A Pitot-type Waterflow Sensor System
for Biologging of Marine Animals

February 2026

Takuto Kishimoto



A Thesis for the Degree of Ph.D. in Engineering

A Pitot-type Waterflow Sensor System
for Biologging of Marine Animals

February 2026

Graduate School of Science and Technology
Keio University

Takuto Kishimoto



Thesis Abstract

In this study, a Pitot-type waterflow sensor is proposed to measure the relative
waterflow velocity of marine animals, a key indicator for evaluating swimming performance
in biologging studies. Although various sensors have been used, relative waterflow velocity
must be measured by attaching a flow sensor directly to the animal and has conventionally
been obtained using propeller-type sensors. However, these sensors rely on moving parts,
making them susceptible to suspended particles and biofouling and limiting stable long-term
measurements. In addition, mechanical inertia limits temporal response, and additional
moving parts required for multi-axis measurements reduce reliability.

Accordingly, this doctoral thesis presents the design and fabrication of a Pitot-type
waterflow sensor without moving parts that enables high temporal resolution and multi-axis
measurements. To demonstrate robust, high temporal resolution waterflow measurement
under natural underwater conditions, a single-axis sensor was developed with the inlet
covered by a membrane and an incompressible liquid sealed within the internal pipeline
connecting the inlet to the differential pressure sensor element. The dynamic pressure
generated by the flow is transmitted through the membrane and the sealed liquid to the sensor
element, allowing measurement of the relative waterflow speed along the animal’s forward
direction. This structure prevents the intrusion of suspended particles and biofouling,
suppresses sensor failure under hydrostatic pressure, and enables high temporal resolution
owing to the absence of mechanical components.

Furthermore, to demonstrate the extensibility of the Pitot-type waterflow sensor to
multi-axis measurements, a two-axis sensor was designed and fabricated by extending the
single-axis concept. The two-axis configuration employs a spherical housing that
incorporates three pairs of closed inlets and corresponding differential pressure sensor
elements. Because the relationship between the surface pressure distribution and the flow
velocity is nonlinear, a neural network was used to predict the waterflow velocity vector from
the three sensor outputs. Training data were obtained in controlled water-tunnel experiments,
and evaluation using independent datasets confirmed the effectiveness of the proposed multi-
axis sensor architecture.

The fabricated sensors exhibited responses consistent with theoretical predictions and
were shown to be suitable for biologging applications. Field experiments on wild loggerhead
sea turtles demonstrated good agreement between the proposed single-axis sensor and a
conventional propeller logger, while also enabling reliable low-speed measurements below
0.2 m/s and high temporal resolution capture of flipper-stroke-induced speed fluctuations.
No clogging or malfunction due to suspended particles or biofouling was observed, indicating
robust performance under natural underwater conditions. These results demonstrate that the
developed Pitot-type waterflow sensor system enables stable, high-temporal-resolution
measurement of relative waterflow speed and is extensible to multi-axis measurements for
marine animal biologging.
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General Introduction

CHAPTER 1.
GENERAL INTRODUCTION

1.1 Purpose of this study

The objective of this study is to develop Pitot-type waterflow sensor systems for
biologging applications in sea turtles. Biologging is a research approach that investigates the
behavior and physiology of wild animals by attaching miniature sensors and data loggers. It
has been widely applied to marine animals such as penguins and sea turtles. Although various
behavioral and physiological parameters have been measured using this technique, accurate
evaluation of the swimming performance of marine animals requires measurement of their
relative waterflow velocity, that is their velocity relative to the surrounding water.

Several methods have been used for these measurements, among which propeller-
based waterflow sensors have been the most widely employed. However, propeller-based
waterflow sensors have several limitations arising from their moving parts. They are highly
susceptible to clogging by suspended particles and biofouling in marine environments, which
restricts long-term operation. Their sensitivity can vary over time due to clogging or
corrosion, leading to reduced measurement accuracy. The inertia of the moving parts limits
the temporal resolution. In addition, achieving multi-axis measurements requires additional
moving parts, which further reduces robustness and practical applicability. Thus, accurate
measurement of relative waterflow speed requires a new sensing approach without moving
parts. At the same time, marine animal biologging requires strict sensor system design

requirements, including low mass, compact size, low power consumption, and robustness in

A Pitot-type Waterflow Sensor System for Biologging of Marine Animals



General Introduction

marine environments, which conventional waterflow sensors have struggled to meet
simultaneously.

To address these challenges, this study proposes a new waterflow-sensing approach
based on the Pitot-tube principle that does not rely on moving parts and is specifically
designed to enable robust, high—time-resolution, and multi-axis measurement of the relative
waterflow velocity of marine animals. First, a one-axis waterflow sensor based on the Pitot
principle will be developed, in which a thin membrane is attached to the Pitot inlet and
pressure is transmitted through a chamber filled with an incompressible liquid to a differential
pressure sensor element. This configuration enables robust operation in natural environments
by preventing clogging from suspended particles, while also maintaining stable sensitivity
and enabling high-time-resolution measurements.

Next, the proposed sensor exhibits high extensibility to multi-axis measurements by
increasing the number of inlets and sensing elements. To demonstrate this extensibility, a
two-axis waterflow sensor will be designed and fabricated to measure both the magnitude
and direction of waterflow velocity. The performance of this two-axis sensor will be
evaluated through controlled water-tunnel experiments, and a neural-network-based
estimation model will be constructed to estimate flow speed and direction from the measured
pressure distribution.

Finally, the one-axis Pitot-type waterflow sensor will be integrated into a biologging
system capable of autonomous underwater operation. Field experiments using wild
loggerhead turtles (Caretta caretta) will be conducted to verify their performance in natural
marine environments. These experiments will demonstrate that the proposed sensor system
can accurately measure the turtles’ relative waterflow speed with high temporal resolution,
directly capturing fine-scale velocity fluctuations produced by individual flipper strokes.

Through these developments, this study aims to establish a new methodology for
measuring the relative waterflow speed and direction of marine animals, contributing to a

more detailed understanding of their locomotion and hydrodynamic behavior in the wild.
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1.2  Background and previous studies

1.2.1 Biologging research

There have long been many challenges associated with studying the ecology of wild
animals. Because wild animals tend to avoid humans and often inhabit environments that are
difficult to access or observe directly, early behavioral studies were primarily conducted
indoors or under controlled captive conditions. However, it remains unclear whether behavior
observed under captive or otherwise artificial conditions are representative of those expressed
by animals in the natural behaviors [1]-[3]. To truly understand their ecology, it is essential
to study animal behavior in the wild, free from external constraints.

To address this need, a new research field known as biologging emerged, in which
small data loggers composed of sensors and recording devices are attached to animals to
collect information about their natural behaviors and surrounding environments [4], [5]. The
earliest developments in biologging arose from efforts to quantify the diving behavior of free
ranging marine animals using time depth recorders, commonly referred to as TDRs. The first
TDR was created by modifying an ordinary mechanical kitchen timer [6]. Following this
pioneering work, various types of analog TDRs were developed worldwide and applied to
wild animals [7], [8]. Subsequent miniaturization and performance improvements in
computer chips enabled a gradual transition from analog instruments to digital recording
systems. As biologging devices evolved, recording duration increased and device size
decreased [9]. At the same time, the number of measurable parameters expanded. As a result
of these technological advances, biologging techniques were applied not only to marine
animals but also to a wide range of animals, including flying birds [10], [11], terrestrial
mammals [12], [13], and humans [14], [15]. Various types of sensors, including pressure
sensors [6], [7], temperature sensors [ 16]-[ 18], speed sensors, accelerometers [19], [20], light
sensors [21]-[23], cameras [24]-[26], acoustic sensors [27]-[29], magnetometers [30]-[32],
electrodes [33]-[35], GPS devices [11], [36], [37], and conductivity sensors [38], have been
employed in biologging studies, allowing the collection of diverse physiological and
environmental data, as summarized in Table 1.1 [39]. By measuring these parameters, the
natural behavior of many animals in the wild can be revealed. In addition, this approach

enables quantitative investigation of behavioral metrics, such as stroke effort [40] and energy
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Table 1.1 Sensors used in conventional [39].

Sensor Measured Parameter Information obtained
Pressure Depth (Water depth) Diving depth, dive duration
Temperature Environmental Water temperature, body temperature,
temperature stomach temperature (feeding timing)
Accelerometer  Acceleration Body motion, posture, stroke effort,
behavioral state classification
Speed Relative waterflow Swimming speed, burst speed, cruising
velocity speed, locomotor performance
Light Ambient light intensity [llumination level, day length, sunrise-
/sunset timing, horizontal position
Camera Still image/video Environmental context, prey information,
foraging behavior, habitat use
Acoustic Audible/ultrasonic Vocalization, sound-source localization,
signals, position ambient soundscape characterization
Magnetometer  Geomagnetic field Orientation, heading, turning behavior
Electrode Bioelectric potential Muscle activity (EMG), heart rate
(EMG, ECG, EEQG) variability (ECG), neural activity patterns
(EEG)
GPS Geographic position Location, migration route, movement path
Conductivity Electrical conductivity Environmental salinity concentration

expenditure [41], that are difficult to assess solely through visual observation. As a result,
this method has attracted considerable attention in biomechanics and related fields.

Among the many applications of biologging, its importance has been particularly
evident in the study of marine animals, which are especially difficult to observe directly in
their natural habitats. Consequently, biologging techniques have been extensively applied to
marine organisms such as seals, penguins, and sea turtles to investigate their diving,

swimming, and foraging behaviors [42].
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1.2.2 Biologging research of marine animals

In marine animal biologging, a wide range of parameters has been recorded using
diverse sensors, providing insight into various aspects of animal ecology. These applications
range from documenting foraging behavior with cameras [26], [43] to monitoring underwater
soundscapes with a hydrophone [29]. Although the ecology of marine animals remains only
partially understood due to the difficulty of direct observation, recent advances in biologging
have enabled quantitative analyses of behavior and gradually revealed their remarkable
swimming capabilities.

For example, sea turtles have been shown to migrate across the Pacific Ocean [44],
[45]. These outstanding swimming performances are thought to be achieved by efficiently
using ocean currents, which allow animals to minimize energy expenditure during movement.
Indeed, loggerhead turtles around Japan have been observed traveling along the Kuroshio
Current [46]-[48], indicating that many marine animals effectively utilize oceanic flows to
optimize swimming efficiency [49].

To quantitatively evaluate such swimming performance, it is essential to examine
the relationship between the flipper strokes, representing energy expenditure, and the relative
waterflow speed, defined as the animal’s speed relative to the surrounding water (Fig. 1.1).
Understanding this relationship is of great significance in the fields of biomechanics, fluid

dynamics, behavioral science, and ecology.

1.2.3 Relative waterflow speed measurement in conventional biologging

In biologging studies, the most common approaches for detecting flipper strokes use

Waterflow speed Relative waterflow

E speed

Ground speed

®
Flapping flipper /

Fig. 1.1 Swimming of a marine animal and flapping flipper.
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accelerometers and camera loggers. Aquatic animals such as sea turtles and penguins
generate thrust by oscillating their flippers or hind limbs in a plane roughly perpendicular to
their direction of travel, producing lift that is converted into forward propulsion. These
movements are periodic in nature, and flipper strokes can be quantified by analyzing the
cyclic acceleration signals recorded by an accelerometer attached to the animal’s body trunk
[20]. Another well-established approach uses camera loggers attached to the animal so the
flippers remain within the field of view. By analyzing the recorded video footage, flipper
strokes can be directly observed and quantified [50]. These approaches have been widely
applied to various marine species, and they are now considered established and reliable
methods for measuring flipper movements in biologging research.

Several methods have been developed to measure the relative waterflow speed of
aquatic animals, including those based on acceleration and vertical velocity [51], methods
for attaching the waterflow sensor to animals (fluid-flow noise analysis [52], [53], and
miniaturized propeller (screw) sensors [54]).

The approach using acceleration and vertical speed estimates the swimming speed
from the body pitch angle, which is calculated from the accelerometer outputs, and from the
vertical speed derived from pressure data. This method yields an Earth-referenced speed
estimate by reconstructing the animal’s motion from depth changes and body pitch angle.
Accordingly, the estimate can be interpreted as the relative waterflow speed, assuming that
the surrounding current is negligible. In practice, the method has primarily been applied to
deep-diving species, such as whales, which ascend and descend at steep angles. Because it
captures only the vertical component of motion, it is unsuitable for species such as sea turtles
that primarily swim in the horizontal plane.

To measure swimming speed components other than the vertical direction, a flow
sensor must be attached to the animal. The method based on fluid-flow noise employs an
acoustic sensor to record the sound generated by the surrounding waterflow and estimates
the relative waterflow speed using an empirical correlation between the acoustic signal and
flow speed. Although this approach does not require moving parts, it involves complex
calculations and suffers from low measurement reliability and accuracy.

The propeller-type method estimates the relative waterflow speed from the

rotational speed of a miniature propeller attached to the animal. Because it does not require
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complex calculations and can be implemented in a compact data logger, this method has been
applied to many animal species and is regarded as the most widely used approach for
measuring relative waterflow speed in aquatic animals. On the other hand, its performance
depends strongly on the mechanical precision of the rotating components. Because it relies
on moving parts, degradation due to biofouling, marine debris, and corrosion is inevitable,
making long-term measurements difficult. Furthermore, the propeller does not rotate at low
swimming speeds, and its temporal response is limited by mechanical inertia, resulting in
poor time resolution.

Using these methods, relative waterflow speed in marine animals has been measured,
and swimming speed measurements in previous biologging studies have primarily focused
on evaluating average swimming speed under steady swimming conditions. The methods
described above that directly estimate relative waterflow speed, including propeller loggers
and approaches based on fluid noise, generally calculate speed from either the average
propeller rotation rate or spectral characteristics over a fixed time window. As a result, the
obtained speed information is inherently time-averaged, making it difficult to capture
instantaneous speed fluctuations with high temporal resolution. Furthermore, because
propeller-based sensors have moving parts, they are easily affected by biofouling and marine
debris intrusion, which hinder rotation and limit long-term, stable, continuous measurements.
Because of these characteristics, swimming speed analyses in conventional biologging
studies have tended to focus on time-averaged, quasi-steady speed components when viewed
at the temporal scale.

In contrast, the actual swimming behavior of marine animals is not composed solely
of such quasi-steady states. Speed variations occur over a wide range of time scales, from
short-time-scale unsteady motions such as acceleration and deceleration associated with
individual flipper strokes, to long-time-scale sustained swimming observed during
movements such as migration. These motions are expected to contain essential information
for understanding the swimming capabilities of marine animals. Therefore, it is important to
obtain relative waterflow speed measurements that can consistently capture speed variation
over a wide range of time scales, from short-time-scale fluctuations to long-time-scale
variations.

In addition, marine animals exhibit complex and multidimensional movements,
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including turning maneuvers [55], [56]. Such motions differ from simple forward swimming
and represent unsteady, multidimensional swimming that involves changes in heading and
lateral movement. Many biologging-based biomechanics studies have focused primarily on
stable forward swimming. Nevertheless, the ability to change movement trajectory is closely
associated with behavior such as foraging, predator avoidance, and obstacle avoidance, and
therefore plays an important role in the survival strategies of marine animals [56].

These multidimensional swimming motions have been analyzed using motion-
tracking methods based on fixed underwater cameras [56] or by reconstructing swimming
trajectories using a combination of a single-axis propeller-type waterflow sensor,
magnetometers, and inertia sensors [43], [55]. Camera-based approaches are difficult to apply
in natural field environments. Moreover, methods relying on single-axis waterflow sensors
can introduce errors during turning maneuvers, for example, due to sideslip angles, which
cause mismatches between the measured velocity component and the actual direction of
movement. Therefore, to evaluate such multidimensional swimming behavior, their relative
waterflow velocity should be expressed as a multidimensional vector rather than a single
scalar value. To analyze such swimming behavior in greater detail, it is important to measure
the relative waterflow velocity in multiple dimensions, capturing both its magnitude and
directional components.

In summary, existing methods for measuring relative waterflow velocity are limited
in temporal resolution and robustness for long-term measurements, largely due to time-
averaging procedures and the presence of moving parts. In addition, these approaches are
insufficient for evaluating multidimensional swimming behaviors, such as turning maneuvers,
in which velocity should be treated as a vector rather than a scalar. Consequently, there is a
strong need for a waterflow sensor capable of high time resolution, long-term, and
multidimensional measurements of relative waterflow velocity in marine animals. This
doctoral thesis focuses in particular on high temporal resolution and multidimensional

measurements.

1.2.4 Conventional waterflow sensors

In addition to the measurement methods described in the previous section, several

other types of flow sensors are commonly used for waterflow sensing, including hot-wire,
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Table 1.2 Summary of the characteristic features of representative flow sensors

Sensor Propeller Micro- Hot wire  Doppler  Electro- Pitot
phone magnetic

Weight light light light heavy heavy light

Size small small small large medium small

Power low low medium  high high low

consumption

Measurement  low low high high high high

accuracy

Temporal slow slow fast slow slow fast

response

Operational low high low high medium low

stability

Computational simple complex moderate complex  complex simple

complexity

Doppler, electromagnetic flowmeters, and Pitot tube. The characteristics of these waterflow
sensors are summarized in Table 1.2.

The hot-wire flow sensor measures flow velocity based on the rate of heat transfer
from a heated wire to the surrounding fluid, which depends on the fluid velocity. Variations
in the electrical resistance of the wire, caused by temperature changes, are used to determine
the flow speed [57], [58]. These sensors offer high responsiveness and can accurately
measure fluctuating flow conditions. Because the wire must be continuously heated, the
system consumes substantial electrical power, limiting its suitability for biologging
applications where energy is limited.

The Doppler-type flow sensor determines flow velocity from the frequency shift of
ultrasonic waves reflected by suspended particles or bubbles in water. For example, the
Acoustic Doppler Current Profiler (ADCP) [59], [60] can measure three-dimensional flow
velocity components. Its large size and heavy weight make it difficult to mount on animals,
and its operation can generate acoustic signals that may disturb the surrounding marine

environment [61], [62].
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The electromagnetic flow sensor measures flow velocity by detecting the
electromotive force induced when a conductive fluid passes through a magnetic field [63],
[64]. This sensor provides stable measurements for conductive fluids and can also measure
two-phase flows such as air—water mixtures [65]. Because it requires a hollow flow channel,
it is susceptible to clogging and biofouling by suspended particles or marine organisms. In
addition, generating the magnetic field requires continuous power consumption, which limits

the sensor’s long-term usability in animal-borne applications.

1.3 Proposed method for measuring relative waterflow velocity

1.3.1 Design concept of the Pitot-type waterflow sensor

Conventional methods and sensors for measuring relative waterflow velocity are
unsuitable for application to marine animals under natural conditions, as described above.

When directly measuring the relative waterflow velocity of marine animals using a
flow sensor, the device must accurately detect flow velocities of several meters per second
and withstand the hydrostatic pressures of several megapascals encountered during deep
dives. In addition, the sensor must be lightweight, structurally resistant to biofouling and
suspended particles. Furthermore, to capture the fine-scale fluctuations associated with
flipper strokes, a high temporal response is required.

To meet these demanding requirements, this study employs the Pitot-tube principle
to measure the relative waterflow velocity of marine animals, as summarized in Table 1.2.
The Pitot tube determines flow velocity by detecting the pressure generated by fluid flow
using an internal pressure-sensing element. Because this method does not rely on mechanical
moving parts, it is free from inertial effects and provides measurements with a high temporal
response [66], [67].

However, marine animals such as sea turtles and penguins are air-breathing species
that repeatedly surface and dive. Under such conditions, a conventional Pitot tube can allow
air bubbles to enter through its opening during surfacing, thereby disturbing the internal
pressure and degrading measurement accuracy[66], [68]. In addition, suspended particles and

biofouling organisms in the water may also enter the tube, further hindering accurate pressure
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Fig. 1.2 Overview of the two types of proposed waterflow sensor systems.
measurement.

To overcome this issue, the present study proposes a one-axis Pitot-type waterflow
sensor in which the Pitot tube is filled with an incompressible liquid and its inlet is sealed
with a thin film (Fig. 1.2). The membrane prevents the intrusion of air bubbles and suspended
materials, while the incompressible liquid inside the tube transmits external pressure to the
internal sensor element. This design not only ensures accurate pressure transmission but also
protects the sensing element from structural damage caused by hydrostatic pressure, enabling
stable operation even during deep dives. Consequently, the proposed configuration enables

reliable measurement of the animal’s forward velocity in its natural underwater environment.

1.3.2 Extension to a two-dimensional waterflow sensor

Although the structure described in the previous section enables high-accuracy,
high-temporal-resolution, and excellent-stability measurements, it can only measure a scalar

quantity. This limitation arises because a conventional Pitot tube inherently measures only
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the scalar component of flow velocity.

Recent studies have therefore focused on extending the Pitot-tube concept to detect
not only the magnitude but also the direction of flow by increasing the number of inlets. Such
approaches have been explored in both air and water, leading to the development of Pitot
probes with diverse geometries. For airflow measurements, configurations such as five-hole
hemispherical [69] and conical [70] probes, as well as cylindrical probes with three [71] or
six [72] inlets and spherical probes with four inlets [73], have been investigated. For
waterflow measurements, similar designs have been proposed, including hemispherical
probes with five inlets [74] and cobra-type probes with three inlets [75].

These enhanced sensors estimate both flow speed and direction by comparing
differential pressures across multiple inlets distributed across the probe surface. However,
accurately detecting both parameters remains challenging because non-monotonic pressure
gradients arise from flow separation and Karman vortex shedding. In recent years, such
complex nonlinear relationships have increasingly been addressed by integrating pressure
sensors with machine learning techniques. In particular, highly accurate measurements of
flow velocity and direction have been demonstrated by combining differential pressure
sensors with polynomial regression models or neural networks (NNs) [76]-{79]. Thus, by
increasing the number of inlets and sensing elements, Pitot-type waterflow sensors offer
greater extensibility for multi-axis measurements, which is difficult to achieve with propeller-
based waterflow sensors.

To demonstrate the extensibility of Pitot-type waterflow sensors to multi-axis
measurements, this study focuses on two-dimensional swimming behavior among
multidimensional swimming modes and proposes a closed multi-inlet two-dimensional (2D)
waterflow vector sensor that is capable of capturing 2D swimming movements such as
circling (Fig. 1.2). This sensor is equipped with multiple pairs of inlets on the surface of its
spherical housing, and differential-pressure sensor elements corresponding to each inlet pair
are embedded within the sensor. Furthermore, unlike conventional Pitot tubes with open
inlets, each inlet of this sensor is sealed with a film. The tubes connecting the inlet to the
internal differential pressure sensor element are filled with an incompressible liquid to ensure
that the pressure applied to the inlet is transmitted to the internal sensor elements. As

mentioned previously, the sealed design effectively prevents marine debris clogging and air
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bubble intrusion. This makes the sensor suitable for marine biologging applications. In our
previous study, we developed a 2D waterflow sensor that integrated a closed multi-inlet
structure, two differential pressure elements, and polynomial regression [80]. However, the
sensor had low accuracy because the number of explanatory variables was small. Moreover,
the non-monotonic pressure distribution around the sensor could not be easily represented by
polynomial regression. Therefore, we increased the number of sensor elements to three and
employed a Neural Network (NN) that could better address complex nonlinear relationships
than polynomial regression [77]. The speed and angle of the horizontal waterflow are
predicted from the outputs of these differential pressure sensor elements using an NN-based

regression model.

1.3.3 Overview of the waterflow sensor system

The objective of this study is to develop waterflow sensor systems capable of
accurately measuring the relative waterflow velocity of sea turtles under natural underwater
conditions. In particular, this doctoral thesis focuses on waterflow velocity sensors capable
of measuring the relative waterflow speed of marine animals with high temporal resolution
and multi-axis capability. Based on the Pitot principle, both a single-axis and a two-axis (2D)
sensor are designed, developed, and experimentally validated.

The one-axis sensor incorporates the thin-film inlet and is filled with an
incompressible liquid, preventing the intrusion of air bubbles and suspended particles and
enabling reliable measurement of the forward (scalar) velocity component. The two-axis
sensor extends this principle by increasing the number of inlet—sensor element pairs
distributed over the sensor housing. By applying a neural network (NN) model to the
differential pressure signals obtained from these multiple elements, the sensor can estimate
both the magnitude and direction of the two-dimensional waterflow velocity. Through the
development of this two-axis waterflow sensor, the high extensibility of the Pitot-type
waterflow sensor to multi-axis measurements is demonstrated.

Furthermore, the developed one-axis flow sensor is integrated into a multi-sensor
data logger to enable stand-alone underwater operation. This system is attached to a wild
loggerhead turtle together with a conventional propeller logger, and comparative biologging

experiments are conducted in natural marine environments to evaluate its performance under
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natural conditions, including suspended particles and biofouling. The high temporal
resolution of the sensor enables the detection of rapid flow fluctuations, such as velocity
variations induced by flipper strokes, which conventional sensors have been unable to capture.
These capabilities are experimentally demonstrated through field measurements presented in
this study.

In summary, the main objectives of this doctoral thesis can be summarized into three
points. First, the effectiveness of high temporal resolution waterflow measurements is
demonstrated through biologging experiments using the single-axis Pitot-type waterflow
sensor. Second, the measurement performance of the proposed sensor is quantitatively
evaluated by comparing it with a conventional propeller logger. Third, the multi-axis
capability of waterflow velocity measurement is demonstrated through the design and

development of the two-axis Pitot-type waterflow sensor.

1.4  Significance of this study

The distinctive feature of this study lies in its development of novel sensors,
designed from new principles to measure the relative waterflow velocity of marine animals.
Rather than relying on existing technologies, this study introduces an entirely original system
specifically created to address this long-standing challenge.

By directly measuring an animal’s relative waterflow velocity, this approach allows
a quantitative assessment of how marine animals exploit ocean currents, thereby providing
new insights into their exceptional swimming performance. Moreover, by achieving multi-
dimensional velocity measurements, the proposed method enables detailed analyses of
complex swimming behaviors such as turning movements. In addition, the high temporal
resolution enables the capture of short-time scale waterflow variations, including intra-stroke
dynamics within individual flipper beats. Both types of measurements have been difficult to
capture with existing techniques. Because relative waterflow velocity is also essential for
estimating energy expenditure and reconstructing 3D swimming paths using dead-reckoning,
the developed sensor system offers broad applicability beyond kinematic analysis.

In recent years, biologging studies have demonstrated that environmental fields

surrounding animals can be inferred from behavioral data [18], [81]-[83], opening new
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possibilities for extracting environmental information from behavioral data. By integrating
the proposed sensor system with other biologging instruments, it becomes possible to obtain
in situ measurements of ocean current velocities across a wide range of locations. Such data
could serve as ground-truth observations for ocean data assimilation, thereby improving the
accuracy of meteorological and oceanographic forecasts.

Furthermore, the proposed system represents a new waterflow-sensing platform
capable of withstanding the harsh environmental conditions of underwater applications.
Owing to its robustness, compact design, high temporal resolution, and multi-axis
measurement capability, it can also be applied to a wide range of engineering domains,
including underwater drone control, ocean observation buoys, and other marine sensing
platforms. Accordingly, this research has the potential to make a significant impact not only
in marine biology but also in ocean engineering, environmental monitoring, and advanced

fluid-sensing technologies.

1.5 Thesis structure

This dissertation is organized as follows.

Chapter 1 General Introduction

This chapter presents the objectives of this study and summarized the research
background, relevant previous studies, and existing measurement approaches. It also
introduced an overview of the proposed sensor system and discussed its distinctive features,

originality, and significance.

Chapter 2 Principle, Design, and Fabrication of the Pitot-type waterflow sensor

This chapter describes the principle, design, and fabrication of the one-axis Pitot-
type waterflow sensor. First, the swimming characteristics of loggerhead turtles are analyzed
to determine the sensor requirements. Next, the measurement principle of the waterflow
sensor is established, and a physical model of the sensor is formulated. Based on the defined
principle and design requirements, the waterflow sensor is then designed and prototyped

accordingly.
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Chapter 3 Fundamental Characteristics of the Pitot-Type Waterflow sensor

This chapter presents an evaluation of the fundamental characteristics of the Pitot-
type waterflow sensor. First, differential pressure is applied to the sensor, and the
experimental results are compared with the predictions of the proposed physical model. Next,
external disturbances such as water temperature and acceleration are introduced to verify that
the proposed structure effectively reduces their influence on the sensor output. Finally, the
sensor is exposed to a controlled waterflow, and an empirical equation for converting the

sensor output to flow velocity is derived.

Chapter 4 Multi-Inlet Two-Dimensional Waterflow Vector Sensor

This chapter presents the principle, design, and fundamental evaluation of the two-
axis flow sensor. First, the physical model of the sensor is introduced, and the parameters
governing the differential pressure distribution generated around the sensor are analyzed.
Based on this theoretical model, a neural network (NN) is constructed to estimate waterflow
speed and direction. A prototype sensor is subsequently fabricated, and water tunnel
experiments are conducted under controlled waterflow speed and directions. The resulting
data are then used to train the NN model, demonstrating that the fabricated sensor can

accurately measure both flow speed and flow direction.

Chapter S Field and Experimental Validation of the Developed Waterflow Sensor
System

This chapter presents field measurements conducted using the Pitot-type waterflow
sensor integrated into the biologging system. First, an aquarium experiment is performed to
verify the correspondence between the sensor outputs and the swimming behavior captured
in video recordings. Next, a calibration experiment is conducted using a motorized fishing
rod on which both the proposed Pitot-type sensor and a conventional propeller logger are
mounted. The outputs of the two sensors are compared to evaluate the accuracy of the
proposed system. Finally, the complete sensor system is attached to a wild loggerhead turtle,
and a biologging experiment is performed in a natural marine environment. The results

demonstrate that the developed sensor system successfully measures the relative waterflow
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velocity of marine animals under field conditions.

Chapter 6 Concluding Remarks
This chapter summarizes the main findings of this study and discusses the

conclusions and prospects.
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CHAPTER 2.
Principle, Design, and Fabrication of the
Pitot-type Waterflow Sensor

2.1 Introduction

In this chapter, the principles, design, and fabrication of the proposed Pitot-type
waterflow sensor are described. First, based on the swimming characteristics of the target
species, the loggerhead turtle (Caretta caretta), the expected flow conditions and
environmental variations that may influence the sensor are identified, and the corresponding
design requirements are defined. Next, the principle of waterflow speed measurement and
the design process derived from these requirements are explained. Particular attention is
given to sensitivity to dynamic pressure, disturbances caused by environmental factors such
as temperature changes and acceleration, and the frequency characteristics associated with
turtle flipper strokes. Finally, the fabrication of the sensor is presented in accordance with the

design.

2.2  Swimming of the loggerhead turtle

2.2.1 Flipper-based locomotion of the loggerhead turtle

In this study, the loggerhead turtle (Caretta caretta) was selected as the target
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Forelimb

Fig. 2.1 Photograph of a loggerhead turtle (Caretta caretta)

species (Fig. 2.1). Sea turtles have a large, rigid carapace, and many biologging studies have
been conducted on populations inhabiting the coastal waters of Japan. This feature makes
sensor attachment comparatively easier than in other marine animals. Along the coast of
Otsuchi, Iwate Prefecture, relatively large subadult loggerhead turtles are frequently captured
in set-net fisheries [48]. Unlike adult females, which remain nearshore during the
reproductive season and have been extensively studied, these subadults display diverse
swimming behaviors. For these reasons, the Sanriku coastal area was selected as the
experimental field, and loggerhead sea turtles incidentally captured along the Sanriku coast
were considered the most suitable species as the target animal.

Loggerhead turtles swim by flapping their forelimbs in an up-and-down motion.
By finely adjusting the angle of attack, the flippers convert lift into forward thrust, while the
hind limbs are used primarily for posture control and steering. In sea turtle swimming,
substantial thrust is generated primarily during the downstroke, whereas the upstroke

contributes little to trust generation [84] and is thought to be executed passively [85].
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Depending on the situation, turtles alternate between active stroking and gliding, during
which the flippers remain stationary. Stroking provides superior maneuverability and
acceleration, whereas gliding represents an energy-efficient mode of locomotion.
Loggerhead turtles adjust the balance between these two modes in response to oceanic

conditions and behavioral objectives.

2.2.2 Sensor system requirements

The fundamental biological characteristics of target animals, loggerhead turtles along
the Sanriku coast, and the corresponding sensor system requirements are summarized in
Table 2.1. The sensor system needed to be sufficiently compact so as not to interfere with the
animal’s swimming [86]. Attaching tags to animals increases hydrodynamic drag and
potentially raises energy expenditure. In bird tagging studies, increased weight and drag from
tags may reduce the return rate of tagged birds [87]. To reduce these effects, the 5% rule has
long been applied, recommending that tag mass be limited to less than 5% of the bird’s body
mass. This concept has also been widely adopted in tagging studies of terrestrial and aquatic
animals. According to a quantitative bycatch survey conducted in the Sanriku region, the
mean body mass of 152 loggerhead sea turtles incidentally captured in set nets between 2005
and 2010 was 55.5 = 13.5 kg (mean + SD) [48]. In this study, loggerhead sea turtles with
body sizes commonly observed in the bycatch records from Otsuchi, corresponding to

individuals around or above the mean body mass, were selected as target animals. Based on

Table 2.1 Characteristics of loggerhead turtles and sensor requirements

Characteristics of loggerhead turtles Sensor requirement

Mean body mass [30] 55.5+13.5kg System mass 2.8 kg

Mean SCLn-t [30] 70.8 £6.4 cm Frontal area 20 cm?

Maximum diving depth [30] 340 m Allowable pressure 3.4 MPa

Cruising speed [74] 0.50 m/s Measurement range 0-2.0 m/s
Resolution 0.01 m/s

(at cruising speed)

Flapping frequency[74] 0.20-0.36 Hz Response time <50 ms
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this criterion, the allowable sensor system mass was set to approximately 5% of 55.5 kg,
corresponding to about 2.8 kg, as a sensor system requirement.

For marine animals, the effect of tag mass is generally reduced by buoyancy, and
the increase in overall hydrodynamic drag has a greater impact on swimming performance
than tag mass itself [88], [89]. The effect of tag-induced drag on sea turtle swimming can be
estimated from a tag shape (squared or tear-drop shaped), its frontal area (FA), and turtles’
straight carapace length (SCL) [90]. According to the bycatch survey along the Sanriku coast,
the mean straight carapace length notch to tip (SCLn-t) was 70.8 £+ 6.4 cm (mean + SD) [48].
Based on this result, the loggerhead turtles used in this study are planned to be selected to
have an SCL of approximately 70 cm or longer. A practical framework for estimating the
increase in tag-induced drag has been proposed by Jones et al. [90]. Following this approach,
an SCL of 70 cm was assumed for the instrumented loggerhead turtle. Under this assumption,
the frontal area of the attached tag required to limit the increase in drag force to within 10%
of the baseline value was estimated to be 20 cm?.

In this study, biologging measurements are planned to be conducted using an auto-
releasing system [91]-[93], which may introduce additional drag beyond that estimated for
the sensor system alone. However, the present evaluation focuses specifically on the
hydrodynamic impact of the sensor system itself, independent of the release system. The
measurement duration is assumed to be on the order of several hours. Even if the total drag
were to exceed the estimated value, it has been calculated that attaching an animal-borne tag
that increases drag by up to 100% for three days would result in less than a 1% increase in
the annual energy budget for sea turtles [94]. There is also report showing that even when a
tag that increased drag by as much as 40% was attached to a sea turtle, the effect on the
measured cruising swimming speed was small [95]. Compared with these reported cases,
restricting the sensor frontal area to 20 cm? or less and limiting the measurement duration to
several hours are expected to have a small effect on the instrumented turtles' overall energetic
cost.

The Sanriku coastal region is an important foraging area for loggerhead sea turtles.
In this region, loggerhead turtles do not exhibit a strong seasonal pattern in diving behavior
and dive throughout the year. For this species, dives deeper than 340 m have been recorded,

representing the deepest dives reported to date [48]. Therefore, in this study, the expected
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maximum depth applied to the proposed sensor system was assumed to be 340 m,
corresponding to a hydrostatic pressure of approximately 3.4 MPa.

Sea turtles exhibit slower cruising speeds than aquatic birds and mammals [95], [96].
The optimal swimming speed of sea turtles that minimizes the energy cost per unit time has
been theoretically predicted to be in the range of 0.19-0.32 m/s, and measured cruising
speeds of 0.27-0.50 m/s are generally consistent with this prediction [95]. Accordingly, sea
turtles are expected to swim at speeds within this range under normal conditions. However,
when turtles experience prolonged stress, they have been reported to swim at higher speeds
than their typical cruising speeds immediately after release. In addition, aquatic animals
generally exhibit a wide range of swimming speeds and stroke frequencies during both
descent and ascent due to their buoyancy [97]. Furthermore, swimming animals for purposes
other than locomotion do not necessarily swim at their cruising speed [98].

In this study, the cruising speed of sea turtles was assumed to be 0.5 m/s. To ensure
the sensor system robustly captures occasional high-speed events, the measurement range
was set to 0-2.0 m/s. This range corresponds to a four-fold margin relative to the assumed
cruising speed and was adopted as a design margin. Because the proposed sensor is based on
the Pitot-tube principle, its speed resolution depends on the magnitude of the measured
waterflow speed. The sensor's speed resolution requirement was defined at cruising speed.
The target speed resolution was set to 0.01 m/s at the cruising speed of 0.5 m/s, which is finer
than the typical resolution of approximately 0.05 m/s reported for a conventional propeller
logger (PD3GT, Little Leonardo Corporation, Tokyo, Japan).

Sea turtles swim by flapping their flippers, and the stroke frequency is theoretically
expected to be proportional to the flipper reciprocation speed multiplied by m,™3, where my,
denotes the body mass of the turtle. In loggerhead turtles incidentally captured along the

Sanriku coast, stroke frequency was described by 0.491 x ;013!

and ranged from 0.20 to
0.36 Hz in biologging experiments [95]. Because the flipper stroke generates periodic thrust,
the waterflow speed experienced by the sensor is not constant but is modulated at the stroke
frequency and its higher harmonics. To accurately capture these temporal variations in
waterflow speed, the sensor response time must be sufficiently shorter than the characteristic
time scale of the stroke-induced waterflow fluctuations. Although the fundamental stroke

frequency is on the order of 0.4 Hz, the resulting waterflow signal is not purely sinusoidal
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and may contain higher-frequency components arising from rapid acceleration and
deceleration within each stroke. Accordingly, a sampling rate of 20 Hz, approximately 50
times the fundamental stroke frequency, was adopted. This requirement translates to a sensor
response time of 50 ms or less.

These requirements regarding measurement range, pressure resistance, and response

time defined the design specifications of the sensor system.

2.3 Proposed system structure

2.3.1 Sensor system structure

The structure of the proposed sensor system is illustrated in Fig. 2.2 (a). The system
comprises two Pitot-type flow sensors, a multi-sensor data logger, a battery, and a sensor case.
All components were waterproofed and secured within a 3D-printed housing. The Pitot-type
flow sensors directly measure the waterflow speed generated by the turtle’s swimming, and
the logger records these measurements together with data from the embedded inertial
(Accelerometer and gyroscope), magnetometer, pressure, and temperature sensors. When
attached to the carapace of a loggerhead turtle, the system enables simultaneous measurement

of relative water speed, locomotion, and environmental conditions.

(@) Inertial

Pressure \ Multi sensor
Temperature

GNSS

Fig. 2.2 (a) Schematic of the waterflow sensor system. (b) Structure of the Pitot-type
waterflow sensor.
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2.3.2 Pitot-type waterflow sensor structure

The structure of the Pitot-type waterflow sensor is shown in Fig. 2.2 (b). The sensor
has a rectangular-like configuration with two inlets: a front (dynamic) inlet and a side (static)
inlet. Although Pitot-type waterflow sensors with non-rectangular geometries were also
developed, the fundamental principle is independent of the housing shape. Therefore, in the
following section on design and principle, the sensor is assumed to have a rectangular shape
housing for simplicity. A differential pressure sensor element is embedded inside the housing,
and the pipelines connecting the ports to the sensor element are filled with an incompressible
liquid, specifically silicone oil. A MEMS (Micro Electro Mechanical Systems) membrane-
type differential pressure sensor was used as the differential pressure sensor element. As a
result, the sensing element is much smaller than the inlet film. In addition, silicone oil was
selected as the incompressible liquid because it is electrically insulated, non-volatile, and
environmentally safe in the event of accidental leakage under natural conditions. Each inlet
is covered with a thin film. Conventional Pitot tubes consist of open inlets. For proper
operation, the tube must be filled with measured liquid without entrapped air bubbles, which
requires careful and time-consuming preparation. In addition, when conventional Pitot tubes
are used in harsh field environments with suspended particles or biofouling, clogging can
occur within the tube, resulting in measurement failure.

In contrast, the proposed sensor incorporates a membrane at the inlet that prevents
air bubbles and suspended particles from entering the interior. Simply attaching a membrane
to the inlet would result in membrane failure under hydrostatic pressure. Therefore, the
pipeline within the sensor is filled with an incompressible liquid that undergoes negligible
volume change under pressure. The sealed incompressible fluid enhances the sensor’s
pressure resistance. As a result, the proposed sensor structure enables simple measurements
with minimal operation and is suitable for deployment in field environments. This structural
design makes the proposed Pitot-type waterflow sensor well-suited for biologging

applications.

2.4  Principle of waterflow detection

The principle of flow speed detection by the proposed Pitot-type sensor is illustrated
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in Fig. 2.3. The sensor consists of a rectangular housing with film-covered inlets located at
the front and on the upper surface. The channels connecting these inlets to the internal
differential pressure (DP) sensing element are filled with an incompressible liquid. The
sensor operates on a similar principle as a conventional Pitot tube, in which flow speed is
converted into pressure.

When waterflow impinges on the sensor, the front inlet receives both the dynamic

pressure of the flow and the static pressure of the water. In contrast, the side inlet is subjected

to static pressure and negative dynamic pressure induced by the sensor’s geometry [99], [100].

As aresult, a pressure difference is generated between the front and side inlets. This pressure
difference is transmitted through the incompressible liquid to the membrane of the
differential pressure sensing element, thereby allowing the sensor to detect flow speed. The
dynamic pressure AP generated by a flow with speed U can be expressed, according to

Bernoulli’s theorem, as
1 2
AP = EpU , (2.1)

where p is the fluid density. Thus, the relationship between the differential pressure measured
by the proposed flow sensor and the flow speed is expected to follow a form similar to Eq.

(2.1) such as AP = apU?/2. Here, a is a dimensionless coefficient that accounts for the sensor

geometry, because the side inlet can experience negative dynamic pressure and static pressure.

The physical model of the sensor differs substantially depending on whether the
internal fluid is assumed to be incompressible or compressible. Filling the sensor interior
with the incompressible liquid provides several performance advantages. To clarify the
effects of the internal fluid properties, both incompressible and compressible models of the

internal fluid are considered and discussed in Sections 2.5 and 2.6. By comparing these two

Waterflow
Side inlet

PgtAP

Frontinlet

Fig. 2.3 Waterflow detection principle of the Pitot-type waterflow sensor
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models, the advantages and necessity of using the incompressible liquid in the proposed

sensor are theoretically demonstrated.

2.5 Effects of Reynolds number

The proposed Pitot-type waterflow sensor estimate the waterflow speed by utilizing
the pressure increase (dynamic pressure) generated near the stagnation point at the sensor’s
front inlet, following AP o pU?. For Bernoulli’s theorem to be valid, viscous effects in the
flow field near the sensor front should be sufficiently small compared with inertial effects.
Here, the normal stress exerted by the external fluid on the thin membrane at the sensor front
is decomposed into an inertia-induced pressure scale (dynamic pressure) and a viscous stress
scale. The required condition is then derived through an order-of-magnitude analysis.

Near the stagnation point at the sensor front, the flow decelerates from a speed U to

zero. Accordingly, the representative scale of the dynamic pressure can be estimated as

1 2
op ~ 5 PU*. (2.2)

For a Newtonian fluid, the viscous stress is proportional to the dynamic viscosity « and the
velocity gradient du/dx. In the vicinity of the stagnation point, if the characteristic length
scale over which the velocity changes by O(U) is denoted by Ls, the velocity gradient can be

estimated as du/dx~ U/Ls. Accordingly, the representative scale of the viscous stress is given
by
U
o, ~ yL—S. (2.3)

When the sensor geometry considered in this study is approximated as a rectangular prism
(bluff body) facing the oncoming flow, the characteristic length scale over which the velocity
recovers in the vicinity of the stagnation point is on the order of the representative body
dimension. This representative length can be taken as the frontal width of the sensor, denoted

by D. Accordingly, the characteristic length scale is expressed as
Ls ~D. (2.4)

To explicitly state the condition under which the viscous contribution is sufficiently small

compared with the dynamic pressure, the ratio of the two stresses is evaluated as
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o, uU/Ls  2pu 2

o, % ouz PULs Rer (2.5)
Here,
pUL
Ry, =— : (2.6)

is the Reynolds number based on the characteristic length scale Ls. If the requirement is
defined such that the systematic error due to viscosity (viscous contribution) is limited to a

value no greater than &,

S

S € (2.7)

then, from the above relation, this condition leads to

2 2
<e=Re = - (2.8)

er,
This inequality specifies the minimum Reynolds number required for viscous effects to be
sufficiently small compared with the dynamic pressure. Here, by setting €=0.05, allowing a

viscous contribution of no more than 5%, the above condition becomes

Re, = 40. (2.9)

Furthermore, using the rectangular-bluff-body approximation, the characteristic length scale
Ls can be taken as Ls ~ D. The minimum representative width Dmin required to ensure that
the Bernoulli-type quadratic relationship does not break down at the minimum target flow

speed Umin can be expressed as
D.. = Reminﬂ — 40# 210
i pUmin pUmin. ( ' )

This expression provides a design criterion linking the minimum measurable flow speed to

the sensor’s characteristic frontal dimension. Here, the minimum target speed is set to a value
near the cruising speed, Umin = 0.50 m/s. Using typical seawater properties, p = 1025 kg/m?

and u = 1.0 x 10 Pa-s, the minimum representative width Dmin is estimated as
_ 40p  40x1.0x 1073

Do = ~
min = oy s 1025 X 0.50

~78x107°m ~ 008 mm.  (2.11)

Thus, Dmin is on the order of 10* m. This value is sufficiently small compared with the

practical fabrication scale of the sensor. Furthermore, because Bernoulli’s theorem holds
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more accurately as the Reynolds number increases, viscous effects in the external flow do
not constitute a primary limitation when the sensor dimension D is sufficiently larger than
Dmin. Accordingly, the design space for the sensor dimension D can be conceptually

expressed as
Dmin KD< Danimal (212)

where Danimal denotes the upper bound imposed by animal-relate sensor system requirement,
such as frontal are. The sensor dimensions considered in this study are much larger than the
minimum characteristic length Dmin, Wwhereas the practical upper limit of the design is
governed by the increase in hydrodynamic drag associated with animal-borne deployment.
Therefore, for the speed range and sensor dimensions examined in this study, the minimum
size constraint based on the Reynolds number, from the standpoint of the validity of the
Bernoulli’s theorem, is sufficiently relaxed. As a result, the primary design guideline is

determined by requirements imposed by the animal to which the sensor is attached.

2.6  Effects of fluid compression on sensor response

2.6.1 Comparison of Membrane and Incompressible Fluid Deformation under
Dynamic Pressure

Although the proposed sensor is filled with an incompressible liquid, such fluids
undergo slight compression when subjected to pressure. To compare the compression of the
internal fluid with the deformation of the membrane caused by dynamic and hydrostatic
pressures, a simplified cylindrical chamber is considered, as illustrated in Fig. 2.4. The
chamber is separated from the exterior by a membrane and filled with incompressible liquid.
The chamber volume is denoted by V¥, the internal pressure by P., the membrane deformation
by AS, and the radial and vertical displacements from the membrane center by » and z,
respectively.

When a membrane with radius a and thickness /4 is subjected to a pressure P, the

deformation w of the membrane at a radial position » within an infinitesimal region is given
by
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(a) (b)

R+AP
[ :QZ//( 1

Incompressible fluid

P. Chamber Volume V.

_\_/_ _\;A—S/ -

Membrane

Fig. 2.4 Schematic of a chamber sealed by membranes on both sides, filled with
incompressible fluid. and subiected to dynamic pressure.

r2\°
w = w, (1—;) (2.13)
Pa*
_ra (2.14)
"o = 64D
po_ EW (2.15)
12(1—v2)

Here, wo denotes the displacement at the membrane center, and D is the flexural rigidity, a
constant determined by the material properties and geometry of the membrane [101]. From
Eq. (2.13), when pressure P is applied to the membrane, the total membrane deformation AS

is expressed as follows:

a
AS = nf r? dw (2.16)

0

4 2 _ 2)
dw = Pa* (4r(r© —a dr (2.17)
64D a*
@ _Pa* (4r(r?—a? a®Pn a?
_ , b _a (2.18)
as ”fo r 64D( a* ) "TT1oz2p " 3™

From Eq. (2.18), the relationship between the central displacement of the membrane, Az, and

the applied pressure P can be expressed as
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P = kAZ, (2.19)
_ 4D (2.20)
a4-

which takes the form of an equivalent spring constant.

The relationship between pressure and the compressibility of the incompressible
liquid (silicone oil) used in this study is shown in Fig. 2.5 [102]. Silicone oil exhibits a linear
decrease in volume with increasing pressure up to approximately 20 MPa. Within this linear

region, the change in chamber volume of the incompressible liquid, AV, can be expressed as
AV = BAPV, (2.21)

where the compressibility # depends on the type of fluid and the temperature. From the slope
of the graph in Fig. 2.5, the compressibility of the silicone oil used in this study was calculated
to be 1.191x10* at 25 °C. The compressibility of water is 0.45x10, and silicone oil is more
compressible than water. However, because of its additional advantages, including electrical

insulation, non-volatility, and environmental safety, silicone oil was selected as the

25¢ 100C | 200C

/ /)
50 '/' //
/ /|
40 ’
yan
/ A
30 / 7
(MPa) /, ) /l /

20 # d
yard
e
L0
=
o 1 2 3 4 5 6 7 8 8 10
ERE (%)

Fig. 2.5 Relationship between pressure and compressibility of the silicone oil used in
this study (Shin-Etsu Silicone [102])..

Table 2.2 Deformation of the membrane and incompressible liquid under dynamic
pressure (waterflow speed 2.0 m/s).

Membrane deformation,AS 1.35x 1078 m3

Incompressible liquid deformation (silicone oil),AV- 238 x 10711 m3
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incompressible liquid in this study. To compare the compression of silicone oil with

membrane deformation under pressure, the variables of the defined chamber were set as
V=10x10""m3
r=10mm . (2.22)
h =1mm

And the Young’s modulus £ and Poisson’s ratio v of the membrane were assumed to be close

to those of the silicone rubber used in the actual sensor, namely

(E — 2.6 MPa
v =0.499 ° (2.23)

When a flow speed of 2.0 m/s is applied to this chamber, the membrane deformation AS due
to dynamic pressure and the compression AV. of the silicone oil can be obtained from Eqgs.
(2.1), (2.18), and (2.21). The results are summarized in Table 2.2. The compression of the
incompressible fluid was found to be more than 500 times smaller than the membrane

deformation, indicating that membrane deformation is the dominant effect.

2.6.2 Comparison of compression between incompressible liquid and
compressible gas

Next, the magnitude of the volumetric change due to compression is compared
between an incompressible liquid and a compressible gas. As illustrated in Fig. 2.6, consider
a chamber filled with either an incompressible liquid or a compressible gas subjected to an
external pressure P. For the incompressible liquid, the volumetric change follows Eq. (2.21),

whereas for the compressible gas, the relationship is governed by Boyle’s law,
PV = const. (2.24)

When a pressure of 1 MPa, equivalent to a depth of 100 m, is applied to a chamber with a
volume of ¥=1.0x10" m>, the volumetric changes AV. of silicone oil (incompressible liquid)
and air (compressible gas) are obtained as summarized in Table 2.3. The change in silicone
oil is more than 300,000 times smaller than that of air, indicating that the deformation of the
compressible gas is overwhelmingly larger. Thus, the volumetric deformation of the
incompressible liquid (silicone oil) is negligible compared with that of the membrane or
compressible gas. Therefore, in this study, the incompressible liquid was assumed to remain

undeformed, and its volume was treated as constant.
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(@) R (b)

AV
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Incompressible luguid Compressible gas

— |

Fig. 2.6 (a) Deformation of an incompressible liquid and (b) deformation of a
compressible gas under the same applied pressure.

Table 2.3 Comparison of volumetric deformation between an incompressible liquid
and a compressible gas under applied pressure.

Silicone oil (incompressible liquid) AV, 2.38x 10711 m3
Air (compressible gas) AV; 0.909 x 107> m?®

2.7  Effects of hydrostatic pressure on sensor response

The pressures applied to each membrane when the sensor is subjected to a
hydrostatic pressure APg are discussed below. As shown in Fig. 2.7, the sensor is
approximated by a simplified cylindrical model with one dynamic inlet and one static inlet.
For simplicity, the volume of front and side housing are both denoted as / and assumed to be
equal. Under normal conditions, atmospheric pressure P is applied to both the top and bottom
inlets.

As noted earlier, the physical model of the sensor differs substantially depending on
whether the internal fluid is an incompressible liquid or a compressible gas. Therefore, the
governing principles were derived for both cases, with the chamber filled either with

incompressible liquid or with compressible gas.
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P+AP,
(@)  Thin film (b) i
at top inlet N T | —QZT/ 5

Front housing P, Voll

Differential |' |'
pressure P
sensor
Side housing i e
e AS
Thin film | || | N | s |
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Fig. 2.7 Schematic diagram of a simplified cylindrical sensor with one dynamic inlet
and one static inlet. (a) Pressure distribution around the sensor when static pressure is
applied to the dynamic and static inlets, and (b) definition of membrane deformation.

2.7.1 Effect of hydrostatic pressure in the case with a compressible gas

The pressures applied to the membranes of the top inlet, bottom inlet, and sensing

element can be expressed as

Pr = (P + AP) — (P + AP,) = AP, — AP,
Ps = (P+ AB,) — (P + AP) = AP, — AP, (2.25)
Py = (P +AP,) — (P + AP) = AP, — AP,

Accordingly, from Eq. (2.7), the membrane deformations at the top inlet, bottom inlet, and

sensing element are given by

ASy = A, - (AP, — AR)
ASs = A, - (AP, — AP) (2.26)
ASg = A, - (AP, — AP)
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A= 1 r? A= 1 7?2

P73 kT3 kg
Since the chamber inside the sensor satisfies the Boyle’s law described in Eq. (2.24), the
relationship between the volumes of the front housing and the side housing can be expressed

as
PV = (P + AR)(V + AV)
<PV = (P + AP)(V + AV) (2.27)

Expanding Eq. (2.27) yields the following relationships:
(PV = PV + PAV, + AP,V + AP, AV,

PV = PV + PAV, + APV + APAW; (2.28)
AP,
AV, = —T“V (2.29)
ay = 20y
= p

The volume change of the front housing and side housing are also related to the membrane

deformation as

AV, = ASt — ASg
2.
<AV1 = ASg — ASg (2.30)
By substituting Eq. (2.29) into Eq. (2.30), the following relationships are obtained:
P
AR =5 (ASs — ASy) (2.31)
P
AP = v (ASg — AS)
Finally, substituting Eq. (2.26) into Eq. (2.31) gives
P
AR =3 (A; - (AP, — AR) — A, - (AP, — AP)) (2.32)
P
AP =3 (A;- (AR, — AP) — A, - (AR, — APR))
By solving Eq. (2.32), the pressures inside each chamber can be determined.
ap =P, (2.33)
“OAP+YV S
ap =22 p
A Pp+ve

The equations for each chamber can be expressed as shown in Eq. (2.33). Since the pressure
applied to the sensing membrane is the difference between the pressures in the two chambers,

1t becomes
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APs = AP, — AP, = 0 (2.34)

which cancels out to zero. From Eq. (2.35), the pressures applied to the top and bottom inlets

are expressed as

AP
_ap—ap = (1-— P \ap (2.35)
Pr=AF — AR, ( AP+ V) ¢
Py = AP, — AP, = (1 ArP )AP
B 2l L= AP+V)7¢

Thus, even when hydrostatic pressure is applied, the differential pressure acting on the
sensing element becomes zero, and the sensor does not respond to hydrostatic pressure.

Although no pressure is applied to the membrane of the sensing element, the
membranes at the top and bottom inlets are subjected to the pressures given in Eq. (2.35). For
example, consider a membrane at the sensor inlets with radius » = 1 mm, thickness #=0.5 mm,
Young’s modulus £=2.6 MPa, and Poisson’s ratio v=0.499. When a pressure of 100 kPa is
applied, Eq. (2.14) indicates that the membrane deflects by z=0.294 m. Such a large
deformation would not normally occur in a practical membrane, indicating that the theoretical
model considerably overestimates the actual displacement.

It should be noted that Eq. (2.13), which underlies the above principle, is valid only
within the range of small membrane deformations. For cases involving large deflections as
described above, the following expression4applies [101].

Pa 1
wo == o - (2.36)

w
1+ 0.488 h_oz

The above equation accounts not only for the local (infinitesimal) deformation but also for

the effect of the central displacement on membrane stiffness: as the membrane deflects further,
additional deformation becomes increasingly difficult. Assuming, as before, wo=0.294 m, we

obtain
2

h? 0.5x 1073

By substituting Eq. (2.26) into Eq. (2.25), the expression can be approximated as follows.
4

Pa
= - (2.38)
w, = 0.00347 61D

This allows the displacement of the membrane under a high applied pressure of 100 kPa to

A Pitot-type Waterflow Sensor System for Biologging of Marine Animals



36

Principle, Design, and Fabrication of the Pitot-type Waterflow Sensor

be described. However, because the membrane undergoes large deformation, in the case of a

model filled with a compressible fluid such as air, there is a potential risk of sensor damage.

2.7.2 Effect of hydrostatic pressure in the case with an incompressible liquid

When the chamber inside the sensor is filled with an incompressible liquid, the
internal fluid does not deform under compression. Since the chamber volume remains

constant, from Eqs (2.36) and (2.37), the following relationship holds:
1,@Fk—-AR) 1 ,(AR-AR) 1 (AR —AP) (2.39)
3 k 38 kg 3 k

In the present sensor, a MEMS-based membrane-type differential pressure sensing element

is used as the sensor element. The membrane of this element is much smaller than those of

the inlets, and therefore the membrane size can be expressed as

, K1 (2.40)
which leads to

ES (2.41)

r

Accordingly, the pressure components can be approximated as

AP, = AP,

242
<APe = AP] ( )
and the pressure applied to the sensing element becomes

APg = AP, — AP, =0 (2.43)

Thus, as in the case with a compressible gas, the sensing element does not detect hydrostatic
pressure. Furthermore, the pressures applied to the membranes of the inlets are given by
Pr=AP,— AP, =0
2.44
(PB =AP,— AP, =0 ( )
Therefore, when the chamber is filled with an incompressible liquid, the pressure differences
across the membranes also become zero, suggesting that the sensor will not be damaged even
under high hydrostatic pressure.
By matching the chamber volume and the size of the membrane on the inlet, the

effect of hydrostatic pressure on the sensor output can be theoretically cancelled, regardless
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of whether the internal fluid is compressible or incompressible. However, when a
compressible fluid is used inside the sensor, hydrostatic pressure induces deformation of the
inlet membrane, which may lead to mechanical damage or failure. In contrast, when an
incompressible liquid is used as the internal fluid, the effect of hydrostatic pressure on the
membrane can be effectively canceled. As a result, use of the incompressible liquid inside

the sensor greatly improves the pressure resistance of the sensor.

2.7.3 Case considering the compression of an incompressible liquid

In the previous section, the sensor’s response to hydrostatic pressure was
theoretically derived under the assumption that the incompressible liquid inside the sensor is
perfectly incompressible. However, in an actual sensor, the liquid undergoes slight
compression under pressure, and the sensor housing also experiences minor deformation. In
addition, the sensor may deform under pressure for several reasons, including elastic
deformation of the housing, volumetric change of internal oil, deformation of adhesive, and
the presence of residual air trapped within the oil. As a result, phenomena that differ slightly
from the theoretical model described earlier may occur. In this section, these effects are
theoretically derived and analyzed in detail. As in the previous section, the following
definitions are adopted. The external hydrostatic pressure is denoted as APk, which is
assumed to act equally on both the upper and bottom surfaces of the sensor. The internal
pressures on the front and side chambers are denoted as AP, and AP, respectively.
Accordingly, the differential pressure applied to the pressure sensor is defined as

AP, = AP, — AP, (2.45)

The bulk compressibility of the incompressible fluid sealed inside the sensor is
defined as /3, where the change in fluid volume is expressed as:
AVﬂuid = —ﬁVAP (246)

In this model, the sensor housing also deforms slightly under hydrostatic pressure. Therefore,
the total deformation caused by water pressure, including both the housing and the membrane,
is defined using volumetric compliance C. When the differential pressure between the

exterior and interior APg — AP;is applied, the geometrical volume changes by:
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AVgeom,i = Ci(APE - APi)' (247)

where an increase in volume is taken as positive. The coefficient C; is a constant determined
by the material properties and geometry of the membrane and sensor housing, corresponding
to the term 4 in Equation (2.26). The volumetric compliance combining the front housing
and top inlet is defined as C, and that combining the side housing and bottom inlet is defined
as C1. The compliance of the differential pressure sensor membrane is defined as Cs.

When hydrostatic pressure is applied to the sensor housing, the total volume change
inside the front and side housings should theoretically be zero. In other words, the sum of the
geometrical volume change of the housing AVgeom (including the deformation of the housing
and inlet membranes), the contribution of the sensor membrane AVgp, and the compression

of the internal fluid AVuiq satisfies the following relationship:
AVgeom + AVdp + AVﬂuid = 0. (248)

In the front housing, the following relationship holds:
C,(APg — AR,) + C,(AR, — AP)) — BV, AP, = 0. (2.49)

In the side housing, the following relationship holds:

Thus, the following simultaneous equations hold:

{]uAPu + C,AP, = APgC, @2.51)
CSAPu +]1AP1 = APECI ) '
where ju and jiare defined as
Ju=Cu+ BV —Cs J1 = C + BV — Co. (2.52)
By solving these simultaneous equations, APy and AP; can be expressed as follows:
Cui — GC.
AP, = MA . (2.53)
(]u]l - Cs )
- C,C
ap = GGl (2.54)
(]u]l - Cs)

The pressure detected by the differential pressure sensor is given by Equation (2.45).

Substituting the above expressions into this equation yields the following:
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ﬁ(CuVl - CIVu) 2
Juh — C2) i

In summary, the sensor’s response to hydrostatic pressure can be expressed by the above

(2.55)

APS =

equation. If the compliances of the housings and the volumes of the enclosed fluid are
perfectly identical, the sensor can completely cancel out the effect of hydrostatic pressure.
However, in practice, achieving perfect symmetry between these parameters is difficult.
Therefore, the sensor output is expected to vary proportionally to a constant determined by
the housing compliances, the enclosed fluid volume, the fluid compressibility, and the
compliance of the differential pressure sensing element. Even if hydrostatic pressure is not
perfectly canceled, the effect of hydrostatic pressure can be compensated by calculating the
constant, and its influence can be substantially reduced through sensor design. By adopting
the differential pressure configuration and using the incompressible internal liquid, the
proposed sensor effectively suppresses the influence of hydrostatic pressure while remaining
sensitive to the dynamic pressure generated by waterflow. Because the dynamic pressure is
much smaller than the ambient hydrostatic pressure, this capability is particularly important

for underwater waterflow sensing applications.

2.8  Effect of dynamic pressure due to waterflow on sensor response

The pressures acting on each membrane under the dynamic pressure AP induced by
waterflow are discussed below. Figure 2.8 shows the definition of pressure and deformation
when flow is applied to a simplified cylindrical model of the waterflow sensor with one top
inlet and one bottom inlet. As in the previous section, the volumes of the front housing and
side housing are both denoted as /" and assumed to be equal. Under normal conditions, an
atmospheric pressure P is applied to both the top and bottom inlets. The membranes of the
top and bottom inlets are assumed to be made of the same material, with identical thickness
and dimensions. The physical model of the sensor varies significantly depending on whether
the internal fluid is compressible or incompressible. Therefore, the principles were derived
separately for two cases: one in which the chamber is filled with a compressible gas, and one
in which it is filled with an incompressible liquid. By deriving models for both compressible

and incompressible internal fluids, the advantages of using the incompressible liquid within
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Fig. 2.8 Schematic of the waterflow sensor simplified as a cylindrical model. (a)
Pressure distribution around the sensor under dynamic pressure induced by waterflow,
and (b) definition of membrane deformation.

the sensor are demonstrated theoretically.

2.8.1 Effect of dynamic pressure in the case with a compressible gas

When a waterflow is applied to the sensor and the resulting dynamic pressure AP
acts on the top inlet, the chamber volume and the internal pressure vary as expressed in Eq.
(2.26). The pressures applied to the membranes of the top inlet, bottom inlet, and sensing

element can be written as
P =(P+AP)— (P + AP,) = AP — AP, (2.56)
Ps= (P +AR) — (P + AP) = AP, — AP,
PB = (P+AP1) —P :API

From Eq. (2.27), the membrane deformations are expressed as
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AST = A1 - (AP - APu) (257)
ASs = A, - (AR, — AP)
ASg = A, - AP
1 r? A= 1 7?2
T3 k'TFT 3 kg
Since the Boyle’s law applies to each chamber of the sensor, Eq. (2.31) gives
P
AP, = ?(AZ - (AP, — AP) — A, - (AP — AR)) (2.58)

Aq

P
AP =3 (A;- AP, — A, - (AR, — AP)
Since APs is the difference between AP, and AP,

Al * P
APs = AP, — AP,

_ . 2.59
(2'A2+A1)'P_V AP ( )

represents the pressure acting on the sensing element. Eq. (2.59) indicates that APs is
influenced by the constant 4, which characterizes the membrane. Thus, the sensitivity of the

sensor varies depending on the material properties and thickness of the membranes.

2.8.2 Effect of dynamic pressure in the case with an incompressible liquid

When the waterflow sensor is filled with an incompressible liquid, the chamber
volume remains constant, and consequently the deformations of all membranes must be the
same. From Eq. (2.19), the membrane volume change can be expressed as

1 AP
2

1
— p2A7 = 2 2.60
AS 3rAZ 3T (2.60)

Because the sensor is filled with an incompressible liquid, the deformations of the membranes
at the top inlet, bottom inlet, and sensing element satisfy the relationship
ASt = ASg = ASy (2.61)

Substituting Eq. (2.26) into Eq. (2.61) yields
1.@P—4R) 1 ,@R-A4R) 1 ,4R (2.62)
3 k 3 kg 3k
As mentioned earlier, the differential pressure sensing element used in this study is a MEMS
device, and the membrane of the sensing element is much smaller than those of the inlets.

Therefore,
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T, Kr (2.63)
15’ 2.64
—2 b d O ( ' )
r
which leads to
AP] ~ 0
{AP ap (2.65)

Substituting these relationships into Eq. (2.40), the pressure applied to the sensing element is
obtained as
AP, = AP (2.66)

Thus, when the chamber is filled with an incompressible liquid and the inlet membranes are
made sufficiently larger than that of the differential pressure sensing element, the pressure
APs applied to the sensing element becomes equal to the pressure AP at the top inlet. As a
result, the sensor can measure waterflow speed without being influenced by the membrane
properties, thereby preserving the intrinsic sensitivity of the sensing element.

The proposed sensor adopts the sensor package that incorporates membrane and oil.
In general, for sensor packages employing membrane and oil, the sensor sensitivity is
strongly influenced by the package structure. Therefore, the package and sensor element need
to be jointly optimized. In contrast, the proposed structure employs a MEMS differential
pressure element as the sensing element, while the inlet membrane is relatively large and
connected to the sensing element through the oil-filled pipeline. Owing to this configuration,
the overall sensor sensitivity is governed primarily by the characteristics of the sensing
element rather than the package structure. Hence, the proposed design offers high flexibility,
enabling the sensitivity and measurable waterflow speed range to be easily adjusted by

changing sensing element without modifying the overall sensor structure.

2.9 Effect of temperature change

The proposed sensor exhibits drift in response to temperature variations due to the
thermal expansion and contraction of the internal oil and the sensor housing. In this section,

the effects of such temperature-induced drift are modeled, and design guidelines required to
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mitigate these effects are derived. Temperature drift can be modeled as an apparent
differential pressure generated at the differential pressure sensor element when the volume-
balance condition between the two chambers is not perfectly maintained. This imbalance
arises from thermal expansion of the internal liquid (silicone oil), thermal expansion and
elastic deformation of the housing and membranes, and the finite compressibility of the
internal liquid. In this section, a model similar to that shown in Fig. 2.7 is employed. In the
previous section, the front and side housing and the membranes attached to their inlets were
assumed to have identical volumes and properties. Here, these components are instead
allowed to have different volumes and membrane characteristics. Under static conditions
with no flow input (dynamic pressure input AP=0) and constant external pressure (APg=0),
the differential pressure drift induced by a temperature change AT is formulated by extending
the compliance-based framework introduced in Section 2.7.3.

The volume change due to compression of the internal liquid is described by Eq.
(2.46). In addition, the geometric volume changes arising from elastic deformation of the
housing and the membrane are defined using Eq. (2.47). In addition, a volume balance
condition expressed by Eq. (2.48) was imposed, requiring that the sum of the geometric
volume change, the deformation of the differential pressure sensor diaphragm, and the
volume change due to liquid compression be zero. To account for temperature variation, an
additional term representing the volume change due to thermal expansion is introduced. For
a temperature change of A7, the volume change associated with the free thermal expansion
of the internal fluid (silicone oil) in chamber i is given by

AVr i = agV; AT (2.67)

where ar is the volumetric thermal expansion coefficient of the internal fluid and V; is the
nominal internal volume of chamber (i = u (upper), I (lower)). Meanwhile, thermal expansion
of the housing and the membrane also changes the geometric volume of the chamber itself.
This effect can be represented using an effective volumetric thermal expansion coefficient
Oyg,i as

AVrgeomi = @giV; AT. (2.68)

After a temperature change, each chamber remains a closed system. The admissible volume

change is therefore determined by how the excess volume generated by thermal expansion is
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accommodated through liquid compression associated with an internal pressure change (Eq.
(2.46)) and through geometric deformation of the chamber and membranes (Eq. (2.47)).
Accordingly, extending the volume balance condition in Eq. (2.48) to include thermal effects
yields, for each chamber,

AVgeom,i + AVap,i + AVauia,i + AVr fuia,i — AVr geom,i = 0- (2.69)

Here, the additional terms explicitly account for the thermal expansion of the internal fluid
and the chamber geometry. Here, AVgcom,i and AViuiq; are defined in the same manner as in

the previous section as
AVgeom,i = Ci(o - APi) = —(;AP;, AVﬂuid,i = —BV;AP; (2.70)

where, in this section, the external pressure difference is set to APg= 0. In addition, the
volume change of the differential pressure sensor diaphragm is introduced using the same
sign convention as in Egs. (2.49) and (2.50). Specifically, the diaphragm-induced volume
change is expressed as +Cs (AP,—AP)) for the upper chamber, and -Cs (AP,—AP)) for the
lower chamber. Using the above relations, the governing equation for the upper chamber

(front housing) is obtained as
_CuAPu + CS(APU - AP]) - ﬁVuAPu + (af - ag,u)vllAT =0, (271)

and for the lower chamber (side housing),
—GAP = Cs(AP, — AP) — BViAP, + (ay — @) )RAT = 0. (2.72)

These two equations describe the pressure balance in the front and side housings under a
temperature chang AT. Here, Cy and Cidenote the volumetric compliances that include both
housing deformation and inlet membrane deformation for the front and side housings,
respectively. When the radius and thickness of the top and bottom inlet membranes differ,
these compliances are generally not equal. In particular, the volumetric compliance of a
circular thin membrane is determined as a function of the membrane radius and thickness
based on the membrane deformation theory introduced in the previous section (Egs. (2.13)—
(2.18)). Consequently, the geometric properties of the membranes contribute to the
temperature-induced pressure drift through their influence on C, and Ci. The apparent

differential pressure detected by the differential pressure sensor is defined as
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AP, = AP, — AP, (2.73)

which follows the same definition as Eq. (2.45). For notational simplicity, following Eq.
(2.52), the following quantities are defined:
Ju=Cy +BVy = Cs, 1 = G + BV — Cs. (2.74)

Using these definitions, Egs. (2.71) and (2.72) can be rewritten as the following system of

linear simultaneous equations:
JubP, + CsAPy = (af — ay ) Vo AT (2.75)

CsAP, + JIAP, = (a5 — ay))VIAT (2.76)

These equations describe the coupled pressure responses of the front and side housings under
a temperature chang AT. Solving Egs. (2.75) and (2.76) and substituting the solutions into

Eq. (2.73), the differential-pressure drift induced by a temperature change can be written as
(af - ag,u)Vu(]l + Cs) - (af - g,l)Vl(]u + Cs) (277)
AP = > AT
Juh — Cs

That is, to first order, the temperature drift is proportional to the temperature change AT, and

the proportionality coefficient is determined by the chamber volumes (Vy and V)), the volume
compliances (Cy, Ci, and Cs), the liquid compressibility £, and the thermal expansion
mismatch (ar — agu and ar — og).
From Eq. (2.77), if the sensor is perfectly symmetric such that
=W C =0, agy =0y, (2.78)

the two terms in the numerator cancel each other, yielding APs = 0. Consequently, the
temperature drift is theoretically canceled. However, in practice, perfect symmetry is difficult
to achieve because of manufacturing tolerances, the presence of adhesive layers, variations
in the amount of encapsulated oil, nonuniform membrane thickness, and small differences in
the elastic properties of the housing. Consequently, the proportionality coefficient in Eq.
(2.77) is identified experimentally and used as a correction factor for temperature
compensation in this study. On the other hand, Eq. (2.77) provides a basis for deriving design

guidelines to reduce the temperature drift.
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In this study, a soft and easily deformable rubber membrane is used for the inlet. As
a result, the deformation of the housing body due to pressure is considered to be relatively
small. Accordingly, for the previously defined relations
Cu = Chousingu + Cr and € = Cpousing) + Cp, (2.79)

the following assumptions are introduced:
Chousing,u < CT and Chousing,l < CB. (280)

Under these assumptions, the chamber-side compliances can be approximated by the inlet
membrane compliances, yielding
C, = Crand C = Cy (2.81)

Here, Crdenotes the volume compliance of the top inlet membrane, and Cg denotes
the volume compliance of the bottom inlet membrane. The volume change AS induced by the

pressure difference P acting on the membrane is given by Egs. (2.13)—(2.18). Therefore, the

volume compliance of the membrane, defined as Cnem = A S/ P, is given by
C _ T[a6 _ T[(]. - VZ) a6 (282)
mem 192D 16E A%

This expression explicitly shows that the membrane compliance is proportional to ® and
inversely proportional to /. Accordingly, for the top inlet membrane (with radius ar,
thickness /4, and material properties £t and vr) and the bottom inlet membrane (with as, A,
Eg, and vB), the following relations are obtained:

Cr = “(16_;"%);_3 = “(16_;"28)2_% (2.83)

T T B B
By substituting Egs. (2.81) and (2.83) into Eq. (2.77) and rearranging, the temperature drift
can be expressed as a function of the chamber volumes (V. and V1) and the membrane
compliances (Ct and Cg). In addition, this study employs a MEMS differential pressure
sensing element. Because the MEMS element is extremely small, its compliance is assumed
to be negligible compared with that of the inlet membranes. Under this assumption, the
relations can be approximated as
Ju= Cr+ BV, i = Cg + BV (2.84)
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In this case, Eq. (2.77) can be approximated as
AP ~ (a1 — agu)Va _ (arr — ag)Vs
) Cr+ Bl Cg + BV

By further substituting Eq. (2.83), APs can be written explicitly in terms of the membrane

(2.85)

AT.

radius and thickness as

2.86
AP ~ (ar—ag ) (ar—ag)V AT (250
TG -vDat o, mA-vi)ag o

68, i tFP% “TeE, 3 TAY

This formulation makes it possible to directly interpret, from the equation, how the membrane
dimensions (a and /) influence the temperature drift. Each fractional term in this equation
can be interpreted as the excess volume generated by a temperature change (ar— aygi) VAT,
divided by the volume compliance that can absorb this excess volume through a pressure
change Cuem + fVi. Accordingly, the following design guidelines can be derived.

The membrane compliance increases in proportion to a®. Therefore, increasing ar or
as enlarges the denominator of each fractional term, thereby reducing the magnitude of each
contribution to APs. In other words, increasing the membrane radius is effective in reducing
temperature drift. Similarly, because the membrane compliance is inversely proportional to
h*, decreasing the membrane thickness At or /g increases Ct and Cs. This increase enlarges
the denominator in Eq. (2.86) and consequently reduces the temperature drift. Thus, reducing
the membrane thickness is also effective for suppressing temperature drift. Because V, and
V1 appear explicitly in the numerator of Eq. (2.86), the excess volume generated by a
temperature change increases in proportion to the chamber volume. Therefore, in a design

regime where the membrane compliance is dominant (Cmem » SV),
((Xf - ag’i)Vi - ((Xf - ag’i)Vi
Cmem,i + Bvi Cmem,i

This result clearly indicates that reducing the encapsulated volume is effective for lowering

(2.87)

o Vi'

the temperature drift.

Because the temperature drift is observed as differential pressure, it is canceled when
the responses of the front housing and the side housing are matched. In summary, the design
guidelines for the proposed sensor are as follows. The front-housing side and the side-housing

side should be made as symmetric as possible. In addition, the inlet membranes should be
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designed to be large in radius and thin in thickness, and the volume of the encapsulated
incompressible fluid should be minimized. Following these design steps is effective for

suppressing the temperature drift.

2.10 Disturbances compensation

Thus far, the responses of the sensor to waterflow and hydrostatic pressure have
been discussed. In addition to pressure variations caused by flow and hydrostatic pressure,
the sensor system is also subject to disturbances arising from temperature changes,
acceleration, and other environmental factors. The sensor exhibits temperature dependent
responses because temperature change induces mechanical deformation of the sensor
structure, thermal expansion and contraction of the internal oil, and deformation of the
sensing element itself. When the sensor is subjected to vibration or acceleration, inertial
forces acting on the internal fluid can also generate sensor responses, resulting in sensitivity
to vibration induced disturbances. Furthermore, although Section 2.6 demonstrated that
hydrostatic pressure is theoretically canceled, in practice the sensor housing undergoes strain
under hydrostatic loading. As a result, the sensor does not achieve perfect cancellation and
still responds to hydrostatic pressure. Therefore, the sensor system requires a mechanism
capable of compensating for these disturbances.

Fig. 2.9 presents an overview of the sensor system. The system is equipped with two
Pitot-type waterflow sensors: Pitotser (detection) for flow measurement and Pitotcom
(compensation) for disturbance compensation. Both sensors are housed in a case with
separate compartments, and an open port is provided only at the front of Pitotdet.
Consequently, flow is applied only to Pitot4er, while Pitotcom is shielded from direct flow.
Pitotqet is therefore subjected to pressure variations from both flow and external disturbances,
whereas Pitotcom responds only to disturbances. The pressures applied to Pitotger and Pitotcom
can be expressed as:

APitotye = APy + APygis (2.88)
APitot,,,, = APy

By subtracting the two, the relationship becomes
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Fig. 2.9 Conceptual diagram of disturbance compensation in the waterflow sensor
system (top view).

APitot . — APitot,,y, = APqyy (2.89)

In summary, by taking the differential output of the two Pitot-types waterflow sensors in the
system, the effects of external disturbances can be reduced, enabling the sensor system to
measure the flow accurately.

Unlike a conventional Pitot tube, the proposed sensor’s inlet is covered with a
membrane to prevent the intrusion of air bubbles and suspended particles. In addition, by
employing the differential pressure element, the sensor can measure waterflow speed while
effectively suppressing the influence of hydrostatic pressure. Furthermore, by combining the
two Pitot-types waterflow sensors within the sensor case in which only one side has the open
port, the influence of external disturbances can be further reduced. Previous study have
demonstrated ocean current speed measurement using Pitot tube by employing two pressure
sensors to compensate for external disturbances [66] Although this approach is effective for
fixed and stationary waterflow sensors, it is difficult to apply animal-borne measurements, in
which the sensor moves over wide areas and repeatedly crosses the sea surface. Under such
conditions, air bubbles and suspended particles can strongly interfere with flow
measurements.

In contrast, the proposed sensor system integrates the membrane covered inlets, the

oil-filled internal pipeline, the sensor case with the large open port, the two Pitot-types
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waterflow sensors. This configuration enables a new sensor system that can be mounted on
freely moving marine animals while maintaining robust waterflow measurements under these
challenging field conditions. The next chapter describes the fabrication process of the sensor

system based on these structures and principles.

2.11 Development of the Pitot-type waterflow sensor

2.11.1 Design of the pitot-type waterflow sensor

As shown in Fig. 2.2, the Pitot-type waterflow sensor was designed with a
rectangular body to facilitate fabrication and installation within the sensor case. In addition,
for measurements conducted without the sensor case, streamlined housing was also designed
to reduce hydrodynamic drag. The sensor has two types of inlets: a top inlet and a side inlet.
A differential pressure sensing element is embedded between the housings, and the internal
pipelines are filled with an incompressible liquid. Each inlet is covered with a thin film to
prevent bubbles and suspended particles in seawater from entering the sensor. The
incompressible liquid enclosed within the pipelines also ensures high pressure resistance. As
noted earlier, because the inlet membranes are sufficiently larger than that of the differential
pressure sensing element, the pressure measured by the element corresponds to the
differential pressure between the inlets. Consequently, the sensor can measure waterflow
speed without being influenced by the membrane properties. In this study, two types of Pitot-
type waterflow sensors were developed:

*Sensor P (Package MEMS sensor type): a Pitot-type waterflow sensor built using a
commercially available packaged MEMS differential pressure (DP) sensor. To improve
sensor reliability, a commercially packaged pressure sensor was employed.

Sensor P was developed in two housing configurations:

- Sensor P-R (rectangular housing type): designed for ease of fabrication and installation.
- Sensor P-S (streamlined housing type): designed to reduce hydrodynamic drag.

*Sensor D (MEMS sensor die type): a Pitot-type waterflow sensor built using a MEMS DP
sensor die, combined with a custom-designed substrate and additional components. By

fabricating an internal differential pressure sensor board using a commercially available
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differential pressure sensing element, the board can be optimized for the proposed waterflow
sensor structure. This approach enables both high sensitivity and sensor miniaturization.
The details of each design are described below.

The dimensions of the housing of Sensor P and Sensor D are shown in Fig. 2.10.
Each housing consists of an upper part and a lower part. The housings were fabricated using
a stereolithography 3D printer (Form 4 or Form 3, Formlabs Inc., Somerville, MA, USA).
The front and side inlets of Sensor P-R have circular openings with a diameter of 15 mm. In
Sensor P-S, the front inlet has an inner diameter of 10 mm, while each side inlet has an inner

diameter of 8.91 mm. These dimensions were designed so that the total deformation of the
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Fig. 2.10 Dimensions of the housings of the Pitot-type waterflow sensors.(a) Sensor
P-R (packaged MEMS sensor type): (i) upper part and (ii) lower part. (b) Sensor P-S: (i)
upper part, (i) lower part, and (iii) cover part. (c) Sensor D (MEMS sensor die type): (i)

upper vart and (ii) lower part.
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two-front inlets equals that of a single front inlet under the same applied pressure. In contrast,
the inlets of Sensor D are square shaped with a side length of 10 mm. In addition, each
housing is equipped with an oil inlet to allow filling with incompressible liquid. The
incompressible liquid inside the sensor expands and contracts with temperature, producing
pressure differences within the internal chambers.

Although an incompressible liquid (silicone oil) is sealed inside the sensor, it
undergoes slight thermal expansion and contraction in response to temperature changes. This
thermal volume change can induce a pressure imbalance between the upper and lower
chambers, resulting in an offset in the differential pressure sensor output. In oil-filled
differential pressure measurement systems, such temperature-induced drift is often a
dominant source of output variation. Accordingly, minimizing temperature sensitivity was
identified as a key design objective of this study. Specifically, to minimize the absolute
volume change induced by temperature variations, the internal flow paths were designed with
small diameters to reduce the volume of the enclosed liquid as much as possible. In addition,
to increase the volumetric compliance of the inlet membrane and allow temperature-induced
volume mismatch to be absorbed through elastic deformation, the inlet openings were
designed to be as large as practically feasible. Larger openings lead to more compliant
membranes, alleviating pressure changes caused by the thermal expansion of the enclosed
liquid through membrane deformation and thereby suppressing temperature-induced drift.

These design considerations are also consistent with the selection of the rectangular
sensor housing. The proposed sensor requires two types of inlets, namely a front inlet and a
side inlet. From the standpoint of reducing temperature sensitivity, it is desirable for these
inlets to have as large an opening area as possible. A rectangular housing provides flat
surfaces for mounting inlets, allowing the inlet diameter or opening area to be maximized
within a constrained overall sensor size. Moreover, to minimize the influence of
environmental disturbances, such as temperature changes and hydrostatic pressure, it is
advantageous to design the two chambers as symmetric as possible in terms of both volume
and membrane properties. The simple geometry of a rectangular housing facilitates the
realization of such symmetry. In addition, because disturbance conditions encountered in real
marine environments, including temperature fluctuations, hydrostatic pressure, and changes

in body orientation, cannot be predicted perfectly, maintaining a simple structural design is
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beneficial for systematic factor separation, modeling, and the identification and calibration
of residual drift. For these reasons, the Sensor D and Sensor P-R were designed with simple
housing geometries. On the other hand, from a hydrodynamic perspective, streamlined
shapes are generally preferable for suppressing flow separation and reducing drag. In
environments where external disturbances such as temperature fluctuations and hydrostatic
pressure variations are limited, for example, in controlled settings such as aquariums,
hydrodynamic performance can be prioritized over structural simplicity. For such
applications, a streamlined housing, designated as the Sensor P-S, was also designed.

The frontal area of Sensor P-R was approximately 400 mm?, that of Sensor P-S was
approximately 550 mm?, and that of Sensor D was approximately 200 mm?. All frontal area
were designed to be below the required frontal area limit, thereby minimizing hydrodynamic

drag.

2.11.2 Design of the sensor circuit

For the internal sensing element of Sensor P, a commercially available MEMS DP
sensor (ELVR-L30D-F1RJ-NISF, Amphenol All Sensors Corporation, Morgan Hill, CA,
USA), was employed. This sensor incorporates a MEMS diaphragm-type differential
pressure sensing element, and internal signal processing converts the measured pressure into
a 15-bit digital voltage value, which is output in [°C format.

In Sensor D, instead of employing a packaged pressure sensor, further
miniaturization was pursued by using a commercially available MEMS sensor die (L1C-10K-
RT, Merit Sensor Inc., South Jordan, UT, USA). A dedicated circuit was designed to convert
the output of the sensor die into a voltage signal for measurement. The circuit diagram of the
ADC (analog-to-digital converter) board used with the differential pressure sensor is shown
in Fig. 2.11. The pressure sensor die is configured as a Wheatstone bridge. By supplying the
bridge with a low-noise power source and measuring its output with the ADC, the analog
signal from the sensor die is converted into a digital signal that can be output via I*C. Because
no amplifier is employed in this circuit, the output voltage is very small (typically only a few
tens of millivolts). However, the use of a 24-bit high-resolution ADC enables accurate
measurement of this low-level signal. Avoiding the use of an amplifier not only eliminates

amplifier-induced noise but also allows the circuit board size to be reduced. The components
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used in this study are shown in Table 2.4. The sensor die was attached to the sensor board
using epoxy adhesive, and the electrical connections were made by wire bonding.
Furthermore, to enable monitoring of temperature variations within the sensor pipeline for
compensation purposes, a temperature sensor (LM73CIMKX-1, Texas Instruments Inc.) was
mounted on the backside of the pressure sensor die. The ADC used in the present circuit
board was designed so that it’s I*C address can be modified by changing the wiring
configuration. In this implementation, the board was structured to allow two selectable I?C

addresses.

2.11.3 Fabrication process of the sensor

The assembly procedure of the sensors is illustrated in Fig. 2.12. The overall
assembly process was essentially the same for both sensor P and sensor D. The sensor

housings were divided into upper and lower parts and fabricated using a stereolithography
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Fig. 2.11 (a) Circuit diagram of the differential pressure sensor ADC board, and (b)
photograph of the fabricated board.

Table 2.4 Components used for the ADC board.

Components used

MEMS sensor die L1C-10K-RT, Merit Sensor Inc.
Vref LM4120IM5-3.0, Texas Instruments Inc.
A/D converter ADSI122C04IRTER, Texas Instruments Inc.
Temperature sensor LM73CIMKX-1, Texas Instruments Inc.
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(SLA) 3D printer (Form 4 or Form 3, Formlabs Inc., Somerville, MA, USA). Since SLA-
printed structures contain residual volatile substances immediately after printing, post-curing
was performed using a Form Cure unit at 50 °C for 6 hours to ensure complete hardening.
After printing, fine irregularities caused by support structures remained on the housing
surface. To achieve a smooth finish, the surfaces were polished using waterproof sandpaper
and a polishing compound. Fluoro-rubber sheets with a thickness of 5 mm (Fluoro-rubber
(FKM) sheet, Akitsu Co., Ltd., Tokyo, Japan) were attached to each inlet using an adhesive
(Cemedine PPX, Cemedine Co., Ltd., Tokyo, Japan). In this study, sensor P employed a
packaged MEMS differential pressure sensor (ELVR-L30D-FIRJ-NISF, Amphenol All
Sensors Corporation, Morgan Hill, CA, USA ), whereas sensor D utilized the custom-
designed circuit board described in Section 2.9.2. For sensor P, the protective cover of the
commercial sensor package was removed using an ultrasonic cutter to expose the internal
sensing element as shown in Fig. 2.13. For sensor D, the bare MEMS sensor die was attached
to the fabricated circuit board using epoxy adhesive (Quick 5, Konishi Co., Ltd., Osaka,
Japan), and electrical connections were made via wire bonding. Finally, for both sensor P and
sensor D, the electrical wiring was soldered, and the sensor boards were bonded between the
upper and lower housings using the epoxy adhesive.

After assembly, silicone oil (HIVAC F-4, Shin-Etsu Chemical Co., Ltd., Tokyo, Japan) was
filled inside the sensor through the oil inlet located at the rear of the housing as the
incompressible liquid. Silicone oil was selected because it is a non-volatile liquid, which
prevents evaporation inside the sensor. In addition, it is non-corrosive to electronic
components, environmentally safe even in the event of accidental leakage, and has
sufficiently low vapor pressure to allow subsequent vapor deposition processes. To remove
microbubbles trapped in the oil, degassing was first carried out for several days using a
vacuum desiccator. Since the vacuum level of the desiccator was insufficient, a higher-
vacuum degassing process was subsequently performed for approximately one day using the
degassing unit of the parylene deposition system. After degassing, the oil filler was cleaned
with ethanol, and the entire sensor was coated with a parylene film. The coating process was
known as PoLD (Parylene on liquid deposition) [103], [104] and carried out under vacuum,
during which vaporized parylene monomers condensed on the sensor surface to form a

uniform thin film. Since the coating was deposited directly on the oil layer at the oil inlet, a
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Fig. 2.13 Photograph of the commercial MEMS differential pressure sensor (ELVR-
L30D-F1RJ-NISF, Amphenol All Sensors).

parylene film was also formed over the oil itself, thereby enabling bubble-free sealing of the
incompressible liquid inside the sensor. In this study, parylene C was deposited with a mass
of 5 g, resulting in a film thickness of approximately 5 um. Finally, to prevent deformation
of the parylene film covering the oil inlet, the inlet was reinforced by filling it with epoxy
adhesive (ET-300, Devcon Japan Co., Ltd., Tokyo, Japan). Previous studies have also used

membranes and oil to isolate and protect pressure sensors from the external environment
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[105], [106]. In these studies, sealing the oil required specialized equipment such as laser
welding, resistance seam welding, or vacuum brazing, which need large-scale fabrication
facilities and dedicated equipment. However, in this study, the oil-sealing process was
substantially simplified by employing parylene deposition, enabling bubble-free oil
encapsulation to be achieved using laboratory-scale equipment. If air bubbles remain in the
oil inside the sensor, the pressure response becomes nonlinear, and the sensor exhibits
increased sensitivity to hydrostatic pressure. Consequently, residual air bubbles significantly
degrade sensor performance. For this reason, developing an oil-sealing method that prevents
the formation of residual air bubbles was critically important in this study. Pressure sensor
packaging methods that employ oil and parylene have also been developed for implantable
pressure sensor in biomedical applications [107]. In conventional designs, parylene is
deposited directly onto an exposed surface. In contrast, the proposed sensor requires the oil

to be filled into a relatively complex internal pipeline and subsequently sealed. If even small

a | AT
(a) Fluororubbers; o iy FluororubberasSide inlet
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Fig. 2.14 Photographs of fabricated (a) sensor P-R, (b) sensor P-S and (c) sensor D.
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air bubbles remain in the internal oil, they can rapidly expand under vacuum conditions
during parylene deposition, leading to boiling-like behavior that inhibits proper formation of
the parylene film. Therefore, long-term degassing and ethanol cleaning were performed prior
to deposition to eliminate residual air bubbles as thoroughly as possible.

Although pressure sensors employing parylene membranes as pressure sensing area
using PoLD have been reported, very few studies have applied this approach to seal oil within
sensors that contain complex internal pipelines, as proposed sensor design. From a
fabrication standpoint, the proposed sensor therefore adopts a distinctive manufacturing
approach. Fig. 2.14 shows a photograph of the fabricated sensor. All components were

waterproofed, and it was confirmed that no air bubbles remained inside the sensor.

2.11.4 Bit-to-Voltage Conversion

The values measured by the waterflow sensors are output via I?C as digital bit values.
The pressure sensor used in sensor P converts the measured pressure into a voltage signal,
which is then represented as a 15-bit integer. Although the data are recorded in the logger as
digital bits, the sensor operates at a 3.3 V logic level. Accordingly, the bit-based output from

the sensor can be converted into the corresponding voltage Vusing the following equation:
3.3
V' = Output(bit) oTs (2.90)

For sensor D, the output from the ADC (ADS122C04, Texas Instruments
Incorporated, Dallas, TX, USA) is represented as a signed 24-bit code in two’s complement
format. According to the datasheet, the full-scale differential input voltage range depends on
the reference voltage Vierand the programmable gain G. The relationship between the output

(bit) and the sensor voltage output V'is given by
Vref

V' = Output(bit) CYEE

(2.91)

In this study, the measurements were conducted with the reference voltage set to Viee=3.0'V,

and the gain set to G = 1.
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2.12 Development of logging system

The Pitot-type waterflow sensor alone cannot perform measurement or data
recording. Therefore, a dedicated logging system was developed to acquire data from both
the Pitot sensor and additional sensors. In this study, two types of logging systems were

designed and implemented.

Pitot-type waterflow sensor USB interface
DP sensor ——>»| Pull-up resistor Micro SD
Datarlogger: 12C i Sensor d/alta, Time
12C

Ultra-low power
consumption MCU

T

GNSS Se Rechargeable Li-ion

Inertial sensor —
Pressure sensor —|2
Temperature sensor  —

Fig. 2.15 Configuration of the Ninja Data logger

Absolutelpressiiel/
temperaturelsensors

¢

200imm
| I

Fig. 2.16 Photograph of the Ninja data logger
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2.12.1 Design of the Ninja data logger

The sensor system consists of a Pitot-type waterflow sensor, a data logger, and a
battery. Fig. 2.15 shows configuration of the Ninja logger system. In this study, a customized
version of the Ninja logger (Ninja Watari, Little Leonard Corp., Tokyo, Japan), originally
developed for seabird biologging, was employed as the data logger (Fig. 2.16).

The logger incorporates multiple sensors in addition to the Pitot-type waterflow
sensor, including a six-axis inertial measurement unit (IMU; three-axis accelerometer and
three-axis gyroscope), a geomagnetic sensor, a waterproof absolute pressure and temperature
sensor, and a GNSS receiver. All sensors are controlled at a 3.3 V voltage level by an ultra—
low-power microcontroller unit (MCU: C8051F381-GQ, Silicon Laboratories, Inc., Austin,
TX, USA). The MCU sends commands to each sensor and acquires their outputs. The Pitot-
type waterflow sensor, the geomagnetic sensor, and the waterproof pressure—temperature
sensor is controlled via I?C communication, while the six-axis accelerometer uses SPI
communication and the GNSS module is operated through serial communication.

The sampling rates were as follows: Pitot-type waterflow sensor, 3.125 Hz;
accelerometer, 100 Hz; geomagnetic sensor, 6 Hz; and GNSS, 5 Hz. All acquired data were
recorded onto a microSD card together with synchronized GNSS time data. Although the
MCU has sufficient computational capability to estimate turtle posture during deployment,

in this study such processing was carried out externally on a PC. This design choice enabled

Table 2.5 Specifications and components of the Ninja logger

Component used Sampling Communication
frequency interface

Inertial sensor TDK Invensense

Acceleration MPU-9250 100 Hz SPI

Angular speed 100 Hz SPI
Magnetometer TDK Invensense 6 Hz 12C

MPU-9250
GNSS receiver U-blox NEO-MS8T 5Hz Serial
Absolute pressure / TE MS5803-01BA 6 Hz 12C
temperature
MCU SiLabs C8051F381-
GQ

Strage Micro SD
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the use of a low-power MCU, thereby extending the operational lifetime of the logger.
After measurements, the logger can be switched to an interface mode, allowing data

to be retrieved via USB connection. The logger is powered by a rechargeable lithium-ion

battery, which permits repeated use of the sensor system through recharging. The

specifications of the logger used in this study are summarized in Table 2.5.

2.12.2 Fabrication of the Ninja data logger

The Ninja logger, the waterflow sensor, and the battery were soldered together, and
the soldered joints were coated with epoxy adhesive for waterproofing. A lithium-ion
rechargeable battery specifically designed for biologging applications (ATTACCATO.
Limited Liability Company) was employed. This battery provides a specific energy of 288.6
Wh/kg, which is approximately 1.4 times greater than the typical value of 207 Wh/kg, thereby
extending the operational lifetime of the logger.

After connection, functional tests were conducted with the sensor, and the logger
and battery were placed in a 3D-printed mold. Resin was then cast into the mold to form a
waterproof encapsulation (Fig. 2.17). The soldering of components to the Ninja logger and
the molding process were carried out by Little Leonardo Corp. Because resin molding around
the GNSS receiver would block satellite signals, the mold was designed with a hollow
structure surrounding the receiver, leaving it exposed to ensure signal reception. The USB
connector was protected by a metal cap, and the logger could be switched ON/OFF by
inserting a dedicated pin into the USB port. The fabrication of the waterproof cap, the
manufacturing of the data logger, and the waterproofing by resin molding were conducted by
Little Leonardo Corp.

All measurement data from the waterflow sensor, the auxiliary sensors, and the

(i) Wiring to battery and logger (i) Filling resin inside a mold
Hollow structure _
Wire Logger \ Resin
BatteLry—V-V-a-t-evrp-réof cap Mold ! !

Fig. 2.17 Fabrication process of the Ninja logger
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synchronized time information were stored on a microSD card using a proprietary file format
with the extension “.dat.” These .dat files were subsequently converted into standard CSV

format on an external PC, enabling sensor data analysis.

2.12.3 Design of high time resolution (HTR) logger

The Ninja logger introduced above was equipped with a GNSS module, which
enabled time synchronization using satellite signals as well as the acquisition of positional
information when the animal surfaced. However, the GNSS antenna consumed a considerable
amount of power, accounting for a large fraction of the logger’s processing resources. As a
result, it was difficult to achieve high time-resolution measurements of the Pitot tube and
other sensor signals with this configuration. To address this limitation, an alternative logger
without a GNSS module was developed, allowing the remaining sensors to be recorded at
higher temporal resolution.

This logger was designed as the high time-resolution (HTR) logger. Fig. 2.18 shows
the configuration of HTR logger. The HTR logger incorporates a nine-axis inertial
measurement unit (IMU), consisting of a three-axis accelerometer and three-axis gyroscope
for inertial sensing, together with a three-axis magnetometer for geomagnetic field
measurement. In addition, the logger is equipped with an additional waterproof absolute
pressure sensor and a temperature sensor. The system is controlled by a microcontroller unit
(MCU; R5F56719DDFM, Renesas Electronics Corporation, Tokyo, Japan) operating at a
voltage level of 1.8 V. The MCU manages the Pitot-type waterflow sensor, the temperature
sensor integrated into the Pitot sensor, and all auxiliary sensors through serial communication
interfaces (I*C and SPI).Table 2.6 shows the components used in the HTR logger. All sensors
were sampled at 100 Hz. The MCU also incorporates a real-time clock (RTC), which
maintains accurate timekeeping even when the logger is powered off. This design ensures
that all sensor measurements are stored on a microSD card together with synchronized time
information. The logger is equipped with both a USB-C connector and an SD card slot;

inserting the SD card activates the power supply and initiates measurement.
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Pitot-type waterflow sensor

DP sensor Micro SD
12C 7y
Data logger Sensor data, Time
Inertial sensor —x>P> mcu RTC

Pressure sensor
Temperature sensor

USB-C
Rechargeable Li-ion +

Fig. 2.18 Configuration of the HTR logger

Table 2.6 Specifications and components of the HTR logger

Component used Sampling Communication
frequency interface
Inertial sensor TDK Invensense
Acceleration ICM-20948 100 Hz
Angular speed 100 Hz SPI
Magnetometer TDK Invensense 100 Hz SPI
ICM-20948
Absolute pressure / TE MS580330BAO01 100 Hz SPI
temperature
MCU RENESAS
R5F56719DDFM
Strage Micro SD

2.12.4 Fabrication of a waterproof case for the HTR logger

Figure 2.19 shows a photograph of the fabricated logger. The design and fabrication
of these loggers were commissioned to Analog Signal Technology Inc. To enable operation
of these loggers under seawater conditions, waterproofing and pressure-resistant processing
were applied. The logger can be accessed from a PC via USB, allowing time to be written to
the RTC and the battery capacity to be monitored. In addition, since the SD card functions as

the measurement switch, both the USB connector and the SD card slot must remain accessible
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Fig. 2.19 Photograph of the HTR logger
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Fig. 2.20 Design and dimensions for the waterproof (a) cap and (b) neck.

even after waterproof processing. To achieve this, a waterproof cap was designed and
fabricated to accommodate both the USB port and the SD card slot.

The design and dimensions of the waterproof cap are shown in Fig. 2.20. The cap is
equipped with a slit for an O-ring, which provides waterproof sealing inside the cap. The
material used was aluminum, and the cap was manufactured by mechanical machining. To
prevent corrosion, the entire surface was subsequently treated with black anodization.

To further waterproof the logger, a logger case was fabricated by mechanical
machining, as shown in Fig. 2.21. The case consists of four parts: the logger box, the cap

stand, the substrate partition, and the lower partition. To prevent corrosion, all parts were
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Fig. 2.21 Design and dimensions of logger case: (a) logger box, (b) cap stand, (c)
substrate partition, and (d) lower partition.
treated with black anodization. By assembling the case together with the cap, logger board,
and battery, the high time-resolution (HTR) logging system was completed.
The fabrication process of the logger is illustrated in Fig. 2.22. First, wiring was
carried out for the HTR logger and the battery, using an LP903042 lithium-ion battery
(EEMB Co., Ltd., Shenzhen, China). Subsequently, a partition was bonded to the logger

board to cover the USB connector and SD card slot. The sensor case and cap were then
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(i) Wiring to battery and logger (i) Adhesion of the partitions
Wire Logger USB Partitions

- —

Batte|| y Sb clard slot |
(iii) Assembly and adhesion of (iv) Filling resin for waterproof
the sensor case parts
and waterproof caps Gap Resig Pressure sensor

Sensor case ~°

Fig. 2.22 Fabrication process of the HTR logger.

substrate Waterproofi

Fig. 2.23 Photograph of the fabricated HTR logger

assembled and bonded together. During this step, the logger was positioned as horizontally
as possible, and a cylindrical barrier was attached around the pressure sensor. The
combination of this barrier and the partition prevented the resin, which was later poured to

encapsulate the entire sensor, from leaking into the regions surrounding the pressure sensor
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Fig. 2.24 Fabrication process of the HTR logger.

and the USB connector. Finally, the entire logger was encapsulated with resin (ET-300, Japan

Devcon Inc.), which was allowed to cure for one day. Following these steps, the fabrication
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Fig. 2.25 Fabricated Pitot-type waterflow sensor system: (a) sensor P-R, (b) sensor P-S,
and (c) sensor D.

of the logger was completed. Figure 2.23 shows fabricated HTR logger.

A Pitot-type Waterflow Sensor System for Biologging of Marine Animals



69

Principle, Design, and Fabrication of the Pitot-type Waterflow Sensor

2.12.5 Design of the sensor case

To protect the sensors from external impacts and compensate for external
disturbances, sensor P-R and sensor D were equipped with dedicated sensor cases. The
fabrication of these sensor cases is described below, and their dimensions are shown in Fig.
2.24. These sensor cases were fabricated either by stereolithography (SLA) or by fused
deposition modeling (FDM) 3D printing, depending on the required specifications. When
higher mechanical strength was needed, the cases were produced using an FDM 3D printer
(X1-Carbon, Bambu Lab (Shenzhen Tuozhu Technology Co., Ltd.), Shenzhen, China) with
a carbon fiber—reinforced PLA filament (PLA-CF). The logger and sensors were connected
by soldering, and the entire assembly was secured to the sensor case using screws. In this
way, the sensor system was completed. A photograph of the fabricated system is shown in
Fig. 2.25. For Sensor P-S, the sensor was mounted directly onto the case without any
protective housing, leaving the sensing element exposed.

The total mass and frontal area of the Sensor P-R equipped with the HTR logger and
sensor case was 159.1 g and 19 cm?, while the total mass and frontal area of the Sensor D

equipped with the Ninja logger and sensor case was 125.8 g and 9.8 cm?.

2.13 Engineering novelty of the Pitot-type waterflow sensor

Conventional Pitot tubes require the internal tube to be completely filled with liquid,
without entrapped air bubbles, which necessitates careful, time-consuming preparation.
Moreover, in field environments, clogging from suspended particles or biofouling is common,
leading to measurement failures. These limitations restrict the applicability of conventional
Pitot tubes to biologging studies.

The proposed Pitot-type waterflow sensor incorporates the membrane-covered inlet
that prevents the intrusion of air bubbles and suspended particles into the internal pipeline.
From an engineering perspective, the use of the incompressible liquid (silicone oil) is
essential for this configuration. Although the influence of hydrostatic pressure on the sensor
output can, in theory, be canceled by appropriately balancing the chamber volume and
membrane area, using a compressible fluid would induce membrane deformation under

hydrostatic pressure, potentially leading to mechanical failure. To prevent this failure under
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hydrostatic pressure, the internal pipeline is filled with an incompressible liquid. This oil-
filled configuration suppresses membrane deformation induced by hydrostatic pressure and
enhances pressure resistance, thereby enabling stable waterflow measurements in field
environments with minimal operational complexity.

Another key novelty of the proposed sensor is the decoupling of sensor sensitivity
from sensor structure. In conventional membrane-oil sensor package structure, sensitivity is
strongly influenced by the package geometry, requiring joint optimization of the package and
the sensing element. In contrast, the proposed design employs a MEMS differential pressure
sensor element connected to the relatively large inlet membrane via an oil-filled pipeline. As
a result, the sensor sensitivity is primarily determined by the sensing element rather than the
package structure, enabling a measurable waterflow speed range. It enables a measurable
waterflow speed range to be readily adjusted by changing the sensing element without
redesigning the sensor package.

Furthermore, the proposed system integrates the two Pitot-type waterflow sensors
within the sensor case, with only one side open. When combined with differential pressure
measurement, this configuration effectively suppresses the influence of external disturbances.
Unlike previous Pitot tubes, the proposed sensor system is specifically designed for animal-
borne applications on freely moving marine animals, where the sensor repeatedly crosses the
sea surface and is exposed to air bubbles and suspended particles.

From a fabrication standpoint, the proposed sensor adopts the simplified distinctive
oil-sealing method based on parylene deposition. Whereas previous studies relied on
specialized sealing processes such as welding or brazing, the proposed approach enables
bubble-free oil encapsulation using laboratory-scale equipment. Because residual air bubbles
critically degrade pressure response and tolerance to hydrostatic pressure, extensive
degassing and cleaning were performed prior to parylene deposition. Applying this technique
to seal oil within the sensor containing complex internal pipelines therefore represents a
distinctive manufacturing approach

In summary, the proposed Pitot-type waterflow sensor exhibits engineering novelty
by combining the membrane-covered inlet, the oil-filled internal pipeline, the sensitivity
design independent of the package structure, dual sensor structure enabling robust

measurement under environmental disturbances, and the simplified fabrication process
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suitable for biologging applications.

2.14 Conclusion

In this chapter, the principles, design, and fabrication of a Pitot-type waterflow
sensor for measuring the swimming speed of marine animals were presented. The swimming
characteristics of the target species, sea turtle, were analyzed to derive the design
requirements. From these considerations, the specifications were defined as follows: a system
mass of 2.8 kg, a frontal area of 20 cm?, an allowable pressure of 3.4 MPa, a measurement
range of 0-2.0 m/s, a resolution of 0.01 m/s, and a response time shorter than 50 ms.

The sensor was modeled as a simplified system composed of a membrane and a
chamber, and its responses were theoretically examined under various conditions: when the
internal fluid was assumed to be a compressible gas or an incompressible liquid, under
dynamic pressure due to flow, and under disturbances such as temperature fluctuations or
acceleration.

To meet the defined requirements, three types of sensors were designed, and two
types of data loggers were developed: one equipped with GNSS for positional and timing
information, and another designed for high time-resolution measurements. Both sensors and
loggers were successfully fabricated.

These developments established the foundation for subsequent experimental

evaluations. In the next chapter, the performance of the fabricated sensors is assessed through

experiments to validate their capability for measuring the swimming speed of marine animals.
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CHAPTER 3.
Fundamental Characteristics of the Pitot-
Type Waterflow Sensor

3.1 Introduction

In this chapter, the fundamental characteristics of the developed Pitot-type
waterflow sensor are presented. First, a pressure resistance test is conducted by applying
hydrostatic pressure to evaluate the structural robustness of the sensor. Next, differential
pressure is applied to the fabricated sensors to experimentally verify the validity of the
theoretical model and to characterize the pressure response. From these results, the
relationship between the applied differential pressure and the sensor output is derived.
Subsequently, step pressure change is applied to evaluate the dynamic response of the sensor
to pressure variations, and the effects of environmental disturbances such as water
temperature and acceleration are also investigated. Finally, steady-flow experiments are
carried out in a circulating water tunnel to apply constant flow velocities to the sensor. The
obtained results are used to establish the relationship between the sensor output and flow
velocity, demonstrating the capability of the developed Pitot-type waterflow sensor to

accurately measure flow velocity.
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3.2 Pressure resistance test

3.2.1 Experimental setup

The experimental setup is shown in Fig. 3.1. Loggerhead turtles around Sanriku
coast dive sea throughout the year. The recorded deepest dive is 340 m [48]. Accordingly, the
measurement system must have sufficient structural integrity to withstand the associated
hydrostatic pressure of 3.4 MPa. To evaluate the pressure resistance of the sensor, the
fabricated Pitot-type waterflow sensor (Sensor P-R) was immersed in water inside a pressure
chamber commonly used for watch testing, and a hydrostatic pressure of 0.6 MPa was applied
for 60 minutes. Ideally, a pressure of 3.4 MPa should be applied using a larger pressure
application system. However, such high-pressure hydrostatic test equipment was not
available in our laboratory, and conducting tests at this pressure using hand-made equipment
at this pressure involves safety risks. Therefore, in this study, the pressure of 0.6 MPa was

applied instead. Even within this pressure range, the test was sufficient to evaluate the

Water
0.6 MPa

il-filled  Air-fille
Sensor  sensor.
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Impressed pressure
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Fig. 3.1 Photograph and schematic diagram of the setup for the pressure-resistance
experiment.
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performance difference between using the compressible gas (air) and the incompressible
liquid (silicone oil) as the internal fluid. This experiment therefore experimentally verifies
the improvement in pressure resistance achieved by filling the sensor with oil. Two types of
sensors were prepared: one filled with oil and the other filled with air. Pressure was

subsequently applied to both sensors.

3.2.2 Experimental result

Figure 3.2 shows photographs of the waterflow sensor filled with air and oil after
the pressure-resistance test. No cracks or loss of tension were observed in the membrane of
both sensors after the pressure loading. However, the oil-filled sensor showed no noticeable
change, whereas the air-filled sensor allowed water to leak inside the sensor chamber
(pipeline).

Because the sensor's internal chamber volume was small, membrane deformation
due to hydrostatic pressure was limited, preventing large deformation. As a result, the
membrane itself suffered little damage under pressure. Instead, failure in the air-filled sensor
occurred at the adhesive joint of the sensor housing, allowing water to enter the sensor. As
shown in , water intrusion into the sensor chamber can be observed, resulting in the formation
of air bubble inside the sensor. In contrast, the oil-filled sensor did not fail under pressure, as

the incompressible oil effectively hydrostatic pressure-induced deformation. These results

Air=filled¢sen

Fig. 3.2 Photographs of the Pitot-type waterflow sensor filled with air and oil after the
pressure-resistance test.
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confirmed that the structure with internally sealed oil provides sufficient pressure resistance.
In addition, no degradation of the adhesive materials, such as dissolution or weakening, was
observed on oil-filled sensor, indicating that the materials used in the sensor possess adequate

resistance to hydrostatic pressure.

3.3  Calibration of the differential pressure

3.3.1 Experimental setup

To evaluate the pressure response of the fabricated sensor system, the response to
applied pressure at the top inlet of the sensor was examined. A differential pressure was
applied to the fabricated sensor using a pressure calibrator (KAL200, Halstrup Walcher Inc.),
and the corresponding output was recorded. The pressure calibrator was controlled by an
externally connected PC, which switched the applied pressure at predetermined time intervals
to impose differential pressure on the sensor.

In the case of Sensor P-S, a tube was fitted over the top inlet to connect the sensor
to the pressure calibrator for applying differential pressure. For Sensor P-R and Sensor D,
custom jigs were fabricated for each sensor to enable the application of differential pressure
during testing. Figure 3.3 shows dimensions of fixing jigs for DP calibration experiment.

As shown in Fig. 3.4, the sensors were mounted on the pressure calibrator to apply
differential pressure. For Sensor P-S, positive pressure was applied to the top inlet, whereas

for Sensors A-R and B, negative pressure was applied to the side inlet using a custom fixture.

3.3.2 Experimental evaluation of the influence of membrane thickness and internal
fluid on sensor sensitivity for differential pressure

To evaluate the effect of membrane thickness on the pressure sensitivity of the
Pitot-type sensor and to verify the validity of the theoretical model, experiments were
conducted using the fabricated sensor (Sensor P-S). The response of the sensor to differential

pressure (DP) was investigated. A silicone tube was used to connect the tip of the sensor
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Fig. 3.3 Fixing jigs for (a) Sensor P-R: (i) upper part and (ii) bottom part, and (b) Sensor
D: (i) upper part and (ii) bottom part.

(a) (b)
Pressure calibrator Pressure calibrator

—
- Silicone tube |
100 |

:\/ ® O p 000 ¥
= Fix jig

Sensor system Silicone tube Oring
_\ I
AP
a ' Sensor

Fig. 3.4 Experimental setup for pressure calibration: (a) Sensor P-S and (b) Sensors P-R
and D.
housing to a pressure calibrator (KAL200, Halstup-Walcher GmbH, Kirchzarten, Germany),
and DP was applied from 0 kPa to 5 kPa in 500 Pa increments. To examine the influence of
the membrane and the internal fluid, eight types of sensors were fabricated: four with silicone
membranes of different thicknesses (0.5, 1.0, 1.5, and 2.0 mm), each filled with either air or
silicone oil. The flexural rigidities D of the membranes were experimentally determined by
measuring the displacement of a single membrane subjected to pressure within the small-
deformation region using a digital microscope (VHX-6000, Keyence Corporation, Osaka,
Japan). The measured values are summarized in Table 3.1. For reference, the pressure

calibration of the DP sensor (ELVR-L30D-F1RJ-NISF, Amphenol All Sensors) was also
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performed independently. During each pressure test, measurements were taken over a 50 s
period, with no pressure applied from 0 to 25 s and the set pressure applied from 25 to 50 s.
The difference between the average voltage during 10-15 s and that during 35-40 s was
defined as the sensor output AE. Figure 3.5 shows the response of each sensor when a DP of
5 kPa was applied. It was confirmed that the sensor output returned to its initial value after
the pressure load was released. Figure 3.6 (a) presents the experimental results, showing that
all sensor outputs increased linearly with applied pressure. The outputs of all sensors
containing silicone oil were comparable to that of the reference DP sensor, whereas those
containing air exhibited reduced outputs, less than 15% of the reference value. Fig. 3.6 (b)
and Table 3.2 show the relationship between membrane thickness and sensitivity, where the
slope of the fitted line was defined as the sensitivity. The theoretical sensitivities for air-filled
membranes calculated from Eq. (2.59) are also plotted. In the calculation, 4> was neglected
because the sensing element was sufficiently small compared with the membranes. Each 4,
value was calculated from the measured D using Egs. (2.7) and (2.46), as summarized in

Table 3.1. Here, 41 and A> represent the deformation per unit pressure applied to the

Table 3.1 Measured property of each membrane

Film thickness 0.5 mm 1.0 mm 1.5 mm 2.0 mm

D (10* Pam?®) 0.574 1.80 2.96 11.3

A1 (102 m*/Pa) 10.6 3.41 2.06 0.54
1.5 ' '

[ ® DP sensor
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Time (s)

Fig. 3.5 Response of the sensor when pressure is applied.
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Fig. 3.6 (a) Experimental results of pressure calibration experiment obtained with

membranes of differential thickness and with oil/air inside. (b) Relationship between film

thickness and sensitivity with oil/air inside.

membranes attached to the sensor ports and to the sensing element, respectively, as defined

in Eq. (2.46). These parameters characterize the pressure—deformation relationship of each

membrane and are used to theoretically determine the overall pressure response of the sensor.

The values of 41 and V' were determined based on the design of the tip-side housing.

The sensitivity of the air-filled sensors decreased with increasing membrane thickness,
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Table 3.2 Sensor sensitivity of each film thickness with oil/air inside

0.5 mm 1.0 mm 1.5 mm 2.0 mm
Oil -0.11 dB -0.09 db -0.37 dB -0.50 dB
Air -17.7 dB -21.4 dB -25.6 dB -33.5dB
Air (Theoretical
-16.4 dB -25.4 dB -29.5 dB -41.0 dB
value)

indicating that the characteristics of the outer membrane influenced the overall sensitivity.
The experimental results exhibited trends similar to those predicted by the theoretical model.
The discrepancies between the experimental and theoretical values are attributed to the slight
non-flatness of the membranes caused by bonding them to the Pitot-static tube housing. In
contrast, the sensitivity of the sensors filled with silicone oil remained constant regardless of
membrane thickness. The sensors maintained their sensitivity and responded consistently
with the reference DP sensor. These results confirm that by filling the internal cavity with an
incompressible liquid and using sufficiently large inlets, the dynamic pressure generated by
waterflow can be detected without being affected by the mechanical properties of the outer

membrane.

3.3.3 Calibration of sensor P-R

The pressure calibration of Sensors P-R and D was performed using the same
procedure. The fix jig equipped with an O-ring was attached to the side inlet of each sensor,
and a negative differential pressure was applied to the side inlet. Differential pressure was
applied in increments of 500 Pa from -5 kPa to +5 kPa, and the corresponding sensor outputs
were recorded. The sensor P-R outputs were measured by the HTR logger. The sampling rate
was set to 100 Hz. Figure 3.7 shows the sensor P-R output AE, during the pressure calibration
experiment. The output AE was calculated by averaging the data over 250-253 s with no
applied pressure and setting the average to 0 V. In measuring sensor P-R, the sensor

responded in a step-like manner to the applied differential pressure and returned to its original
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Fig. 3.7 Sensor P-R output during the pressure calibration experiment.

output without offset after the pressure was released, indicating low hysteresis.

Using the output data from the orange-shaded calibration window (300 samples,
corresponding to 3 s of stable output at each applied differential pressure), the relationship
between the sensor output AE and the applied differential pressure AP was obtained as shown
in Fig. 3.8 (a). For each applied pressure, 300 samples were used. In total, 6300 samples were
collected. These data were then used to obtain the fitting line using the least-squares method.
The sensor responded linearly to the differential pressure. The relationships between the
applied differential pressure AP and the sensor output AE of the sensor P-R were expressed

as follows:

AE = 0.167AP. 3.1
The coefficient of determination R?> was 1.000, indicating that there is no measurable
nonlinearity was present. Fig. 3.8 (b) shows the fitting line and the residuals of each
experimental data point. The residuals remained within a narrow band around zero without
systematic trends. Given the extremely high linearity and the low hysteresis, the sensor can

calculate the applied differential pressure from the sensor output.
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Fig. 3.8 (a) Relationship between applied differential pressure and sensor output
of sensor P-R. (b) Residuals between the experimental data of the sensor P-R and the

fitting line.

3.3.4 Calibration of sensor D

In the measurement with sensor D, experimental data were recorded using the
Ninja data logger, which sampled the sensor output at 3.125 Hz. Differential pressure was
also applied in increments of 500 Pa from -5 kPa to +5 kPa, and the corresponding sensor
outputs were recorded. The sensor output AE was calculated by averaging the 11 data points
from 185.6 to 188.8 s under no applied pressure and setting this average to zero. Figure 3.9
shows the sensor D output AE during the pressure calibration experiment. The sensor D
showed a step-like change in output as the applied pressure was changed, similar to the sensor
P-R. After the applied pressure was released, the output returned to zero without any offset,

indicating negligible hysteresis.
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Fig. 3.9 Sensor D output during the pressure calibration experiment.

Using the output data from the orange-shaded calibration window (10 samples,
corresponding to 3.2 s of stable output at each applied differential pressure), the relationship
between the sensor output AE and the applied differential pressure AP was obtained as shown
in Fig. 3.10 (a). For each applied pressure, 10 samples were used. In total, 210 samples were
collected. These data were then used to obtain the fitting line using the least-squares method.
The sensor D responded linearly to differential pressure and relationship between the sensor

D output AE and applied differential pressure is expressed as follows:

AE = 1.76 x 1073AP. (3.2)

The coefficient of determination R* was 1.000, indicating that the linear relationship between
differential pressure AP and sensor output AE was fully maintained. This result confirms that
the entire range from —5 kPa to 5 kPa lies within the sensor’s linear operating region. Figure
3.10 (b) shows the fitting line and the residuals of each experimental data point. The residuals
were randomly scattered without any systematic trend, and no bias associated with pressure
magnitude was observed. This result indicates that nonlinearity errors are minimal and that
the residuals primarily reflect random electrical noise and external disturbances.

For both sensor P-R and sensor D, the outputs responded linearly to the applied
differential pressure, and the fitting line exhibited high coefficients of determination with

residuals showing no systematic bias. These results indicate that the calibration equations
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Fig. 3.10 (a) Relationship between applied differential pressure and sensor output

of sensor P-R. (b) Residuals between the experimental data of the sensor P-R and the

fitting line.

obtained from the experiments can be used to accurately calculate the differential pressure

from the sensor outputs.
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3.4  Dynamic response evaluation under step pressure input

3.4.1 Experimental setup

The time responsivity of the sensor was evaluated using a step-pressure test. Figure
3.11 (a) shows a schematic diagram of the experimental setup. The sensor was connected in
series with a solenoid valve, a 3D-printed chamber, a mechanical valve, and a pressure
calibrator through silicone tubes. The chamber had a volume of 125 mL to ensure a stable
internal pressure. The experiment was conducted using Sensor P-S, which provided an analog
voltage output. The sensor signals were recorded using a scope recorder (DL850, Yokogawa
Electric Corporation, Tokyo, Japan). Initially, a differential pressure (DP) of 2 kPa was

applied to the chamber by closing the solenoid valve, after which the mechanical valve was

(a) Pressure calibrator

Solenoid valve ® OG> 000

e

. Valve
Pitot tube Chamber
©) 5 5
) '.‘
S 04F
w
<
< 03}
e
3 02}
o
£ 0.1t
()
OO 1 N 1 1 1 1 1
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40
Time [s]

Fig. 3.11 (a) Schematic image of the experimental setup to evaluate the time

responsivity. (b) The sensor response when pressure is applied with step response.
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manually closed to isolate the system. Subsequently, the solenoid valve was opened,

generating a step-like differential pressure change applied to the sensor.

3.4.2 Experimental result

Figure 3.11 (b) shows the sensor’s output response to the applied step pressure. The
sensor exhibited a step-like response, and a small overshoot appeared immediately after the
step pressure was applied. This overshoot results from the combined mechanical dynamics
of the sensor and the experimental setup. The sensor consists of the membrane and the oil-
filled chamber, while the experimental setup includes the air-filled tube and chamber
connected to the sensor. These elements likely produce the observed underdamped response.
To evaluate the sensor’s response speed, the output was normalized by setting the average
value from 0-0.1 s (before pressure application) to 0 and the average value from 0.3-0.4 s
(after the response settled) to 1. The normalized response is shown in Fig. 3.12. The temporal
responsivity of the sensor was quantified using the 10-90% rise time. In the normalized

output, the times 10 and 90, which correspond to the output first reaching 0.1 and 0.9, were
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Fig. 3.12 Normalized pressure sensor output during when pressure is applied with step

response.
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extracted. The rise time # was defined as

ty = too — l10- (3.3)
For the fabricated sensor, t10 and too were calculated as 0.1930 s and 0.1969 s, giving a 10—

90% rise time of

t, = 3.9 ms. (3.4)
The observed rise time of 3.9 ms includes the delay associated with the opening of the
solenoid valve and the dynamics of the attached silicone tube and chamber. Therefore, this
value should be interpreted as an upper bound on the sensor's temporal responsivity. The true
responsivity of the sensor is expected to be equal to or faster than this value. A rise time of
3.9 ms indicates that the sensing system can respond to pressure variations occurring on
millisecond timescales, corresponding to an equivalent time resolution on the order of several
hundred hertz (approximately 250 Hz). This time scale is substantially faster than the
characteristic behavioral frequencies of swimming sea turtles [95], such as flipper-stroke or
body-motion frequencies. These results demonstrate that the developed sensor exhibits
sufficiently high time resolution to capture rapid variations in waterflow and has the potential
to be used to evaluate high-frequency behavior, such as speed fluctuations caused by animal

movement.

3.5 Evaluation of temperature characteristics of the Pitot-type
waterflow sensor

The proposed waterflow sensor developed in this study is completely filled and
sealed with silicone oil. The sensor comprises two internal chambers, both containing the oil.
However, because the two chambers have different volumes, a difference in volumetric
expansion occurs when the temperature changes, resulting in a pressure imbalance between
the chambers. Consequently, the baseline output voltage of the sensor varies with temperature,

indicating the necessity of temperature compensation.
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3.5.1 Experimental setup

To evaluate the temperature dependence of the fabricated waterflow sensor system,
the sensor was submerged in water within a constant-temperature bath (LTB-400a, AS ONE
Corp.), as shown in Fig. 3.13. To examine whether the use of two sensors can reduce the
influence of temperature variation, the experiment was conducted with the logger connected
to two sensors, each equipped with its own sensor case. The temperature varied from 5 °C to

25 °C in 5 °C increments, and the corresponding sensor outputs were recorded.

3.5.2 Experimental result of the sensor P-R

The experiments were conducted using two types of sensors: Sensor P-R and
Sensor D. For each type, two sensors were connected to the data logger. The HTR logger was
used for experiments with Sensor P-R, while the Ninja logger was employed for those with
the Sensor D.

During the experiment with the Sensor P-R, the temperature of the thermostatic
water tank was changed every 30 minutes. The resulting sensor P-R output is shown in Fig.
3.14. Both the Pitotge and Pitoteomp responded to temperature change. For temperature effect
evaluation, a 500-s stable segment (50000 samples) was extracted from each interval. Figure
3.15 (a) shows the relationship between the sensor output and the applied temperature. After

extracting 50000 samples for each interval, the output at 5 °C was averaged, and the average

was set as the zero baseline. All other samples were expressed as differential values AE_ diff

Thermostatic 5~25°C
ewatertank T

Two Pitot-type waterflow sensor

Fig. 3.13 Experimental setup of temperature calibration experiment.
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Fig. 3.14 Output of sensor P-R during the temperature calibration experiment.

relative to this baseline. Using all data points, a linear relationship between AE diff and the
temperature difference AT relative to 5 °C was obtained using the least-squares method. Both
Pitotcomp and Pitotsec showed negative responses to temperature. The relationship between the

Pitotcomp Output and temperature is expressed as follows

AE = —541 x 1073AT (3.5)

The relationship between the Pitotqer output and temperature is given by

AE = —6.40 x 1073AT, (3.6)

and the relationship for differential output is given by

AE = —0.997 x 1073AT. (3.7)
The coefficient of determinations R* for the fitting line of the Pitotdet, Pitotcomp, and the
differential output were 0.9817, 0.9854, and 0.7995, respectively. The high R* values for
Pitot4er and Pitoteomp indicate that the outputs of the individual sensors exhibit a strong linear
relationship with temperature. Compared with the single-sensor measurements (Pitotqer), the
temperature sensitivity of the differential output decreased by a factor of 6.4 times. Taking
the differential output effectively reduced the temperature effect. However, the differential

output still shows a linear response to temperature. The lower R? value of the differential
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Fig. 3.15 (a) Relationship between sensor P-R output and applied temperature. (b)
Residuals representing the deviation of the differential output from the fitting line.
output's fitting line does not indicate degraded performance. Because temperature sensitivity
is strongly suppressed, the overall variation in the differential signal decreased. It makes
noise relatively more dominant and lowers R?. Thus, the reduced R? likely reflects the
effective reduction of temperature-induced drift. The Fig. 3.15 (b) shows residuals between
differential output and calculated fitting line. The residuals show no systematic bias and
remain narrowly distributed around zero across the entire temperature range. It indicates that
the linear model accurately captures the temperature dependence of the differential output.
Therefore, by using Eq. (3.7), the temperature effect can be further corrected from the

differential output.
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3.5.3 Experimental result of the sensor D

During the experiment with the Sensor D, the temperature of the thermostatic water
tank was changed every 30 minutes. The resulting sensor output is shown in Fig. 3.16. Both
the Pitotqe: and Pitotcomp responded to temperature change. For temperature effect evaluation,
a 160-s stable segment (500 samples) was extracted from each interval. Figure 3.17 (a) shows
the relationship between the sensor D output and the applied temperature. After extracting
500 samples for each interval, the output at 5 °C was averaged, and the average was set as
the zero baseline. All other samples were expressed as differential values AE_diff relative to
this baseline. Using all data points, a linear relationship between AE_diff and the temperature
difference AT relative to 5 °C was obtained using the least-squares method. Both Pitotcomp
and Pitot4ec showed negative responses to temperature. The relationship between the Pitotcomp

output and temperature is expressed as follows

AE = 0.944 x 10~*AT (3.8)

The relationship between the Pitotqer output and temperature is given by

AE = 1.03 x 107*AT, (3.9)

and the relationship for differential output is given by
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Fig. 3.16 Output of sensor D during the temperature calibration experiment.
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AE = 3.54 x 107°AT.

The coefficients of determination for the fitting lines of Pitotaet, Pitotcomp and the differential
output were 0.998, 0.998, and 0.0130, respectively. Compared with using the single sensor
(Pitotqer), taking the differential output reduced the temperature effect by a factor of 29. The
sensor D also showed effective reduction of temperature drift, similar to the Sensor P-R.
Hence, the coefficient determination of the fitting line of the differential output shows low
value. Each sensor exhibited a linear response to temperature. The output slopes of Sensor
P—-R and Sensor D showed opposite signs, which can be attributed to differences in the
internal oil chamber volumes between the front and side inlets of each sensor. In both cases,

taking the differential output effectively reduced the temperature sensitivity. Figure 3.17 (b)
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shows the residuals between differential output and calculated fitting line. The residuals
showed no bias and remained low across all temperature intervals. Therefore, although the
differential output shows low sensitivity to temperature changes, the temperature effect can

be further compensated by applying Eq. (3.10).

3.6  Evaluation of sensor response to acceleration

Because the proposed sensor is designed to be attached to a sea turtle's carapace, it
is exposed to accelerations from body movements and flow-induced vibrations. In addition,
the sensor is filled with silicone oil, and the internal fluid can move in response to
acceleration, generating noise in the waterflow measurement. Hence, the sensor is affected
by these accelerations, including rigid-body accelerations acting uniformly on the entire
sensor, such as gravitational acceleration and uniform translational acceleration of the sensor
body.

To suppress these common-mode acceleration components, which do not generate
differential pressure, the sensor system uses a differential configuration comprising two
sensors. Importantly, this configuration preserves pressure variations associated with
temporal changes in waterflow speed caused by sea turtle swimming. Because such pressure
variations are only applied to the Pitotyer.

In this experiment, controlled common-mode acceleration was applied to evaluate

the effectiveness of this differential design in reducing acceleration-induced disturbances.

3.6.1 Experimental setup

Figure 3.18 shows experimental setup of acceleration calibration. In this
experiment, measurements were performed using the combination of Sensor D and the Ninja
logger. The sampling rate was set to 3.125 Hz. The two sensors were connected to the logger
and mounted on a rate turntable (TA4635, Tamagawa Motortronics Co., Ltd., Nagano, Japan).
Each sensor was positioned 2.0 m from the center of rotation to ensure a precisely defined

acceleration. The system was rotated at a constant angular velocity, and by adjusting this
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Fig. 3.18 Setup of the acceleration response experiment.
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Fig. 3.19 Output of sensor D during the acceleration response experiment.

velocity, accelerations ranging from 0 g to 2.0 g were applied in 0.2 g increments. The

corresponding sensor outputs were recorded for each acceleration level.

3.6.2 Experimental results

Figure 3.19 shows the sensor output during the acceleration response experiment.
During the experiment, pitotser and pitoteomp €xhibited similar outputs and responded in a
stepwise manner to changes in the angular velocity of the turn table. To derive the relationship
between the applied acceleration a and the sensor output AE, 26 data points on the orange-
shaded calibration window corresponding to 8.32 s of stable output were extracted for each

applied acceleration. In total, 286 samples were extracted. These data were used to obtain the
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fitting line using the least-squares method.

Figure 3.20 (a) shows the relationship between the sensor output and the applied
acceleration. The sensors exhibited a linear response to acceleration. As in the temperature
experiment, taking the differential output between the two sensors significantly reduced
sensitivity to acceleration. The sensitivity of pitotecomp and pitotsec were nearly identical values,

as shown below.

AE = —2.06 x 10~*Aa (3.11)

Whereas with the differential output, the sensitivity decreased to
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Fig. 3.20 (a) Relationship between the sensor output and applied acceleration. (b)

Residuals represent the deviation of the differential output from the fitting line.
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AE = —3.62 x 1077Aa, (3.12)
representing a 560-fold reduction in sensitivity. The coefficients of determination for each
fitting lines were 0.999 and 0.006. Figure 3.20 (b) shows residuals between the extracted
experimental data points and the fitting line of the differential output. The residuals are
randomly distributed around zero with no systematic dependence on acceleration. In addition,
the coefficient of determination for the fitting line of the differential output was very small.
These indicate that the differential output does not have a meaningful correlation with the
applied acceleration. This result further demonstrates the high compensation performance of
the differential configuration. From the Sections 3.5 and 3.6, it was demonstrated that taking

the differential output effectively reduces the influence of external disturbances, confirming

the dual-sensor configuration's effectiveness in improving the robustness of the sensor system.

3.7  Water tunnel experiment

To evaluate the sensor’s response to waterflow speed, experiments were conducted
in a water tunnel under controlled flow conditions. The objective was to establish the
relationship between the sensor output and the applied waterflow speed, thereby enabling

quantitative estimation of flow speed from the measured output.

3.7.1 Experimental setup

To evaluate the response of the sensor system to waterflow speed, a waterflow-
speed calibration experiment was conducted. The sensor system was fixed in a compact water
tunnel (Nishinippon Fluid Engineering Laboratory Co., Ltd., PT-100). To minimize the
effects of the boundary layer and the air—water interface, the system was positioned at the
center of the tunnel, ensuring that the waterflow was applied parallel to the sensor. A
photograph of the experimental setup is shown in Fig. 3.21. The sensor system was mounted
on a machined aluminum stage that securely fixed it within the tunnel.

During the experiment, waterflow speeds ranging from 0.0 m/s to 2.0 m/s were
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Fig. 3.21 Photograph of the experimental setup for the water tunnel experiment.

sequentially applied in 0.2 m/s increments. The flow control was automated using a custom
Python program that communicated with the water tunnel’s inverter via a Modbus interface.
For each flow condition, the tunnel was first stopped for 60 s to ensure flow stabilization,
followed by the application of the target flow speed for 90 s while data were recorded. This
sequence of stopping and flow application was repeated for each speed step.

The waterflow-speed calibration experiments were conducted using two types of
sensors: sensor P-R and sensor D. The measurements for sensor P-R were performed using
the HTR logger, while those for sensor D were recorded using the Ninja logger. The results

obtained from each configuration are presented below.

3.7.2 Experimental result of sensor P-R

The output of sensor P-R during the experiment is shown in Fig. 3.22. The sensor
outputs were converted from bit values to voltage using Eq. 2.90. As the theoretical model
predicted in Section 2.10, the Pitotqe: output varied with waterflow speed, while the Pitotcom
output remained almost constant. In addition, oscillatory fluctuations appeared in both Pitotae
and Pitotcom outputs as the waterflow speed increased. Four factors mainly caused these
fluctuations:

(1) Turbulent speed fluctuations in the water tunnel

(i1) Wake generated by flow separation
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Fig. 3.22 Output of Sensor P-R during the water tunnel experiment
(iii)  Surface fluctuations at the open port of the water tunnel
(iv)  Periodic vibration from the water tunnel system
Other factors may also have contributed. The oscillatory fluctuations are expected to be a
combination of these multiple sources. The water tunnel has an inner width of 0.30 m.
Therefore, if a waterflow speed is assumed to be U = 1 m/s and a kinematic viscosity is 1 x
10° m?/s, the Reynolds number becomes Re = 3 x 10°. The waterflow at this Reynolds
number is in the turbulent region. Even with flow-straightening elements in the water tunnel,
dynamic pressure is expected to fluctuate.

In addition, flow separation generates a wake behind the sensor system. The
sensing system has a complex shape, including the rectangular Pitot-type waterflow sensor,
the sensor case, and the data logger. Furthermore, the cylindrical aluminum stage is used to
mount the system in the water tunnel. These components generate wakes that contain vortices
of many different scales. To estimate the order of the oscillatory fluctuation frequency
generated by the wake, the sensor is approximated as a rectangular cylinder in waterflow.
The frequency can be estimated using the Strouhal number Sz, which is expressed as follows:
_fD

U
where fis the vortex shedding frequency (Hz), D is the characteristic length of the object (m),

St (3.13)
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and U is the flow speed (m/s). Assuming the Reynolds number is sufficiently high, the
Strouhal number St is taken as 0.13. Given the flow speed of U =2.0 m/s and a characteristic
length of D = 0.020 m. Substituting the values to eq. (3.13),

U
f=St5=013x 0=

Thus, the frequency of the vortices generated behind the sensor is approximately 13 Hz. In

13 (3.14)

practice, the sensor system has the complex structure, so this value represents only an
approximate order of magnitude.

The sensing system is mounted in the water tunnel using a cylindrical aluminum
stage. As a result, the water surface remains exposed around the opening where the sensing
system is inserted. At this opening, the air-water interface deforms. As the waterflow speed
increases, the surface motion grows stronger and is transmitted to the sensor as pressure
fluctuations. Furthermore, the water tunnel generates waterflow using a motor and propeller.
When the water tunnel operates, these components can introduce mechanical vibrations that
may be transmitted to the sensor.

To identify the frequency components in the sensor signal, frequency analyses were
conducted. First, a continuous wavelet transform (CWT) was applied to examine how the
spectral content evolved over time. Figure 3.23 shows CWT results for Pitotcom, Pitotqer, and
their differential output. The differential signal was obtained by subtracting the Pitotcom value
from Pitotser value. The CWT was performed using the complex Morlet (amor) mother
wavelet. The transform produces a two-dimensional distribution of wavelet power |W (¢, /),
over frequencies from 0.1 to 50 Hz. To visualize fluctuations over several orders of
magnitude, the wavelet power was plotted using a logarithmic color scale (logioPower).

The resulting wavelet power maps show low power levels in the no-waterflow
condition, while higher power appears during the periods when waterflow is applied. For
both Pitotcom and Pitotqer, the low-waterflow regions exhibit stronger power mainly in the
mid-frequency band (approximately 10-40 Hz), with relatively little energy at lower or
higher frequencies. As the waterflow speed increases, the power spreads across a much

broader range of frequencies.
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Fig. 3.23 Continuous wavelet transform (CWT) result of (a) Pitotcom, (b) Pitotae, and
(c) their differential output.

To perform a more detailed frequency analysis, a Fast Fourier Transform (FFT)
algorithm was applied to the data segments corresponding to each applied waterflow speed
interval. For each waterflow-speed interval, the corresponding time segment was extracted
based on the experimental timeline. To obtain stable spectra from these finite-length segments,
the FFT was computed using Welch’s method. Each segment was divided into overlapping

sub-windows of 256 samples, and a Hann window was applied to suppress spectral leakage.
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Adjacent windows overlapped by 50%, and the resulting periodograms were averaged to
produce the power spectral density (PSD). The spectrum represents the distribution of
pressure-fluctuation energy over frequencies up to 50 Hz, consistent with the 100Hz
sampling rate. Fig. 3.24 shows the PSD for each waterflow-speed interval. The FFT results

were consistent with the wavelet analysis. In the low-speed region (0.2 m/s — 0.8 m/s),
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Fig. 3.24 Power spectral density of the sensor outputs for each waterflow-speed interval.
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multiple peaks appeared in the 1040 Hz band. In the high-speed region, the PSD spanned a
much broader frequency range. To identify the dominant oscillation frequencies at each
waterflow speed, the peak frequency was extracted from the PSDs. Frequencies below 2 Hz
were removed to eliminate the DC (Direct Current) component from the signal. The
remaining spectrum was searched for peaks. Peak detection used a prominence-based
criterion to select components while suppressing noise. Among the detected peaks, the one
with the largest amplitude in the 2—50 Hz range was taken as the dominant frequency.

For waterflow speeds between 0.2 and 0.8 m/s, all measurements showed a peak at
16.8 Hz, with several additional peaks in the 10-30 Hz range. These vibrations are likely due
to mechanical oscillations in the water tunnel. These peaks are likely due to vibrations from
the motor and other moving parts being transmitted to the sensor. As a result, a similar
frequency peak appears at all low waterflow speeds (0.2—0.8 m/s). At speeds above 1.0 m/s,
additional oscillation components grow stronger and gradually mask these peaks.

Several peaks were also observed in the high-speed region (1.0-2.0 m/s). These
oscillation components are likely due to multiple factors, including turbulent speed
fluctuations in the water tunnel, wake effects from flow separation, and surface motion at the
open port. However, all these peaks appear at frequencies above 5 Hz. Therefore, to reduce
these vortex-induced oscillations, a low-pass filter with a cutoff frequency of 5 Hz was
applied. It ensured that the filter effectively attenuates vortex noise while preserving the
signals associated with the turtle’s flipper strokes. Figure 3.25 shows the differential pressure
calculated from four signals: Pitotcom and Pitotae; outputs, the differential output, and the low-
pass-filtered differential output. The result demonstrates that filtering process effectively
reduced oscillations in the output. 45s segments (4500 samples) of stable data for each
waterflow speed from 0 to 2.0 m/s, yielding a total of 49500 samples used for calibration.
These intervals correspond to the gray-shaded regions in the Fig. 3.25. Using data within the
gray-shaded regions, the relationship between measured differential pressure and applied
waterflow speed was derived. These relationships are presented in Fig. 3.26. Because the

theoretical model predicts a quadratic relationship of the form AP = al?, the calibration
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Fig. 3.25 Measured differential pressure using sensor P-R during the water tunnel
experiment.
coefficient a was estimated by nonlinear least-squares fitting to this model. The fit was
applied directly to the data in the gray-shaded regions. As predicted by the theoretical model
described earlier, the sensor responded in proportion to the square of the waterflow speed,
similar to a conventional Pitot tube. The relationship between the differential pressure
measured by the sensor and the waterflow speed was obtained as
AP ='TU2. (3.15)

The goodness of fit was the coefficient of determination. The resulting R2 value was 0.9993,
indicating that the quadratic model explains more than 99.9% of the variance in the measured
differential pressure. It demonstrates that the sensor shows good agreement with the expected
sensor response across the entire speed range. Using Eq. (3.9), the sensor system can
accurately calculate the waterflow speed from the measured differential pressure. The green-
shaded area represents the sensor output's standard deviation. Although the standard
deviation increased with higher waterflow speeds, it remained as low as 0.0274 m/s even at
2.0 m/s. Fig. 3.27 shows the residuals between the measured differential pressure and the
fitted model (Eq. (3.9)). The residuals remain close to zero across the entire waterflow speed

range, with no systematic trend such as monotonic drift or curvature. Although the absolute
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Fig. 3.26 Relationship between the measured differential pressure and the waterflow

speed of sensor P-R.

residuals increase at high speeds, the sensor response does not deviate significantly from the
fitted model. This indicates that a specific error does not cause these residuals. Overall, the
narrow, zero-centered residual distribution and the high coefficients of determination show
that the derived calibration model accurately represents the Pitot-type waterflow sensor
response across the entire speed range.

The accuracy and resolution of the sensor P-R were calculated using the measured
differential pressure within the gray-shaded region. Figure 3.28 shows calculated sensor
accuracy and resolution of the sensor P-R. For each waterflow speed interval, the low-pass-
filtered differential pressure was converted to an estimated waterflow speed using Eq. (3.15).
The mean of the estimated waterflow speeds was used as the representative speed Ues: for
that condition. Sensor accuracy was calculated by comparing the U.s and the applied
waterflow speed Use applied by the water tunnel. Because the sensor response follows a
quadratic relationship (AP = al?), the measurement accuracy and resolution inherently vary
with waterflow speed. For this reason, these performance metrics were evaluated separately
for each waterflow-speed interval. Absolute accuracy is shown as the deviation between the

Uest and Uset, expressed as
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Fig. 3.27 Residuals between the measured differential pressure and the fitting line.

IUest - Usetl- (3-16)
In addition, relative accuracy expresses this deviation as a percentage of the Use,
Upse — U
I EStU setl % 100. (3'17)
set

The resolution of the sensor P-R was using the noise characteristic measured at
zero waterflow speed. In this study, resolution was defined using two different measures:
noise-floor instrinsic resolution and operational resolution. First, the noise-floor instrinsic
resolution was defined from the noise level of the measured differential pressure AP under
no-waterflow conditions (0 m/s). This noise level was quantified as the standard deviation of
the low-pass-filtered differential pressure signal. The resulting pressure noise was converted
into an equivalent speed resolution using the Eq. (3.15). Second, the operational resolution
was defined to evaluate output fluctuations under actual watertunnel conditions. It was
calculated as the standard deviation of the low-pass-filtered differential pressure within each
applied waterflow speed interval. These values were converted into a speed resolution by
uncertanity propagartion using the Eq. (3.15). These definition enable a quantitative

comparison between the resolution limited by intrinsic noise and the resolution observed
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Fig. 3.28 (a) Accuracy and (b) resolution of sensor P-R at each waterflow speed.

under watertunnel condition.

The noise-floor intrinsic resolution was derived as follows. The standard deviation
of the low-pass-filtered differential pressure in the 0 m/s interval within the gray-shaded
region was calculated as op(0). This pressure noise was converted to an equivalent speed
noise 6y(0), by using Eq. (3.15). This value represents the absolute resolution at 0 m/s.
Because this sensor follows the quadratic relationship (Eq. (3.15)), the sensor's sensitivity
increases with waterflow speed. Thus, the noise-floor intrinsic resolution oyin(U) at each
applied waterflow speed Us.t was obtained by scaling the 0 m/s pressure noise deviation

according to
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2 0p(0)

oy,ine(U) =13 20

The relative noise-floor intrinsic resolution was calculated by normalizing cu,in(U) by the

(3.18)

applied waterflow speed Uset.

The operational resolution was derived as follows. For each applied waterflow
speed interval, the low-pass-filtered differential pressure within the corresponding gray-
shaded was also extracted. The output fluctuation under operating conditions was quantified
as the standard deviation of the low-pass-filtered differential pressure, denoted as op(U), for
each Us. The opeational resolution cup(U) was obtained by converting op(U) into an
equivalent speed resolution through uncertainty propagation based on Eq. (3.15). For Use >

0 m/s, it is expressed as

2 UP(U)
900 (V) = T35 55

At Uset = 0 m/s, the operational resolution and the noise-floor intrinsic resolution are identical,

(3.19)

because both are defined by the differential pressure noise under no-waterflow conditions.
Therefore, ov,0p(0) = ou,int(0) = ov(0). The relative operational resolution was calculated by
normalizing cy,0p(U) by the applied waterflow speed Use:.

Table 3.3 shows the calculated accuracy and resolution of sensor P-R. The
fabricated sensor showed low values for both accuracy and resolution. The sensor follows
the quadratic relationship. So, the sensor tends to exhibit lower resolution and accuracy at
low speeds. However, the sensor satisfied the required specifications for accuracy and
resolution at all waterflow speeds. At 0.2 m/s, which conventional propeller loggers have
difficulty measuring, the sensor achieved a noise-floor intrinsic resolution of 0.0112 m/s,
operational resolution of 0.0158 m/s, and an accuracy of 0.0557 m/s. The operational
resolution includes not only the intrinsic noise of the sensing system but also additional
disturbances specific to the water tunnel environment. Even when the applied waterflow
speed Uk is set to constant, the water tunnel can exhibit time-varying speed fluctuations due
to turbulence and facility dependent unsteadiness. In the present setup, the sensor system was
inserted through an open port, leaving the surrounding free water surface exposed. As the

applied waterflow speed increased, fluctuations of the air-water interface at this opening
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Table 3.3 Accuracy and resolution of sensor P-R.

Speed Speed Relative  Noise-floor  Relative  Operational ~ Relative
[m/s] accuracy accuracy intrinsic ~ noise-floor  resolution  operational
[m/s] [%] resolution intrinsic [m/s] resolution
[m/s] resolution [%]
[70]
0.0 0.130 0.0668 0.0668
0.2 0.0557 27.8 0.0112 5.58 0.0158 7.91
0.4 0.0255 6.36 0.00558 1.39 0.00961 2.40
0.6 0.0147 2.44 0.00372 0.620 0.00891 1.49
0.8 0.0223 2.78 0.00279 0.349 0.0111 1.39
1.0 0.0172 1.72 0.00223 0.223 0.0130 1.30
1.2 0.0158 1.31 0.00186 0.155 0.0128 1.06
1.4 0.0133 0.950 0.00159 0.114 0.0128 0.913
1.6 0.00805 0.503 0.00139 0.0871 0.0143 0.893
1.8 0.000307 0.0170 0.00124 0.0689 0.0168 0.934
2.0 0.0165 0.827 0.00112 0.0558 0.0206 1.03

became larger and were transmitted to the sensor as pressure disturbances. In addition, flow

separation around the sensor system and the mounting stage can generate wakes. These flow

features introduce unsteady pressure fluctuations around the sensor. Mechanical vibrations

originating from the experiment setup, such as those from the motor and propeller, may also

be transmitted to the sensor signal. Consequently, the operational resolution ocy,p(U)

represents an effective resolution under water tunnel operating conditions that includes

facility-dependent contributions. In practical field deployments, the sensor is typically fully

submerged and is therefore not influenced by free-surface motion at an open port. In addition,

the mounting configuration differs from the stage used in the water tunnel. As a result, the

magnitude of pressure oscillations in practical field deployments is expected to be smaller

than that observed in the water tunnel experiments, although unsteady flow may still remain.
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Based on these considerations, the resolution in actual use is expected to lie between the
noise-floor intrinsic resolution 6y,in( ) and the operational resolution Gy,op(U).

At Uset = 0.2 m/s, the noise-floor intrinsic resolution 6y,in(U) and the operational
resolution oy,ep(U) were 0.0112 m/s (5.58%) and 0.0158 m/s (7.91%), respectively. This
result indicates that the effective resolution under field conditions is expected to be
approximately 0.011-0.016 m/s at 0.2 m/s. This resolution is sufficiently smaller than the
applied speed, indicating that the sensor can measure sub-0.2 m/s waterflow without being
dominated by measurement noise. As applied waterflow speed increases, the accuracy and
resolutions improve. For example, at Uset = 0.4 m/s, the accuracy was 0.0255 m/s (6.36%),
while the noise-floor intrinsic and operational resolutions were 0.00558 m/s (1.39%),
respectively. In the range of 0.6—2.0 m/s, the relative accuracy remained 3%, and the relative
operational resolution remained close to approximately 0.9—-1.5% for Uset > 1.0 m/s. These
results demonstrate that the fabricated sensor satisfies the required specifications for both
accuracy and resolution over the entire tested range. Importantly, the sensor provides
measurable performance in the low-speed region around 0.2 m/s, where the conventional

propeller loggers cannot measure.

3.7.3 Experimental result of sensor D

Using the same setup and time setting, waterflow was applied to Sensor D, and the
corresponding sensor output is shown in Fig. 3.29. The sensor output AE was defined as the
voltage referenced to the sensor output voltage E at 0 s. In this measurement, the Ninja logger
captured the sensor output. The sampling rate was set to 3.125 Hz. Similar to Sensor P-R,
Pitotger responded to the waterflow, whereas Pitotcom did not. The output drift observed
between 0 and 200 s was attributed to temperature variation caused by rapid cooling when
the sensor was submerged in the water tunnel. The noise observed near 2000 s occurred when
the sensor was removed from the tunnel and was caused by acceleration. The differential
output between the two sensors, shown by the green line, remained stable even under
temperature drift and acceleration disturbances. These results demonstrate that the dual-

sensor differential configuration effectively suppresses drift effects while accurately
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Fig. 3.29 Output of Sensor D during the water tunnel experiment.

measuring the waterflow speed.

To derive the relationship between the sensor output AE and the applied waterflow
speed U, the stable period of the differential output indicated by the red line was extracted.
Figure 3.30 (a) shows the differential pressure measured by the sensor and the corresponding
waterflow speed for the extracted periods. For each applied waterflow speed, 31 data points
corresponding to 9.92 s were extracted. In total, 341 data points (109.12 s) were used to
derive the relationship between waterflow speed U and the measured differential pressure AP
by using least-squares fitting in the form of AP = alU?/2. As with a conventional Pitot tube,
the sensor response was proportional to the square of the flow speed, and the relationship can
be expressed as

AP = —=U2. (3.19)
The coefficient of detemination R? is 0.9967. Using this equation, the waterflow speed can
be calculated directly from the sensor output. Figure 3.30 (b) shows residuals between
measured differential pressure and derived fitting line. The residuals are distributed around
zero over the entire range of applied waterflow speeds, and no systematic deviation is
observed. These results indicate that the derived relationship represents the sensor response
without systematic bias. As the applied waterflow speed increased, the amplitude of the

sensor output oscillations also increased, similar to sensor P-R. The sampling rate in this
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Fig. 3.30 (a) Relationship between the measured differential pressure and the waterflow

speed. (b) Residuals between the measured differential pressure and the fitting line.

measurement was 3.125 Hz, corresponding to a Nyquist frequency of 1.5625 Hz. Therefore,
frequency-domain analysis was not performed. The observed increase in the amplitude of the
sensor output oscillations with increasing waterflow speed. This behavior suggests that

unsteady waterflow effects, such as turbulence and vortex-induced pressure fluctuations, may
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contribute to the observed variability, as also observed for sensor D.

The accuracy and resolution of the sensor D were calculated using the measured
differential pressure within the red line region. Figure 3.31 shows calculated the sensor
accuracy and resolution for the sensor D. For each waterflow speed interval, the accuracy,
noise-floor intrinsic resolution, and operational resolution were calculated using the same

definitions and procedures as those applied to sensor P-R. Specifically, accuracy was

calculated using Eq. 3.16. The noise-floor intrinsic resolution was calculated as
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Fig. 3.31 (a) Accuracy and (b) resolution of sensor D at each waterflow speed.

2 0p(0)

and the operational resolution was calculated as

ou,int(V) = 13755 (3.20)
2 op(U)
0y0p(U) = T35~ (3.21)

Table 3.4 summarizes the calculated accuracy and resolution of sensor D. At Uset = 0.2 m/s,

sensor D achieved a noise-floor intrinsic resolution of 0.00910 m/s (4.55%) and an

operational resolution of 0.0109 m/s (5.45%). This result indicates that the effective

resolution under field conditions is expected to be approximately 0.009-0.011 m/s at 0.2 m/s.

Although the relative accuracy at this speed was relatively large (37.9%), the absolute
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Table 3.4 Accuracy and resolution of sensor D.

Speed Speed Relative  Noise-floor ~ Relative  Operational ~ Relative
[m/s] accuracy accuracy intrinsic ~ noise-floor  resolution  operational
[m/s] [%] resolution intrinsic [m/s] resolution
[m/s] resolution [%]
[70]
0.0 0.188 0.0603 0.0603
0.2 0.0757 37.9 0.00910 4.55 0.0109 5.45
0.4 0.0462 11.5 0.00455 1.14 0.00851 2.13
0.6 0.0322 5.36 0.00303 0.506 0.00866 1.44
0.8 0.0199 2.49 0.00228 0.284 0.00734 0.918
1.0 0.0158 1.58 0.00182 0.182 0.00867 0.867
1.2 0.0189 1.57 0.00152 0.126 0.0107 0.894
1.4 0.0107 0.765 0.00130 0.0928 0.0104 0.746
1.6 0.0109 0.679 0.00114 0.0711 0.0103 0.646
1.8 0.00236 0.131 0.00101 0.0562 0.0304 1.69
2.0 0.0151 0.757 0.000910 0.0455 0.0296 1.48

accuracy was 0.0757 m/s. These values are smaller than the applied speed and indicate the

sensor output was not dominated by measurement noise and Sensor D can measure low

waterflow speeds around 0.2 m/s.

As the applied waterflow speed increased, both accuracy and resolution improved.

In the range of 0.6—1.6 m/s, the relative accuracy decreased from 5.36% to 0.07%, while the

relative noise-floor intrinsic resolution decreased from 0.51% to 0.05%. Over the same range,

the relative operational resolution remained within 0.6—1.5%. These values indicate stable

performance under operating conditions. Overall, sensor D met the required specifications

for accuracy and resolution across the entire tested range. In particular, the sensor

demonstrated measurable performance in the low-speed region around 0.2 m/s, a range that

conventional propeller loggers cannot measure, and achieved high accuracy and resolution,

confirming its applicability to field deployments.
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3.8  \Verification of sensor performance against the sensor system
requirement

Based on the experimental results, it was evaluated whether the fabricated sensor
satisfies the defined sensor system requirement as shown in Table 2.1. This assessment was
conducted using Sensor P-R and Sensor D, which underwent extensive experimental
evaluation. The total mass and frontal area of the Sensor P-R equipped with the HTR logger
and sensor case was 159.1 g and 19 cm? while the total mass and frontal area of the Sensor
D equipped with the Ninja logger and sensor case were 125.8 g and 9.8 cm?. The required
system mass and frontal area were 2.8 kg and 20 cm?, respectively, and the fabricated sensor
system met both requirements. Although resistance to the full hydrostatic pressure of 3.4 MPa
was not verified, the sensors were confirmed to withstand pressure up to 0.6 MPa, indicating
partial compliance with the pressure resistance requirement.

The required waterflow speed specifications were a measurement range of 0-2.0
m/s and a resolution of 0.01 m/s. Both sensors responded over the entire measurement range.
Near the cruising speed range (0.4 m/s and 0.6 m/s), Sensor P-R achieves operational
resolutions of 0.00961 m/s at 0.4 m/s and 0.00891 m/s at 0.6 m/s, while Sensor D achieved a
resolution of 0.00851 m/s at 0.4 m/s and 0.00866 m/s at 0.6 m/.

The required response time was 50 ms or less, whereas the fabricated sensor
achieved a response time of 3.9 ms. These results confirm that the proposed sensor satisfies
all required specifications except for the allowable pressure, which was not fully verified
experimentally.

The proposed sensor incorporates the oil-filled internal structure, making it
conceptually similar to oil-filled pressure-compensated devices [108] that are widely used in
deep-sea applications and whose pressure resistance has been well established. Based on this
similarity, the proposed sensor is considered to theoretically possess sufficient pressure

resistance to meet the specified allowable pressure requirements.
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3.9 Conclusion

In this chapter, the performance of the developed Pitot-type waterflow sensor was
experimentally validated through a series of fundamental evaluations. First, the sensor was
subjected to hydrostatic pressure, demonstrating that the internally sealed incompressible
liquid effectively maintained the structural integrity of the sensor under high-pressure
conditions. Next, differential pressure calibration was conducted by applying controlled
pressure to the sensor inlets. Experiments were performed using sensors filled with either an
incompressible liquid or a compressible gas and equipped with membranes of various
thicknesses. The results showed that sensors filled with the incompressible liquid exhibited
no dependence of sensitivity on membrane thickness, whereas those filled with the
compressible gas showed sensitivity variations consistent with the theoretical model, thereby
experimentally confirming the theoretical predictions.

A dynamic response test was then performed by applying a step-like change in
differential pressure. The sensor exhibited a response time shorter than 4 ms, indicating its
capability to measure pressure fluctuations up to 250 Hz. The effects of temperature and
acceleration on the sensor output were also evaluated. Both Sensor P and Sensor D
demonstrated that the dual-sensor differential configuration significantly reduced the
influence of environmental disturbances compared with single-sensor measurements,
confirming the effectiveness of the dual-sensor design in suppressing external noise.

Finally, a waterflow speed calibration was conducted using a water tunnel. The
differential configuration effectively suppressed drift, enabling accurate measurement of
waterflow speed. At a low speed of 0.2 m/s, sensor P-R achieved noise-floor intrinsic and
operational resolutions of 0.0112 m/s and 0.0158 m/s, respectively, while sensor D achieved
0.00910 m/s and 0.0109 m/s. These results indicate that both sensors can measure waterflow
speed around 0.2 m/s, a range that is difficult to measure with conventional propeller loggers.
As waterflow speed increased, the sensor's accuracy and resolution improved. As the
waterflow speed increased, the relative accuracy decreased to below a few percent, and the

relative operational resolution remained approximately at the 1% level for both sensor P-R
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and sensor D. The obtained accuracy and resolution indicate that the developed sensors can
measure waterflow speed with sufficient accuracy and resolution over the entire tested range.
These results confirm that the proposed Pitot-type waterflow sensor system meets the
required specifications in biologging measurements.

Overall, these results demonstrate that the developed Pitot-type waterflow sensor
system achieves high accuracy, rapid temporal response, and strong robustness against
environmental disturbances, and confirm that it satisfies all required sensor system
specifications except for the allowable pressure, thereby demonstrating its suitability for

high-resolution waterflow measurement in biologging applications.
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CHAPTER 4.
Multi-Inlet Two-Dimensional Waterflow
Vector Sensor

4.1 Introduction

In This chapter describes the theory, design, fabrication, and evaluation of a two-
axis waterflow sensor developed to measure the direction and speed of marine animals. First,
the physical parameters determining the differential pressure distribution on the sensor
housing were analyzed to establish a theoretical framework for constructing the neural
network (NN) model used to estimate the sensor outputs. Based on this framework, an NN-
based estimation model was implemented, and a compact sensor system was fabricated to be
small enough for attachment to a sea turtle. The fabricated sensor was then tested under
controlled differential pressures to evaluate its pressure-response characteristics. Finally, a
series of water-tunnel experiments were conducted, in which steady waterflows with
controlled speed and angle were applied to the sensor to collect training data for the NN
model. Using these data, the relationships between flow speed, flow angle, and sensor
response were analyzed, the neural network was trained, and the performance of the trained
model was evaluated. Through this evaluation, the Pitot-type waterflow sensor demonstrates
its extensibility to multi-axis measurements, which are difficult to achieve with a propeller-

based sensor.
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4.2  Sensor design

4.2.1 Sensor system requirement

A schematic representation of the proposed sensor is presented in Fig. 4.1. The device
functions as a two-dimensional waterflow sensor that can be mounted on a marine animal to
record both the swimming speed and direction relative to the ambient water. Similar to the
previously developed Pitot-type waterflow sensor in Chapter 2, the loggerhead turtle was
selected as the target species. Sea turtles sometimes exhibit complex three-dimensional
swimming patterns, including both turning and lateral motions [43], [55]. Sea turtles
primarily swim along their body axis (longitudinal axis). Therefore, during turning
maneuvers, both the heading angle and the bearing angle change simultaneously, as shown
in Fig. 4.2 (a). The heading angle is defined as the orientation of the turtle’s longitudinal axis,
whereas the bearing represents the direction of the velocity vector relative to a fixed external
reference frame (world coordinate system). Therefore, during turning, a mismatch (sideslip
angle) arises between the direction of the sea turtle’s longitudinal axis (heading angle) and
the actual direction of movement (bearing angle). Thus, capturing waterflow velocity as a
vector rather than a scalar quantity is crucial for identifying these behaviors. The proposed
sensor is designed to measure the relative waterflow velocity vector, as depicted in Fig. 4.2

(b). By mounting the sensor along the longitudinal axis, it can measure the sideslip angle.

] /ﬁWaterflow vector
SenS®r | n |et

4 '\C )

Fig. 4.1 Schematic of the proposed 2D waterflow sensor for marine animal biologging.

Swimming
sea animals
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This enables analysis of turning behavior and helps to better understand the excellent
maneuverability of sea turtles.

The morphological features of the loggerhead turtle and the corresponding sensor
specifications are summarized in Table 4.1. Because the target animal for the two-axis
waterflow sensor was the same loggerhead turtle inhabiting the Sanriku coastal region as the

single-axis Pitot-type waterflow sensor, the system mass, frontal area, allowable pressure,

@ Truning maneuver <\

.§Swimming path

N\

|

Waterflow velocity
vetior
Pon)

oRgitudinal axis

Relative waterflow
velocity vector

Sensor

Fig. 4.2 (a) Definitions of body orientation angles, heading angle, and bearing angle,
following the representation style [44] (b) Definition of the relative waterflow velocity

vector.
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Table 4.1 Characteristics of the sea turtle and sensor requirements of two-dimensional
waterflow sensor.

Characteristics of loggerhead turtles Sensor requirement

Mean body mass [30] 55.5+13.5kg System mass 2.8 kg

Mean SCLn-t [30] 70.8 £6.4 cm Frontal area 20 cm?

Maximum diving depth [30] 340 m Allowable pressure 3.4 MPa

Cruising speed [74] 0.50 m/s Measurement range 0-2.0 m/s
Speed accuracy 0.1 m/s

(at cruising speed)
Angle accuracy 10°

(at cruising speed)

and speed range were defined as those adopted for the single-axis sensor. Unlike the single-
axis sensor, the proposed sensor estimates the waterflow vector using a neural network (NN),
resulting in a non-analytical and non-monotonic input-output relationship. Under such
conditions, defining a physically meaningful speed resolution is difficult. Therefore, in this
chapter, sensor performance is evaluated based on estimation accuracy.

The target speed accuracy was set to 0.1 m/s. The primary objective of this chapter
is to evaluate whether the proposed sensor structure can achieve two-dimensional waterflow
measurements, rather than to pursue highly precise velocity estimation. Accordingly, a
relatively moderate accuracy requirement was adopted. The speed accuracy of 0.1 m/s
corresponds to only 5% of the full-scale speed range (0-2.0 m/s). From a full-scale
perspective, this level of accuracy is neither excessive nor insufficient to verify the feasibility
of two-axis sensing. In this study, two-dimensional turning maneuvers were selected as the
target for measurement within three-dimensional swimming behavior. The sensor’s sensing
surface was configured to align with the x—y plane shown in , allowing measurement of
horizontal flow velocity and direction over a full 360° range. The angular accuracy was set
to 10° at the cruising speed. At a representative cruising speed of 0.5 m/s, an angular error of
10° results in a lateral velocity uncertainty of approximately 0.09 m/s, which is comparable

to the specified speed accuracy of 0.1 m/s. Accordingly, the speed and angular accuracy
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requirements were set to be consistent with each other.

4.2.2 Design of the two-dimensional waterflow sensor

Figure 4.3 presents a schematic of the developed waterflow sensor, which consists
of a spherical housing incorporating three differential pressure elements (E1, E2, and E3),
Each element is connected to a pair of inlets (1-1', 2-2’, and 3-3") positioned on the housing
surface. The inlet pairs are arranged 60° apart around the sphere in the x—y plane to measure
two-dimensional waterflow within this plane. Inside the housing, pressure tubes filled with
incompressible silicone oil connect each sensor element to its corresponding inlet pair. A thin
polyimide film is attached over each inlet to prevent the entry of marine debris. Because the

volume change of the incompressible fluid under isostatic pressure is minimal, the sensor is

Incempressible liquid

Differential pressur

d

< /
sensor—element/

Housing

Thin film

Fig. 4.3 Schematic diagram of the proposed spherical waterflow vector sensor

components. The sensor is composed of three differential pressure sensor elements, six
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protected from damage due to hydrostatic pressure, ensuring high resistance to harsh

underwater environment.

4.3  Waterflow vector detection principle

4.3.1 Theoretical analysis of the pressure distribution around a spherical sensor
housing

Figure 4.4 (a) illustrates a cross-sectional view of the spherical sensor housing
subjected to a uniform waterflow. The pressure acting on each film is transmitted through the
incompressible liquid to the corresponding differential pressure element. Because the film
area is much larger than that of the sensor element, the measured pressure difference, APp is
unaffected by film properties such as stiffness. Consequently, APp can be regarded as
approximately equal to the inlet pressure difference AP [109], enabling the sensor to measure
the differential pressure between each connected inlet pair.

Figure 4.4 (b) shows a schematic representation of the relationship between the
sensor inlets and the waterflow direction. The incoming waterflow is assumed to be steady
and uniform, with a velocity v and an angle ¢ relative to the reference plane, which
corresponds to the plane of the sensor substrate As an example, the plane midway between
inlets 1 and 3’ in Fig. 4.4 (b) is defined as the 0° reference plane; accordingly, the positive
pressure inlets 1, 2, and 3 are positioned at 30°, 90°, and 150°, respectively. When waterflow
is applied, pressure is distributed around the sensor, and the device determines the waterflow
speed and direction based on the relationships among the differential pressures AP measured
between the three inlet pairs.

The theoretical derivation of v and ¢ was conducted under the assumption that the
water is an ideal, incompressible, non-viscous, and irrotational fluid in steady flow, and that
the flow around the sensor follows the same streamlines as the surrounding water. In addition,
the heights of the measurement points and the upstream flow were assumed to be identical,

and the sensor was modeled as a perfect sphere with a radius R. Figure 4.5 (a) shows a cross-
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Fig. 4.4 (a) Cross-sectional diagram representing the internal structure of the proposed

sensor. (b) Relationship between the pressure applied to the inlets and waterflow.

sectional view of the sensor housing, where a uniform flow U is directed toward the housing,

r denotes the position vector, and 6 represents the angle between the surface normal vector n
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and the flow vector U. The velocity field v can be expressed in terms of the velocity potential

@ as follows:

v =V 4.1)
Because the fluid is assumed to be incompressible, the following continuity equation applies:
V-v=0 (4.2)

Substituting the definition of the velocity field from Eq. (4.1) into Eq. (4.2) yields the Laplace

equation:

AP =0 (4.3)
The solution to the Laplace equation is uniquely determined by the specified boundary
conditions. When an object is immersed in a fluid and displaces the surrounding water, the
fluid velocity field is influenced by the object’s motion, resulting in a defined velocity at its
surface. Accordingly, the velocity potential must satisfy certain boundary conditions at both
the surface of the object and at infinity. Considering the symmetry of uniform flow, the

Laplacian operator in spherical coordinates can be expressed as follows [110]:

_162(1‘@) 1 0 ( . 6(15). “4.4)

AD = — 0—
or? r2sin606\°"" 30
Because the fluid is non-viscous, it slips along the surface of the stationary sphere. Therefore,

the following boundary condition can be applied:

n-v=n-usSn-Vé=n-u 4.5)
Furthermore, since the fluid velocity at infinity approaches the uniform velocity U, the

velocity potential that satisfies these boundary conditions is given by [111]

R3
® =UcosB (r + ﬁ) (4.6)
As the velocity field vis obtained from the gradient of the velocity potential (Eq. (4.1)), the

radial component of the velocity in spherical coordinates is expressed as

0P R3
V== U<1_r_3> cos 6. 4.7)

The velocity component in the angular direction is
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100 R\
Vg = ;% = —U(l +F> sin 6. (48)

Accordingly, the velocity field can be expressed as

VUV = Ve, + Vg€pg

R3 R3
=U(1—r—3>cost9 er—U<1+F>sin9 ey (4.9)
On the surface of the sphere (» = R), the velocity field is uniform and is given by
3. .
Vlrl=r = =5 Usin® (4.10)

Because the velocity field on the sphere’s surface depends only on the angle 6, v|;=r can be
expressed as v(#) Under the slip boundary condition, the radial velocity component becomes

zero. The square of the magnitude of v(6) therefore be calculated as

2

lv(8)|? = <— ; U sin 9)
9
:ZUZ(l_COSZ 9). (4.11)
The pressure distribution on the sensor surface can then be derived from the velocity field
obtained in Eq. (4.9) using Bernoulli’s principle, which is expressed as
P+ %pvz + pgh = constant. (4.12)
By considering a streamline extending from a point far from the sphere to a point on its
surface, the relationship between v(#) and the pressure distribution on the surface of the
sensor P|;-r can be obtained from Bernoulli’s principle. Assuming that the potential energy
term is identical at both locations (i.e., the height difference is negligible), the following
relation is obtained:

1 1
POO-}-EpUZ :P||r|=R +§P|v(9)|2- (4.13)

Rearranging Eq. (4.13) to express P|y-r and substituting (4.11) yields

1 9
Plir=r =P, +§PU2 —ngZ(l — co0s20)
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=Poo—ng2+ng2 cos? 0. (4.14)
Eq. (4.14) shows that the pressure distribution in an ideal fluid is determined by the flow
velocity U and the position on the sphere’s surface, that is, by the flow speed and direction
relative to the sensor. Therefore, by measuring the pressure distribution on the sensor surface,
the flow velocity and direction can theoretically be obtained. However, in real fluids that

deviate from the ideal assumptions, additional factors such as viscosity and vortex formation

must be considered. These effects are governed by the Reynolds number of fluid flow.

4.3.2 Effect of the Reynolds number

The flow around a sphere in a real viscous fluid varies depending on the Reynolds
number, which is defined as

Dv U
Re =—, V=2 (4.15)

v

where D is the diameter of the spherical housing and v, u, and p represent the kinematic
viscosity, dynamic viscosity, and density of the fluid, respectively. As discussed in section
4.3.1, the relationship between pressure distribution and flow in an actual fluid is difficult to
describe analytically using theoretical equations. Therefore, simulation-based analyses [112]
or experimental methods [113] are typically employed to investigate such flow behaviors.
Figure 4.5 (b) presents a schematic diagram illustrating the expected relationship between
the pressure coefficient C, and the angle 6 around a sphere under different flow regimes;
these data were obtained from experimental measurements [113]. Significant differences are
observed in the pressure distributions on the sphere surface between laminar separation,
which occurs when the flow is below the critical Reynolds number Re. and turbulent
separation, which occurs when the flow exceeds Re.. Under turbulent separation, the pressure
distribution closely resembles that of the surrounding fluid flow, whereas laminar separation
occurs at a smaller separation angle than in the turbulent case. The value of Re: depends on
factors such as surface roughness and turbulence intensity of the flow and is known to be on

the order of several hundred thousand for flow around a sphere [113].
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A schematic diagram illustrating the calculated differential pressure AP between two
points separated by 180° using the C,, values shown in Fig. 4.5 (b) is presented in Fig. 4.5 (¢).
Although the AP generally exhibits a sinusoidal response to changes in the flow angle under

both laminar and turbulent conditions, the behavior does not form a perfect sine wave. Instead,

@) AP(6)
o \Na’&eﬁ\o\N v Y
unifo b
/Y .
= 4 v
= 4 A
= 4
—y
(b)
1 — Laminar
0.5 90° 0° (Re>Re)
0 ' 7 5 — Turbulent
05 (Re>Re,)
-1.01- Ideal fluid
Cp
150
©
Q. \ JAN /N ﬁ °
< A \/ (V4 o

Fig. 4.5 (a) Relationship between the waterflow stagnation point and the pressure on the
spherical housing. (b) Variation of the pressure coefficient depending on flow condition

[113]. (c) Relationship between the waterflow angle and differential pressure.

A Pitot-type Waterflow Sensor System for Biologging of Marine Animals



127

Multi-Inlet Two-Dimensional Waterflow Vector Sensor

non-monotonic pressure variations occur depending on the size of the sensor sphere[76], [77].

The value of C, is highly dependent on the Reynolds number Re, resulting in an
interdependent relationship between the waterflow angle and speed. Furthermore, flow
separation and vortex formation, both influenced by Re, introduce nonlinear variations in the
differential pressure, rendering the relationship among waterflow speed, direction, and
differential pressure highly complex. Consequently, it is difficult and inherently limited to
determine the flow characteristics mathematically based solely on the differential pressure
distribution [79].

Neural networks (NNs) can directly learn such relationships from data without
relying on the geometric configuration of the sensor or assuming data linearity. Given the
spherical geometry of the sensor used in this study, substantial flow separation and nonlinear

pressure variations were observed. Therefore, NNs are particularly suitable for modeling the

relationships among flow velocity, direction, and differential pressure in our waterflow sensor.

This suitability is supported by previous studies in which NNs were applied to spherical
multi-hole pressure probes, achieving high-accuracy airflow estimation [77]. Accordingly, in
this study, we utilized the theoretical relationship between flow speed, direction, and
differential pressure distribution derived in Eq. (4.14) to establish their correlation through

machine learning—based regression.

4.3.3 Construction of the neural network

A neural network (NN) model was constructed to predict the waterflow speed and
angle based on the measured outputs from the three differential pressure sensor elements.
The architecture of the NN consists of an input layer, three hidden layers, and an output layer,
as illustrated in Fig. 4.6. The input layer receives the outputs of the three differential pressure
elements. The three hidden layers are fully connected and contain 32, 64, and 8 neurons,
respectively, each employing the rectified linear unit (ReLU) as the activation function. The
stochastic gradient descent (SGD) algorithm was used for optimization with a learning rate
of 0.01. Because angles near the boundaries (e.g., 0° and 360°) can cause discontinuities in

the learning process, periodic functions were employed as explanatory variables in the output
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Fig. 4.6 Conceptual diagram of the constructed NN model.

layer. The velocity field, which determines the pressure distribution, depends on the flow
speed v and direction ¢, as expressed in Eq. (4.14). Therefore, the objective function must be
periodic and defined in terms of these two parameters. To satisfy this condition, vcosp and
vsing were adopted as the objective functions, and the predicted values were subsequently

converted into v and ¢ using the following equations:

v = \/v2cos2g + vsinZg (4.16)

vsing
@ = arctan .
VCOSY

When these processes were implemented using PyTorch, the sensor successfully predicted

(4.17)

the two-dimensional waterflow speed and direction from the outputs of the three differential
pressure sensor elements. In biologging applications, sensor data are typically recorded in a
data logger and subsequently transferred to an external PC for NN-based inference. Therefore,
real-time computation and model complexity are not major constraints in such analyses.
Nevertheless, the proposed NN model consists of only 2,778 parameters—substantially
fewer than those of conventional deep learning architectures incorporating convolutional
layers or attention mechanisms, which often contain millions or even billions of parameters.

This lightweight architecture greatly reduces computational demands, allowing
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implementation on low-performance edge devices. Consequently, the proposed approach is
well suited for standard offline analyses in biologging studies and also exhibits potential for

real-time applications where rapid responsiveness is required.

4.4  Development of the two-dimensional waterflow sensor

The structure of the sensor housing is shown in Fig. 4.7 (a). It consists of two
hemispherical shells designed to sandwich a substrate on which the differential pressure
sensor elements were mounted. The housing had a diameter of 36 mm, and each inlet had a
diameter of 6 mm, with a 9.5 mm recessed area where a thin film was attached. The housings
were fabricated from acrylic resin using a three-dimensional stereolithography printer
(Form3, Formlabs Inc., Massachusetts, USA). The thin film was made of 25 pum thick
polyimide owing to its excellent insulating properties and ease of fabrication. The polyimide
film was cut into 9 mm diameter discs using a laser cutter. The internal circuit configuration
of the sensor is illustrated in Fig. 4.7 (b). The substrate held three membrane-type

piezoresistive pressure sensor elements (L10-10 K-RT, Merit Sensor Inc., Jordan, USA). The

@ (b) Vin+,
:© @ ©‘ t—Sensor1 | ADC1 [
—Vin--]
L2 6 mm —Vin+
— 9.5 mm —Sénsor? b ADC2 1.
[— | —
Vi e
—V|n+—|
© @ @ +—Sensor3 | ADC3 [
|
—Vin-—]
+3V
e v
36 mm VREF GND

Fig. 4.7 Design of the (a) sensor housing and (b) internal circuit.
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resistance changes in these elements were converted into voltage signals using a Wheatstone
bridge circuit. A 3 V voltage reference (Vref; LM4120IM5-3.0, Texas Instruments Inc.,
Dallas, USA) was supplied to the bridge circuit, and the output voltage was digitized using a

(i) Wire bonding of (i) Assembling and gluing of each parts
DP sensor

BRIsensor

Polymide film

(i) Filling silicone oil (iv)Vacuum degassing with
inside the sensor desiccator

/@ l o‘/Vacium

S Qi filler L4
Desiccator
Silicone oil

(iv) Parylene deposition to (v) Covering oil filler with resin
seal the silicone oil inside

| Vacuum | 3 ]

' /
< | Qil filler | .
~ 1

Fig. 4.8 Fabrication process of the two-dimensional waterflow sensor.
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Fig. 4.9 Photograph of the fabricated two-dimensional waterflow sensor.

16-bit analog-to-digital converter (ADC) (ADS1110, Texas Instruments Inc., Dallas, USA).
This ADC includes a programmable gain amplifier (PGA) that amplifies the signal by a factor
of eight. Each of the three pressure sensor elements was connected to its corresponding ADC,
and each ADC was assigned a unique inter-integrated circuit (I*C) address, allowing
simultaneous and independent control of all elements.

Figure 4.8 illustrates the fabrication process of the sensor. First, the pressure sensor
elements were attached to the substrate and electrically connected via wire bonding.
Subsequently, the two housing hemispheres, the substrate, and the polyimide films were
assembled and bonded together. The internal tubes were then filled with silicone oil through
an oil filler valve provided in the housing. Because the presence of air bubbles in the oil can
affect the sensor sensitivity due to the high compressibility of air, any trapped bubbles were
removed by vacuum degassing using a desiccator and vacuum pump. After degassing,
parylene C was vapor-deposited over the entire sensor surface. Since parylene can be directly
deposited onto the oil, this process ensured bubble-free sealing of the internal fluid. Finally,
a resin (Devcon ET, ITW Performance Polymers, Danvers, USA) was applied to the oil filler
to prevent deformation of the deposited parylene layer. As a result, the only deformable

components of the device were the polyimide films attached over each inlet. Fig. 4.9 shows
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the completed waterflow sensor, which forms a compact structure suitable for attachment to

a sea turtle.

4.5 Experimental performance evaluation of the two-dimensional
waterflow sensor

4.5.1 Pressure resistance experiment

First, the pressure resistance of the proposed sensor structure was evaluated. The
fabricated sensor was placed inside a pressure application device (PV-5-90-120-750-AC-DG,
Syn Corporation Inc., Japan) and subjected to a water pressure of 1 MPa for one hour. Fig.
4.10 shows photographs of the sensor before and after the application of pressure. Even after
being exposed to the pressure load, the sensor exhibited no visible damage, and the polyimide
films remained undeformed. These results demonstrate that the proposed sensor possesses

sufficient pressure resistance for biologging applications.

4.5.2 Calibration of the differential pressure
Next, the response of the fabricated sensor to differential pressure was evaluated to
calibrate its sensitivity. Figure 4.11 (a) and (b) show, respectively, a photograph and

schematic diagram of the pressure calibration setup. A custom-fabricated jig was used to

Fig. 4.10 Photographs of the sensor (a) before and (a) after pressure application.
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Fig. 4.11 (a) Photograph and (b) schematic image of the pressure calibration process. (c)
Relationship between applied differential pressure and output voltage of the sensor

elements.
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secure the sensor, and a silicone tube connected the jig to a pressure calibrator (KAL200,
Halstup-Walther GmbH, Kirchzarten, Germany). An O-ring was placed between the sensor
and the jig to ensure airtight sealing. and jig. This configuration allowed a differential
pressure AP to be applied to one pair of inlets at a time, increasing from —5 to 5 kPa in
increments of 500 Pa, with each step maintained for 5 s. The sensor output AV was defined
as the difference between the average voltage at 0 kPa and that at the applied pressure.
Figure 4.11 (c) shows the relationship between the sensor output voltage and the
applied differential pressure for each inlet pair. All three elements exhibited nearly identical
linear increases in output with increasing AP, indicating consistent sensitivity across the
sensor elements. Therefore, the relationship between the output voltage and the applied
differential pressure was fitted using the least-squares method with a linear model y = ax. The
proportionality constants obtained for the three elements were averaged to yield the following

calibration relationship:

AV = 491 x 1073 AP. (4.18)

4.5.3 Water tunnel experiment

Next, the responses of the fabricated sensor to the waterflow speed and angle were
evaluated. Figure 4.12 (a) shows a photograph of the experimental setup used for this
evaluation. The sensor was mounted in a water tunnel (PT-100 kai, Nishinihon Fluid Giken,
Nagasaki, Japan) using a rotating stage (OSMS-60YAW, SIGMA KOKI Co., Ltd., Saitama,
Japan). The sensor, water tunnel, and rotating stage were connected to a PC through an I*C—
USB converter (CRESCENT-018, Switch Science, Japan), an RS485-USB converter (DINV-
U4, Diatrend Corp., Japan), and a stage controller (GSC-01, SIGMA KOKI Co., Ltd., Japan),
respectively, enabling simultaneous data acquisition and control of all components, as shown
in Fig. 4.12 (b). The water tunnel generated a controlled waterflow applied to the sensor,
while the rotation stage was used to vary the sensor’s orientation, as illustrated in Fig. 4.12
(c). The reference angle for rotation was defined as the position at which the front of the

sensor directly faced the water inlet of the tunnel. For each combination of waterflow speed
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Fig. 4.12 (a) Conceptual diagram and (b) photograph of the experimental setup used to
measure the sensor response according to waterflow speed and angle. (¢) Rotation of the

sensor during the experiment.

and angle, 50 data points were recorded as sensor outputs. The differential output AV was
defined as the difference between each measured output and the average baseline output

obtained at a waterflow speed of zero.
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To ensure accurate control of the applied flow speed, the water tunnel was
calibrated using a JIS-standard Pitot tube, with the flow velocity determined from the
impeller rotation frequency. For each target speed, the impeller was allowed to stabilize for
20 s before data collection, which was conducted at a sampling rate of 10 Hz. The sensor
angle was incremented by 10° from 5° to 355°, resulting in a total of 36 measurement steps.
A waiting period of 15 s was applied after each angular adjustment to allow the flow to

stabilize, and the water tunnel was stopped for 60 s between trials to eliminate any residual
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Fig. 4.13 (a) Temporal response of the sensor during angle variation with an applied
waterflow velocity of 1 m/s. (b) Temporal response of the sensor at an applied waterflow

velocity of 1 m/s and a angle of 185°.
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flow. After recording the initial output, the waterflow speed increased from 0 to 2.0 m/s in

increments of 0.2 m/s, and data were collected for each speed as the sensor angle was varied

from 5° to 355°. Figure 4.13 (a) shows the output of each sensor element as the angle was

varied in 10° increments at a waterflow velocity of 1.0 m/s. Each element clearly responded

to changes in the flow direction. Figure 4.13 (b) shows the output of one element at a

waterflow velocity of 1.0 m/s and an angle of 185°. Although minor fluctuations were

observed, the sensor consistently exhibited stable outputs in response to the applied flow.

These small variations are attributed to vortex formation in the flow field.

Figure 4.14 (a) shows the relationship between the applied waterflow speed and the
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Fig. 4.14 (a) Relationship between the waterflow speed and the differential pressure

measured by the sensor elements for each degree of rotation: (i) E1, (i1) E», and (ii) Es. (b)

Relationship between the waterflow angle and the differential pressure measured by the

sensor elements for each inlet: (i) E1, (ii) E», and (i) Es.
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differential pressure AP measured by the sensor elements. The sensor output AV was
converted into AP using Eq. (4.18). Figures 4.13(a-i), (a-ii), and (a-iii) present the AP values
measured by E1, E2, and E3, respectively, showing that AP clearly varied with the waterflow
speed. When the inlets corresponding to each element were oriented perpendicular to the
waterflow direction, the output of each element increased proportionally to the square of the
flow velocity. Figure 4.14 (b-i), (b-ii), and (b-iii) show the relationships between the
waterflow angle and the measured AP at E1, E2, and E3, respectively, under all applied flow
speeds. The overall response exhibited a sinusoidal-like pattern, with a 60° phase shift
observed among the outputs of the three elements. As reported in previous studies [76], [114],
non-monotonic behaviors, including localized singularities, were observed for inlets 1, 2, and
3 at flow angles of approximately 100—130° and 280-310°, 160—190° and 340-10°, and 40—
70° and 220-250°, respectively.

4.5.4 Conversion to waterflow speed and angle

A dataset comprising 19,800 data points (36 % 11 x 50) was obtained from the water
tunnel experiment, corresponding to 50 samples for each combination of waterflow speed
and angle. The feature data consisted of the outputs from the three differential pressure sensor
elements, and the label data corresponded to the applied waterflow speed and angle. Each
data point was treated as an independent sample, and the dataset was used as discretized (non-
time-series) input for the neural network. Of the total dataset, 70%, 15%, and 15% were used
for training, validation, and testing, respectively. Accordingly, the training dataset contained
13,860 points, the validation dataset contained 2,970 points, and the test dataset contained
2,970 points. The NN model was trained using a batch size of 32 for 500 epochs. The mean
squared error (MSE) was employed as the loss function, and the model performance was
evaluated at the end of each epoch. The validation dataset performance was used to monitor
potential overfitting during training.

Figure 4.15 shows that the learning curve for the water tunnel dataset converged
within the first few epochs and remained stable up to the 500-epoch limit. The trained NN

model exhibited consistent performance on the validation dataset, indicating that overfitting
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Fig. 4.15 Comparison of the training and validation learning curves for the water tunnel
experiment data at epochs (a) 0—500, (b) 0-20, and (c) 20-500.

did not occur.
In this study, validation was performed by evaluating the trained model on an
independent validation dataset that was not used for weight updates during training. At each

epoch, the model parameters optimized using the training dataset were applied to the
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validation dataset, and the corresponding validation loss was computed. The training,
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Fig. 4.16 Results of converting the output of the three sensor elements to (a) vcosd and

(b) vsinf using the NN trained on the experimental data. (¢) Comparison between the
neural network outputs and the ground truth at a waterflow velocity of 1.6 m/s. The ground
truth was obtained using the waterflow speed applied in the water tunnel and the waterflow

angle set by the rotating stage during the experiment.
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validation, and test datasets were generated by randomly splitting the full dataset into
mutually exclusive subsets. Because the data were obtained under controlled and repeatable
water tunnel conditions, and each subset contained samples spanning all combinations of
waterflow speed and angle, the random splitting procedure effectively reduced potential
sampling bias among the subsets. This chapter’s objective is to demonstrate the feasibility of
two-dimensional waterflow estimation using the proposed sensor structure, rather than
optimize the neural network model. Although cross-validation was not employed, the use of
a sufficiently large dataset and randomized data splitting was considered sufficient for the
purpose. In addition, the validation dataset was used exclusively for model selection and
overfitting assessment, while the test dataset was reserved for final performance evaluation.
Taken together with the stable convergence observed in the learning curves, this single train-
validation-test split was deemed adequate to demonstrate the feasibility of two-dimensional
waterflow estimation using the proposed sensor structure.

Figure 4.16 (a) and (b) show the NN output results for the test dataset and the
corresponding ground truth data labels, respectively. The predicted outputs closely matched
the ground truth, and both vcosp and vsing were accurately estimated without noticeable
influence from internal amplifier noise, particularly in the higher flow velocity range (0.6—
2.0 m/s). Fig. 4.16 (c) presents a comparison between the NN-predicted outputs and the
ground truth when a waterflow velocity of 1.6 m/s was applied to the sensor while the flow
angle was varied in 10° increments. The NN outputs successfully tracked the variations in
the waterflow angle with high fidelity.

Finally, the predicted vcosg and vsing values were converted into v and ¢ using Eq.
(4.17) and the accuracy of the model was evaluated using the root mean square error (RMSE),

defined as

k
1
RMSE = EZ(yi _$)? (4.19)
i=1

where ¥, represents the model-predicted value of the target variable, and y;denotes the

corresponding ground-truth value. The RMSE values for the predicted v and ¢ as a function
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Fig. 4.17 Root mean square error (RMSE) of predicted waterflow angle ¢ and speed v
when converting the water tunnel experimental results obtained using the constructed NN

at each applied speed.

of the applied waterflow speed in the range of 0.2-2.0 m/s as shown in Fig. 4.17. Because
the waterflow direction ¢ becomes physically undefined when the waterflow speed
approaches zero, data points corresponding to near-zero speed conditions were excluded
from the evaluation of angular estimation accuracy. Accordingly, the RMSE was evaluated

only under non-zero waterflow conditions, where both the waterflow speed and direction are
meaningfully defined.
The sensor noise level was defined as the standard deviation of the output when the

sensor was stationary. The noise levels for E1, E», and Ez measured at 10 Hz over 60 s were
0.12, 0.21, and 0.33 mV, respectively, corresponding to pressures of 24.5, 41.9, and 67.8 Pa,
respectively. In the low-speed range (0.2—0.4 m/s), the applied differential pressure ranged
from approximately 20 to 80 Pa. These noise levels are attributed to internal amplifier noise
introduced by the programmable gain amplifier (PGA) and drift caused by temperature
fluctuations. Consequently, the sensor noise was relatively large compared with the signal
output of each differential pressure sensor element, leading to a slight reduction in model
accuracy. In contrast, the influence of noise was considerably smaller in the high-speed range

(0.6-2.0 m/s), resulting in more accurate estimations. The average RMSE values for the
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predicted waterflow speed (vrmse) and angle (¢rmse) in the high-speed range (0.6-2.0 m/s)
were 0.048 m/s and 4.33°, respectively. Therefore, the proposed sensor satisfied the
performance requirements for sea turtle applications, confirming its suitability for biologging

measurements.

4.6  Multi-inlet two-dimensional waterflow vector sensor system

To enable standalone measurements, the fabricated sensor was integrated into a data-
logging system by connecting it to the HTR logger. This configuration allowed high—time-
resolution acquisition of flow data under field conditions. The overall configuration of the
sensor system is illustrated in Fig. 4.18. The two-dimensional flow sensor, as previously
described, was controlled and read out via an I?*C communication interface. Three
differential-pressure sensing elements (ADCs) were connected to the same I*C bus, each
assigned a unique address, enabling simultaneous control and data acquisition over a single
communication line. The fabrication procedure for the HTR logger followed the same steps
described in Chapter 2. A photograph of the fabricated sensor system is shown in Fig. 4.19.
The developed system enables simultaneous in-water acquisition of output signals from the

three differential-pressure sensing elements.

Pitot-type waterflow sensor

=

Different-address

DP sensor DP sensor DP sensor Micro SD
L 1 ]
Datailogger |2C¢ Sensor d;@, Time
Inertial sensor —x>P> mcu RTC
Pressure sensor

Temperature sensor

USB-C

v

Fig. 4.18 Configuration of the two-dimensional waterflow vector sensor system.

Rechargeable Li-ion

A Pitot-type Waterflow Sensor System for Biologging of Marine Animals



144

Multi-Inlet Two-Dimensional Waterflow Vector Sensor

TR [eefear

Sensorn

Fig. 4.19 Fabricated two dimensional waterflow vector sensor system.

The total mass of the sensor system was 116.8 g, and the frontal area was 11.55
cm? (3.3 cm x 3.5 cm). Therefore, through these fabrication and evaluation steps, the sensor
was confirmed to satisfy the sensor system requirements: a mass of less than 2.8 kg, a frontal
area of less than 20 cm?, and a measurement range of 0-2.0 m/s. Near the cruising speed
range (around 0.6 m/s), the RMSE values for waterflow speed and angle was largely achieved,
although not exhaustively verified. In the high-speed range (0.6—2.0 m/s), the average RMSE
values for the predicted waterflow speed (vrmse) and angle (pruse) were 0.048 m/s and 4.33°,
respectively. These results confirm that, except for the allowable pressure requirement, the
proposed sensor satisfied the sensor system requirements and demonstrated the feasibility of

two-axis waterflow measurements over the high-speed range.

4.7 Engineering novelty of the two-dimensional waterflow vector
sensor

Conventional propeller-type waterflow sensors used in biologging require multiple
moving components to achieve multi-axis measurements, which makes it difficult to

simultaneously ensure robustness in the marine environment and multi-axis measurement
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capability. Hot-wire, electromagnetic, and Doppler-based sensors can also be applied to
multi-axis measurements. However, hot-wire sensors require direct exposure of the sensing
element to the waterflow, resulting in poor robustness. In contrast, electromagnetic and
Doppler-based sensors are limited by relatively slow temporal response, high mass, and high-
power consumption.

The proposed sensor achieved two-dimensional waterflow measurement while
preserving the advantages of Pitot-type waterflow sensors, including robustness, low power
consumption, compactness, lightweight design, and fast response. Therefore, the proposed
Pitot-type waterflow sensor retains these advantageous characteristics while providing high
extensibility to multidimensional waterflow measurements. The proposed sensor is therefore
well-suited for applications that require compact size, rapid temporal response, and multi-
axis measurement, such as biologging of marine animals and small underwater drones, where
achieving such performance has previously been challenging. Accordingly, the proposed

sensor can be regarded as a novel waterflow sensor.

4.8 Conclusion

In this chapter, the design, fabrication, and validation of a two-dimensional
waterflow sensor employing a neural network (NN) for marine biologging were presented.
The developed sensor is compact enough to be attached to marine animals and resistant to
clogging by marine debris, making it suitable for two-dimensional waterflow measurements
in harsh underwater environments.

The proposed sensor consists of a spherical housing containing three differential
pressure elements, each connected to a pair of polyimide film-covered inlets through silicone
oil-filled tubes. The sensor determines the magnitude and direction of waterflow by
measuring the differential pressures generated between the inlets. The measured output
voltage exhibited a linear response to differential pressure and a quadratic relationship with
flow velocity, consistent with theoretical predictions. Moreover, the output varied

sinusoidally with flow angle.
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A neural network model was trained using datasets acquired in a controlled water
tunnel to estimate the waterflow speed and angle from the measured differential pressures.
The trained model achieved root-mean-square errors (RMSEs) of 0.048 m s™! for speed and
4.33° for angle within the typical swimming velocity range of green turtles (0.6-2.0 m s™).

The fabricated sensor system had a total mass of 116.8 g and a frontal area of 11.55
cm?, satisfying the predefined sensor system requirements for animal-borne deployment.
Together with the estimation accuracy over the relevant swimming speed range, these results
confirm that the proposed sensor system meets the required specifications in terms of mass,
frontal area, measurement range. These results demonstrate the feasibility of two-

dimensional waterflow sensing for marine biologging applications.
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CHAPTER 5.
Field and Experimental Validation of the
Developed Waterflow Sensor System

5.1 Introduction

In this chapter, verification experiments using the developed Pitot-type waterflow
sensor and a two-dimensional waterflow sensor are presented.

First, the Pitot-type sensor was attached to loggerhead turtles housed in an
aquarium to measure its swimming speed under controlled pool conditions. The measured
waterflow speed was then compared with the turtle’s actual swimming speed to validate the
sensor performance.

Next, the Pitot-type waterflow sensors were mounted on an electric fishing reel,
and in situ measurements were conducted in the ocean to demonstrate the feasibility of
underwater flow sensing.

Finally, the Pitot-type sensor was integrated into a biologging system and deployed
on wild loggerhead turtles during field experiments. The obtained data were compared with
those from a conventional biologging system, demonstrating that the proposed sensor can
accurately measure the turtle’s swimming speed relative to the surrounding water with high

temporal resolution.
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5.2  Aquarium experiment for biologging validation

As a preliminary experiment prior to biologging measurements in the natural
environment, the swimming speeds of green turtles kept in an aquarium were measured using
the developed sensor system. The measured speed was compared with the swimming speed
estimated from video recordings to evaluate the accuracy of the sensor output. In addition,
the experiment verified that the fabricated sensor system can be securely attached to the

turtle’s carapace without affecting its movement.
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Fig. 5.1 (a) A loggerhead turtle equipped with the sensor system on its carapace. (b)
Schematic diagram of the aquarium swimming experiment. The sensor system was
attached to the turtle’s carapace, and the turtle was allowed to swim from one end of the
pool to the other.
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Table 5.1 Basic characteristics of the green turtles used in the aquarium experiment.

Turtle Body mass Carapace length Carapace width Height
(BM) (SCL) (SCW)

Naru 61.3 kg 74.5 cm 59.7 cm 29.9 cm

Ruru 49.7 kg 68.0 cm 56.7 cm 26.8 cm

Fig. 5.2 Definition of morphometric parameters of the loggerhead turtle.

—

Directionpay

Fig. 5.3 Photograph of the swimming experiment. The turtle was guided to swim
across the pool, and its movement was recorded by a camera positioned above the pool.
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5.2.1 Experiment setup

The experiment was conducted at the Enoshima Aquarium under the supervision
of the Sato Laboratory at the University of Tokyo, which specializes in biologging research.
A metallic putty was applied to the turtle’s carapace, and the stage of the sensor system was
attached on top of the putty. The carapace, stage, and putty were bonded using an epoxy
adhesive. Before attaching the putty, the carapace surface was cleaned with alcohol to remove
oil and debris to ensure strong adhesion.

After mounting the system, the turtle was allowed to swim from one end of the pool

to the other while the waterflow speed was measured by the sensor system. Photographs of

Fig. 5.4 Underwater photograph of the turtle during the towing experiment.
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the turtle equipped with the system and a schematic diagram of the experimental setup are
shown in Fig. 5.1.

In this experiment, two green turtles (Chelonia mydas) , named Naru and Ruru,
were used. Their basic morphometric parameters are listed in Table 5.1. The standard curved
carapace length (SCL), standard curved carapace width (SCW), and body height were defined
as shown in Fig. 5.2. Both turtles were juvenile individuals hatched in 2013. The
morphometric measurements were performed by the staff of the Enoshima Aquarium.

The two green turtles used in the experiment had been trained to associate a specific
color with food rewards and to follow an object of that color. Therefore, each turtle was
guided by pulling a colored ball attached to the end of a rope, where the ball was painted in
the turtle’s trained color. To account for the potential effect of water flow within the pool, the
turtles were towed in two opposite directions, labeled as Direction A and Direction B, as
shown in Fig. 5.3.

Because Naru and Ruru had been trained to follow different colors, independent
experiments could be conducted with each individual. Cameras were installed both above
and inside the pool to record the swimming behavior. The rope used for towing had markers
at distances of 10 m and 1 m, which allowed the swimming speed of the turtles to be
calculated from the video footage. A photograph taken underwater during the towing
experiment is shown in Fig. 5.4, where the turtle can be seen following the colored target ball
during the guided swimming trial.

The experiment was conducted on June 24, 2022. Naru began swimming at 17:40
and completed ten towing trials across the pool, whereas Ruru started swimming at 18:38
and completed seven trials. Prior to the experiment, the density of the aquarium water was
determined by collecting a water sample from the pool, yielding a calculated density of
1017.4 kg/m?>.

For the first five trials of Naru and the first three trials of Ruru, a swimming drag
parachute was attached to each turtle to increase hydrodynamic resistance. An pad eye was
bonded to the posterior part of the carapace near the tail after cleaning the surface with

alcohol for degreasing, and the parachute was tied to the plate as shown in Fig. 5.5.
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SWimiies

Fig. 5.5 Drag parachute attached to the loggerhead turtle.

During the attachment of both the sensor system and the drag parachute, a towel was
placed over each turtle to keep it calm. The times when the turtles began diving and when
each guided swimming trial across the pool occurred were recorded. These timestamps were
later used for a detailed analysis of the turtles’ swimming behavior. Because these
experiments were conducted in a controlled aquarium pool environment, environmental
disturbances such as water temperature and hydrostatic pressure variations were considered
negligible. Therefore, measurements were performed using a single sensor (Sensor P-S)

rather than a dual-sensor configuration. The sensor data were recorded using the Ninja logger.

5.2.2 Experimental result

The output of the Pitot-type waterflow sensor obtained during the aquarium
experiment is shown in Fig. 5.6. Naru and Ruru began diving at 17:40 and 18:38, respectively.
In both cases, the sensor output exhibited clear peaks corresponding to the onset of swimming,
indicating that the sensor successfully detected the turtles’ motion. Based on these signals,
the waterflow speed was calculated by setting the output during the turtle’s stationary periods
in water as the zero reference. The computed waterflow speeds are shown in Fig. 5.7. For
both turtles, the sensor system successfully detected variations in waterflow speed
corresponding to their swimming activity. Because the dataset also included periods when

the turtles were freely moving around in the pool, these data were first excluded from the
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Fig. 5.6 Outputs of the Pitot-type waterflow sensors during the aquarium experiment: (a)
output from Naru’s trial and (b) output from Ruru’s trial.
analysis. Only the time intervals corresponding to guided towing events, identified from the
recorded timestamps, were extracted for detailed examination.

The waterflow speeds recorded by the system during Naru’s ten swimming trials
are shown in Fig. 5.8. In contrast, the second turtle, Ruru, did not perform consistent guided
swimming because the drag parachute and sensor system were not firmly attached.
Additionally, the video footage lacked timestamps, preventing synchronization between the
sensor data and the video. Therefore, only Naru’s data were used for further analysis.

Naru completed ten swimming trials, showing consistent responses to the colored
target ball and successfully performing all ten guided swims. However, during the seventh
trial, the turtle swam close to the water surface, causing the Pitot tube to intermittently emerge
from the water and resulting in repeated meandering motion. Consequently, this trial’s data

was excluded from the analysis as unreliable.
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Fig. 5.7 The waterflow speed of each sea turtle measured by the waterflow sensor
underwater

Each trial’s sensor output is presented in Fig. 5.8. The blue arrows indicate the

moments when the turtle began swimming toward the target from the pool’s edge, while the
red arrows denote when it reached the opposite side of the pool.

The swimming conditions for each of Naru’s trials are summarized in Table 5.2. A

drag parachute was attached during the first five swims. However, because the turtle was

guided by the target ball, it actively swam toward the target with full effort during towing.

As a result, in most cases, Naru caught up with the target being manually pulled, leading to
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Fig. 5.8 Output of the waterflow sensor recorded during each swimming trial of Naru
(the first turtle).
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Table 5.2 Swimming conditions of the sea turtle (Naru) during each trial.

Trial ~ Parachute Swimming Observation
NO. direction
1 Yes A Surfaced to breathe during swimming.
2 Yes A Swam with a tilted body posture.
3 Yes A Irregular flapping and speed variation were observed.
4 Yes B Flapping and speed were nearly constant.
5 Yes B Caught up with the target and swam slightly meanderingly.
6 No A Caught up with the target; slight irregularities in flapping and
speed.
7 No A Pitot tube emerged from the water surface.
8 No A Flapping and speed were nearly constant.
9 No A Slightly meandering swimming path.
10 No B Flapping and speed were nearly constant.
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Fig. 5.9 Comparison between the output of the sensor system and the actual
swimming speed of the sea turtle.

difference in swimming speed was observed between the conditions with and without the

parachute.
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This suggests that to quantitatively evaluate the effect of the parachute on
swimming speed, a dedicated towing system with controlled retraction speed would be
required. Despite this limitation, acceleration and deceleration patterns corresponding to the
video footage were clearly identified in all trials, confirming that the sensor system
successfully captured the turtle’s swimming behavior.

The comparison between the average sensor output for each swimming trial and
the actual swimming speed of the sea turtle, calculated from the video footage, is shown in
Fig. 5.9. The sensor output was obtained by averaging the waterflow speed values recorded
from the start of swimming at one end of the pool until the turtle stopped at the other end.
The swimming speed was calculated from the video by dividing the horizontal travel distance
by the time required to reach the opposite end. Because the pool used in the experiment was
approximately 1 m deep and the turtle did not perform deep dives, the calculated speed
represents only the horizontal component of the turtle’s movement. In all trials, the waterflow
speed measured by the sensor () was higher than the actual swimming speed (1) estimated
from the video. A positive correlation was observed between the two, and their relationship

can be expressed as follows:

v, = 1.24 v, (5.1
This result indicates that the sensor output was approximately 1.24 times greater than the
actual swimming speed. This discrepancy is attributed to the fact that the sensor system
directly measures the waterflow over the turtle’s carapace. Because of the streamlined shape
of the carapace, the local flow accelerates relative to the turtle’s swimming velocity, leading
the sensor to record a higher value. Therefore, it was suggested that, in actual measurements,
the Pitot tube should be positioned at a sufficient distance from the turtle’s carapace to avoid

the influence of accelerated flow along the shell surface.

5.3  Electric fishing reel experiment

As a preparatory step before the animal experiment, an experiment was conducted
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to compare the outputs of the fabricated Pitot-type waterflow sensor and a conventional

propeller logger using an electric fishing reel.

5.3.1 Experimental setup

A schematic diagram of the experimental setup is shown in Fig. 5.10. The propeller
logger and the Pitot-type waterflow sensor were mounted on a fishing rod, and a motorized
reeling device was used to wind the line at a controlled rate. By pulling the sensors upward
through the water in this manner, a controlled flow speed was applied to both the propeller
logger and the Pitot-type flow sensor, allowing direct comparison of their output responses
under nature conditions as shown in Fig. 5.10 (a). As shown in Fig. 5.10 (b), the Pitot-type
waterflow sensor and the propeller logger were secured to a PVC pipe using self-fusing and
vinyl tape. A sinker and fishing line were attached to the lower end of the pipe to ensure that
the sensors maintained an upward orientation throughout the experiment. The assembly was
connected to an electric fishing reel and submerged to a predetermined depth before being
automatically reeled in. The electric reel was equipped with multiple winding-speed settings
(“gears”), allowing controlled variation of the waterflow speed applied to the sensors.

Each trial was conducted using a different reeling speed (gear setting) to apply

reel (b)

1| Pitot-type waterflow
1 | sensor system

Propeller logger

Fig. 5.10 Experimental setup of electric fishing reel experiment. (a) Schematic
illustration of the experimental setup. (b) Mounting method of the sensors to the fishing
reel.

A Pitot-type Waterflow Sensor System for Biologging of Marine Animals



159

Field and Experimental Validation of the Developed Waterflow Sensor System

Table 5.3 Timeline of the electric fishing reel experiment

Depth Start Time

Gear x[m] -> y[m] Distance[m] hhemm-ss ATime[s]
3 51->6 45 08:54:30~ 298.24
4 60 ->10 50 09:01:30~ 224.94
5 60 ->10.4 49.6 09:07:30~ 35.92
6 60 ->10 50 09:10:00~ 36.57
8 60 ->10.3 49.7 09:12:30~ 35.67
10 60 ->10.3 49.7 09:18:00~ 34.29
13 60 ->9.7 50.3 09:20:30~ 31.24
16 60 ->9.2 50.8 09:23:00~ 27.40

distinct flow speed to the sensors. Table 5.3 summarizes the experimental timeline and
parameters for each trial. The Gear column indicates the reeling-speed setting used on the
motorized reel. The Depth column represents the range of depths through which the sensors
were towed during each trial, from the initial depth at the start of reeling to the final depth
after retrieval. The Distance denotes the total vertical distance the sensors traveled through
the water. The Start Time indicates the moment when reeling began, and ATime represents
the total duration of the retrieval for that trial. As shown in Table 5.3, the trials were
performed sequentially from 08:54 to 09:23, with gear settings ranging from 3 to 16 and
reeling durations decreasing as the gear setting increased, reflecting progressively higher

waterflow speed applied to the sensors.

5.3.2 Experimental result
The outputs recorded by each sensor during the experiment are shown in Fig. 5.11.
This figure was generated using data from the Pitot-type waterflow sensor, depth sensor,

temperature sensor. The Pitot-type sensor contains two pressure sensors (Pitotcom and Pitotqet),
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Fig. 5.11 Outputs of (a) the Pitot-type waterflow sensor, (b) the depth sensor, and the
water temperature sensor during the experiment.

and the waterflow speed was calculated from the differential pressure between these two
sensors. To remove the baseline offset, a 10-s interval from 09:06:00 to 09:06:10 was used
as the baseline period. During this interval, the system was confirmed to be on land. The
mean output values obtained during this period were subtracted from each sensor signal to
perform offset correction. The difference between the two corrected outputs (Pitotger —
Pitotcom) Was then calculated and used as the differential pressure signal.

The water depth was derived from the absolute pressure sensor integrated into the
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HTR logger. Because the sensor outputs pressure in pascals (Pa), the mean value during the
baseline period (09:06:00-09:06:10) was first subtracted to obtain the relative pressure, Pgauge.

The relative pressure was then converted to water depth [m], using the following equation:

Foauge
Depth = W' (5.2)

where p = 1000 kg/m? is the density of seawater and g = 9.80 m/s? is the gravitational
acceleration. Through this conversion, the instantaneous depth was estimated from the
relative pressure output of the sensor.

Next, the difference between the two offset-corrected sensor outputs (Pitotder —
Pitotcom) Was calculated and treated as the differential pressure signal. Taking the difference
between the two sensors effectively reduced external disturbances such as temperature and
hydrostatic pressure change. A fourth-order Butterworth low-pass filter with a cutoff
frequency of 5 Hz was then applied to the differential signal to remove high-frequency noise
components. Subsequently, additional compensation procedures were implemented to
eliminate residual drifts that could not be removed solely by differencing. To correct drift
caused by internal temperature variations of the sensor, temperature compensation was
performed using the output from the built-in temperature sensor. The experimentally

determined temperature-compensation coefficient,

Argmp_piT = —3.486 bit / °C (5.3)
was applied proportionally to the temperature deviation from the baseline period. It should
be noted that the Pitot-type sensor used in this experiment differs from that described in
Section 3.5. Therefore, a separate calibration coefficient was employed.

To further account for the hydrostatic pressure component associated with changes
in depth, a 30 s interval from 08:51:30 to 08:52:00 was defined as the hydrostatic-pressure
correction period. This interval corresponded to the section of the experiment during which
the fishing reel was operated to lower the sensor vertically into the water. The relationship
between the depth data and the differential-pressure signal during this interval was

approximated by linear regression, and the resulting slope,
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Fig. 5.12 Compensated output of the Pitot-type waterflow sensor after temperature
and hydrostatic pressure corrections.
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Fig. 5.13 Comparison of flow speeds obtained from the Pitot-type waterflow sensor,
propeller logger, and depth-derived vertical speed.

a=321x10"3kPa/m (5.4)
was used to estimate the hydrostatic-pressure effect. This component was then subtracted
from the differential pressure signal to remove depth-dependent drift.

After all corrections were applied, the differential-pressure signal was converted

into pressure values using the known calibration factor of 1 bit = 1/1666.1 kPa obtained from
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pressure calibration experiment. The compensated output of the Pitot-type waterflow sensor
is shown in Fig. 5.12. Finally, the waterflow speed was calculated based on the theoretical
relationship derived from the water tunnel calibration experiments. The resulting speed data,
sampled at 100 Hz, averaged over 1 s intervals to produce the final time-series output.

In contrast, for the propeller logger, the waterflow speed was calculated from the
rotational frequency derived from the count data recorded at 1 s intervals. The conversion
was performed using a known calibration coefficient of 0.0205 m s™' rps™', which relates the
propeller’s rotation frequency to the corresponding flow speed. Additionally, the vertical
velocity component, viepth Was obtained by differentiating the measured water-depth data
with respect to time. Figure 5.13 presents a comparison of the outputs obtained from the
Pitot-type waterflow sensor, the propeller logger, and the vertical speed derived from depth.
The outputs of the three sensors were generally consistent with each other.

To evaluate the consistency among the three independently derived speeds, a
correlation analysis was performed. The analysis used the output of the Pitot-type waterflow
sensor, the propeller logger, and the depth-derived speed. All speed time series were
temporally synchronized and averaged over 1 s intervals to establish a common time base
and to reduce short-term fluctuations. Only data points for which all three speeds were
available simultaneously and had positive values were used in the analysis. In addition, to
ensure that the correlation analysis reflected only the imposed towing conditions, the
comparison data were limited to the time intervals corresponding to each trial listed in Table
5.3. For each trial, the time interval from the start time to the elapsed duration ATime was
extracted in the analysis. Data recorded during the deployment and stationary phases were
excluded because they may be influenced by ambient currents and waterflow disturbances
unrelated to the controlled reeling motion.

First, an overview comparison was performed by visualizing the relationship
among the three speeds in a three-dimensional space, as shown in Fig. 5.14. Overall, the data
points are distributed close to the 1:1:1 reference line across the entire range of measured
speeds. This indicates that the three independently derived speeds are generally consistent.

Following this qualitative overview, the relationship between the speeds was examined more
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Fig. 5.14 Three-dimensional comparison of waterflow speed measured by the Pitot-
type waterflow sensor, the propeller logger, and the depth-derived speed.
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Fig. 5.15 Pairwise comparison of waterflow speed measured by different methods: (a)
Pitot-type waterflow sensor versus propeller logger, (b) propeller logger versus depth-
derived speed, (c) depth-derived speed versus Pitot-type waterflow sensor.

quantitatively using pairwise comparisons. In each comparison, one derived speed was

plotted against another, and a least-squares linear regression constrained to the form y = ax

was used. Figure 5.15 shows the calculated results of each pairwise comparison. As shown

in Fig. 5.15 (a), the Pitot-type waterflow sensor and the propeller logger exhibit close
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correspondence, with a coefficient of fitting line of 1.02 and coefficient of determination of

R? =0.97. R? was calculated using the definition given in

i =) _
§V=1yi2 » i = ax; (55)

This result indicates that both sensors capture nearly the same towing-induced speed. The

R?=1-

proposed Pitot-type waterflow sensor provides speed estimates comparable to conventional
propeller loggers during controlled strain-line towing in a natural marine environment. When
the depth-derived speed is compared with the propeller logger speed (Fig. 5.15 (b)) and the
Pitot-type waterflow sensor (Fig. 5.15 (c)), the correlations are also high. R* were 0.98 and
0.97, respectively. But the coefficients of the fitting lines are 0.94 and 0.90, which are below
unity. This suggests that the depth-derived speed is approximately 6—10% lower than the two
sensor measurements.

The depth-derived speed is obtained from the rate of change in depth and represents
the vertical component of ground speed. Comparing this quantity with the two waterflow-
based sensors assumes that the ambient current is negligible, so that the vertical ground speed
is approximately equal to the relative waterflow speed. Therefore, the measurements of the
depth-derived speed may be slightly affected by ocean currents. In addition, the depth-
derived speed is obtained only from the vertical component of speed. As aresult, it is sensitive
to deviations from purely vertical towing. Changes in line angle or lateral motions caused by
waves and ambient currents can lead to the depth-derived speed being underestimated relative
to the actual speed. Accordingly, these combined factors likely explain why the depth-derived
speed was lower than the speeds measured by the propeller logger and the Pitot-type
waterflow sensor. Despite this limitation, the three independently derived speeds exhibited
strong correlations during the controlled reeling intervals, indicating that they consistently
tracked the towing-induced speed variations. Overall, these results support the conclusion
that the Pitot-type waterflow sensor can measure relative waterflow speed with an output

level consistent with a widely used conventional method.
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5.4  Setup of a biologging experiment

A biologging experiment was conducted by attaching the developed sensor system
to wild loggerhead turtles (Caretta caretta) to measure relative waterflow speed. The
experiment was carried out under the supervision of the Sato Laboratory at the University of
Tokyo, which specializes in biologging research. This experiment was performed in
accordance with the guidelines of the Animal Ethics Committee of the University of Tokyo
and Keio University and conducted as a part of a ‘tag and release’ program, in which
loggerhead sea turtles caught by set net as bycatch in the Sanriku Coast, were turned over by
fishermen to researchers. This fieldwork experiment was conducted on 7 August 2025, using
a loggerhead turtle designated as L2509. This turtle was incidentally captured by commercial
set nets along the Sanriku coast (38°55-39°40'N, 141°40'-142°05'E) of Japan. This
experiment site was a summer-restricted foraging ground for loggerhead turtles [48]. Then
the turtle was brought to the Otsuchi Coastal Research Center (OCRC) at the Atmosphere
and Ocean Research Institute, The University of Tokyo (39°21'05"N, 141°56'04"E) in
Otsuchi town, Iwate prefecture, Japan. The turtle was housed in an outdoor water tank (2x1x1
m, lengthxwidthxdepth) within the facility of OCRC and was maintained under appropriate
daily care and management after the turtles were tagged with metal ID labels.

The basic characteristics of L2509 are summarized in Table 5.4. The body mass of
the turtle was 59.2 kg. As shown in Fig. 5.16, the field site was Otsuchi Bay (39°20'N,
141°56'E), located in Otsuchi Town, Iwate Prefecture, Japan. The turtle was released around
Otsuchi Bay. Three main devices were used in the biologging experiment, as illustrated in
Fig. 5.17. The turtle was equipped with a carapace tag that measured its swimming speed

relative to the surrounding water, and a towed tag positioned behind the turtle to continuously

Table 5.4 Basic characteristics of the loggerhead turtle used in the biologging

experiment.
Turtle Sex Body mass carapace Girth Date of
(BM) length capture
(SCL)
L2509 - 59.2 kg 77.6 cm 137.63 cm 11/07/2025
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Fig. 5.16 Field site of the biologging experiment. The experiment was conducted in
Otsuchi Bay, Iwate Prefecture, using loggerhead turtles incidentally captured in a set net.
(Source: Freemap Japan, https://www.freemap.jp/)
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Fig. 5.17 Schematic diagram of the biologging experiment setup: (a) overall setup, (b)
carapace tag attached to the turtle’s back, and (c) towed tag attached behind the turtle

record its rear view. In addition, an underwater drone was employed to capture the turtle’s
swimming behavior from multiple angles throughout the experiment. The specifications and

functions of each device are described below.
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5.4.1 Carapace tag

The sensor system was attached to wild loggerhead turtles and deployed in a natural
marine environment. Animal-borne sensor systems require the recapture of sensor systems
for data retrieval and the recapture of instrumented animals. However, in the case of
loggerhead turtles around Sanriku coast, the recaptures of sensor systems and animals are
almost impossible. Because the Sanriku Coast serves summer foraging habitats for
loggerhead turtles [48] rather than nesting site. Sea turtles do not return to the same location
after being released. Exceptions are satellite [115] or cellular network [29] linked telemetry,
but its limited data transmission capacity makes it unsuitable for the high-sampling rate Pitot
type waterflow sensor proposed in this study. Therefore, to recover the recorded data, a
dedicated recovery mechanism was required that could autonomously separate the sensor
system from the turtle after measurement and enable its subsequent retrieval. To meet these
requirements, a modified float system based on a conventional automatic time-scheduled
release system used in biologging studies [91]-[93] was developed, as shown in Fig. 5.18.

The system consists of a buoyant body, a weight, a release device, and a transmitter.

Propeller logger
Adhesive

Fig. 5.18 Components of the carapace tag
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The main component of the system, the float, was fabricated by mixing glass
bubbles (K1, 3M Company, Saint Paul, Minnesota, USA) with epoxy resin and hardener
(Aradur, Huntsman International LLC, The Woodlands, Texas, USA). The Pitot-type
waterflow sensor and a propeller logger (PD3GT, Little Leonardo Corporation, Tokyo, Japan)
were mounted on the float structure. The Pitot-type sensor was attached using a silicone
sealant (8060Pro, CEMEDINE Co., Ltd., Tokyo, Japan), while the propeller logger was
installed inside a hole made in the float and secured with self-fusing tape. The propeller
logger was installed on the float for comparison purposes. To attach the float system to the
turtle, a mesh net was bonded to the carapace using an adhesive (Quick5, Konishi Co., Ltd.,
Osaka, Japan). A straw was inserted between the mesh layers to form a passage, through
which a cable tie was threaded to secure the float system to the turtle’s body. The cable tie
was connected to a biologging release device (RC-300-150, Little Leonardo Corporation,
Tokyo, Japan), which was electrically linked to a timer embedded in the float. When the timer
reached the preset time, a small pyrotechnic charge within the release device was ignited,
cutting the cable tie and releasing the sensor system from the turtle.

After detachment, the sensor system floated to the sea surface due to the buoyancy
of the float. Two transmitters, SPOT-6 (Wildlife Computers, Inc., Redmond, Washington,
USA) and VHF, were attached to the float. The SPOT-6 transmitter remains inactive while
submerged and begins operation only after surfacing, triggered by a seawater detection
switch located on its side. In contrast, the VHF transmitter operates continuously, allowing
signal reception even during brief surfacing events. Because the antennas must be above the
water surface to transmit signals effectively, a fishing weight was attached to the side opposite
the transmitters. As shown in Fig. 5.19, the balance between the float and the weight ensured
that the transmitter side was always oriented upward when floating on the sea surface.

Once at the surface, the location of the system was determined using two
transmitters. The SPOT-6 transmitter operates through the ARGOS satellite system, which is
widely used for collecting atmospheric and oceanographic data. It sends signals to
observation satellites, enabling estimation of the system’s approximate position from the

received signal data. In biologging studies, sensors can sometimes be lost or drift away due
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Fig. 5.19 Surfacing behavior and retrieval process of the float system.

to ocean currents or other factors. Therefore, the SPOT-6 transmitter was primarily used to
verify that the sensor system had surfaced and to obtain its approximate location before
initiating recovery operations.

After obtaining a rough position using SPOT-6, a more precise search was
conducted with a goniometer and a VHF transmitter. The goniometer is a device capable of

directly receiving satellite signals transmitted from SPOT-6 using an antenna. Although the
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ARGOS system can only be accessed when the satellite passes over Japan, the goniometer
can receive transmissions from the SPOT-6 every 30 to 45 seconds, as long as the SPOT-6
unit is floating on the sea surface.

The VHF transmitter emits radio waves at a fixed frequency, which are received
by a directional Yagi antenna connected to VHF receiver. On the goniometer display, both
the signal strength and the direction of the received signal are shown when the SPOT-6 emits
signal. By combining these two pieces of information, the position of the floating sensor
system can be determined from the research vessel, allowing operators to approach it
efficiently. Once the approximate location had been identified, the sea surface was visually
scanned with binoculars to locate the float. To facilitate visual detection, the float was spray-
painted fluorescent pink to ensure high visibility at sea. Figure 5.20 shows a photograph of

the fabricated carapace tag.

54.2 Towed tag

To record the swimming behavior of sea turtles and manipulate their swimming
speed, a towed tag was developed as part of a collaborative study led by a co-investigator.
The components of this system are described here to provide a complete overview of the field
experimental configuration. However, except for a video logger used to confirm sea turtle

swimming behavior, the data obtained from this tag were not used for analysis or discussion
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Fig. 5.20 Photograph of the fabricated carapace tag
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Fig. 5.21 Schematic image of the towed tag.

in this thesis. A schematic of the towed tag is shown in Fig. 5.21. The system consists of a
float, a video logger (DVL400M130, Little Leonardo Corporation, Tokyo, Japan), a propeller
logger (PD3GT, Little Leonardo Corporation, Tokyo, Japan), a drogue, SPOT-6, VHF and
two pairs of release devices. The video logger enables continuous observation of the turtle’s
swimming behavior, while the drogue increases the hydrodynamic drag acting on the turtle,
thereby changing its swimming speed and movement pattern. The drogue was fabricated by
modifying a plastic flowerpot. The float was fabricated by mixing glass bubbles with the
epoxy resin and hardener, as with the carapace tag.

The towed tag was attached to the turtle using a detachment jig equipped with a
plastic rod and cable ties. The float was designed with a recess section to which the
detachment jig was mounted. The jig itself was fabricated using a 3D printer (Bambu Lab
X1-Carbon, Bambu Lab, Shenzhen, Guangdong, China) and featured a narrow slit. By
threading a cable tie along this slit, the float and the rod were securely fixed together. The
opposite end of the plastic rod was connected to an pad eye that had been directly bonded to

the turtle’s carapace with the epoxy adhesive. The float also included another recess section
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Fig. 5.22 Photograph of the fabricated towed tag

that housed the detachment jig for the drogue. A polyethylene (PE) fishing line was attached
to this jig and connected to the drogue. The PE line has low frictional resistance. Therefore,
if it becomes entangled with underwater objects, it is designed to break naturally as the turtle
struggles, allowing the animal to free itself without external assistance. Separate timers were
installed on the detachment devices for the drogue and the plastic rod, allowing independent
release at different times. During the experiment, the drogue-side device was activated first
to release the drogue. This was followed by the activation of the plastic-rod-side device,
which detached the entire towed tag from the turtle. A photograph of the fabricated towed tag
is shown in Fig. 5.22. Similar to the carapace tag, the towed tag was spray-painted fluorescent

pink to enhance its visibility underwater.

5.4.3 Timeline of the experiment and release of the sea turtle

A photograph of the turtle equipped with the carapace tag is shown in Fig. 5.23.
The carapace tag was mounted on the carapace using an alignment procedure to ensure
consistent orientation among individuals. First, a straight reference line was written along the
longitudinal body axis by connecting the anterior and posterior tips of the carapace. The tag
was then placed so that the Pitot-type waterflow sensor’s sensing axis was parallel to this

reference line, and the alignment was visually confirmed before fixation. To prevent rotation
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Fig. 5.23 A photograph of the loggerhead turtle equipped with the carapace tag.

or translation during the biologging experiment, a positioning jig was attached to the carapace.
The jig was fabricated from wooden rods (chopsticks) and the metal epoxy putty and
functioned as a mechanical guide to maintain the sensor orientation during the experiment.
The jigs were then fixed to the carapace using epoxy adhesive, providing a more rigid fixation
of the carapace tag.

The propeller loggers were scheduled to activate at 04:20:00. These loggers are
equipped with a delay function, which allows them to start recording after a preset delay
period. By setting the activation time to 16:20:00 on the previous day with a 12-hour delay,
the logger could be activated early in the morning. The propeller logger measured waterflow
speed (8 Hz), tri-axis acceleration (32 Hz), depth (1 Hz), and water temperature (1 Hz). The
Pitot-type waterflow sensor was set to start at 05:14:00. High Time Resolution (HTR) loggers
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were used for these devices. Since the HTR loggers do not have a delay function, they were
manually activated at the designated time. The HTR logger measured waterflow speed (100
Hz), tri-axis acceleration (100 Hz), tri-axis magnetism (100 Hz), depth (100 Hz), and water
temperature (100 Hz).

Sea turtles swim by flapping their flippers, and the flipper-stroke frequencies are
on the order of a sub second hertz [95]. Even when non-sinusoidal motion is considered,
speed fluctuations induced by flipper motion are expected to occur at frequencies on the order
of a few hertz. Therefore, to measure these fluctuations accurately, the sampling rate of the
Pitot-type waterflow sensor must be several times higher than the frequency. Based on the
dynamic response evaluation presented in Section 3.4, the fabricated sensor exhibited a 10—
90% rise time of 3.9 ms. This rise time corresponds to an equivalent temporal resolution on
the order of several hundred hertz (approximately 250 Hz). To avoid loss of physically
meaningful information while maintaining a sufficient temporal margin relative to both the
expected behavioral frequencies and the sensor’s response capability, the sampling rate of
100 Hz was adopted in this study. This rate is more than an order of magnitude higher than
the characteristic behavioral frequency and therefore allows rapid speed fluctuations to be
captured without aliasing. And at the same time, it is well below the sensor's effective
response limit, providing a practical balance between temporal resolution, data volume, and
power consumption. Sampling rate of 100 Hz also enables flexible post-processing, such as
filtering and downsampling.

The timer attached to the drogue of the towed tag was set to activate at 07:45,
whereas the timers connected to the plastic rods of the carapace tag and the towed tag were
programmed to activate at 08:30. When these timers were connected to the detachment
devices, power was supplied, and the devices were configured to trigger 24 hours later.
Accordingly, the timers and detachment devices were initiated at 7:45 and 8:30 on the
previous day, respectively. To ensure waterproofing, the junctions between the detachment
devices and the timers were sealed with epoxy resin. After powering on the timers, each
device was attached to the float using the silicone sealant.

Before the biologging measurement, loggers of both tags were activated, and
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accelerometer calibration was performed between 5:23 and 5:26. The accelerometer installed
in the propeller logger does not directly output acceleration in physical units; instead, it
provides integer counts proportional to the applied acceleration. To calibrate this output, a
sequence of controlled maneuvers was conducted to apply known gravitational accelerations
along each sensor axis. The tag was first gently shaken for 30 s to activate the accelerometer,
then placed horizontally at rest for 30 s to record a baseline. It was shaken again for 30 s,
positioned with the propeller and Pitot-type sensor facing downward for 30 s, shaken once
more for 30 s, and finally placed sideways for another 30 s. This sequence ensured that
approximately 1 g of gravitational acceleration was applied successively along the x-, y-, and
z-axes. Using these data, the raw integer counts were calibrated against the corresponding
gravitational acceleration values, enabling accurate conversion of the propeller logger’s
accelerometer output into physical acceleration units.

The transportation of the turtle began at 06:00. The turtle was loaded onto a
research vessel operated by the Otsuchi Coastal Research Center of the Atmosphere and
Ocean Research Institute, the University of Tokyo, and transported to the mouth of the
Otsuchi Bay. This location was chosen because numerous set nets are installed within the bay,
and releasing the turtle inside the bay could lead to entanglement. To minimize this risk, the
release was conducted at the bay mouth, allowing the turtle to swim along a trajectory free
from fishing gear.

To prevent sensor damage caused by the turtle’s movement, the cable ties and tags
were attached only after the vessel reached the release site. The release took place at
approximately 06:40. Consequently, the sensor system was expected to record about 65
minutes of swimming with the drogue attached, followed by approximately 45 minutes of
swimming without it. Because the timers connected to the detachment devices may exhibit
slight deviations, these durations are considered approximate.

When the turtle was released, an underwater drone (V-EVO, Shenzhen QYSEA
Tech Co., Ltd., Shenzhen, Guangdong, China) was deployed beside the vessel and positioned
in the water to observe the turtle’s movement. Using this drone, the turtle’s swimming

behavior was recorded from multiple angles as it swam away. The drone continuously
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Fig. 5.24 Swimming behavior of the loggerhead turtle during the experiment,
recorded by the underwater drone.

followed the turtle, capturing approximately 15 minutes of footage until it reached the limit
of its cable length and could no longer pursue the animal. A side-view photograph of the

swimming turtle, captured by the underwater drone, is shown in Fig. 5.24.

5.4.4 Recovery of the sensor system

After the turtle was released, the research team remained onshore for a short period
before resuming operations. At 08:30, when the two tags were expected to detach, the
research vessel was redeployed to begin the recovery process. The approximate locations of
the tags were first estimated using the Argos satellite system, and the vessel then navigated
toward the identified area. Subsequently, a goniometer and a VHF antenna were used to
locate the tags more precisely. These two instruments provided information on the
approximate distance and direction of the tags relative to the vessel.

However, both instruments were susceptible to errors caused by radio wave
reflections from surrounding terrain and fluctuations of the ocean surface. Therefore, the
search was carried out cautiously by comparing the readings from both devices while

gradually approaching the estimated location. Once the signals indicated proximity to the
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Fig. 5.25 Photograph of tag recovery operation.

tags, visual observations were conducted using binoculars. A photograph showing the tag
recovery operation is presented in Fig. 5.25.

The carapace tag was successfully recovered at 09:40 on August 7 at a position of
39°2129" N, 141°58'51" E, confirming that the turtle had moved after release. However, the
recovery of the towed tag was challenging. It was eventually retrieved at 09:55 on August 9
at a position of 39°23'58.9” N, 141°57'17.0" E. This issue occurred because the detachment
device connected to the plastic rod failed to activate. As a result, the towed tag remained
attached to the turtle and was continuously dragged throughout its swimming. The tag was

eventually recovered when the turtle was directly captured from the vessel.
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5.5 Results of the biologging experiment

5.5.1 Outputs of the various sensors

After the tag was recovered from the sea turtle, the sensor system, propeller logger,
and other devices were rinsed with fresh water to remove residual salt. Subsequently, the SD
card was removed from the HTR logger, and the recorded data were extracted using dedicated
software, which generated CSV files containing the logged sensor data.

The data recorded by the HTR logger during the experiment are shown in Fig. 5.26.
The logger simultaneously recorded outputs from multiple sensors, including the Pitot-type
waterflow sensor, acceleration sensor, gyroscope, geomagnetic sensor, and water pressure—
temperature sensor. The CSV files contained timestamped raw data from all sensors
integrated into the HTR logger. Each row corresponded to a single sampling point at a rate
of 100 Hz, while the header line defined the signal channels (e.g., “BlockIndex,”
“Date_Time,” “Samplelndex,” and individual sensor outputs). The measurement start time
was obtained from the timestamp embedded in the first data block, and a continuous time
index was generated based on the known sampling rate (100 Hz). This time axis enabled
synchronization of all sensor channels.

For the Pitot-type waterflow sensor, which consisted of two units (Pitotqer and
Pitotcom), baseline correction was applied to eliminate offset drift before calculating
differential signals. A one-minute time window (08:40-08:41 a.m.), corresponding to the
period when the tag had detached and was floating near the sea surface, was selected, and the
mean output during this interval was defined as the zero reference. The raw bit values were
then baseline-corrected by subtracting this mean and subsequently converted into voltages
using Eq. (2.90). Finally, to suppress high-frequency noise caused by vibration or vortex
shedding, a fourth-order Butterworth low-pass filter with a 5 Hz cutoff frequency was applied
to both Pitotget and Pitoteom signals.

The pressure-temperature sensor (MS5803) measured absolute pressure values.
These were converted into gauge pressure by subtracting the mean atmospheric pressure

measured during the air-exposed period (5:50—6:00 a.m.). The hydrostatic depth was then
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Fig. 5.26 Outputs from various sensors during the experiment: (a) Pitot-type
waterflow sensor, (b) acceleration sensor, (¢) angular velocity sensor, (d) geomagnetic
sensor, and (e) depth sensor.
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calculated using

Foauge
Depth = %, (5.6)

where p = 1000 kg/m*® and g = 9.8 m/s>. Each tri-axial component of the acceleration,
gyroscope, and magnetic field data was plotted separately (Ax, Ay, Az; Gx, Gy, Gz; Mx, My,
Mz). To enhance readability while preserving essential signal characteristics, the data were
downsampled by averaging every 2 s. Finally, all channels were plotted together in a stacked
configuration: (a) Pitotqer and Pitotecom voltages, (b) accelerations, (¢) angular velocities, (d)
magnetic fields, and (e) depth and temperature.

When examining the outputs of each sensor recorded by the HTR logger, a distinct
change was observed around 6:45, corresponding to the moment when the sea turtle was
released. At this time, the signals from the Pitot-type waterflow sensor, water temperature
sensor, and pressure sensor exhibited large fluctuations, reflecting the start of active
swimming. Around 8:40, the acceleration values became nearly constant, while the angular
velocity and geomagnetic signals began to fluctuate strongly, and the measured depth
approached zero. Once the tag is expected to surface, it would likely float with the SPOT-6
and other transmitters oriented upward. In this state, the acceleration data should stabilize,
with the Y-axis expected to indicate approximately —1 g, reflecting the tag’s static posture
on the water surface. Meanwhile, because the tag would be gently oscillating with the surface
waves, the angular velocity would be expected to fluctuate significantly. The sensor outputs
observed after approximately 8:40 are consistent with these anticipated behaviors, suggesting
that the tag likely surfaced and floated stably on the sea surface. This timing corresponds
closely to the preset detachment time of 8:30, suggesting that the tag was successfully
released from the turtle as scheduled. These results indicate that the sensor system
successfully captured the characteristic signal variations associated with both the turtle’s
swimming behavior and the autonomous detachment of the tag.

The raw data obtained from the propeller logger were processed to derive the
propeller rotation number per second, acceleration, water temperature, and depth, as

summarized in Fig. 5.27. Each sensor module of the PD3GT logger outputs an independent
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Fig. 5.27 Outputs from various sensors during the experiment: (a) Propeller-type
waterflow sensor, (b) acceleration sensor, and (c) depth-temperature sensor.
time series in CSV format, including metadata that specify the recording start time and
sampling interval. These metadata were first parsed to reconstruct the absolute timestamps
of each data series, allowing all channels to be synchronized to a common time axis.
The propeller channel records counts corresponding to 1/8-s intervals (8 Hz
sampling). To obtain the propeller’s rotational number per second, the number of rotations
over eight consecutive samples (corresponding to a 1-s window) was summed and converted

to the equivalent rotation rate per second:

forop(£) = Z C(t +iAt), (5.7)

i=—3
Where C(t) denotes the raw propeller count at time z.

The three-axis accelerometer data were recorded as raw integer counts and

subsequently converted to physical acceleration in units of g using the calibration
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coefficients experimentally obtained from the pre-deployment calibration procedure
described earlier. During this calibration, each sensor axis was sequentially oriented to
experience approximately 1 g of gravitational acceleration, allowing the relationship between
the raw output counts and true acceleration to be determined through linear regression. The

resulting calibration coefficients for each axis were as follows:

a, = —0.0204(x — 2013.8), (5.8)
a, = —0.0212(y — 2032.4), (5.9)
a, = —0.0214(z — 2052.4), (5.10)

and the values were normalized by the gravitational constant gy = 9.80665 m/s*. These
coefficients, derived from the calibration experiment, were then applied to convert the
logger’s accelerometer outputs into physical acceleration units. The resulting acceleration
data were resampled to 1-s intervals and averaged to suppress high-frequency noise.

The values recorded by the propeller logger also began to fluctuate around 6:45,
corresponding to the release of the sea turtle, and stabilized around 8:40, when the tag was
detached. These results indicate that the propeller logger successfully captured the
characteristic signal variations associated with both the initiation of the turtle’s swimming
activity and the detachment of the tag, consistent with the data obtained from the Pitot-type

sensor system.

5.5.2 Preprocessing of Sensor Data

The waterflow speed was calculated from the outputs of the two Pitot-type sensors
(Pitotger and Pitoteom). A summary of the signal-processing steps applied to these outputs is
shown in Fig. 5.28. Panel (a) presents the raw voltages of Pitotser and Pitotcom, obtained by
converting the 15-bit digital output of each channel into voltage using Eq. (2.90). In panel
(b), the differential voltage between Pitotge; and Pitoteom is computed to isolate the dynamic-

pressure component associated with waterflow. This uncorrected differential signal,
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Fig. 5.28 Outputs of the Pitot-type waterflow sensor during the biologging
experiment: (a) uncorrected data, (b) differential signal between the two Pitot sensors,
and (c) temperature-compensated data.

AVuncorr = Vdet - Vcom (511)

still contain temperature-dependent drift that was not completely eliminated by taking the
difference between the two sensor outputs. Panel (c) shows the temperature-compensated
differential voltage. The internal temperature sensor was used to estimate the temperature
deviation AT from a baseline period when the tags were detached. The thermal correction

was performed according to the experimentally determined slope Asiope:

AVtemp—comp = Alincorr — (Aslope X AT) (5.12)

where Asiope = - 9.37 bit / °C from the temperature calibration experiment. This compensation

removed gradual drifts due to temperature changes. After obtaining the differential output
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between the two sensors and applying temperature compensation, it was still necessary to
correct for the influence of hydrostatic pressure. Although the sensor’s differential
configuration inherently reduces the effect of ambient pressure, in practice, residual
dependence on hydrostatic pressure remains due to factors such as the slight compressibility
of the internal silicone oil and mechanical deformation of the sensor housing. According to
the theoretical model on Eq. (2.55), the influence of hydrostatic pressure P on the sensor

output is expected to exhibit a linear relationship of the form

AP = aP (5.13)

where a is a proportionality coefficient representing pressure sensitivity. Because the
correction coefficient for hydrostatic pressure was not determined experimentally beforehand,
it was derived from the sensor data obtained during the field experiment.

We first estimate the turtle’s body attitude; specifically, the pitch angle is derived
from the tri-axial accelerometer signals [54], [116]. The accelerations derived from the
propeller logger, calculated using Egs. (5.6)—(5.8), correspond to the following motion
components: the x-axis represents lateral sway, the y-axis corresponds to the longitudinal
surge, and the z-axis represents vertical heave. Therefore, the pitch angle can be estimated
from the surge component, which reflects the forward—backward motion of the turtle relative
to gravity. Given the gravitational constant g = 9.80665 m/s* the instantaneous body pitch

angle ¢(t) is obtained from the specific force along the surge axis as

¢ (t) = arcsin (ag—o(t)> [rad], (5.14)
surge

And expressed in degrees for visualization. For numerical stability, the argument of the arcsin
(+) function is clipped to the range [-1, 1]. Although this method inherently includes a small
amount of dynamic acceleration due to flipper strokes and body motion, it provides a
reasonable approximation of the turtle’s body inclination during swimming. The resulting
pitch angle calculated from the accelerometer data of the propeller logger is shown in Fig.
5.29.

Inspection of these outputs revealed two distinct upward movements: 06:44:30—

06:45:30 and 06:51:00-06:52:15. These ascending phases were also captured by the
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Fig. 5.29 Estimated pitch angle of the turtle during the experiment.
underwater drone, and the video agreed well with the pitch estimated from the accelerometer.
To quantify hydrostatic effect, a dedicated correction procedure was implemented using the
period when the turtle ascended vertically (06:51:30-06:52:15), during which both the Pitot-
based speed and the rate of depth change could be compared directly. When the turtle swims
nearly vertically and the surrounding current is sufficiently small, the variation in depth can
be regarded as a direct measure of the turtle’s true relative waterflow speed. In such
conditions, the depth-derived speed vaepmn (t) represents the true flow speed viwe (t), providing
a reliable reference for evaluating the Pitot-based measurements. Before applying the

correction, the output of the Pitot-type differential pressure sensor can be expressed as

Ppitot(t) =aP + Kvtruez = Kvpitotz (515)

where a is a proportionality coefficient that describes the residual sensitivity of the
differential pressure output to the ambient hydrostatic pressure P and K = 676.5 Pa/(m/s)? is
the calibration constant derived from the waterflow calibration experiment. During the
vertical swimming period, the true flow velocity can be approximated by the rate of change

in depth, i.e.,

Vtrue (t) ~ Vdepth (t) (5 16)

Substituting this relation into Eq. (5.15) yields
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Pyitor(t) = aP + Kvgepm*(t). (5.17)

Therefore, by comparing the Pitot-derived pressure Ppiwi(t) with the pressure corresponding
to the depth-derived speed Ppitwi(t) = Kvaeptn’(t), the residual component aP can be isolated.

Taking their difference gives

AP(t) = Pyior(t) — Paepin(t) = aP, (5.18)

which allows the coefficient a to be estimated empirically from the slope of the relationship
between AP and P (or equivalently, between AP and depth). This procedure thus provides a
physically consistent method for quantifying and compensating for the hydrostatic pressure
dependence on the Pitot-type waterflow sensor output.

The raw 100 Hz data were processed to obtain the depth-derived vertical speed
Vdepth (t) by computing the local slope of the depth signal within a 1 s centered window. This

was achieved using a locally weighted linear regression expressed as

d
Vaeptn (¢) = — = Depth(t) (5.19)

where the negative sign indicates upward motion [51]. The Pitot-estimated speed vpitot (t) was
then compared with this depth-derived value to evaluate their correspondence during ascent.

To quantify the effect of hydrostatic pressure on the Pitot sensor output, a
comparison was made between the speed derived from the Pitot sensor (after applying
temperature compensation only) and the speed calculated from the depth sensor during a
period of vertical ascent. The results are shown in Fig. 5.30. As the turtle ascended vertically,
the difference between the two speeds gradually decreased, indicating that the Pitot-derived
signal was influenced by the hydrostatic pressure acting on the sensor.

Both the Pitot-derived and depth-derived speeds were subsequently converted into
equivalent dynamic pressures using the calibration coefficient K = 676.5 Pa/(m/s)’. The
differential pressure AP between the Pitot-derived and depth-derived estimates was
calculated for the period of vertical ascent (06:51:30-06:52:15) via Eq. (5.19) and its
dependence on depth # was examined (Fig. 5.31). Fitting a line constrained through the origin

yielded
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Fig. 5.30 Comparison between the flow velocity obtained from the temperature-
compensated Pitot-type waterflow sensor and that derived from depth.
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Fig. 5.31 Relationship between the differential pressure calculated from the outputs of
the Pitot-type waterflow sensor and the pressure sensor, and depth.

AP = aph, a, = 8.819Pa/m, (5.20)

which indicates that the residual bias grows linearly with depth. Because the hydrostatic
pressure P is P = pgh, this result means AP = aP = apgh. Therefore, the dimensionless

pressure sensitivity coefficient a is given by
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_an 8.819 Pa/m
~ pg (1000 kg/m3)(9.8 m/s2)

In subsequent processing, the depth-based coefficient an was used as the correction factor to

~ 9.00 x 1074 (5.21)

a

remove the depth-related (hydrostatic) bias from the Pitot-type waterflow sensor output.
After determining the coefficient an = 8.819 Pa/m, this value was used for the
signal-processing to correct the Pitot-type sensor outputs for residual hydrostatic pressure
effects. The pressure-dependent bias component was then estimated as an/(t), corresponding
to the hydrostatic influence identified during the vertical-swimming calibration. This
component was subtracted from the temperature-compensated differential signal to obtain

the corrected differential voltage AVwater-comp(t), €xpressed as
AVwater—comp(t) = AVtemp—comp (t) - ahh(t) (522)

where AViemp-comp(t) represents the differential voltage after temperature compensation. This
correction effectively reduces the depth-dependent offset caused by hydrostatic compression.
The sensor outputs after hydrostatic-pressure-compensation are shown in Fig. 5.32 (a).

After applying the hydrostatic-pressure correction, intermittent noise remained in
certain segments of the data, most notably around 08:00. Inspection of the corresponding
depth records and video footage revealed that these fluctuations occurred when the sensor
intermittently emerged from the water surface. The noise was therefore attributed to partial
exposure of the Pitot type waterflow sensor, causing unstable differential pressure as the
sensor alternated between air and water.

To further suppress these noises, a masking process was applied to exclude data
recorded near the water surface. Specifically, data obtained at depths shallower than 0.1 m
were excluded by assigning a zero value to the corrected differential signal:
AVwater—comp(t),  if (1) > 0.1m, (5.23)

0, otherwise.
This masking ensured that only data collected under stable submersion conditions were

AVmasked (t) =

retained for subsequent analysis. Figure 5.32 (b) shows masked sensor data. After applying
the masking procedure, the intermittent noise was effectively removed, particularly around

08:00, where fluctuations had previously appeared due to the sensor’s intermittent exposure
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Fig. 5.32 Outputs of the Pitot-type waterflow sensor during the biologging
experiment after temperature compensation: (a) hydrostatic-pressure—compensated data
and (b) signal after masking process.

to air.

5.5.3 Calculation of the waterflow speed
After applying the depth-based masking, the differential pressure signal from the
Pitot-type waterflow sensor was converted to waterflow speed using the following

relationship:

1 (5.24)
Vpitor (1) = | 3.3 X 771 max(V(t),0).

This equation was established from calibration experiments conducted in the water tunnel.
In parallel, the propeller logger data were converted to waterflow speed using liner

relationship

Vprop = karop ® (5.25)

where frrop(?) is the propeller rotation number per second and & = 0.0205 is the calibration

coefficient determined experimentally using a fishing-rod-based towing calibration setup. A
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Fig. 5.33 Calculated speed from the propeller and the Pitot-type waterflow sensor.

comparison of the flow speeds estimated by the Pitot-type sensor and by the propeller logger
is presented in Fig. 5.33.

The outputs of the Pitot-type sensor and the propeller logger were generally
consistent, and both sensor systems exhibited similar responses during periods when the
turtle was swimming while changing its depth. Figure 5.34 shows the waterflow speed
derived from the Pitot-type sensor and the propeller logger during several of the initial dives.
The two sensors exhibited nearly identical outputs, indicating that the Pitot-type waterflow
sensor accurately captured the turtle’ relative waterflow speed. Notably, in certain periods
such as those after 07:07 and 07:11, the Pitot-type sensor still recorded speeds of
approximately 0.2 m/s, whereas the propeller logger showed no output. Thid discrepancy
arises because the propeller becomes unresponsive at low speeds (below approximately 0.2
m/s), a range known as the stall speed at which the propeller ceases to rotate. Figure 5.35
shows sequential images captured by the towed tag around 7:10:45, showing the turtle's
behavior at one-second intervals. As the images clearly confirm active swimming during this
period, the results demonstrate that the proposed Pitot-type waterflow sensor successfully
measured low-speed ranges that were difficult to detect using conventional propeller logger.

In addition, the underwater drone footage revealed two distinct types of swimming

A Pitot-type Waterflow Sensor System for Biologging of Marine Animals



192

Field and Experimental Validation of the Developed Waterflow Sensor System

1.0

0.8l g — Propeller speed (m/s)
= iw' i --- Pitot speed (m/s)
€06 2y

. | [ET) : 1

of ' — ——~——
207
407

06:40 06:45 06:50 06:55 07:00 07:05 07:10 07:15 07:20
Time

Depth (m)

Fig. 5.34 Calculated speed from the propeller and the Pitot-type waterflow sensor
during a diving event.

Fig. 5.35 One-second interval images recorded by the towed tag between 7:45:00 and
7:45:05, showing the turtle’s active swimming behavior.

behavior. One was gliding, in which the turtle moved forward without flapping its flippers,
and the other was flapping, characterized by active flipper strokes. These two modes of
locomotion were clearly distinguishable in the recorded video sequences. Figure 5.36 shows
a sequence of images illustrating the turtle’s swimming behavior during a gliding event. The
images were extracted from underwater drone footage recorded between 06:49:30 and

06:49:36 at 0.5 s intervals. As seen in the photographs, the turtle advanced forward without
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" .(v)

Fig. 5.36 Sequential images of the turtle during a gliding event.
Frames were extracted from underwater-drone footage recorded between 06:49:30 and
06:49:36 at 0.5-s intervals, showing the turtle moving forward without flapping its
flippers.

flapping its flippers, confirming a gliding mode of locomotion. Figure 5.37 presents the
turtle’s swimming behavior during a flapping event accompanied by vertical motion. The
images were extracted from underwater drone footage recorded between 06:52:08 and
06:52:14, at 0.5 s intervals. In this sequence, the turtle’s flippers were actively moving,
indicating a flapping-type swimming motion.

Figure 5.38 shows the outputs of the Pitot-type waterflow sensor, the propeller

logger, and the z-axis acceleration of the HTR logger’s built-in accelerometer during two 6-
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(iii)

(iv) (vi)

(ix)

Fig. 5.37 Sequential images of the turtle during a flapping event.
Frames were taken from underwater-drone footage recorded between 06:52:08 and
06:52:14 at 0.5-s intervals, showing active flipper motion associated with vertical
swimming.

s intervals corresponding to gliding and flapping behaviors. Panel (a) represents the gliding

period, and panel (b) corresponds to the flapping period. During gliding, both the Pitot-type

sensor and the propeller logger exhibited nearly constant outputs, indicating steady forward

motion without significant speed fluctuations. In contrast, during flapping, the propeller

logger maintained a relatively stable output, whereas the Pitot-type sensor displayed small

oscillations synchronized with the flipper strokes captured in the drone footage.

The acceleration data shown in the graph were high-pass filtered at 0.3 Hz to
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Fig. 5.38 Comparison of sensor outputs during gliding and flapping.
:(a) Gliding period (06:49:30-06:49:36). (b) Flapping period (06:52:08-06:52:14).

remove static components such as gravity and low-frequency drift. The surge (y-axis)

component represents the forward acceleration along the turtle’s swimming direction,

whereas the heave (z-axis) component corresponds to the vertical acceleration. Accordingly,

the surge axis indicates forward acceleration and deceleration, while the heave axis reflects

vertical oscillations induced by flipper strokes, providing a quantitative measure of flapping

motion. During the gliding period, when no flipper strokes were performed, the acceleration

remained nearly constant. In contrast, during the flapping period, both the surge (y-axis) and
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heave (z-axis) accelerations exhibited periodic variations. The heave acceleration displayed
a waveform resembling a sine wave, with each positive peak corresponding to the downward
stroke of the flippers. The surge acceleration, representing forward acceleration and
deceleration, reflected the turtle’s propulsion dynamics, and its fluctuations closely matched
the fine-scale variations detected by the Pitot-type waterflow sensor. These observations
indicate that the speed fluctuations captured by the Pitot-type sensor correspond to the cyclic
increases and decreases in swimming speed associated with flipper strokes. Specifically, the
turtle’s forward speed decreased during the upstroke and increased during the downstroke.
This sequence of motion was successfully detected by the proposed sensor system, and the
observed patterns are consistent with the swimming kinematics reported in previous studies
[85].

The propeller logger contains a rotating mechanical element whose motion is
influenced by inertia. Because the waterflow speed is derived from the propeller’s rotation
number per second, the estimated speed represents a temporally averaged response that
inherently includes a delay associated with the rotational period and mechanical inertia. In
contrast, the Pitot-type waterflow sensor has no moving parts and employs a highly
responsive pressure sensor element. This configuration enables the instantaneous
computation of waterflow speed from the differential pressure at each sampling moment,
without mechanical lag or averaging effects. Consequently, the proposed sensor provides
superior temporal responsiveness and higher time resolution than the propeller logger.

Given that the flipper-beat frequency of sea turtles is typically on the order of a few
hertz, the propeller logger struggles to accurately capture such rapid velocity fluctuations.
The inertia of the rotating element and the averaging process used to convert rotation number
into flow speed act as a low-pass filter, attenuating high-frequency components in the
measured signal. In contrast, the Pitot-type waterflow sensor directly measures instantaneous
differential pressure, enabling a much faster dynamic response. Therefore, the proposed
sensor can detect the several-hertz variations in swimming speed associated with flipper
strokes. Such rapid fluctuations are difficult to capture with the propeller logger due to its

limited temporal response. These results confirm that the Pitot-type sensor successfully
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captured the short-term speed fluctuations linked to flipper strokes, which were undetectable

with the slower response of the propeller logger.

5.5.4 Results from the other three biologging trials

In addition to L2509, biologging experiments were conducted using three other
loggerhead turtles designated as L2536, L2545, and L2556. All experiments followed the
same ‘tag-and-release’ program as those used for L.2509. Specifically, loggerhead turtles
incidentally captured in set nets along the Sanriku coast were provided to the researchers by
fishermen, instrumented, and released. Table 5.5 summarizes the basic characteristics of all
sea turtles used for biologging experiments. The sexes were not determined. Including L2509,
the mean+s.d. body mass of the turtles was 103.62+43.4 kg (59.2-143.6 kg). The capture and
experimental procedures were generally identical for all individuals. The experiments for
L2536, L2545, and L2556 were conducted on 9 September 2025, 16 September 2025, and
19 September 2025. For L2536 and L2545, both the carapace tag and the towed tag were
attached to turtles. For L2556, measurements were conducted using the carapace tag only.
For L2536, L2545, and L2556, measurements were conducted for approximately 3 h. For
L2536 and L2545, the experiments were configured so that the drogue was released about
1.5 h after the turtle's release.

Between the measurement of L2509 and L2536, the carapace tag including the Pitot-
type waterflow sensor and the propeller logger used for L2509 was lost during a biologging

experiment. Therefore, the Pitot-type waterflow sensor system and the propeller logger used

Table 5.5 Basic characteristics of the loggerhead turtle used in all biologging

experiments.
Turtle Sex Body carapace Girth Date of Date of
mass length capture experiment
(BM) (SCL)
L2509 - 59.2 kg 77.6 cm 137.6 cm  11/07/2025 07/08/2025
L2536 - 143.6 kg 73.8 cm 147.1cm  01/08/2025 09/09/2025
L2545 - 140.7 kg 81.5 cm 143.5cm  07/08/2025 16/09/2025
L2568 - 70.9 kg 80.5 cm 1423 cm  30/08/2025 19/09/2025
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for the measurements of L2536, 1.2545, and L2556 were different units from those used for
L2509. The calibration and correction coefficients differ from the L2509 measurement in
those measurements. The temperature correlation coefficient was recalibrated by conducting

the temperature calibration experiment again. The resulting coefficient was obtained as

AE = —3.51 x 107*AT. (5.26)
Because there were few periods during which the sea turtles swam in a strictly vertical
orientation, the in-situ calibration of the hydrostatic pressure effect was not feasible. However,
since the sensor was successfully recovered after the experiments, a hydrostatic pressure
calibration experiment was conducted using a pressure application device. The calibration
results indicate that the Pitot-type waterflow sensor units used for L2536, L2545, and L2556
effectively suppressed the influence of hydrostatic pressure through the differential
configuration. The hydrostatic pressure correction coefficient for the differential output was

determined as

AP = aph, a, = —0.24Pa/m. (5.27)

In addition, because a different propeller logger was used in L2536, L2545, and L2556
measurements, the rotation number of the propeller was converted to waterflow speed using
the Eq. 5.25 with £ = 0.0232. All other data processing steps of the Pitot-type waterflow
sensor and the propeller logger, except for these calibration coefficients, were identical to
those applied in the measurement of L2509. All sensors in the Pitot-type waterflow sensor
system were sampled at 100 Hz, whereas the propeller logger record propeller rotation
number at 1 Hz. In trials of L2536, L2545, and L2556, underwater drone imaging was
attempted. However, the sea turtles were lost from underwater drone view after a short time,
and video recording was unsuccessful.

Figure 5.39 shows the waterflow speed, depth, and temperature measured during
the experiment of L2536. The waterflow speeds were measured by both the Pitot-type
waterflow sensor and the propeller logger, while depth and temperature in the figure were
measured from the temperature and pressure sensors integrated into the Pitot-type waterflow

sensor system. Multiple depth changes were observed, indicating active diving behavior.
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Fig. 5.39 Measured waterflow speed, temperature, and depth during the biologging
experiment of L2536.
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Fig. 5.40 Waterflow speeds measured by the Pitot-type waterflow sensor and the
propeller logger during a 30-s interval (05:55:15-05:55:45) in the L2536 experiment.
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Both the Pitot-type waterflow sensor and the propeller logger continued to record waterflow
speed until the sensors were detached from the sea turtle at 9:00. The Pitot-type waterflow
sensor generally showed higher speed values than the propeller logger. Nevertheless, both
sensors captured synchronous temporal variations, showing similar patterns of speed
increases and decreases. Figure 5.40 shows the measured waterflow speed from the Pitot-
type waterflow sensor and the propeller logger during the 30 s interval from 5:55:15 to
5:55:45. Both sensors recorded slow-speed fluctuations that occurred at the same time.
However, because the propeller logger has a lower temporal resolution, its output was
effectively time-averaged, and distinct fluctuation peaks were not measured. In contrast, the
Pitot-type waterflow sensor which has a higher temporal resolution measured speed
fluctuations in the sub-hertz range, similar to those for L2509. These observations suggest

that the Pitot-type waterflow sensor can capture rapid speed variations that are likely
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Fig. 5.41 Measured waterflow speed, temperature, and depth during the biologging
experiment of L2545.
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associated with flipper flapping in sea turtles.

Figure 5.41 shows the waterflow speed, depth, and temperature measured during
the experiment of L.2545. The Pitot-type waterflow sensor and the propeller logger
successfully recorded data until the carapace tag was detached from the sea turtle at 10:00.
Several dive events were observed, indicating active swimming behavior of the sea turtle.
Throughout the experiment, the Pitot-type waterflow sensor and the propeller logger showed
similar waterflow speed and captured synchronous increases and decreases in waterflow
speed. Figure 5.42 shows the measured waterflow speed from the Pitot-type waterflow sensor
and the propeller logger during the 30 s interval from 8:05:30 to 8:06:00. The two sensors
showed generally similar outputs, but the Pitot-type waterflow sensor measured sub-hertz
range speed fluctuations that were not clearly observed in the propeller logger output and are
likely related to flipper flapping.

Figure 5.43 shows the waterflow speed, depth, and temperature measured during the
experiment of L2568. The Pitot-type waterflow sensor and the propeller logger successfully
recorded data until the carapace tag was detached from the sea turtle at 8:00. A lot of dive
events were observed, indicating active swimming behavior of the sea turtle. In the L2568

trial, the sea turtle was released inside Otsuchi Bay, and the dive depth was shallower
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Fig. 5.42 Waterflow speeds measured by the Pitot-type waterflow sensor and the
propeller logger during a 30-s interval (08:05:30-05:06:00) in the L2545 experiment.
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Fig. 5.43 Measured waterflow speed, temperature, and depth during the biologging
experiment of L.2568.
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Fig. 5.44 Waterflow speeds measured by the Pitot-type waterflow sensor and the
propeller logger during a 30-s interval (06:10:00-06:10:30) in the L2568 experiment.

compared with the other trials. The Pitot-type waterflow sensor and the propeller logger

showed closely matching waterflow speed output and captured acceleration and deceleration

A Pitot-type Waterflow Sensor System for Biologging of Marine Animals



203

Field and Experimental Validation of the Developed Waterflow Sensor System

events at similar times. Figure 5.44 shows the measured waterflow speed from the Pitot-type
waterflow sensor and the propeller logger during the 30 s interval from 6:10:00 to 6:10:30.
The two sensors showed generally similar outputs. The Pitot-type waterflow sensor measured
sub-hertz range speed fluctuations that were not clearly observed in the propeller logger
output and are likely related to flipper flapping.

Across all four trials, the Pitot-type waterflow sensor captured fine-scale speed
fluctuations that were not measured by the propeller logger. These results indicate that the
Pitot-type waterflow sensor’s fast dynamic response enables high frequency waterflow
measurement and allows evaluation of sea turtle movement in frequency ranges that are
difficult to evaluate using conventional methods.

Furthermore, the Pitot-type waterflow sensor exhibited stable performance
throughout all biologging trials without any signs of debris accumulation or biofouling.
Owing to its lack of moving parts, the sensor is structurally less susceptible to malfunction
caused by clogging or biological attachment, demonstrating high durability while

maintaining reliable speed measurements.

5.5.5 Cross-validation of the Pitot-type waterflow sensor against the Propeller
logger using multiple sea turtle biologging trials

To evaluate the validity of the proposed Pitot-type waterflow sensor, a correlation
analysis was performed between its output and the propeller logger output. Before the
analysis, the outputs of both sensors were synchronized using their time stamps. To account
for differences in temporal resolution, the Pitot-type waterflow sensor data were averaged
over 1-s intervals to generate a comparable sensor dataset. Because both sensors ideally
provide zero output at zero waterflow speed, a zero-intercept linear regression (y = ax) was
applied. The regression coefficient @ was estimated by least squares, and R? was calculated
using Eq. (5.5). In addition, the Pearson product-moment correlation coefficient was
calculated as a reference metric to quantify the strength of the linear relationship between the
two sensors’ outputs.

Figure 5.45 shows the results of the origin-constrained linear regression between
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Fig. 5.45 The results of the correlation analysis between the Pitot-type waterflow
sensor and the propeller logger outputs across all trials.
the Pitot-type waterflow sensor and the propeller logger across all biologging trials. Across
all trials, a strong correlation was observed between the swimming speeds measured by the
Pitot-type waterflow sensor and those measured by the propeller logger. The regression
coefficients a obtained were close to 1 for all trials, but consistently slightly greater than 1.
This result indicates that the Pitot-type waterflow sensor tended to estimate relative

waterflow speed slightly higher than that measured by the propeller logger. In the electric
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fishing reel experiment described in Section 5.3, the regression coefficient between the Pitot-
type waterflow sensor and the propeller logger was approximately 1.02, indicating closer
agreement between the two sensors. In contrast, the regression coefficients from the
biologging experiments were consistently slightly larger. These differences could be
influenced by environmental disturbances acting on the Pitot-type waterflow sensor.
However, in the electric fishing reel experiment conducted in the same marine environment,
the Pitot-type waterflow sensor and the propeller logger showed close agreement. This
comparison suggests that environmental effects alone cannot explain the observed difference.
Instead, the differences are most likely attributed to differences in sensor orientation relative
to the incoming waterflow, particularly variations in pitch angle arising from the mounting
configuration on the turtle.

In the electric fishing reel experiment, both sensors were mounted on the PVC pipe
with sufficient separation and stabilized by the attached weight, leaving sufficient space
between them. This configuration ensured that the Pitot-type waterflow sensor and the
propeller logger were oriented nearly perpendicular to the incoming waterflow and exposed
to a relatively uniform and undisturbed waterflow. Under these conditions, hydrodynamic
interference between the sensors was minimized, resulting in closely matched speed
estimates.

In contrast, during the biologging experiments, the sensors were mounted vertically
on the turtle’s carapace via the carapace tag. Therefore, the propeller logger was positioned
between the Pitot-type waterflow sensor and the carapace. Although both sensors were
mounted to be as parallel as possible to the turtle’s longitudinal body axis, this alignment was
established under static conditions on land, with the turtle positioned horizontally.
Consequently, this setup does not guarantee that the sensors remain parallel to the swimming
direction during active swimming in the water. In addition, the pitch angle of the turtle’s
longitudinal body axis relative to the swimming direction can vary dynamically during
swimming. When the turtle swam with its body pitched downward relative to the swimming
direction, the upstream Pitot-type waterflow sensor could partially shield the propeller logger,

potentially affecting the waterflow field incident on the propeller logger. As a result, the
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propeller logger may have experienced a reduced waterflow speed, leading to a slightly lower
speed estimate than that obtained from the Pitot-type waterflow sensor.

Although differences between the Pitot-type waterflow sensor and the propeller
logger were observed, the regression coefficient @ ranged from 1.06 to 1.17. The fact that a
remained close to unity in all trials suggests that the Pitot-type waterflow sensor preserved
an approximately linear response to the propeller logger in situ. The coefficient of
determination for the zero-intercept model was high in all trials (0.873-0.9801),
demonstrating that a single proportional model (y = ax) explained most of the variance in the
speed derived from the Pitot-type waterflow sensor relative to the speed derived from the
propeller logger. These values showed a strong correlation between these two sensors.

In addition to the origin-constrained linear regression, the Pearson correlation
coefficient was calculated to quantify the linear covariation between the outputs of the two
sensors. Table 5.6 shows the summary of correlation analysis between the Pitot-type
waterflow sensor and the propeller logger across all trials. The Pearson correlation coefficient
r is a dimensionless metric that quantifies the strength and direction of the linear relationship
between two continuous variables x and y. It is defined as the covariance of the deviations of
each variable from its mean, normalized by the product of their standard deviations. The

Pearson correlation coefficient is expressed as
YL — (@ — ) (5.28)
\/Zl 1(Xl _X) \/Zl 1(yl }_’)2

Here, x; and y; are the waterflow speed measured by the propeller logger and the Pitot-type

Table 5.5 Summary of correlation analysis between the Pitot-type waterflow sensor
and the propeller logger

Turtle L2509 L2536 L2545 L2568
Regression coefficient 1.06 1.17 1.07 1.11
R?(zero-intercept) 0.873 0.953 0.9729 0.9801
Pearson r 0.9244 0.7679 0.8285 0.6718
P-value <1x107"° <1x107"° <1x107"° <1x107"°
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waterflow sensor, respectively. X and y are their corresponding mean values. N is the
number of data points used in the analysis. The Pearson correlation coefficient is independent
of the absolute scale and offset of the sensor outputs. Instead, it evaluates the degree to which
temporal speed fluctuations measured by the two sensors covary. It provides a measure of
how consistently the two methods capture synchronized variations in measured waterflow
speed. In contrast, the regression coefficient and the coefficient of determination R* were
used to evaluate how consistently the two sensors measured the same physical speed on a
common scale. The p-value associated with the Pearson correlation coefficient represents the
probability that a correlation equal to or larger than the observed value occurs by chance.
The p-value associated with the Pearson correlation coefficient represents the
probability of obtaining a correlation coefficient equal to or greater than the observed value
by chance, under the null hypothesis that the true correlation is zero. In this study, the p-value
was calculated using the following t statistic:
rvN -2 (5.29)
it

The t value was assumed to follow a t distribution with N — 2 degrees of freedom, and the p-

t=

value was obtained as the corresponding two-sided probability.

The Pearson correlation coefficient » and p-value were calculated using the same
dataset as for the origin-constrained linear regression. Across all trials, the Pearson
correlation coefficients showed a consistently strong positive linear relationship between the
waterflow speed measured by the Pitot-type sensor and that measured by the propeller logger.
The r ranged from 0.67 to 0.92, indicating that temporal speed fluctuations measured by the
two sensors generally changed in the same direction. The highest correlation was observed
in L2509 (» = 0.944), which showed highly synchronized speed variations between the two
sensors. In contrast, L2568 showed a lower correlation (r = 0.672). This lower value is likely
attributed to the narrower range of swimming speeds in this trial, with most data points
concentrated between approximately 0.4 and 1.0 m/s. Because Pearson’s correlation
coefficients are sensitive to the dynamic range of data, a restricted speed range can lead to

reduced 7 values even when the two sensors capture temporally synchronized fluctuations.
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Therefore, the lower 7 in 2568 does not necessarily indicate poor agreement between the two
sensors. Even this lowest value still represents a substantial positive correlation.

For all trials, the associated p-value was smaller than 1 x 107'¢, indicating that the
observed correlations are statistically significant and extremely unlikely to arise by chance
under the null hypothesis of zero correlation. Because a large number of data points were
used, these very small p-values mainly reflect the robustness of the detected linear
relationships rather than the magnitude of the correlation itself. Therefore, Pearson
correlation showed that the Pitot-type waterflow sensor captured temporal variations in
measured waterflow speed that were strongly synchronized with those measured by the
propeller logger among all trials.

Based on the correlation analyses presented above, all biologging trials
demonstrate a consistently strong relationship between the swimming speeds measured by
the Pitot-type waterflow sensor and the propeller logger. The origin-constrained regression
shows that the Pitot-type waterflow sensor maintains a linear proportional relationship with
the propeller logger with small regression coefficients. In addition, the Pearson correlation
analysis indicates that the Pitot-type waterflow sensor captures temporal variations in
waterflow speed that are synchronized with those measured by the in-situ propeller logger.
The measured speeds from the two sensors showed close agreement. These results indicate
that the proposed Pitot-type waterflow sensor provides relative waterflow speed estimates
comparable to those obtained using conventional propeller-based methods. Therefore, the
Pitot-type waterflow sensor is an effective tool for measuring relative waterflow speed in sea

turtle biologging applications under natural swimming conditions.

5.6 Conclusion

In this chapter, measurement experiments using the Pitot-type waterflow sensor
system developed in Chapter 2 were presented. Three types of experiments were conducted:
a captive experiment with sea turtles in an aquarium, a calibration experiment using a

motorized fishing rod, and a biologging experiment with wild loggerhead turtle.
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For both the aquarium and field experiments, complete experimental setups were
constructed to enable in-water data acquisition. The sensor system was directly attached to
the carapace of green turtles (Chelonia mydas), allowing verification of its performance
under realistic swimming conditions. The results demonstrated that the sensor output
reflected the turtle’s swimming-induced speed changes, confirming that the system
functioned reliably when deployed on alive turtles in water.

A calibration test was subsequently conducted using a motorized fishing rod to
compare the outputs of the propeller logger and the proposed Pitot-type waterflow sensor.
When the line was retrieved at a constant speed, the velocities obtained from both sensors
showed close agreement, confirming that the proposed system can accurately measure
waterflow velocity under controlled conditions.

Finally, a biologging experiment was performed in Otsuchi Bay, Iwate Prefecture,
by attaching the sensor system to wild loggerhead turtles (Caretta caretta) that had been
incidentally captured in set nets and later released. To enable autonomous recovery, a
biologging system was developed that allowed automatic detachment, surfacing, and radio-
based localization from the sea surface. The lightest loggerhead turtle used in the experiments
had a body mass of 59.2 kg and a SCL of 77.6 cm. Even under this conservative condition,
the sensor system with a total mass of 168 g and a projected frontal area of 18 cm?, satisfied
the design requirements for biologging of loggerhead turtle. During the experiment, a drogue
plate was attached to the turtle’s carapace to increase hydrodynamic drag; data were recorded
for approximately 45 minutes with the drogue attached and another 45 minutes without it.
The turtle’s swimming behavior was also recorded using an underwater drone that captured
its movements from multiple angles.

The waterflow speed measured by the Pitot-type sensor were consistent with those
obtained from the propeller logger and corresponded closely to the swimming behavior
observed in the drone footage. Notably, the Pitot-type sensor responded to swimming speeds
below 0.2 m/s (a range in which the propeller logger failed to produce any output). Video
data from the towed camera tag confirmed that the turtle was actively swimming during these

low-speed periods, demonstrating that the proposed sensor successfully captured slow
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swimming that conventional propeller loggers could not measure.

A comparison between the gliding and flapping periods further revealed that the
Pitot-type sensor detected periodic speed fluctuations associated with flipper strokes,
whereas the propeller logger did not. These findings indicate that the proposed sensor
achieved high temporal resolution and could detect rapid speed variations such as those
produced by flapping motions. By contrast, conventional propeller-based sensors lack
sufficient temporal responsiveness to capture these fluctuations. In addition to its high
responsiveness, the Pitot-type sensor demonstrated excellent robustness, as it contains no
moving parts that could be obstructed by debris or biofouling.

Furthermore, three more biologging trials were conducted, resulting in a total of
four loggerhead sea turtle trials. Both origin-constrained linear regression and Pearson
correlation analyses were then performed using all trial output. Across all biologging trials,
the proposed Pitot-type waterflow sensor showed a strong and consistent relationship with
the propeller logger. Origin-constrained regression demonstrated a stable linear
proportionality with regression coefficients close to unity, while Pearson correlation analysis
confirmed that temporal variations in measured waterflow speed were strongly synchronized
between the two sensors. Overall, these results indicate that the Pitot-type waterflow sensor
provides reliable relative waterflow speed measurements comparable to those obtained from
conventional propeller-based methods under natural marine conditions.

In summary, the experimental results confirmed that the proposed Pitot-type
waterflow sensor system showed a strong correlation with the conventional propeller-based
measurement and provides three major advantages over the conventional propeller logger.
(1) reliable measurement at low speeds
(2) high temporal resolution capable of capturing rapid flow variations, and

(3) robust operation free from clogging or mechanical failure.
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CHAPTER 6. Concluding Remarks

6.1 Conclusion

In this study, a single-axis Pitot-type waterflow sensor and a multi-inlet two-
dimensional waterflow vector sensor, both based on the Pitot-tube principle, were proposed
to measure the relative waterflow velocity of marine animals. Experimental evaluations
demonstrated that both sensors function effectively as waterflow sensors. Furthermore, by
integrating the single-axis sensor into a biologging system, the relative waterflow velocity of
wild sea turtles were successfully measured in its natural environment.

The loggerhead turtle (Caretta caretta) is selected as the target species. This species
inhabits the coastal waters around Japan and allows sensors to be attached relatively easily.
The flow sensors were mounted on the turtle’s carapace. Based on the swimming
characteristics of the loggerhead turtle, the measurement range of the single-axis Pitot-type
waterflow sensor is set to 0—2.0 m/s, with a speed resolution of 0.01 m/s (at cruising speed
of 0.5 m/s) and a response time of 50 ms. Similarly, the two-axis waterflow vector sensor is
designed with the same velocity range of 0-2.0 m/s, a speed accuracy of 0.1 m/s, and an
angular accuracy of 10°.

Based on the design requirements, a compact single-axis Pitot-type flow sensor (14
mm % 14 mm % 27 mm) was fabricated. The sensor features a rubber membrane covering the
inlet and an oil-filled interior, allowing accurate, high—time-resolution waterflow
measurements while preventing interference from suspended particles and biofouling. Its

pressure response was linear, and the membrane’s mechanical properties did not affect

A Pitot-type Waterflow Sensor System for Biologging of Marine Animals



212

Concluding remarks

sensitivity. For standalone operation, the sensor was integrated into a biologging device with
a dual-sensor configuration that compensates for temperature and acceleration effects.
Calibration experiments in a water tunnel confirmed that the sensor output was proportional
to the square of the waterflow speed, consistent with Pitot theory. The complete system
weighed 159.1 g and had a frontal area of 19 cm?, meeting the requirements for attachment
to a loggerhead turtle.

The two-axis waterflow vector sensor is also fabricated in accordance with the
design requirements. The prototype consists of a spherical housing with a 36 mm diameter
and includes three pairs of inlet ports and differential pressure sensors. The pressure
distribution on the sensor surface depends on both waterflow speed and direction. To estimate
these parameters, the differential pressures among the three inlet pairs are measured and used
to train a neural network (NN) model. The trained model achieves root-mean-square errors
(RMSEs) of 0.048 m/s for waterflow speed and 4.33° for waterflow angle, corresponding to
the sensor’s measurement accuracy within the typical swimming velocity range of green
turtles (0.6-2.0 m/s). The sensors were integrated into the HTR logger. The complete system
weighed 116.8 g and had a frontal area of approximately 11.55 cm?. Thus, the proposed two-
axis flow sensor successfully satisfies the specified performance requirements.

Finally, a biologging experiment is conducted using the single-axis waterflow
sensor integrated into the biologging device. The flow sensor and a propeller logger are
attached to the carapace of a subadult loggerhead turtle, which is then released in Otsuchi
Bay, Iwate Prefecture. The outputs of the Pitot-type waterflow sensor and the propeller logger
show good agreement, confirming that the proposed sensor accurately measures the turtle’s
relative waterflow velocity. Notably, the Pitot-type sensor provides reliable measurements
even at low velocities below 0.2 m/s, where the propeller logger fails to respond. During
flapping-type swimming, the sensor records periodic variations absent in the propeller
logger’s output. These fluctuations correlate with the z-axis acceleration measured by the
onboard accelerometer and coincide with the timing of flipper movements captured in
underwater drone footage, indicating that the sensor successfully detects velocity fluctuations

induced by flipper strokes. No clogging or malfunction caused by suspended particles occurs
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during the experiments, demonstrating the high robustness of the sensor system under harsh
underwater conditions. Overall, these results demonstrate that the proposed sensor system
enables high temporal resolution measurements that are difficult to achieve with conventional
methods, while also providing extensibility for multi-axis measurements. Consequently, the
system represents a promising and practical tool for accurately measuring the relative

waterflow velocity of marine animals.

6.2 Impact of the proposed waterflow sensor on biologging
methodology

The proposed Pitot-type waterflow sensor enables measurement of the relative
waterflow velocity of marine animals with both high temporal resolution and multi-axis
capability. As demonstrated in Chapter 5, this high temporal resolution enables analysis of
swimming dynamics on very short time scales, including speed fluctuations associated with
individual flipper strokes in sea turtles. In conventional biologging studies, analyses have
largely focused on quasi-steady, time-averaged forward swimming speeds, and few studies
have attempted to directly quantify speed variations at the level of individual locomotor
actions. The introduction of the proposed sensor enables examination of swimming
mechanics at the scale of individual movements. Specifically, it enables direct analysis of
how sea turtles actuate their flippers, generate thrust, and subsequently convert that thrust
into forward propulsion.

Furthermore, multi-axis measurement enables direct quantification of
multidimensional velocity components, such as sideslip angles, which are difficult to
evaluate with conventional methods. Previous biologging studies have primarily focused on
quasi-steady forward swimming. However, swimming behaviors that involve turning and
changes in movement direction are closely associated with survival-related activities,
including foraging, predator avoidance, and obstacle negotiation. By introducing the
proposed sensor, these unsteady and multidimensional swimming motions can be analyzed

in a quantitatively detailed manner. This capability is expected to significantly advance
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understanding of multidimensional swimming performance and locomotor control strategies
in marine animals.

The swimming performance of marine animals surpasses that of artificial systems
such as underwater drones in both energetic efficiency and maneuverability. By utilizing the
high temporal resolution and multi-axis relative waterflow velocity data provided by the
proposed sensor, these superior swimming characteristics can be quantitatively evaluated.
The insights obtained from such analyses can then be translated into design guidelines for
biomimetic underwater robots with enhanced maneuverability. In particular, the ability to
evaluate time-varying changes in the velocity vector and thrust generation during turning
maneuvers enables the development of motion control strategies that extend beyond
conventional approaches based on steady-state assumptions.

In addition, the proposed sensor can be miniaturized and optimized by modifying
its structure and measurement range, making it adaptable not only to sea turtles but also to a
wide variety of animal species, including penguins. This versatility enables comparative
analyses of swimming kinematics across species and supports discussions on the
evolutionary diversity of swimming strategies at the scale of individual movements.
Moreover, the proposed sensor successfully measured swimming speeds below 0.2 m/s, a
range that has been difficult to measure with conventional propeller-type sensors. This
capability suggests potential applicability to species that swim more slowly than sea turtles,
such as the Greenland shark. Although field measurements of the sharks have reported
cruising speed on the order of 0.3 m/s [ 117], this study also indicates that a substantial fraction
of records falls the stall speed of the propeller logger. This implied that part of the cruising
speed range may be missed by existing approaches. Consequently, for such slow-swimming
animals, biologging data remain scarce, and their swimming modes and ecological
characteristics are still poorly understood. Therefore, the proposed sensor provides a valuable
tool for investigating the locomotion mechanisms of animals adapted to low-speed swimming.

Owing to its structure without moving parts, the proposed sensor is resistant to
clogging and mechanical failure, which are persistent problems in propeller-based waterflow

sensors. In conventional propeller-based sensors, functional degradation caused by
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suspended particles and biofouling poses a constant risk, increasing the likelihood of sensor
failure during biologging experiments. In contrast, the robust design of the proposed sensor
substantially improves experimental reliability and reduces the operational burden on
researchers. Furthermore, the sensor's low power consumption, combined with antifouling
technologies such as biofouling-resistant coatings or films, offers the potential to extend
waterflow speed measurements from deployments lasting several days to long-term
deployments lasting several months. Such extended observation periods may enable analyses
of long-timescale behaviors, including gradual changes in swimming speed during migration,
which have been difficult to investigate using conventional methods.

High temporal resolution velocity measurements also improve the accuracy of
dead-reckoning navigation. Because dead-reckoning estimates 3D swimming paths through
time integration of velocity, a sufficiently high sampling rate is essential to reduce integration
errors. By combining the proposed sensor with GNSS data, swimming path reconstruction
accuracy could be further improved, and the influence of ambient ocean currents may also
be estimated. This capability points to a new direction in biologging, in which marine animals
serve as mobile platforms for in situ observations of ocean current fields.

In summary, the Pitot-type waterflow sensor proposed in this study overcomes key
limitations of conventional biologging methods by enabling robust, high temporal resolution,
and multi-axis measurements of relative waterflow velocity. This capability substantially
broadens the range of swimming behaviors that can be analyzed quantitatively, spanning
scales from individual locomotor actions to long-term and multidimensional movements. As
a result, the proposed sensor establishes a strong methodological foundation for future
biologging studies, with broad implications for ecology, biomechanics, and bio-inspired

engineering.

6.3  Future perspectives

The high temporal resolution and multi-axis measurements of relative waterflow

velocity achieved in this study have the potential to extend beyond velocity estimation toward
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the acquisition of new types of environmental information. Previous studies have shown that
the turbulent kinetic energy dissipation rate ¢ [66] can be estimated using Pitot tubes, even at
sampling rates lower than those employed in the proposed sensor. Applying similar analytical
frameworks to high temporal resolution biologging data may enable estimation of turbulence
intensity and ocean mixing conditions directly experienced by marine animals. The turbulent
energy dissipation rate is a key physical parameter governing material transport and mixing
processes in the ocean. Linking this parameter with animal behavior data could provide new
insights into interactions between marine animals and their surrounding physical
environment. Accordingly, high-sampling-rate, multi-axis waterflow velocity data contain
rich information beyond waterflow velocity alone, and further advances in analysis methods
are expected to greatly expand the range of environmental variables that can be investigated
through biologging.

In this study, a two-axis waterflow velocity sensor was developed, and its operating
principle was demonstrated experimentally. However, the field biologging experiments were
conducted using the single-axis sensor, and the multi-axis sensor should therefore be regarded
primarily as a proof of principle. In future work, increasing the number of inlets and
differential pressure sensor elements could enable extension to full three-axis waterflow
velocity measurements. Such an extension would allow more detailed evaluation of complex
animal movements and their interactions with three-dimensional waterflow fields in the
marine environment.

Furthermore, an important feature of the proposed sensor is its high robustness
against interference from suspended particles and biofouling. This robustness is not limited
to the performance of a single waterflow sensor but instead indicates a general design concept
applicable to sensors operating in marine environments. The structural approach introduced
in this study, which combines a membrane with an oil-filled chamber, can be extended to
other sensor types beyond waterflow sensors, including pressure, chemical, and force sensors
used underwater. Accordingly, this design concept has the potential to support the
development of a new class of robust underwater sensing technologies.

In this study, two Pitot-type waterflow sensors were employed to reduce the
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influence of environmental disturbances. In future work, hybridization with a vortex-based
waterflow sensor represents a promising alternative. When fluid flows past an object, vortices
are generated in its wake. The vortex shedding frequency is proportional to the flow speed,
and the vortex amplitude scales with the square of the speed. Owing to these characteristics,
vortex waterflow sensors are generally less sensitive to environmental disturbances. The
signals obtained from the Pitot-type sensor developed in this study already contain
components that are likely associated with vortex generation. This observation suggests that,
by modifying the sensor geometry, a new flow-sensing configuration combining the Pitot
principle with vortex-based measurement could be realized. In such a hybrid sensor, low-
frequency velocity components could be measured stably using the vortex-based approach,
while high-frequency components could be captured by the Pitot-type sensor. This
combination is expected to enable waterflow velocity measurements that achieve both high
robustness and high temporal resolution.

The Pitot-type waterflow sensor proposed in this study is a compact, low-power
device that operates robustly in underwater environments. Owing to these characteristics, its
potential applications extend beyond biologging to a wide range of underwater measurement
domains, including motion control sensors for small underwater drones and current
monitoring around aquaculture cages. As discussed above, the proposed sensor not only
enhances the capabilities of existing biologging techniques but also serves as a foundational
technology for broader applications in oceanographic environmental monitoring, ecological
behavior analysis, and the development of new design concepts for underwater sensors.
Accordingly, the proposed sensor is expected to play an important role in future biologging

research and related scientific and engineering fields.
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Appendix A Equipment
The equipment used in this study is listed below.
Photo Equipment name | Model Manufacture
3D printer Makerbot MakerBot
replicater+ Industries, LLC
3D printer Form3 Formlabs Inc.
3D printer Form4 Formlabs Inc.
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Post-curing Form Cure Formlabs Inc.
machine
3D printer Onyx one Markforged,
Inc.
3D printer Bambu Lab X1- | Shenzhen
Carbon Tuozhu
Technology
Co., Ltd.
ScopeCorder DL850 Yokogawa Test
ScopeCorder &
Series Measurement
Corporation
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Digital VHX-6000 KEYENCE
microscope CORPORATIO

N
Pressure
application
system
Pressure PV-5-90-120- Syn
application 750-AC-AG/DG | Corporation
system Ltd.

A Pitot-type Waterflow Sensor System for Biologging of Marine Animals



234

Appendix

Constant- SH-222 ESPEC CORP.
temperature water
bath
Pressure KAL200 halstrup-
calibrator walcher GmbH
Water tunnel Personal = Tank | Nishinippon
PB-70SP Fluid
Engineering
Laboratory Co.,
Ltd.
Wire Bonder Series F&S
53XXBDA (Ball | BONDTEC
Deep Access) Semiconductor
GmbH

A Pitot-type Waterflow Sensor System for Biologging of Marine Animals




235

Appendix
Parylene SCS Labcoter® | Specialty
Deposition 2 (PDS 2010) Coating
System Systems Inc.
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Appendix B Water Tunnel Experiment of
Sensor P-S

As shown in Fig. B. 1, Sensor P-S was fixed in the water tunnel for waterflow-

speed calibration. The tunnel generated controlled waterflow speeds from 0 to 1.6 m/s in 0.2

m/s increments, and the sensor output was recorded at each speed. Data were acquired with

a Ninja data logger at a sampling rate of 6.25 Hz. This calibration was performed using a
single Sensor P-S.

Figure B. 2 shows the time series of the sensor system output during the full

experiment, together with an example output recorded at a waterflow speed of 0.8 m/s. The
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Fig. B. 1 (a) Schematic diagram and (b) photograph of the water tunnel experiment
for Sensor P-S
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Fig. B. 2 (a) Sensor response during the waterflow tunnel experiment. (b) Sensor
response at an imposed waterflow speed of 0.8 m/s.
output increased immediately when the waterflow was applied and returned to the pre-
waterflow voltage when the water tunnel was stopped. The output also increased as the
imposed waterflow speed increased, indicating a clear response to waterflow speed. Figure
B. 3 summarizes the relationship between the differential pressure measured by the sensor
system and the waterflow speed. The differential pressure was obtained by averaging the data
within the blue region shown in Figure B. 2 (a). The sensor system responded to the square
of the waterflow speed, as expected for Bernoulli theorem. The calibration equation yielded

the following relationship:
AP = 0.49 pv2. (B.1)

In the aquarium experiment, flow speed was estimated using the calibration equation derived
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from this experiment.
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Appendix C Supplementary Raw Sensor
Data from the Biologging Experiments

This appendix presents the raw sensor data recorded during the biologging

experiments conducted in this study, which were not included in the main text. For trials of
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Fig. C. 1 Raw sensor data from the L2536 trial.
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L2536, L2545, and L2568, the measurements from the Pitot-type waterflow sensor system
are shown, including motion data (three-axis acceleration and three-axis angular velocity),
the three-axis geomagnetic field, and the Pitot-type waterflow sensor output.

Figure C. 1 shows the outputs from each sensor during the L2536 trial. Figure C. 2
shows the outputs from the L2545 trial. Figure C. 3 shows the outputs from the L2568 trial.
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