular, and spike) are
designed and tested in a custom-built pressure vessel to mimic
the ocean environment. The resistance change of the pressure
sensors is linearly proportional to the change of hydrostatic
pressures (0.1-15 MPa), which shows good consistency with the
simulation results via finite element analysis (FEA). In addition,
the radially symmetric geometry (circular- and spike-shaped
pressure sensors) can alleviate stress concentrations under
large hydrostatic pressure, thereby improving the sensitivity
and measurement range of the sensor. The pressure sensors
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exhibit excellent cyclic loading behaviors under varying hydro-
static pressure of 0.1-15 MPa and negligible hysteresis.
In addition, they show insensitivity to bending curvatures of
0-6.18 m ', and present high stability during cyclic bending tests
(1000 cycles), demonstrating high flexibility. Furthermore, sensors
encapsulated with transparent Parylene C** films are shown to
survive the 10 MPa pressure environment for more than 70 days,
demonstrating excellent encapsulation capability under large
hydrostatic pressure and harsh environments.

2. Results and discussion

2.1 Design and fabrication of soft pressure sensors for ocean
sensing

The schematic illustration in Fig. 1A presents the basic idea of
the developed soft pressure sensors that can be conformally
integrated with various platforms at different depths of the
ocean, such as divers for health monitoring (0-50 m), and
marine animals like octopuses and sharks (0-1 km) to track
their behaviors. The pressure sensor consists of a thin gold
layer (Au, 100 nm thick)*® prepared via magnetron sputtering
(AJA Orion-8 Magnetron Sputtering System, AJA International
Inc.) of Au onto a PI (4 pm thick) substrate, with a thin
adhesion layer of chromium (Cr, 10 nm thick) between Au
and PI (Fig. 1B). The Au/Cr thin film is subsequently patterned
into narrow traces (42 pm wide) in serpentine geometry via
photolithography to enhance its stretchability. To encapsulate
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Fig. 1 Schematic illustration of (A) soft pressure sensors for integration with diverse platforms for applications in the ocean environment, and (B) the

fabrication scheme of soft pressure sensors.
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the Au conductive traces, another PI layer (4 um thick) is
deposited on top of Au, followed by the encapsulation with a
Parylene C layer (6 pm thick, Specialty Coating Systems Inc.).
The thin Parylene C coating (see details in the Experimental
section) provides a number of useful properties including
excellent water and ion barrier properties and biocompatibility,
and, therefore, serves as an excellent encapsulation layer for
pressure sensors to operate in the harsh ocean environ-
ment.**™*! The effective modulus of this multi-layer sensor is
evaluated to be 3.66 GPa (Table S1 and Supplementary Note 1),
which is comparable to that of typical polymers like
polyimide**** and SU-8.**"*

2.2 Characterization and testing of the soft pressure sensor

Fig. 2A shows that the pressure sensor integrated onto a PDMS
substrate is bent by two hands, exhibiting great flexibility. The
zoomed-in optical microscope image demonstrates the high
transparency of the Parylene C encapsulation layer, which
allows monitoring of the sensor morphology during operation
as well as before and after testing. To evaluate the performance
of the sensor under a large hydrostatic pressure, we test the
sensor in a customized pressure vessel (maximum pressure:
3000 psi; Pharr Instrument Company, Moline, IL) in the hydro-
static pressure range of 0.1-15 MPa, corresponding to an ocean
depth of 0-1.5 km. Meanwhile, a three-dimensional (3D) finite
element model of the pressure sensor is created using Abaqus
software (Dassault Systémes) (see details in the Experimental
section) to predict the strain distribution within the sensor
under hydrostatic pressures. The model uses compressive
stress/strain data input to capture the elastic response of
Parylene C to large compressive forces. The encapsulation layer,
Parylene C, is modeled as 3D, hybrid, reduced integration
elements while the other layers that comprise the sensor are
modeled as shells to simplify the contact between interfaces at
small strains, with various sensor layers assigned to their
respective material properties and thicknesses (see Table S1,
ESIY). The properties of the Au layer are assumed to be those of
a thin nanocrystalline Au film with a grain size of 40 nm.*®*°
The bottom of the device is prevented from being displaced by
an encastre boundary condition to model the sensor being
adhered with no slipping on a rigid surface, and a hydrostatic
pressure of up to 15 MPa is applied on the remaining surfaces
of the device.

Fig. 2B shows that the fractional resistance change of the
pressure sensor decreases linearly from 0% to —0.568% as the
hydrostatic pressure increases from 0.1 MPa to 15 MPa in
experiments. It should be noted that R, is the resistance of
the pressure sensor at 0.1 MPa, and AR represents the differ-
ence between the resistance value (R) of the sensor and R,. The
modeling (blue curve) and experimental (black curve) results
agree well. Fig. 2C and Fig. S1 (ESIT) show the predicted strain
distribution within the sensor under a hydrostatic pressure of
1-15 MPa via FEA simulations. We can see that the strain
distribution is relatively uniform under low hydrostatic pres-
sures (1-3 MPa), but the strain distribution under high pressure
levels shows that the strain starts to concentrate on certain Au
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traces as the pressure increases due to the out-of-plane deforma-
tion of the sensor under hydrostatic compression.

We further test the cyclic loading behavior of the sensor
under hydrostatic pressure levels of 0.1 MPa-15 MPa. It can
be seen that the sensor exhibits negligible hysteresis during
loading and unloading, with no visible changes in the mor-
phology of the sensor as shown in the insets of Fig. 2D. The
reliability and repeatability of the sensor are further demon-
strated in additional cyclic loading/unloading tests (15 cycles)
(Fig. 2E and Fig. S2, ESIf), where the sensor functions well
with no visible morphology changes after the cyclic testing.
In addition, to quantitatively evaluate the flexibility of the
pressure sensor, we conformally laminate the sensor onto 3D
printed arched molds made of digital ABS (Form 3+ SLA 3D
printer) and record the resistance change of the sensor under
various bending curvatures of 0-6.18 m™'. Fig. 2F shows that
the resistance of the pressure sensor is insensitive to the
curvature change, with high repeatability (standard deviation
s = 0.038%; n = 3). Here, R, is the resistance of the pressure
sensor in a flat state (zero curvature), and AR represents the
difference between the resistance value (R) of the sensor and R,.
Furthermore, we perform the cyclic bending test (CellScale,
Univert; at a loading rate of 0.5 mm s~ " at room temperature) of
the sensor. As shown in Fig. 2G, the sensor shows high
reliability with negligible hysteresis resistance changes of up
to 0.0371% over 1000 cycles of bending tests. Here, similarly, R,
is the resistance of the pressure sensor before the cyclic
bending test (under zero loading).

2.3 Effect of geometry on the performance of pressure sensors

The non-uniform strain distribution in the rectangular pres-
sure sensor under large hydrostatic pressures discussed above
may lead to plastic deformation in the strain-concentrated
region and, therefore, limit the pressure measurement range
of the sensor. To explore the effect of geometry designs on the
performance of pressure sensors, we further fabricate pressure
sensors in two radially symmetric geometries: circular and
spike shapes. Firstly, we design and fabricate a circular pres-
sure sensor that consists of narrow Au traces (with the same
width as that of a rectangular pattern) following the experi-
mental procedure described in section 2.1 to reduce sharp
corners and avoid stress concentrations. Fig. 3A shows that
the fractional resistance change of the circular pressure sensor
varies linearly to a maximum value of —0.496% as the hydro-
static pressure increases from 0.1 MPa to 15 MPa, with excellent
consistency between the modeling (the blue plot) and experi-
mental (the red plot) results. In addition, the FEA-predicted
strain distributions of the circular pressure sensor under a
hydrostatic pressure of 1-15 MPa, as shown in Fig. 3B, and
Fig. S3 and S7 (ESIt), are more uniform compared with those of
the rectangular pressure sensor due to the radially symmetric
deformation in the sensor material caused by the hydrostatic
pressure. Fig. 3C shows the fractional resistance change of the
circular pressure sensor during the loading/unloading cyclic
test (15 cycles, pressure range: 0.1 MPa-15 MPa), which
indicates that the performance of this circular pressure sensor

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Characterization of soft rectangular pressure sensors. (A) Optical images of the soft pressure sensor held by two hands. (B) Experimental and
simulation results of the fractional resistance change of the rectangular pressure sensor as the hydrostatic pressure increases from 0.1 MPa to 15 MPa.
(C) Finite element analysis of strain distributions in the pressure sensor under 5 MPa, 10 MPa, and 15 MPa, respectively. (D) Fractional resistance change of
the pressure sensor under one cycle of loading/unloading in the hydrostatic pressure range of 0.1 MPa—15 MPa, with optical microscope images of the
sensor before and after testing. (E) Cyclic loading test of the rectangular sensor. (F) Fractional resistance change of the pressure sensor as a function of
bending curvatures (n = 3). (G) Fractional resistance change of the pressure sensor over 1000 cycles of a mechanical bending test.

is highly repeatable and reliable. The comparison between
optical microscope images before and after testing in Fig. S4
(ESIT) also demonstrates that there is no significant change in
the morphology of the sensor after testing. In addition, the
cyclic bending test results of the circular pressure sensor in
Fig. 3D show the high stability of the sensor performance with a

This journal is © The Royal Society of Chemistry 2023

negligible hysteresis resistance change (0.0459%) during cyclic
bending tests (1000 cycles). Here, R, is the resistance of the
pressure sensor before the cyclic bending test (under zero
loading). We further design a pressure sensor with spike
patterns of narrower Au traces (width: 34 pm), which has shown
a resistance change of 0.439% over a pressure range of
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Fig. 3 Effect of sensor geometry on the performance of the pressure sensor. (A and E) Experimental and simulation results of the fractional resistance
change of circular (A) and spike-shaped (E) sensors under hydrostatic pressures of 0.1-15 MPa. (B and F) FEA prediction of strain distributions within the
circular (B) and spike-shaped (F) pressure sensors under 5 MPa, 10 MPa and 15 MPa, respectively. (C and G) Cyclic loading/unloading tests of the circular
(C) and spike-shaped (G) pressure sensors. (D and F) Cyclic bending test of the circular (D) and spike-shaped (F) pressure sensors over 1000 cycles, with
corresponding optical microscope images of the sensor before and after the test.

0.1 MPa-15 MPa (Fig. 3E). The experimental plot also shows
excellent consistency with simulation results, where strain
distributions of the radially symmetric spike-shape pressure
sensor (Fig. 3F and Fig.S6 and S7, ESIt) remain relatively
uniform as the pressure increases from 0.1 MPa to 15 MPa.
In addition, the spike-shaped pressure sensor also exhibits

5776 | Soft Matter, 2023,19, 5772-5780

high reliability and repeatability under cyclic loading (Fig. 3G
and Fig. S8, ESIt) and bending tests (Fig. 3H), with no visible
morphological changes after the cyclic and bending tests.
In particular, Fig. 3H shows a negligible hysteresis resistance
change of 0.0263%, where R, is the resistance of the pressure
sensor before cyclic bending. These results demonstrate that

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Encapsulation capability of the soft pressure sensor. (A) Fractional resistance change of the rectangular pressure sensor tested under a hydrostatic
pressure of 10 MPa in the pressure vessel filled with DI water. (B) Optical microscope images of the rectangular sensor after the test. (C) Comparison
between the encapsulation capabilities of the PDMS film and Parylene C film for pressure sensors under 35 PSU salinity level and 10 MPa hydrostatic

pressure conditions in the pressure vessel.

the two types of pressure sensors in radially symmetric geo-
metry provide more uniform strain distributions under large
hydrostatic pressures and, therefore, are potentially more
mechanical robust for measuring a wide range of hydrostatic
pressures in the ocean environment.

2.4 Encapsulation of pressure sensors for ocean sensing

As mentioned earlier, a Parylene C layer is coated on the
fabricated resistive pressure sensor to improve the encapsula-
tion capability, especially in harsh ocean environments. Fig. 4A
presents the fractional resistance change of a rectangular
pressure sensor that is encapsulated with Parylene C (6 pm),
and its performance is monitored in the pressure vessel filled
with deionized (DI) water under a hydrostatic pressure of
10 MPa. The sensor has negligible resistance changes over
72 days, which shows the excellent encapsulation capability
of the Parylene C layer for operation under large hydrostatic
pressures. The optical microscope image of the sensor after
testing in Fig. 4B shows that the damage of the sensor beyond
72 days is probably caused by cracking in Au traces. To further
evaluate the encapsulation capability of the Parylene C layer in
the salinity environment, we test pressure sensors encapsulated
with Parylene C and PDMS (for the control study), respectively,
in 35 PSU NaCl solution in the pressure vessel (10 MPa) to
monitor their performance. PDMS-encapsulated sensors are
used for control studies here because PDMS has been widely

This journal is © The Royal Society of Chemistry 2023

used in the encapsulation of flexible electronics as wearable or
implantable devices, due to its thermal and electrical insulation
capability and biocompatibility.**™* Fig. 4C shows that the
resistance of the two PDMS-encapsulated pressure sensors
starts to increase abruptly on day 9 and day 14, respectively,
while the Parylene C-encapsulated pressure sensor can main-
tain stable performance for up to 21 days (see Fig. 4D). The
results demonstrate that the Parylene C-coated pressure sensor
has a significantly improved encapsulation capability.

3. Conclusions

To sum up, the integrated experimental and simulation study
on the developed soft, flexible pressure sensors reveals reliable
sensor performance for sensing under large hydrostatic pres-
sure and harsh ocean environments. Fabricated from ultra-thin
gold films, the pressure sensors exhibit high linearity in
resistance changes under a pressure increase from 0.1 MPa to
15 MPa. In addition, there is negligible hysteresis during the
cyclic loading/unloading test of the sensor, and high flexibility
is demonstrated during the cyclic bending test of up to
1000 cycles of the sensor. Pressure sensors of radially sym-
metric geometries enable more uniform strain distributions
under large hydrostatic pressures compared to those of
bilaterally symmetric geometries and therefore are more pro-
mising for measuring a wider range of hydrostatic pressures.

Soft Matter, 2023,19, 5772-5780 | 5777
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Furthermore, a thin Parylene C layer offers improved encap-
sulation capability of the pressure sensor, which has stable
performance for up to 72 days under a large hydrostatic
pressure of 10 MPa. The developed soft, flexible pressure
sensor, along with other types of physical and chemical
sensors,> has the potential to be integrated with various plat-
forms like soft robotics®® and diver equipment for sensing
under harsh ocean conditions.

4. Experimental section

4.1 Design and fabrication of soft pressure sensors

A thin layer of poly(methyl methacrylate) (PMMA), which served
as a sacrificial layer for the subsequent transfer printing of the
sensor, was first spin-coated onto a cleaned glass slide. Then,
the PMMA-coated slide was spin-coated (2000 rpm, 60 s) with a
layer of liquid polyimide, which was then pre-heated at 130 °C
for 5 minutes, followed by heating at 245 °C for 70 minutes in a
PI oven (YES-58 HMDS Oven, Yield Engineering Systems Inc.) to
obtain a 4 um thick PI film. After this, magnetron sputtering
(AJA Orion-8 Magnetron Sputtering System, AJA International
Inc.) was used to deposit a thin layer of Cr (10 nm) and Au
(100 nm) on PI, followed by photolithography and wet etching
to pattern the Au/Cr layer into desired geometries of pressure
sensors. Finally, another thin PI film (4 um) was coated onto
the patterned geometries to complete the microfabrication
process.

4.2 Encapsulation with Parylene C

9 g Parylene C raw material was applied to coat a Parylene C
film (6 um) on the pressure sensor fabricated in section 4.1 via
a Parylene C coater (Specialty Coating Systems Inc.). More
specifically, pressure sensors were first placed in the deposition
chamber of the Parylene C coater and the chamber was set
under vacuum conditions. Raw Parylene C materials were
added to the combustion chamber and the temperature was
increased to 690 °C to vaporize the raw Parylene C material,
which was uniformly deposited onto the surface of the sensors.

4.3 Cyclic loading/unloading tests of pressure sensors

To test the performance of the pressure sensor under various
pressure levels, we utilized a pressure vessel (maximum
pressure: 3000 psi; Pharr Instrument Company, Moline, IL) to
perform cyclic loading/unloading tests (15 cycles) in the pres-
sure range from 0.1 to 15 MPa. A syringe pump was used to
increase/decrease the amount of water in the vessel, and a
pressure controller was used to control the water flow between
the pump and the vessel, thereby adjusting the pressure inside
the vessel. The pressure inside the vessel is monitored via a
pressure gauge installed on the head of the vessel, as shown in
Fig. S9 (ESIt). The encapsulated pressure sensor was placed
inside the vessel that was filled with deionized (DI) water and
then the test was started. To enable the recording of the testing
data, two wires were soldered onto the two contact pads of the
pressure sensor and then connected to data acquisition
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equipment through the vessel head. Epoxy (Gorilla 4200101-2
Epoxy, Gorilla USA) was used for the encapsulation of connec-
tion wires. For each individual loading/unloading test cycle
between 0.1 MPa and 15 MPa, when the inside pressure of the
vessel reached the pre-set values (0.1 MPa, 3 MPa, 6 MPa,
9 MPa, 12 MPa, and 15 MPa, respectively) and remained stable,
a multimeter was used to record the corresponding resistance
of the pressure sensor.

4.4 Bending test of pressure sensors

To perform the bending test, we first utilized a 3D printer to
fabricate 6 arched molds made of digital ABS, with bending
curvatures of 0, 2.50 m™*, 3.43 m™ ', 4.24 m™ %, 4.91 m™ ', and
6.18 m™ ', respectively. The pressure sensor was conformally
laminated onto the arched mold via a thin double-sided tape.
A multimeter was used to record the resistance of the sensor
under various bending curvatures. The cyclic bending test was
performed using a mechanical tester (CellScale, Univert) at
a loading rate of 0.5 mm s ' at room temperature. In an
individual test cycle (Fig. 2G), the pressure sensor was held by
two holders and bent at an angle of 40° and then recovered its
flat state. A digital multimeter was used to record the resistance
change of the sensor before and after each cycle.

4.5 Test of the encapsulation capability of the Parylene C film
for pressure sensors

A low-temperature solder paste (Indium Corporation) was first
applied on the contact pads of the pressure sensor, and two
silicone-insulated copper wires (36 AWG, 25/50 BC, Calmont
Wire and Cable) were then soldered on the contact pads,
followed by the encapsulation of the soldering areas by marine
epoxy (Loctite marine epoxy, Henkel Corporation). Subsequently,
a Parylene C film was deposited onto the sensor. The encapsu-
lated sensors were then tested inside the pressure vessel filled
with DI water (hydrostatic pressure of 10 MPa), with their
resistance values recorded once per day. To compare the encap-
sulation capability of the Parylene C film (6 um) and the pure
PDMS film (100 pum), pressure sensors encapsulated with
Parylene C and PDMS films were placed in a plastic bellow that
was filled with 35 PSU NaCl solution. The bellow was then placed
in the pressure vessel filled with DI water (to minimize the
contamination and potential corrosion of the pressure vessel)
to test the performance of the pressure sensor under 10 MPa
hydrostatic pressure and salinity environments. A multimeter
was used to record the resistance values of the sensors once
per day.

4.6 Modeling

A 3D finite element model was used to compare the effects of
hydrostatic pressure on a variety of sensor shapes and sizes to
identify the ideal sensor design to maximize the resistance
change and the measurement range without inducing plastic
deformation in the Au component of the sensor. To this end,
the model was used to determine the effect of hydrostatic
pressure on the strain distributions in the gold layer of the
resistive pressure sensor. More specifically, the change in the

This journal is © The Royal Society of Chemistry 2023
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resistance of the pressure sensor can be calculated using the
maximum strain of the gold layer of the device by relating the
applied strain to the gauge factor of the material as follows:**
where p is the resistivity of the material, [ is the length of the
unit segment, and «a is the unit area.

l
R=p-. 1
e 1)
Thus
drR dp dI da
ar_dp @44 2
R o + [l a )
In (2), we have
dp dv
—=C— 3
; 7 )

where C is Bridgman’s constant, a material property that deter-
mines the thermodynamic change in resistivity,>® and V is the
unit volume. Therefore

drR d/ d/
and
R
R (1+ Ge), (5)

where G is the gauge factor of the material, which is shown to
depend on Bridgman’s constant and Poisson’s ratio of the
material, and ¢ is the strain in the material. The gauge factor
of gold thin films is reported to be between 1.5 and 2.6,
depending on factors such as the deposition method and grain
size.”® Thus, the change in the resistance of the sensor depends
primarily on the gauge factor of the sensing material and
the maximum strain that is applied to it, based on eqn (5).
For this analysis, the maximum principal strain on the nodes
(in Abaqus) that correspond to the Au layer of the sensor and a
nanocrystalline Au thin-film with a gauge factor of 1.5°° were
used to determine an approximate change in the resistance of
the sensor. The results from the simulation indicate that
different sensor shapes (rectangular, circular, and spike) can
survive hydrostatic pressures of up to 15 MPa before plastic
deformation, which is expected at around 0.53% strain for Au
thin films,® occurs in the sensor. The effects of the loading rate
could not be adequately captured within the scope of this
simulation, but the simulation and experimental results agree
well overall. Experimental characterizations of the gauge factor
and the maximum elastic strain of the Au thin film used in
this study could improve the accuracy of the simulation by
informing the conversion between the deformation strain and
the resistance change of the pressure sensor under hydrostatic
pressures.
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