THE TESTING AND VERIFICATION OF A NANOMEMBRANE BASED PRESSURE SENSOR FOR
SMALL-SCALE UNDERWATER PRESSURE MEASUREMENTS

OMAR TALAKSI

Thesis submitted to the faculty of the Virginia Polytechnic Institute and State University in partial fulfillment of the
requirements for the degree of

Master of Science
In
Aerospace Engineering

Wing F. Ng, Chair
Aurelien Borgoltz
Olivier Coutier-Delgosha

April 25,2023
Blacksburg, VA

Keywords: MEMS, Underwater, Pressure Sensor



THE TESTING AND VERIFICATION OF A NANOMEMBRANE BASED PRESSURE SENSOR FOR
SMALL-SCALE UNDERWATER PRESSURE MEASUREMENTS

OMAR TALAKSI
ABSTRACT

A MEMS piezoresistive pressure sensor provides a low-cost and accurate means of detecting and
quantifying small-scale disturbances in underwater environments. A highly sensitive MEMS pressure sensor has
been developed that can be packaged in two different ways — one in a cylindrical housing, and the other in a
flexible, yet robust, strip configuration — enabling more freedom for the user to choose an option that fits their
needs. The sensing element of each consists of four piezoresistive elements in a Wheatstone Bridge configuration
arranged on a deformable buried-oxide layer, which is then bonded to a Silicon base layer with a hollow cavity
carved using reactive-ion etching. Previous work has shown the survivability of these sensors in an underwater
environment and also measurements of low frequency pressure changes due to flow and varying turbulence
intensities. The present work is focused on evaluating these pressure sensors and testing the limits of the sensing
element in the low, medium, and high frequency regime (<100Hz to >1kHz) to gain further insight into the
performance.

Five experimental tests were developed and conducted to guide this research objective. The sensor
responses under different flow conditions were measured and analyzed with selected filtering and resampling
techniques to eliminate background noises. First, the sensors were calibrated to ensure their linearity and to
determine their pressure sensitivities. Then, using bench-top testing rigs and a water tunnel, the sensor
performance was evaluated in submerged environments when subjected to multiple small-scale flow disturbances
across the tested frequency regime.

It was found that the present sensors are capable of providing more accurate measurements across a tested
frequency regime of 0 to 20,000Hz when compared to other off-the-shelf products. Testing in submerged
environment showed that the sensors are capable of detecting small-scale pressure fluctuations as a result of
eddies which are evident in a Von Karman vortex street and a turbulent flow. Despite the presence of EMI noise
within a water tunnel, the sensors demonstrated a decay of pressure fluctuations that is consistent with previous
research in the field. Overall, the present work increases understanding of the sensors’ performances across a
broad range of frequencies and provides insight into potential uses and future work.
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GENERAL AUDIENCE ABSTRACT

Pressure sensors are an important, if not the most important, measurement device available today.
Pressure sensors play an integral role in the everyday lives for everyone around the world; from applications in
medicine, aerospace, autonomy and computation, these sensors provide real-time feedback and help gain a
deeper understanding of a system. However, with the technological advances in the Modern Age, there has been
a growing need for smaller, cheaper, and faster sensors. As a result, engineers continued to improve sensor
performance in the past century with new technologies. A micro-electromechanical system (MEMS) pressure
sensor offers a low-cost and energy efficient method to quantify pressure fluctuations within a system.

This work focuses on evaluating the performance of three MEMS pressure sensors for use in a
submerged environment to detect small-scale pressure fluctuations across a broad range of frequencies. Five
different tests were conducted to investigate this research objective. The first three were performed in a
controlled underwater environment from which direct conclusions could be made. The last two were performed
in an uncontrolled underwater environment from which comparisons to literature and known phenomena were
used to draw conclusions. A key result showed that the sensor measurements aligned with prior research in the
field. Multiple data reduction techniques were also used during post-processing to ensure accurate data was
being collected.

The studies showed that the developed MEMS pressure sensors provided the same capabilities as other
commercially available pressure measurement devices, all the while displaying a higher sensitivity and broader
frequency range. Furthermore, the survivability and robustness of the sensor was proven when subjected to
large- and small-scale flow disturbances in a water tunnel.
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NOMENCLATURE
f Frequency
Re Reynolds Number

U, U, Freestream velocity
d D Diameter

v Kinematic viscosity

St Strouhal Number

TI Turbulence intensity

u’ Fluctuating velocity signal
TI, Pressure turbulence intensity
p’ Fluctuating pressure signal
Pa Dynamic pressure

E Energy

Xr Fourier transform

T Time (s)

1. INTRODUCTION

As the world continues to venture into new eras of
technological advancements, the improvement of sensors
is paramount to stay current with modern progressions.
Pressure sensors are widely used in many engineering
applications [1,2,3] and as such there is a growing demand
for smaller, cheaper, and more sensitive alternatives.
Since the discovery of piezoresistive effects evident in the
elements of Silicon and Germanium by C.S. Smith in
1954, the practical applications of piezoresistive sensors
have made significant progress [4]. Piezoresistive
pressure sensors offer a smaller and lighter packaging
when compared to their mechanical counterparts, and
quickly became a favorable alternative due to their
simplicity and low-cost fabrication method [4,5]. These
sensors were later miniaturized and combined with
electronics as microelectromechanical systems (MEMS)
and are widely used in numerous fields today such as
biomedical [5] and industrial [4]. A typical piezoresistive
pressure sensor is made from a semiconductor material on
which four piezoresistors are rigidly bonded in a
Wheatstone Bridge configuration to a flexible membrane
[6]. When the membrane is placed under a condition of an
applied pressure, the membrane bends slightly due to the
induced stress causing the resistance within one, two, or
all four of the piezoresistors to change (depending on the
circuit design) [7].

In past decades, MEMS technology has taken a great leap
in their potential uses and applications. In recent years,

new microfabrication technologies have allowed these
devices to be miniaturized even further, which would not
have been achievable using traditional engineering
methods [5]. In turn, MEMS sensors have become even
more applicable and some of the latest developments have
shown MEMS technology can be used to mimic
biological sensing systems, such as hair cells [5], leaf
veins [8], and seal whiskers [9]. Fluid flow rate and
direction sensors, which can accurately determine flow
properties and patterns [5], are being replaced by a lower
cost MEMS alternative which can achieve a much higher
resolution [10].

For underwater vehicles, pressure sensors provide
valuable information about water depth and flow
conditions. In the simplest of forms, ships and submarines
use a device called a pitometer to measure static and
dynamic pressure differences to determine velocity
relative to the oncoming water [11]. While this is a great
method to obtain large-scale pressure difference
measurements, when the ship’s velocity is low, the
pitometer struggles to produce an accurate result due to
the minimal dynamic and static pressure difference [11].
For small-scale pressure measurements a more advanced
technology is required, one that is able to provide a deeper
understanding of flow characteristics such as small-scale
velocity and pressure fluctuations. One technique being
used throughout literature are acoustic doppler devices
[11-13]. These devices measure the doppler shift of
acoustic waves scattered by irregularities embedded in
water [12] and are available in different sizes dependent
upon the type of application and desired measuring range.
However, they present major setbacks in their size, high
complexity and cost [12].

As more technological advancements are made, there is
in turn a rising demand for autonomous underwater
vehicles (AUVs), whose abilities allow for autonomous
and discreet operation throughout various applications
such as geoscience and military [14]. For an AUV to
successfully maintain a proper trajectory and react to any
flow perturbations, it must be able to measure and
compute the source and magnitude of any flow
fluctuations [15]. As a result, onboard most AUVs is an
inertial navigation system (INS), which consists of either
a doppler velocimetry log (DVL) or an acoustic doppler
current profiler (ADCP). The INS is responsible for
estimating the position, velocity, and acceleration of the



AUV using a navigational technique known as dead
reckoning [14]. However, both a DVL and an ADCP
utilize the effects of acoustic scattering, in turn deeming
them susceptible to failure in the event of any major flow
disturbance [14]. ADCPs are used commonly to provide
aiding to deep sea robots, but the results scale poorly
when multiple vehicles are used since the update rate must
be divided by the number of vehicles [16]. Both systems
also rely heavily on external navigation sensors to provide
accurate navigational estimates [16].

With these systems, an AUV is susceptible to the small-
and large-scale flow fluctuations hidden within the
complex underwater environments in rivers or oceans
[15]. To mitigate any risk of these fluctuations presenting
a navigational challenge to the vehicle, a rapid, durable,
and nonintrusive method is required which can
instantaneously quantify any flow disturbances [17]. One
such method is a surface mounted MEMS pressure
sensor. There are few studies present in today’s literature
that use a non-intrusive piezoresistive type pressure
sensor to measure small-scale flow properties in a
submerged environment, and even fewer that exhibit the
durability and sensitivity to reliably measure small-scale
disturbances in harsh environments.

A recent study involving surface mounted pressure
sensors has proved a step in the right direction. In an
attempt to mimic the lateral lines found on fish, Chambers
et. al have shown that using an array of 16 miniature
piezoresistive pressure sensors could potentially control
the position of an underwater vehicle relative to structures
in the flow [15]. Each MS5401-AM piezoresistive silicon
micromachined sensor has a 240 mV = 1 bar (0.597
mV/inH,0) sensitivity and an accuracy of +/- 2 Pa. The
sensing element of the MS5401-AM consists of a silicon
membrane with borosilicate glass wafer bonded under
vacuum to the back side for reference pressure, and
implanted resistors in a Wheatstone Bridge configuration
make use of the piezoresistive effect under an applied
pressure [ 18]. However, this sensor is sensitive to sunlight
due to the strong photo effect of Silicon which heavily
limits its applications [18].

An array of polymer MEMS pressure sensor arrays
developed by Kottapalli et al. [19] can transduce
underwater pressure variations generated by moving
objects. Similar to the research done by Chambers et al.
[15], this array of MEMS sensors uses a pressure gradient
to mimic the lateral-lines on blind cave fish, whose
disturbances can be used to detect movement. Each
individual pressure sensor has a sensitivity of 90.5
mV/ms™ (45.3 mV/inH,0) and a resolution of 25 mm/s
and operate in a piezoresistive manner [ 19]. Flow pressure
variations cause the liquid crystal polymer (LCP)
membrane to deflect resulting in an output voltage from
the imbalanced external Wheatstone bridge circuit [19].
The feasibility of this sensor was proven through multiple

proof-of-concept experiments, but this technology is yet
to be commercially available.

In order to provide the user with a reliable, durable,
accurate and precise method of quantifying underwater
small-scale pressure measurements, the authors
developed nanomembrane based pressure sensors to fill
the previously mentioned voids left by other commercial
products available today. As with any new technology,
testing and verification of the device is paramount in order
to be certain of its abilities. The performance of three
sensors, centering around their accuracy and durability
when subjected to a variety of different flow conditions
and environments, will be evaluated throughout the
following sections. One is housed in a cylindrical
packaging and the other two in a flexible strip membrane
configuration. The details of each sensor and the sensing
element will be discussed further in the next section.

In this paper, five tests —sensor calibration, low frequency
stir test, mid to high frequency speaker test, low frequency
vortex shedding test and an encompassing turbulence
decay test — were designed and conducted to expose these
sensors to conditions of an applied pressure in different
submerged environments and flow disturbances. The
results were analyzed to (1) evaluate the response of each
sensor in the low (<100Hz), medium (>100Hz, <1kHz)
and high (>1kHz) frequency regime and (2) assess the
sensor performance when subjected to flow disturbances
in a turbulence environment.

2, SENSOR DESCRIPTION

The feasibility of these piezoresistive pressure sensors are
evaluated throughout the following sections. All
developed by NanoSonic Inc., one sensor is housed in a
cylindrical packaging (referred to as ‘NanoSonic
Cylindrical Sensor’ (NCS)), while the other two use a
novel flexible strip packaging (referred to as ‘NanoSonic
Flexible Strip Sensor’ (NFSS)). Two different packaging
methods provide the user to choose an option that fits their
needs — whether it be a through-hole pressure
measurement, surface mounted pressure sensing array, or
a combination of both.

Sensing Element

The fabrication process for each sensing element studied
in this paper was identical, however, these prototypes are
slightly different in properties. As seen in Figure 1, it
consists of a silicon based layer which is bonded to a
buried oxide (BOX) layer to which the four piezoresistive
elements are arranged. A small cavity has been carved out
of the Silicon base layer using deep reactive-ion etching
(DRIE) to allow ample space for the deflection of the
flexible membrane and a resulting imbalanced
Wheatstone bridge configuration. Bonding the substrate
to the Silicon base layer creates a hollow, sealed cavity.
The sensing element has a 4 mm by 4 mm square base that
is 405um in height and a weight of 1 gram.
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Figure 1: Cross-section view of the sensor sensing element

Cylindrical Sensor (NCS)

The NCS consists of four main components: the electrical
connection, cylindrical housing, sensing element and
protective HybridSil® coating, as shown in Figure 2.
The sensing element is housed underneath NanoSonic’s
HybridSil® coating whose environmental protection
abilities have proven to decrease the likelihood of
corrosion, leakage, and biofouling [20]. Together they are
mounted flush with the tip of the probe. In this
configuration, the sensor is powered by a GX12-6-6 pin
Aviation plug and can be mounted using a through-hole
installation. This installation method allows the sensing
element to be flush with the exterior of a vehicle while
hiding the sensor housing within, making it less
susceptible to failure from environmental factors.

Protective

HybridSil* ‘

Coating

Sensing <o
Element

s (& GX12-6-6-pin
) Aviation Plug
Electrical
Connection
Figure 2: Photo (left) and CAD model (middle) of the
cylindrical pressure sensor showing the four main
components and GXI12-6-6-pin Aviation Plug (right) [20]

Strip Sensor (NFSS)

The NFSS is designed in the flexible strip packaging
configuration, in which the sensing element is bonded
facing normal and outwards at the end of the flexible strip
housing as seen in Figure 3. The fabrication process of the
NFSS is proprietary to NanoSonic Inc.

Electrical Connection Sensing Element

Flexible Strip Housing Protective HybridSil® Coating

Figure 3: Detailed view of flexible strip packaging

In this configuration, the sensor can be mounted on and
conform to non-flat or contoured surfaces, such as the
exterior of underwater vehicles, allowing for a non-flow-
intrusive pressure measurement device. Each sensor is
powered by either a +3.3V battery or 120VAC (100 uW
operation, 1 uW stand-by) power supply.
Sensor Specifications
The key specifications for each sensor are as follows:

1. Pressure measurement range: 0 — 6 in. H,O

2. Frequency bandwidth: DC to >5MHz

3. Rise time: 0.112ps
These specifications allow the user to obtain small-scale
underwater pressure measurements. The scope of this
paper is limited to the sensor performance and sensitivity
in the DC to 20kHz range.

3. SENSOR CALIBRATION

A relatively common mean of underwater pressure sensor
calibration utilizes a water column to incrementally
increase water pressure atop of a sensing element [21].
The static calibration test was conducted not only for
calibration purposes, but also to determine the pressure
sensitivity for both the cylindrical and flexible strip
packaged sensors. The linearity and sensitivity of each
sensor is also investigated and discussed.

3.1 Test Set Up

As presented in Fig. 4, the water column was designed as
an empty rectangular chamber with a base measuring 17
x 1” and a height of 10”. The cylindrical sensor was
mounted to the base of the water column such that the
sensing element was facing vertical, as shown in Figure
4a. Both flexible substrate sensors were mounted in a
similar fashion, with the sensing element at the base and
facing vertical, as shown in Figure 4b. The data was
recorded using a Picoscope oscilloscope at a sampling
rate of 8.9MHz. Static pressure calibration was performed
to observe the DC performance of each sensor. Data was
recorded as the water height was increased from 0” to 5”
in 0.25” increments, then 0.125” increments up to 6”. The
water was slowly dispensed into the column using a
pipette at a height close to 0”. Data recording began once
any surface fluctuations had decayed and the water was
effectively stagnant.

3.2 Results and Discussion

The static calibration result is shown in Figure 5. All three
tests suggest an R? value higher than 0.985, demonstrating
excellent linearity of the Nanosonic sensors. In addition,
each sensor displays a sensitivity higher than 289.5
mV/inH,O, vastly surpassing the sensitivity of both
previously mentioned sensors obtained from literature
[15,18,19]. As previously stated, the sensing elements of
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Figure 4: Detailed view of (a) Cylindrical sensor water column testing
rig, (b) Flexible substrate sensor water column testing rig

the NCS, NFSS 1 and NFSS 2 are each slightly different,
thus resulting in a different calibration curve for each
Sensor.
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Figure 5: Static calibration results for the NCS, NFSS 1 and
NFSS 2. The table above shows the sensitivity of each sensor
and the corresponding correlation coefficient

4, STIR TEST

In the stir tests, three different stirring devices were
employed to generate low frequency flow disturbances (<
100Hz) near the sensors to test their response in a low
frequency and submerged environment.

4.1 Test Set Up

Three different stirring devices were designed and 3-D
printed using ABS for this study: a 2-arm stirrer, a 3-arm
stirrer, and a 3-blade propeller, as shown in Figure 6.

Figure 6: Three-arm stirrer (left), two-arm stirrer (middle)
and 3-blade propeller (right)

Figure 7 shows the experimental setup. The test was
carried out in a deionized water tank. In each test, one of
these stirring devices was installed 2” below the water
surface facing downwards and ran at 4Hz, creating a low
frequency disturbance underwater.

NFSS 1

3D Printed Propeller NCS

Figure 7: Stir test set-up including 3D printed propeller and
3 pressure sensors

The sensor was submerged underneath the water at the
same depth as the stirrer, facing downwards, 17 away
from the perimeter of the stirrer. Moreover, to study the
effect of sensor locations, the sensor was fixed at variable
distances from the propellers in 1-inch increments. A
PicoScope was used to record the sensor output at
8.9MHz.

4.2 Results and Discussion

Figure 8 displays the response of NFSS 1 in the frequency
domain in the form of a power spectral density plot in
response to the three different stirring devices. For better
visualization, a 100kHz low-pass filter and a sample point
moving average filter were applied to each data set. The
maximum frequency under study is 100Hz and therefore
the raw data was further downsampled to 200Hz (from an
original sampling rate of 8.9MHz) during data reduction.



A 200Hz sampling rate determines a Nyquist range of
100Hz, allowing for all relevant data to be captured [22].
A clear shift of peak can be seen between the responses to
a 2- and 3-arm stirring device. At approximately the same
rotational speed (4Hz), the 3-arm stirrer and 3-blade
propeller induce similar frequency responses, peaking
around 11.7 and 10.6Hz respectively. Both are
approximately the rotational speed multiplied by a factor
of 3 as expected, as each sensor is detecting the passing
of each arm/blade. The 2-arm frequency differs more
significantly, inducing a frequency response of 8.6Hz,
following the previously explained reasoning.
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Figure 8: NFSS 1 power spectral density plot in response to
the three different stirring devices. More energy is contained
within a higher frequency when measuring the rotation of a
stirrer/propeller with more arms/blades.

The response of NFSS 1 was tested at different distances
from a 2-arm stirrer, with the results shown in Figure 9.
Each test displays approximately the same peak
frequency near 8.6Hz but decreasing power with
increasing distance. 0” away from the stirrer, the
measured peak-to-peak response is 0.044 inH»O, and at
4” away the measured peak-to-peak response is 0.003
inH,O. Despite the decayed excitation, the sensor can
generate the correct frequency response.
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Figure 9: Sensor 4 response at each location; power
spectrum (left), peak-to-peak vs. x-location (right)

Next, the two flexible strip sensors, NFSS 1 and NFSS 2,
were placed equidistant from, but on opposite sides of the
stirring device. Then the 2-arm and 3-arm stirrers were
driven by a 4Hz motor to investigate the responses of the
two sensors. Figure 10 shows the differing sensor
response when using a 2-arm or 3-arm stirrer. For the 2-
arm stirrer, the sensor signal responses were in-phase, and
for the 3-arm stirrer, the sensor signal responses were out-
of-phase.
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Figure 10: NFSS 1 and NFSS 2 response for a 2-arm stirrer
(left) and a 3-arm stirrer (vight)

This is a key expectation which indicates each sensor was
individually detecting the passing of each blade. The
fluctuation of each sensor response was then converted to
a pressure reading to further characterize the sensor
performance. Table 1 shows the estimated pressure
fluctuation detected by each sensor.

Table 1: Estimated pressure fluctuations (in. H.0) in
response to both stirrers

Sensor 2-Arm 3-Arm
NFSS 1 ~0.04 ~0.03
NFSS 2 ~0.02 ~0.01

Each sensor detected an estimated pressure fluctuation of
at least 0.01 in. H,O, and at most 0.04 in. H,O, which
surpasses the sensitivity values of similar sensors, both
listed in Section 1 [15,18,19].

The different tests contained within this section were
successful in characterizing each sensor’s performance in
the lower frequency range. The frequency response of
each sensor is close to what was expected for different
numbers of blades on the stirrer/propeller, while also
displaying the sensitive properties of the sensing element
itself. Again, the sensitivity of the NCS, NFSS 1 and
NFSS 2 are also found to be higher than their competitors.

5. MID TO HIGH FREQUENCY SPEAKER
TEST

A series of speaker tests were conducted to determine the
mid to high frequency response of the pressure sensors



under study. Tested against reference signals in the ranges
of 600-20kHz, the response of each sensor was measured
against a commercial off the shelf hydrophone, H2A-
XLR Hydrophone developed by Aquarian Audio
Products. An underwater speaker, Lubell Labs LL916C
Pistonic Piezoelectric Underwater Speaker, was used to
transmit said reference signals and a PicoScope
oscilloscope was used for the reference signal generation
as well as data acquisition.

5.1 Supplementary Equipment

H2A-XLR Hydrophone — Developed by Aquarian Audio
Products, the H2A-XLR hydrophone acted as a control
throughout this experiment, offering vital information for
the verification of the response of the NanoSonic sensors.
This hydrophone offers omnidirectional response and a
useful range of 10-100kHz with a sensitivity of 1 V/uPa
[23]. In order for proper operation, a Zoom H4n Pro 4-
Track Portable Recorder was used to supply the
hydrophone with a 48V phantom power.

Lubell Labs LL916C Pistonic Piezoelectric Underwater
Speaker — The Lubell Labs LL916C underwater speaker
was used to transmit specific reference signals to the
NanoSonic sensor and hydrophone. The LL916C is cage-
mounted and relatively light weight, which allowed for
the easy placement at the bottom of the water tank. With
a frequency response range of 200-23kHz, this speaker
proved perfect for the needs of the current experiment,
offering the capability to transmit the necessary mid to
high frequency reference signals [24]. A Lubell Labs AC
series transformer box was also needed to ensure the
speaker provides broadband performance as well as
current limiting and electrical isolation for increased
safety measures [24].

A Picoscope oscilloscope was used to generate any
reference signals and also for data acquisition. Picoscope
oscilloscope software allows for real-time monitoring of
the response of the speaker, hydrophone, and pressure
sensors; this data was collected and processed in
MATLAB.

5.2 Test Set Up

As shown in Figure 11, this experiment was set up in a
24” x 20” x 18” plastic tub. The tub was filled with 12” of
de-ionized water, and the speaker was centered at the
bottom facing upwards. One NCS and two NFSS were
used throughout this test. The sensors and hydrophone
were lowered into the water using multiple 80/20 beams.
While the LL916C speaker and three pressure sensors
were connected directly to the Picoscope oscilloscope, the
hydrophone was first wired to the Zoom H4n power
supply and then to the oscilloscope. The speaker,
hydrophone, and pressure signals were recorded at a
sampling rate of 40kHz using the Picoscope oscilloscope

data acquisition software. The seven reference signals
used were: 600, 750, 5700, 10000, 12000, 15000, and
20000Hz. Each reference signal was sent directly to the
speaker while the responses of the hydrophone, and each
pressure sensor were recorded.

H2A-XLR
Hydrophone

Figure 11: Picture of the Test Setup including the three
NanoSonic pressure sensors, H2A-XLR hydrophone and
LL916C speaker

5.3 Results and Discussion

Within this experiment, multiple tests were conducted to
ensure the accuracy and validity of the sensors in the mid
to high frequency range of 600-20kHz. Both the AC and
DC response of each sensor were evaluated through three
different tests: a frequency domain test, a reference signal
amplitude test, and a DC offset test.

5.3.1 Frequency Domain Test

The data obtained was processed in MATLAB, and Fast-
Fourier Transform (FFT) plots were drawn to determine
the frequency response of the sensors. The extracted data
from the speaker, sensors, and hydrophone were
manipulated using the built-in FFT function in order to
display the response of each in the frequency domain.
Each sensor exhibited a behavior very similar to the
hydrophone and speaker input. For each tested reference
signal, the hydrophone and pressure sensors presented a
peak at the same frequencies on the FFT, exhibiting that
they were picking up the correct corresponding input
frequencies. To compile this data, the FFT for every
reference signal was plotted to display the overall
frequency response, as seen in Figure 12.

Each sensor response displays seven peaks across the x-
axis, corresponding to the seven corresponding input
frequencies. They suggest that the sensors are detecting
the different input frequencies that were transmitted
through the speaker. The sensor response when compared
to the response of the hydrophone makes it clear that the
two align at every peak; a strong indication that the
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Figure 12: FFT data on a semi-log-x plot of the speaker input, hydrophone and
three NanoSonic sensors response to the seven reference signals

sensors performance in the mid to high frequency regime
can be verified.

Two more peaks can be seen in the response of the
hydrophone at signals that were not tested, which is more
indicative of the hydrophone performance than that of the
Sensors.

5.3.2 Changes in Amplitude

The sensors’ frequency response was also tested against a
change in the reference signals’ amplitude. Three
different excitation amplitudes of 30, 50, and 100 mV
were used throughout this test. Table 2 displays the peak-
to-peak response of the sensors as the speaker input
amplitude is changed. As can be seen from Table 2, there
is a clear linear increase in the peak-to-peak response of
the NanoSonic sensors as the speaker input amplitude is
increased, as expected. This relationship is indicative of
the AC performance of the pressure sensors — the

Table 2: The peak-to-peak response of each pressure sensor
as the speaker input amplitude is changed

Peak-to-Peak (mV)

Speaker Input

Amplitude NCS NFSS 1 NFSS 2
30 2.923 6.5 1.465
50 5.28 11.72 2.063
100 9.907 22.76 3.53

amplitude of the fluctuating signal component of the
sensor response is directly correlated to the speaker input
amplitude.

5.3.3 DC Offset Test

An additional test was performed to observe the DC offset
of the pressure sensors. To measure flow parameters such
as depth, it is crucial that an underwater pressure sensor
has the capability to measure DC signals to capture static
pressure measurements. Within this test, all pressure
sensors were moved down 1-inch in order to test the DC
response as they were submerged deeper in the water. The
data obtained for this test can be seen in Figure 13. A clear
upwards shift can be seen after the sensors are submerged
I-inch deeper in the water which corresponds to the
increase in static pressure. The DC offset that is evident

—NCS (before)
—NCS (after)
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NFSS 1 (after) —NFSS 2 (after)
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Figure 13: Recorded data at 750Hz and 50 mV input
frequency and amplitude for the pressure sensor frequency
response, before and after all sensors were shifted down 1”




is what separates the sensors from the hydrophone, as a
hydrophone can only detect AC signals.

The completion of this test provides valuable insight into
the performance of the sensors in the mid to high
frequency range. The three pressure sensors showed great
performance across a broad range of frequencies between
600-20kHz. It is clear from Figure 12 that each sensor
detects the exact corresponding input frequencies across
the tested frequency regime, and the sensor responses
match the response of both the speaker and hydrophone.
The peak-to-peak response of each sensor increases in a
linear fashion as the input amplitude is increased, as
expected. The sensors also display a DC offset as they
were submerged 1-inch deeper in the water, indicating
their ability to provide static pressure measurements.

6. VORTEX SHEDDING

Using a water tunnel at Virginia Tech, a test was
conducted to determine the frequency response of NFSS
1 against an oncoming Von Karman vortex street. This
was the first test performed in an environment of a known
shedding frequency.

6.1 Theory

There has been much research in the recent decades
regarding the flow around a circular cylinder when placed
perpendicular to a steady stream [25]. The different flow
patterns that can be observed around the body are
controlled by the Reynolds number, Re = Uy, D /v, where
v is the kinematic viscosity of the fluid which is moving
at flow speed U, around a cylinder of diameter D [26].
When the Reynolds number exceeds some critical number
(cited in [26] as Re ~ 40), the wake behind the cylinder
becomes unstable and eddies successfully leave the
cylinder in an alternating fashion with a very regular
spacing [26, 27]. In this flow pattern, one vortex will grow
larger than the other, eventually causing a separation of
its shear layer and then the shedding of the vortex [27].
Consequently, upon the shedding of this vortex, the
previously smaller vortex will continue to grow in size
until it, too, separates from its shear layer and sheds [27].
This vortex shedding pattern is known as a Von Karman
vortex street.

If a velocity (or pressure) measurement device is placed
within a Von Karman vortex street, one would see a
periodic oscillation with one cycle corresponding to the
vortex of the same sign [26]. The frequency of this

oscillation can be defined by the Strouhal relation:
StUq
= (1
Where St is the Strouhal number, U, is the freestream

velocity, and f'is the predominant frequency of the vortex

shedding. The Strouhal number, which is found to be a
nearly constant value of St ~ 0.22 across the span of the
subcritical Reynolds number range of 300 — 2.5%103,
relates the frequency of the vortex shedding to the flow
and circular cylinder parameters [28]. Being reported by
many authors, it is found to be a weak function of
Reynolds number throughout literature [27].

6.2 Test Set Up

The water tunnel which was used throughout this test
features a test section of size 6” x 6” x 18”. With a 1.5 hp
centrifugal pump to drive the water, the flow is capable of
reaching a maximum speed of 0.52 m/s. Before the water
enters the test section, it passes through a plastic
honeycomb section and three 60% porosity screens
designed to straighten the flow and make it more uniform.
The test set up and water tunnel can be seen in Figure 14.
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Figure 14: A picture of the test set up, showing the water tunnel,
water tunnel test section and PicoScope oscilloscope

A 0.750” diameter circular cylinder was mounted at the
mid-height of the test section perpendicular to the flow
direction for predictable vortex generation. It should be
noted that the water contained within the tunnel was
heavily polluted with 250-300 pm diameter polyethylene
seed particles to aid in the use of a particle shadow
velocimetry (PSV) system.
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Figure 15: Drawn diagram of the water tunnel test section




Once the set up was configured, NFSS 1 was mounted on
an 80/20 beam with the sensing element normal to the
flow direction, and lowered into the flow to a depth of 3”
(mid-height) as seen in Figure 15. The water tunnel flow
speed was varied between 0.16, 0.33 and 0.52 m/s to
measure the effects of a varying flow speed on the sensor
response. Data were recorded using a PicoScope
oscilloscope at a sampling rate of 8.9MHz.

6.3 Results and Discussion

As mentioned, flow over a blunt body at a sufficient
Reynolds number leads to an unsteady flow separation
and the subsequent shedding of a predictable and
repeating pattern of swirling vortices.
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Figure 16: Power spectrum drawn by NFSS 1 in response to
a vortex street at different flow speeds

Using the Strouhal relation, it is quite simple to determine
the expected frequency of vortex shedding from the
cylinder. The Reynolds number of the cylinder at the
maximum flow speed of 0.52 m/s is Re = 11076, well
below the subcritical Reynolds number range, allowing
for the Strouhal number of 0.22 to be used in the relation
[27].

Once data were obtained, evaluating the power spectrum
drawn by the sensor in response to the vortex street
generated at the different flow speeds will denote the
dominant frequencies detected. Figure 16 shows the
power spectrum as well as the peak frequencies. Each
peak frequency corresponds to the frequency of vortex
shedding observed by the sensor and can be compared to
the expected vortex shedding frequency (calculated using
Equation 1), as arranged in Table 3.

Table 3: Flow speed vs. expected and observed vortex

shedding frequency
Flow Speed Expected Vortex = Observed Vortex
(m/s) Shedding Shedding
Frequency (Hz) Frequency (Hz)
0.16 1.85 1.75
0.33 3.79 4.00
0.52 5.99 4.97

It is clear that the observed vortex shedding frequency
continues to increase as the flow speed increases as
expected. Additionally, the fairly linear increase in the
observed value corresponds with the expected value with
an average error of ~9%. This proves a step in the right
direction in terms of the sensor’s accuracy and sensitivity.
Testing the sensor in an environment such as a water
tunnel is of importance in order to verify its performance
in a more “true to life” environment. The polluted water
contained within the tunnel can heavily distort sensor
readings and lead to potential sensor damage — even so,
the sensor showed great resilience to this obstacle,
providing insight into NanoSonic’s HybridSil® coating
and the overall durability of the sensor. The relationship
between flow speed and observed vortex shedding
frequency aligns with the correlations found in literature
[25-28] and the Strouhal relation, further verifying the
sensors abilities to detect low frequency pressure
fluctuations. The vortices generated by a Von Karman
vortex street are generally larger and typically observed
at lower frequencies relative to, say, the vortices
generated within freestream turbulence. As such, the
results of another test will be discussed and investigated
to measure higher frequency disturbances to ensure the
sensor’s capability in this aspect.

7. TURBULENCE DECAY

An experiment was conducted to simulate the mounting
of a NanoSonic Flexible Strip Sensor (NFSS 2) on the
surface of an underwater vehicle and evaluate its
performance under more realistic conditions. The same
water tunnel from the previous section was utilized to
generate a flow velocity, and the sensor was carefully
positioned at different locations within its test section to
obtain measurements in the freestream and behind a
turbulence generating grid. The acquired pressure
fluctuations were carefully evaluated, in the presence of
strong EMI noise from the water pump, to derive
meaningful insights regarding the functionality of the
Sensor.



The objectives of this test were to:
1. Observe sensor response when mounted normal
to the flow direction on a flat-faced probe
2. Use the sensor to quantify pressure fluctuations
in a water tunnel test section, in both the
freestream and behind a turbulence generating
grid
3. Evaluate sensor durability
The outcomes of this test will establish the groundwork
for future experiments that will further validate the
sensor’s ability to quantify small-scale pressure
fluctuations.
7.1 Test Set Up
To generate turbulence (and therefore pressure
fluctuations) in the water tunnel test section, two grids
were designed following the aid of multiple research
papers. The grid porosity, mesh width, and rod diameter
of the first grid (referred to as ‘Grid 1’) were selected to
be 0.58, 0.403”, and 0.096”, respectively based on the
research of Roach, Yao, Kurian and Fransson [29-31].
The grid porosity, mesh width, and rod diameter of the
second grid (referred to as ‘Grid 2’) were calculated in a
similar fashion, and selected to be 0.66, 0.403”, and
0.076”, respectively. These grid designs were modelled in
SolidWorks and 3D printed using ABS material.

1” Diameter
N4
g, —v
Strip Sensor T
0.75”
Sensing Element
74

Figure 17: Strip sensor mounted on designed probe, noting
the sensing element and direction of flow

As seen in Figure 17, the sensor probe was designed as a
1” diameter cylinder with a 0.75” flat face for mounting
the flexible strip sensor. The design was modelled in
SolidWorks and 3D printed using ABS material.

This experiment used the same water tunnel at Virginia
Tech as discussed in Section 6. For this test however the
cylinder was removed from the test section which
allowing the sensor to move in the streamwise direction
across the entire tunnel.

As seen in Figure 18, the flexible strip sensor is mounted
on the 3D printed mounting device and lowered to a flow
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Figure 18: Side view of the water tunnel test-section, noting
the sensing element and turbulence generating grid

depth of 3”, with the sensing element normal to the
oncoming water. The flow speed was kept constant at a
value of 0.52 m/s. In order to account for the impact of
the EMI noise from the water tunnel pump on the
measurements, data was first obtained with the sensor
placed 1" above the water (i.e., sensor not in water) when
the pump was turned on. Then the grid was placed at the
test section entrance and fixed using CNC cut plexiglass
mounts which were clamped down against the test section
walls. The sensor was moved axially between 1”7 — 12”
downstream of the grid in 1 increments and the response
at each downstream location was measured. At each
location, the grid was removed from the flow and an
additional measurement was obtained, which corresponds
to the freestream condition with the grid out. Data were
recorded using a PicoScope oscilloscope.

7.2 Results and Discussion

The data were processed, analyzed and plotted in
MATLAB. First, the obtained voltage data was converted
to a pressure reading using the sensor’s calibration curve.
Then, in an effort to reduce the levels of EMI noise from
the water pump present in the acquired measurements and
to expedite computation time, the pressure data was down
sampled. Analysis of the power spectrum obtained with
the sensor out of the water and the pump turned on
revealed a discernible impact of EMI noise, emanating
from the water tunnel pump, beyond 75Hz. As seen in
Figure 19, the power spectrum plot displays irregular
peaks beyond 75Hz, which are clear indicators of
significant EMI noise interference in the measurements.
Therefore, the Nyquist frequency for the measurements
was established to be 75Hz, and it was determined that a
sampling rate of 150Hz represented the upper limit of
reliable measurement capability for the sensor throughout
this test. For a further discussion on how this sampling
rate was chosen and the effect of the water tunnel pump,
see Appendix sections C and D.



10"

-
o
©

EMI Noise from Pump -
—_
1
1
1
10 |
S 1
- '
3] 1
5102
=
1073}
107}
10 !

10° 10' 10? 10°
Frequency (Hz)
Figure 19: The calculated power spectrum 5” downstream of
the turbulence generating grid

The reasoning behind this test was heavily drawn from the
theory of turbulence decay, which states that as a flow
moves away from a source of turbulence, the turbulence
within it will gradually decrease. Consequently, it is
reasonable to expect a reduction in pressure fluctuations
as the sensor is moved further downstream. Turbulence
intensity is one of the parameters commonly employed to
gauge turbulence decay, and its equation is as follows:
std(u')

== @
Where std (u") is the standard deviation of the fluctuating
velocity signal, u’, and U, is the freestream velocity.
However, because the sensor measures pressure,
converting these values to a velocity through Bernoulli’s
equation will only introduce uncertainties that cannot be
accounted for. Therefore, the equation for turbulence
intensity was suitably modified to be expressed solely in
terms of pressure as:

td(p’
_ std®") 3)
Pa

Where std(p") is the standard deviation of the fluctuating
pressure signal, p’, and p, is the dynamic pressure based
on the flow velocity. Values calculated using this
equation will be referred to as the pressure turbulence
intensity.
Although downsampling the data to 150Hz significantly
reduced the noise present in the signal, a considerable
portion of the turbulence data was also eliminated.
Therefore, to focus on the trend of the data rather than the
absolute magnitude, each pressure turbulence intensity
measurement was normalized based on the largest value
obtained (measured at a downstream distance of 17),
resulting in a range between 0 and 1 for each value. Grid

p
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1 was placed at the test section entrance, and the pressure
turbulence intensity values obtained from four repeating
trials. These results can be seen in Figure 20.

The calculated curve fit for the pressure turbulence
intensity data without the grid is T1,, = 0.15x7%16 where
x is the downstream distance from the entrance of the test
section (and where the grid was mounted) in inches. The
calculated curve fit for the pressure turbulence intensity
data when the grid was in the flow is T1, = 0.78x70-64,
where x is the downstream distance from the entrance of
the test section in inches. As seen in Figure 20, it is clear
that the pressure turbulence intensity values are higher
behind the turbulence generating grid than when in the
freestream, indicating larger pressure fluctuations. In
addition, the negative exponent evident in the calculated
curve fits for both cases are indicative of a decreasing
trend.

As previously stated, the theory of turbulence decay
suggests that turbulent eddies within a flow will gradually
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Figure 20: Streamwise pressure turbulence intensity data
without grid (blue) and behind the turbulence generating
grid (red)

dissipate as the flow moves further away from a source of
turbulence. Thus, smaller pressure fluctuations are
expected as the sensor is moved downstream. Therefore,
the decreasing trends seen in Figure 20 align with the
theory of turbulence decay as anticipated. Both regression
lines also show a very high R? value, indicating a large
correlation between the proposed fit and the obtained
data. Ultimately, a key result showed that the sensor
consistently detected larger pressure fluctuations behind
the grid and a decay of these pressure fluctuations as it
was moved downstream, throughout four repeating trials



which demonstrates in the obtained
measurements.

With all variables held constant, Grid 1 was then
interchanged with Grid 2. The only difference between
both grids is the rod diameter, with the diameter of the
rods in Grid 1 being 0.0205” larger than that of Grid 2.
Although this is a seemingly miniscule difference, the
turbulence patterns produced by each grid will be
different, with the larger rods in Grid 1 shedding slightly
larger turbulent eddies. This means that the pressure
fluctuations generated by Grid 1 should be slightly larger
when compared to the pressure fluctuations generated by
Grid 2. This was a key expectation of this test, and the
obtained results can be seen in Figure 21.

From these results, it is clear that the sensor detected
higher pressure fluctuations behind Grid 1. When
comparing the two data sets, the data obtained behind
Grid 1 is higher relative to the data obtained behind Grid
2, as expected. Therefore, it can be seen that when
changing only the grid geometry, the sensor measured
smaller pressure fluctuations as the rod diameter was
decreased.
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Figure 21: Grid 1 vs. Grid 2 results

o

This test was a crucial step to not only determine the
performance of the sensor, but also determine its
limitations. The same water tunnel was used as in Section
6, and therefore large amounts of seed particles were
present in the flow. The NFSS 2 was constantly being
exposed to this contaminated flow for prolonged periods
which provides promising insights into its robust design
and HybridSil® coating.

One of the primary objectives of this experiment was to
evaluate the performance of the sensor when mounted on
a probe that simulates its placement on the surface of an

12

underwater vehicle. In this configuration, the results have
shown the sensors capability to measure pressure
turbulence intensity data based on small-scale pressure
fluctuations. Evaluating the obtained pressure data when
behind Grid 1 and without Grid 1, it is evident that the
sensor measured higher pressure fluctuations behind the
turbulence generating grid. This result was consistent
throughout four different trials, demonstrating that the
experiment is repeatable. In addition, it was found that
when changing the grid geometry, the measured pressure
fluctuations decreased as the rod diameter decreased.
However, there are quite a few sources of error that
impacted the results of this test, the first of which being
the shape of the sensor probe, which can be seen in more
detail in Figure 22.

The 0.75” flat face for the sensor mount is very large
relative to the 0.077 x 0.07” active sensing
nanomembrane. The presence of this blunt and flat face
can change the flow field around the sensing element and
can create flow disturbances that cannot be accounted for.
Unfortunately, this sensor probe shape was found to be
the most efficient design for a sensor mounted on the
surface of an underwater vehicle.

Active Sensing
Nanome\mbrane

Strip Sensor

Sensing Element

Figure 22: Isometric view 0fsens0r probe (left) and active
sensing nanomembrane (right)

The EMI generated by the water tunnel pump, lighting
fixtures and electrical circuits throughout the lab can also
introduce a large area of error. Due to the high sensitivity
of the sensor, the EMI induced by the previously
mentioned sources can potentially affect the turbulence
data. The third source of error are the polyethylene seed
particles present in the flow. When the sensing element is
impacted by one of these particles, it can potentially cause
an excitation which would be recorded as a random
increase in pressure. The water tunnel itself also generated
a relatively high background turbulence intensity. A
previous study has shown that the average streamwise
turbulence intensity value within the test section is ~3%,
as measured using PIV [32]. This can destroy the eddies
that are to be observed and, again, cause an increase in



flow disturbance that cannot be accounted for. The final
source of error comes from the uncertainties found in the
sensor itself. To obtain pressure data, the voltage values
must be multiplied by a constant which is determined by
the sensor’s calibration curve. Therefore, converting from
voltage to pressure induces a slight area of uncertainty
which stems from the calibration curve.

Future work and means of mitigating these sources of
error will be discussed in the following section.

8. CONCLUSION

The testing and verification of a state-of-the-art pressure
sensor is paramount for both the manufacturer and
consumer to be certain of its performance. The presented
work increased understanding and provided insight into
the abilities of the sensors developed by NanoSonic Inc.,
moving one step closer to a piezoresistive pressure sensor
for underwater small scale pressure measurements.
Throughout this paper the response of each sensor was
investigated through multiple tests to highlight the
ultrasensitive properties, and the following conclusions
can be drawn:

e [Each sensor displays good linearity with a high
correlation coefficient

e [Each sensor is capable of detecting small-scale
pressure fluctuations of 0.04 inH,O (~9.95 Pa)

e Testing in various environments highlight each
sensor’s ability to detect flow disturbances across
the tested frequency range

e Testing in various environments exhibit the
sensor’s durability and ability to detect small-
scale pressure fluctuations when in a semi-
polluted environment

Present work has shown that the new pressure sensors are
capable of detecting small-scale pressure measurements
when in environments of minimal pressure differences.
The static and dynamic calibration tests have shown that
the sensor shows good linearity to match the overall
detection range and that small-scale dynamic events can
be observed and quantified. The stir and vortex shedding
tests have shown the sensor response in the lower
frequency regime, while the mid to high speaker test and
turbulence decay test have demonstrated the sensors
capability to perform in the upper frequency range up to
20kHz. The final, turbulence decay test, has provided
valuable insight into the sensor’s durability and also its
ability to differentiate the small-scale pressure
fluctuations when in a freestream and behind a turbulence
generating grid.
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Future research must be done to further validate the
results of the turbulence decay test. The experiment can
very easily be re-performed in a water tunnel with a lower
background noise level and in a lab with less surrounding
sources of EMI noise. In addition, the sensor should be
mounted in an “L” shape, much like that of a Pitot tube,
such that the sensing element is flush with the tip of the
probe. This mounting configuration will create the least
amount of flow disturbance around the sensing element
allowing for more relevant data to be captured.
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APPENDIX A: DYNAMIC EVENTS OBSERVATIONS

Signal (V)
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Figure 23: Time history data characterizing the performance of sensor 5 during dynamic calibration and a view of the surface
fluctuations caused by a falling water droplet

During the sensor calibration process, a preliminary test was performed to exhibit the excitation of the sensor in
response to a minimal pressure change. No quantitative results were computed. Data was recorded as the water height was
increased from 0” to 6” in 0.5” increments when water was falling from a height of 9.75” in order to observe water surface
fluctuations. The water was dispensed into the column using a pipette.

As the water was deposited into the column, it created small-scale disturbances on the surface, minimally changing
the overall applied pressure to the sensor. The figure above demonstrates the time domain sensor response and clarifies the
behavior of the water when dropped from a height of 9.75”.

The red circle contained within Figure 23 also depicts a small volume of water being forced upwards when the
surface was subjected to fluctuations, which can be used to characterize the slight decrease in voltage output from the sensor.
The sensor displayed an excitation of about 0.2V lasting for the time period of surface fluctuations (about 200ms). The
minimal pressure differences generated by water surface fluctuations were detected by the sensor, hence further displaying
its ultrasensitive properties.
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APPENDIX B: POWER SPECTRUM
The energy/power spectrum is a useful tool to describe how the energy in a signal is distributed with frequency. Consider a
fluctuating signal, x(t). In the frequency domain, the one-dimensional energy spectrum can be drawn using Equation 4:
X 2

£ =y 2O @
Where X1 (f) is the Fourier transform of T seconds of x(t). In engineering applications, the most common method of
estimating the energy spectrum is the segment averaging approach, also known as Welch’s method. This method divides
(or segments) the signal into blocks in time, that can overlap as much as 50% [33]. At each block, a Fourier transform is
computed, and the magnitude is squared (also known as a periodogram), from which averaging the results obtain the final
power spectrum estimate.
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APPENDIX C: POWER SPECTRUM COMPARISON
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Figure 24: The power spectrum drawn when the water tunnel pump was turned on and when the sensor was both out the water
(blue) and 5” downstream of the grid (black)

As mentioned, the power spectrum was calculated using MATLAB’s built-in “pwelch” function, with 8 segments
and 50% overlap. To establish an appropriate sampling rate, measurements were taken with the water tunnel pump in
operation and the sensor positioned outside of the water, and the resulting power spectrum was compared to that taken at a
location 5 inches downstream of the turbulence generating grid, as illustrated in Figure 24. As shown, the power spectrum
obtained with the sensor outside of the water (blue) revealed substantial peaks, including irregular and prominent ones
beyond the 75Hz threshold, which were replicated in the power spectrum derived from measurements taken with the
sensor immersed in water (black). Hence, the Nyquist frequency was determined as 75Hz, and a sampling rate of 150Hz

was deemed acceptable.
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APPENDIX D: RESAMPLING STUDY
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Figure 25: The calculated power spectrum 5” downstream of the turbulence generating grid at different sampling rates

Determining a proper sampling rate is a critical step to ensure the obtained results are as accurate as possible.
Multiple sources in literature use the turbulence energy spectrum, or the power spectrum of the fluctuating velocity signal,
as a means to get this. This approach was followed using the obtained pressure data, and the power spectrum was calculated
using the pressure data obtained 5 inches downstream of the grid which can be seen in Figure 25. Many jagged and abrupt
peaks can be seen throughout the entire frequency range, which are indicative of noise in the measurements. But, as the
sampling rate decreases, so does the span of the spectrum. Therefore, an appropriate sampling rate can be chosen such that
many of the peaks can be eliminated. At ~1kHz lies a “noise floor”, denoting that any higher frequencies contain noise that
is introduced by the sensitivity of the sensor [34]. When the data is resampled to 150Hz, the data contained within the large
peaks are eliminated, as well as data which lies past the noise floor (~1kHz).

To summarize, down sampling the data to 150Hz causes the span of the spectrum to decrease such that the jagged
and abrupt peaks present at ~100Hz are eliminated following the previously mentioned reasoning. Therefore, a 150Hz
sampling rate was seen as sufficient, and was applied to all data sets obtained through the experiment.
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