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ABSTRACT
Previous studies have revealed that understanding the 3D movement of water contributes to improving propulsion in the water
when swimming. Fluid measurements are made by scattering tracer
particles into a liquid, and cameras track the movement of these
particles to measure the �uid’s �ow. Strong lasers illuminate tracer
particles to make them visible to cameras, but 3D water �ow measurements in wide spaces like swimming pools have not yet been
successful. This can be owed to the limitations of current optical
systems impacting the measurable parameters of existing methods,
such as the laser capacity and lens size. Moreover, visualized tracer
particles buoyed in swimming pools can a�ect the swimmer’s view
and may be harmful to humans when swallowed. Therefore, we
propose a 3D water �ow tracing technology with tracer particles
suitable for a swimming pool. We use an optical property called
optical rotation to track the tracer particles. This method would
be e�ective in extending the measurable area of water �ow than
previous methods because it does not require the use of optical
systems, which are technically di�cult to expand. In this study,
we investigated the materials and processing methods for creating
tracer particles for augmented swimming training.
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(A) Above water Surface

(B) Under water Surface

Figure 1: Transparent tracer particles for measuring 3dimensional water �ow. The particle only becomes slightly
visible in water but is traceable with cameras.

(A) Bright tracer particles and dark background

(B) Tracer particles following water flow

Figure 2: Tracing methods for transparent tracer particles.
We use polarization-based technology to make the particles
bright against a dark background. This this creates ideal conditions for tracking particles using image processing.
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1

INTRODUCTION

We propose a three-dimensional (3D) water �ow tracing technology meant to augment swimming training. This technology would
be helpful for swimmers because it would enable them to view
visualized water �ows caused by their strokes in a swimming pool.
Previous research revealed that an understanding of water’s 3D
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movement contributes to improved propulsion in water. For example, a swimsuit designed to create water �ows reduced water
resistance signi�cantly, allowing swimmers to swim faster [6]. The
suit creates water �ows to reduce the water’s resistance. In the
2008 Beijing Olympics, 98 % of all medals were won by swimmers
wearing the suit, and those swimmers were responsible for 23 out of
the 25 world records set during the games. Moreover, some studies
show that aquatic animals such as �sh and aquatic insects make
3D water �ows, creating vortexes of water to swim faster [8, 20].
Measurements of 3D water �ows for aquatic animals, as well as
objects such as swimsuits and pipelines, have been achieved by
existing methods. However, it is still not feasible to measure the
3D movement of water caused by swimmers’ strokes due to measurement limitations and possible adverse e�ects to humans when
using current methods.
Flow measurements can be assessed using tracer particles that
are scattered in �uids [9]. Cameras track the movement of these
particles to measure water �ow while strong lasers illuminate the
particles so they are visible to cameras. This method is known as
particle image velocimetry (PIV) [11]. Several researchers have
proposed 3D �ow measurement using multiple cameras, but 3D
water �ow measurements in a wide space like a swimming pool
have not yet been conducted. One of the reasons for this is that
the measurable area of existing methods has been limited due to
limitations in optical systems, such as the capacity of the laser and
the size of the lens. Enlarging the optical system is technically di�cult. In addition, cameras cannot trace the 3D positions of particles
occluded by other particles, so the number of tracer particles that
can be seen at once is limited. Moreover, visualized tracer particles
buoyed in a swimming pool may obstruct swimmers’ views and
could be damaging to humans if swallowed. Human eye contact
with lasers is also inadvisable.
Given these factors, we propose a 3D water �ow tracing technology that uses tracer particles suitable for a swimming pool. The
particles are highly transparent and do not block a swimmer’s view.
Furthermore, we propose a polarization-based tracking technique
for the transparent tracer particles. This method would extend the
measurable area compared to previous methods because it does
not require the use of optical systems, whose views are di�cult to
enlarge. Therefore, measuring tracer particles in wider 3D spaces
would be more feasible compared to existing methods. The proposed tracer particles must also be functional that is, they should
move in accordance with water �ows in the measurement �eld and
must be visible by cameras.
Creating tracer particles with these characteristics and proposing
a tracing method for them would make a signi�cant contribution
to water �ow tracing in swimming pool environments.

2

INVESTIGATION CONTENT

In this study, we investigated the materials and processing methods
for creating tracer particles for augmented swimming training. We
also researched tracing methods for �nding tracer particles and
recognized the numbers and positions of tracer particles occluded
by other particles.
We created square transparent tracer particles that do not block
swimmers’ lines of sight. The particles have a refractive index close
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Figure 3: The basic proposed tracer technology methodology.
We use an optical property called optical rotation, which rotates the plane of polarized light so the particles only appear
bright against a dark background.
Number: 1
Color: White

Number: 2
Color: Orange

Number: 3
Color: Green

Polarization color chart with consideration for dispersion

Figure 4: Recognition of occluded tracer particles by other
particles. The color or brightness of the particles changes
based on their total thickness. This phenomenon is shown
in materials that can rotate the planes of polarization.
to that of water, and as such, the particles cause less refraction
on the surface between the particles and water. Accordingly, the
tracer particle is only slightly visible to humans in water (Figure 1).
Thus, we also propose an optical solution in which polarizationbased technology traces the transparent tracer particles’ positions.
In this method, we used optical rotation to rotate the plane of
polarized light, which allows tracer particles to become bright on
dark backgrounds. This is ideal for optical tracking using cameras
(Figure 2).
Figure 3 outlines the basic methodology of this tracking technology. We placed a �at white light source in water and covered it with
a polarizing sheet (45 ) and positioned a camera to face the light
source. We also placed a polarizing sheet on the lens of the camera
( 45 ). The light source was dark when viewed from the camera
due to light shielding caused by the polarizing sheets, whose polarizing angles cross one another. However, with the tracer particles
rotating the angles of the polarizing sheets, the light source can still
reach the camera (Figure 3). Consequently, the particles are only
bright when compared to the background. The color or brightness
of the particles changes in accordance with their thickness
The color or brightness of the particles changes in accordance
with their total thinness (Figure 4). The tracking system can thus
recognize how many particles are occluded by using this information. If the refractive index of transparent particles is close to that
of water, the particle has less optical distortion on the surface and
the tracking system is able to determine the number of particles
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occluded by others. However, slight optical distortion on the surface
must be removed by using existing distortion correction techniques.
We also investigated optical solutions to that problem in this study.

3 RELATED WORK
3.1 Water Flow Measurement for Swimming
Sakakibara et al. investigated the water �ows caused by swimmers’
strokes [14, 15]. The study measured and compared the 2D water
�ows caused by several amateur and professional swimmers. The
authors were able to observe speci�c vortexes of water in the �ow
data of professional swimmers that were not present in the data
of amateur swimmers. This result implies that understanding how
to create water �ows could improve propulsion in the water, and
3D water �ow measurements would help in understanding the
details of water �ow. In the study, swimmers were asked to swim
in a swimming machine that created water �ows from the front to
sustain the swimmers’ position. Therefore, the machine-propelled
water �ow should generate �ow data. By creating a greater water
�ow measurement method for swimming pools, we can remove the
machine as a variable and clarify water �ows in an actual swimming
environment.

3.2

Flow Measurement Methods

3.2.1 2D Flow Measurement. Tracer particles distributed in a
�uid are often used to visualize �ows within that �uid. One of the
easiest ways to visualize the movement of a �uid is to scatter tufts
or small particles within it. This makes the �ows recognizable, but
it is necessary to trace the positions of each particle to perform
�uid measurements. PIV is widely used for tracing particles in �uid,
and the technique employs lasers to illuminate the measurement
environment in which to visualize the particles. For 2D �ow measurements, a �at and widened laser called a laser sheet is used to
illuminate a layer of tracer particles buoyed in the �uid. Since only
the particles in the laser sheets are brighter than the background, a
camera can track the movement of the particles in 2D. The system
can measure the 3D movements of particles in a 2D plane if multiple
cameras are used; this method is called stereo PIV [21].
3.2.2 3D Flow Measurement. Scanning stereo PIV is a method
of measuring water �ows in a 3D space using stereo PIV in multiple
layers in the measurement �eld [2, 3]. This scanning is achieved
by moving the laser sheets from the edge of the measurement �eld
to other sites along the time axis. Although scanning stereo PIV
can measure 3D water �ows in 3D space, it cannot measure �ows
caused by the strokes of swimmers because it takes considerable
time to completely scan wider 3D spaces. Tomographic PIV achieves
3D �ow measurement in a limited 3D space [13]and this method
uses multiple cameras surrounding the measurement �elds with
a laser illuminating the 3D space. Using di�erences in the images
from several cameras, the system reconstructs the 3D positions of
the particles. However, the measurable 3D space is limited due to
insu�cient laser intensity, which must be widened three dimensionally. In addition, the cameras cannot track the positions of
particles occluded by other particles, so the resolution is limited
due to decreased particle density. Our approach should measure
wider 3D spaces compared to previous methods using lasers as a
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light source. Our method uses wide white light sources, which are
widely available as room lights and monitor backlights. Since the
camera views the light source directly, the light intensity can be
lower than when laser sheets are used to illuminate the particles
from the side. To extend the measurable area, we can simply add
more light sources and cameras into the measurement �eld. As a result, extending the measurable area in our method is less costly than
in other methods of 3D water �ow measurement. Our approach
also has the potential to track the 3D positions of occluded particles
using the optical property of tracer particles, where the color or the
brightness change depending on the number of particles hidden
behind each particle.
Xiong et al. proposed a 3D �ow measurement technology in 3D
space utilizing a single camera [22]. This method uses chromatic
aberration caused by a lens, and the depths of the particles are
expressed as color di�erences in each particle. However, extending
the measurable area using this technology is costly. This method
uses a parallel light source, and the measurable area is limited to
the 3D space illuminated by the light. The maximum thickness of
the parallel light is the diameter of the lens or a collimator using
a mirror. Using this method to measure a wider �eld such as a
swimming pool is thus technically di�cult, as a large optical system
would be required to create the wide parallel light.
3.2.3 Without Tracer Particles. There are many methods of detecting water �ow speed, such as laser doppler velocimetry, Pitot
tubes, and hot-wire anemometers. However, they are only available
for measuring a single direction of water �ow. Additionally, some
methods do not require tracer particles in the �uid to visualize water �ows; Schlieren photography visualizes di�erences in density
as a range of brightness [5]. This method enables recolonization
of �ows in a transparent gas or �uid. However, this method also
requires a parallel light to visualize the �ows accurately. Therefore, extending the measurement �eld is also di�cult and costly.
In addition, even if the �ow is recognizable from the di�erences in
brightness, reconstructing a 3D �ow is not feasible from the brightness information alone. Micro bubbles made by water electrolysis
could visualize water �ows without adding tracer particles in the
measurement area [12]. However, this method has a potential risk
of electric shock for humans since the electrodes must be in the
water when measuring. Recognizing the 3D position of the bubbles
is also not feasible due to the bubbles’ occlusion of one another.
The bubbles created using this method tend to be whitish, and the
recognition of the bubbles’ hidden sides is not always possible.

3.3

Augmented Swimming Training

Some relevant studies have sought to improve training e�ciency
in water sports. Ukai et al. proposed a swimming support system
using an underwater robot that shows swimmers their swimming
form in real time [18]. The robot swims alongside swimmers so
they can view the robot’s movements at all times. AquaCAVE is
a surround-screen swimming pool for underwater virtual reality
(VR) and enhanced swimming training, which displays supportive
information such as swimming form and previous records [23].
Showing swimmers visualized water �ows and instructing them in
how to make proper vortexes of water should enhance the e�ect of
existing augmented swimming training systems using displays.
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3.4
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Water Flow Measurement for
Entertainment Swimming Pool

Partition wall

3.4.1 Surround-Screen Swimming pool. Surround-screen swimming pools help swimmers to maintain the motivation to swim
by displaying entertainment contents in the pool. These pools are
installed in several hotels throughout the world. Moreover, some
companies have created entertainment swimming pools displaying
interactive video contents using projectors or monitors. AquaCAVE
is one such surround-screen swimming pool.
3.4.2 Underwater Spatial User Interaction. One of the biggest
entertainment challenges in a surround-screen swimming pool is
creating user interaction because the surround screen and water
weaken many position-tracking methods. The main reasons for
this are optical distortion, re�ection, and IR absorption caused by
the water. In addition, position-tracking technology using visible
lights is unstable when complex backgrounds are displayed on
the surround-screen. 3D water �ow measurements should enrich
the entertainment experience by enabling underwater spatial user
interaction by utilizing water �ows in the swimming pool.
When measuring tracer particle movement in �uids, laser sheets
often illuminate the measurement environment [4]. However, this
illumination is not suitable for surround-screen environments because the light itself and the visualized particles prevent users
from viewing the on-screen content. The proposed 3D water �ow
method only requires lighting from screens, and the transparent
tracer particles can provide clear views for swimmers.
3.4.3 Transparent Tracer Particles for 2D Water Flow Measurement. Yamashita et al. proposed a water �ow visualization technology using �at, transparent tracer particles with birefringence.
The system achieves water �ow visualization without blocking the
swimmer’s view, but 3D measurements cannot be assessed due to
the particle shape [23]. The study used soft plastic �les as tracer
particles, but 3D position tracking using cameras was not feasible
with the particles in part because the forms of the particles changed
due to water �ows.
In addition, there are several issues that reduce user immersion
in the contents displayed in a swimming pool. For example, the
particles have re�ections on the surface when viewed from certain
angles, so some of the particles buoyed in the water are not completely transparent and block users from viewing the displays. In a
feasibility test in the study, one of the swimmers commented that
particles often stuck to swimmers’ bodies due to their �at shape.
This physical sensation may reduce the entertainment experience
in the surround-screen swimming pool, so we propose a method
that involves transparent spherical tracer particles.

4

3D WATER FLOW MEASUREMENT FOR
AUGMENTED SWIMMING TRAINING
4.1 Technical Problems with Existing Method
Existing 3D water �ow measurement methods are not suitable for
swimming pools due to limitations in the maximum measurable
area and adverse e�ects on the human body. Fluorescent microsized plastic particles are often used as the tracer particles in current
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Figure 5: System con�guration in a swimming pool. This �gure shows the setup for measuring 3D water �ows in a swimming pool lane. *
methods. The tracking system shines a strong laser on the measurement �eld to visualize the tracer particles, but this combination is
not advisable for �ow measurement in swimming pools because
the illumination may harm human eyes and the tiny particles may
enter the human body through the mouth, nose, eyes, and/or ears.
Furthermore, 3D water �ow measurements in a wide 3D space like
a swimming pool lane is not feasible with existing methods, which
require a laser or parallel light illumination. Tracer particles in the
illuminated areas are thus only traceable using cameras. Expanding
the area of illumination to a wider 3D space requires considerable
expenses due to the sophisticated optical system required.

4.2

Proposed Method

4.2.1 System Configuration and Basic Methodology. we investigated 3D water �ow tracing technology with the potential to
measure a wider area of swimming pools; this method would have
fewer adverse e�ects on the human body.
As the tracer particles, transparent sphere particles about 1cm
in diameter were created. The particles were made of a polymer
absorbing a solution of sugar in water. Sugar has an optical property
called optical rotation, which rotates the plane of polarization, so we
used an aqueous fructose solution in this study. For tracing the positions of the tracer particles distributed in the water, we employed
a polarization-based method that provides bright tracer particles
against a dark background, which is ideal for optical tracking [19].
The system con�guration in an actual swimming pool is shown
in Figure 5. This �gure illustrates the system con�guration when
we measure 3D water �ows in a lane of a swimming pool. First,
we must place partition walls between the measurement �eld and
the other lanes to limit the number of tracer particles moving out
of the measurement area. The partition walls were equipped with
multiple waterproof cameras and we placed the cameras inside
waterproof dome-shaped lenses. This con�guration eliminates the
optical distortion caused by water. We use a GoPro 6 Hero camera
and a Telesin 6” dome as the dome-shaped lens in our feasibility
test. Cameras were placed facing a wide white light source in the
*http://anysnapshot.com/, "ID: 201404012100", CC BY 3.0,
http://free-illustrations.gatag.net/2014/04/01/210000.html
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water; the light source was covered with a polarizing sheet (90 ),
as were the cameras (0 ).
The light source appeared dark when viewed from the cameras
due to light shielding caused by the polarizing sheets on the light
source and cameras. This happens if the polarizing angles are orthogonally crossed. Any combination of crossed polarization angles
works for this tracing method. Tracer particles were distributed in
the water between the light source and the cameras. The transparent tracer particles can rotate the plane of polarized light from the
light source, which causes particles to become brighter than the
background and therefore traceable by the cameras. Using di�erences in the images taken by multiple cameras, we could reconstruct
the 3D positions of the tracer particles. The tracer particles were
1cm in diameter, and the number of tracer particles was 1/500cm3 .
These numbers were determined by our feasibility test to visualize
water �ows caused by swim strokes in a water tank. However, the
size and number of particles should be adjusted according to the
measurement �eld.
4.2.2 Safety and Extension of the Measurable Area. To make the
tracer particles trackable by the cameras, it is best to use a wide
white light source such as room light or a monitor back light. This
form of illumination is safer for humans compared to lasers. The
tracer particles were also less likely to enter the human body since
they are bigger than facial ori�ces. Even so, for safety reasons,
tracer particles should only be made of food, as shown in Figure 6
(A). The outlined ingredients are widely used for making arti�cial
ikura (arti�cial salmon egg) [1]. This way, harmful e�ects from
accidentally swallowing tracer particles are mitigated. We used
sugar, alginic acid, and calcium in the feasibility test to create the
tracer particles (i.e. edible substances). The tracer particles showed
optical rotation as a water-absorbing polymer, and the outer surface
made of alginic acid and calcium lactate was robust enough to retain
its form in the water for over three hours (Figure 6 (B)).
Since the particles are biodegradable, we can create tracer particles that automatically disappear after use by adjusting how long
they remain intact. This feature could bene�t the proposed method
in a swimming pool signi�cantly.
Extending the area of illumination is also more feasible than in
previous methods by using a laser sheet or a parallel light, since this
method does not require a complex optical system. To extend the
measurable area, we can simply place additional wide light sources
next to the original light source and additional cameras to cover
the entire measurement �eld.
4.2.3 Recognition of Occluded Tracer Particles by Other Particles.
The camera cannot view a particle when other particles occlude
it, but certain optical properties of the tracer particles can solve
this issue. Tracer particles that can rotate their planes of polarized
light produce di�erent colors or brightness levels when they are
overlapped. This optical property is exhibited by materials with
the optical properties of birefringence or optical rotation. The phenomenon allows us to recognize how many particles are occluded.
This optical property is demonstrated by materials with the optical
properties of birefringence or optical rotation. The phenomenon
allows us to recognize how many particles are occluded.
If the tracer particles’ refractive index is close to that of water,
there is less optical distortion caused by the surface of the particles.
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Content: aqueous solution of fructose
Outer surface: robust film made of
alginic acid and calcium lactate
Substance name Material
Fructose
Fruit
Alginic acid
Seaweed
Calcium lactate Cheese

(A) Tracer particles made only from foodstuffs

(B) Robust outer surface

Figure 6: A tracer particle made only of food. The particle
is biodegradable and less harmful if a swimmer accidentally
swallows it. Adjusting biodegradation speed would allow for
tracer particles that automatically disappear after use. This
will aid in the clearance of tracer particles signi�cantly.

We can therefore assess the 3D positions of each occluded particle
by applying distortion correction. In this paper, we investigated
the feasibility of this method for measuring the occluded tracer
particles.

4.3

Tracer Particles

4.3.1 Necessary Condition. Ideal tracer particles should have
the following characteristics:
•
•
•
•

A stable and �xed 3D shape at all times.
Speci�c gravity equal to that of water (1.0).
Ability to rotate the plane of polarization.
Refractive index equal to that of water (1.33).

First, the particles must all have �xed and identical shapes in
the water �ow to measure their 3D positions. For example, if the
particles are always square, we can reconstruct the 3D positions
from the images taken by multiple cameras using epipolar geometry.
This method is widely used in existing 3D position tracking systems
and motion capture systems.
Second, the particle must have appropriate �otation to move
along with the water. The ideal �otation is when the speci�c gravity
of the particle is equal to that of water. For existing tracer particles,
materials with a speci�c gravity close to that of water are often
used. Some types of tracer particles contain air or water to adjust
their buoyancy, which makes them �ow with the water smoothly.
Third, the particles must be able to rotate their plane of polarization, chie�y because they must be bright compared to the
background for 3D position tracing by image processing. Materials
that have multiple scattering or �uorescence are also suitable for
this purpose because the optical property cancels the polarization
and the light can thereby be delivered to the camera. However, we
employ rotatory polarization because the above method may block
the swimmer’s view. The other reason we use optical rotation is to
make occluded tracer particles recognizable. This optical property
shows di�erent colors or brightness levels when tracer particles
are overlapped.
Fourth, the particle must have a refractive index close to that of
water for the proposed method; otherwise, the particle will cause
optical distortion on the surface. When the refractive index is very
close to that of water, the transparent tracer particles become invisible in water because there is no refraction on the surface. This
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situation is ideal when the proposed method is used for entertainment swimming pools, as the particles do not prevent users from
viewing the contents displayed in the pool. If the optical distortion is lower, we can recognize occluded particles using image
processing-based distortion correction methods widely used for
lens correction.
4.3.2 Materials and Processing Methods. We discovered that materials that can contain large amounts of aqueous solution, such as
water-absorbing polymer balls and spherical agar, have the potential
to ful�ll the necessary tracer particle conditions. By incorporating
an aqueous solution with optical rotation into the material, we
can create tracer particles that can rotate the plane of polarization.
When the material absorbs a large amount of water, the speci�c
gravity becomes close to that of water and the refraction index will
also become like that of water. The tracer particles then become
invisible in the water due to less refraction on the surface, following
the water �ow more smoothly due to its new speci�c gravity.
Some aqueous solutions of chemical substances have the characteristic of optical rotation, such as sugars like sucrose and fructose.
Sucrose is common household sugar whereas fructose is known
as fruit sugar and is found in honey and cereals. The safety of
these substances has been certi�ed and they are widely available
to consumers. Tracer particle brightness depends on the percentage of sugar in the particles because the rotation angle changes in
accordance with the sugar content and thickness of the particle.
4.3.3 Technical Problems. There are some technical problems
caused by the including an aqueous solution with optical rotation
to tracer particles. One of the issues is that the refractive index
increases due to the inclusion of the aqueous solution. For example,
the refractive index of an aqueous solution of sucrose at a concentration of 10% is 1.347 while that of water is 1.333 at 20 0 C, 589.29
nm. This di�erence causes optical distortion on the surface of the
particles. The speci�c gravity of sucrose is 1.587 /cm3 while that of
water is 1.000 /cm3 . The other problem is that the speci�c gravity
increases to 1.038 /cm3 when we add 10% more sucrose to the
water at 20 C [10]. The speci�c gravity of existing tracer particles
varies from around 0.92 /cm3 (polyethylene) to 1.70 /cm3 (Silver
Coated Glass Hollow Spheres) [16]. The speci�c gravity must be
close to that of water to make the tracer particles follow the water
�ows smoothly, but the inclusion of an aqueous solution with optical rotation increases the speci�c gravity in accordance with the
concentration.
We investigate these e�ects on tracer particles and the feasibility
of the proposed 3D water �ow measurement method.

5 INVESTIGATION RESULTS
5.1 Tracing Method
5.1.1 Traceability Test. We investigated whether a tracking system using image processing can recognize the positions of tracer
particles in a water tank. Figure 7 illustrates the setup for this feasibility test. We prepared a water tank with the following dimensions:
38cm ⇥ 30cm ⇥ 28cm. We �lled the tank with 10cm of water (around
11.5 L). We placed 23 tracer particles in the water tank (1 tracer
particle/500 cm 3 ). To trace the tracer particles, we used a software library called the ”BlobDetection library” for processing. This library
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(A) Test setup for tracing tracer particle
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Figure 7: System con�guration for testing the traceability of
tracer particles.
allowed us to detect blobs in images with areas of brightness above
a de�ned value. We used water-absorbing polymer balls, which are
widely used for growing plants, around 1cm in diameter as tracer
particles in this test. Water-absorbing polymer balls absorb more
than 200 times their volume in water. The tracer particles absorbed
an aqueous solution of lactose at a concentration of 40% in this test.
We used a liquid-crystal display (LCD) monitor (Lenovo ThinkVision LT2223p) as the wide white light source, and the screen was
coated with a polarizing sheet (-45 ). We recorded video directly
above the water tank. We placed a polarizing sheet (-45 ) on the
camera lens (LUMIX DMC-FZ1000).
The picture in Figure 7 (B) was taken with the following camera
settings: ISO = 1600, focal length = 23.3 mm, exposure = -1 ev,
f-number = f/4, and shutter speed = 1/10.
5.1.2 Result and Limitations. The tracking system was able to
recognize the positions of the tracer particles in the water tank in
the feasibility test (Figure 8 (A)). However, we found several issues
with the proposed tracing method.
First, the accountancy was higher when we traced the tracer
particles in a dark room than in a room with light (around 3300
lm). Tracking particles in a bright room was possible, but the tracing system lost the tracer particles occasionally due to the slight
di�erences in brightness between the tracer particles and the background. Thus, darker measurement �elds are preferable to use the
tracing method.
Second, the tracer particles appeared longer than their shape
in the images due to the persistence of vision. More persistence
of vision and false detections were observed when the water �ow
was faster and the measurement �eld was darker (Figure 8 (B)). As
such, it is necessary to employ technology that can detect the actual
position of tracer particles using images with persistence of vision
to accurately measure water �ow.
Third, suspended matter in water may reduce the accurate detection of tracer particles, as some scattering changes the optical
properties of polarized light. For example, multiple scattering cancels polarization and Rayleigh scattering turns natural light into
polarized light. These can be caused by suspended matter in water, so water should be as pure as possible when using this �ow
measurement method.
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Figure 8: Tracking tracer particles using image processing.
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Figure 10: Relationship between concentration of fructose
solution and optical distortion.
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5.2

Tracer Particles

5.2.1 Brightness. The tracer particles are made of water-absorbing
polymer. In this test, the particles absorbed a fructose solution in
concentrations from 10 to 60%. We compared the brightness between them; Figure 9 shows the relationship between concentrations of fructose solution and the angle of rotation [17]. The image
in Figure 9 was taken in a room with light and with the following
camera settings: ISO = 1600, Focal length = 9.12 mm, Exposure =
-0.66 ev, F-number = f/3.1, Shutter speed = 1/8.
According to our test, a greater concentration of fructose solution
produces brighter tracer particles. Brighter particles are ideal for
the proposed tracing method, but the inclusion of fructose solution
makes more optically distorting and changes speci�c gravity. A
greater concentration of fructose solution can be used only when
the measurement �eld is shallow or water �ow is not slight. This
issue can be reduced by using material that rotates the plane of
polarization more than fructose, such as maltose.
5.2.2 Optical Distortion. Fructose solutions cause optical distortion on the surface of tracer particles based on concentration. We
investigated the optical distortion in both the air and underwater
as shown in Figure 10. We put six tracer particles that had absorbed
0% to 60% fructose solution into a �ask and placed it on a grid
pattern. According to the test, slight di�erences in refractive index
can impact invisibility. Therefore, we must reduce the amount of
the solution when particle invisibility is important, like in the case
of entertainment swimming pools. However, traceability decreases
in this case. As stated in section 5.2.1, materials that rotate their
planes of polarization signi�cantly can solve this problem. Several
chemicals can rotate polarized light ten times more than fructose,
such as helicene. However, we must ascertain the safety and water
solubility of these materials.

Figure 11: Relationship between the number of overlapped
tracer particles and brightness.
5.2.3 Recognition of Occluded Particles. We investigated the
change in brightness and color depending on the number of overlapping tracer particles. Figure 11 shows the relationship between
the brightness and the number of tracer particles. In this test, we
used water-absorbing polymer balls containing a fructose solution
with a concentration of about 20%. as tracer particles in this test.
As shown in Figure 11, the brightness changes linearly. We were
thus able to estimate the number of particles hidden behind the
front-most particle in our feasibility test. Tracer particles made of
plastic with birefringence as in Figure 4 turned di�erent colors, but
the tracer particles made of fructose solution did not show colors.
This di�erence is caused by varying rotation angles depending on
the wavelength of each material.
We also found that position recognition of occluded particles
was not feasible in most cases. This is because optical distortion is
signi�cant when we include over 30% fructose solution. Distortion
correction can only work when the particle has low optical distortion. Finding a material with more rotatory polarization should also
remove technical problems since we can increase the percentage of
water in the tracer particles by using the content accordingly.

5.3

Other Material and Processing Method

We employ water-absorptive materials with optical rotation as the
tracer particles in this study. We will describe the reason for this
selection and the results of other material investigations in this
section. For producing tracer particles with less optical distortion in
the water, we can make the particles from �uororesin. The refractive
index of the material is 1.34, which is very close to that of water.
One technical problem is adding the optical property of rotating
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Figure 12: Other materials and processing methods. Standard processing methods for 3D plastic products would result in undesirable optical properties for our purpose.
planes of polarization. While we could make balls of �uororesin
contain an aqueous solution with optical rotation, the processing of
�uororesin is not easy because the material maintains its shape even
at elevated temperatures. Moreover, swallowing plastic is harmful
to human bodies.
The spherical transparent tracer particles must all have the optical property of rotating their plane of polarization throughout
the whole body of the particles. However, standard processing
methods for 3D plastic products would result in undesirable optical
properties for our purposes. For example, clear plastics made by
injection molding do not have any optical properties (Figure 12 (A)).
Therefore, the plastics would not brighten or show any color when
viewed between polarizing sheets. Furthermore, stamping results
in di�erent refractive indexes depending on the location. For this
reason, for this reason, clear plastics made by stamping show multiple colors even when their thicknesses are the same (Figure 12 (B)).
According to our tests on the material and the processing method
for making the proposed tracer particles, a 3D printer using a stereolithography apparatus can meet the requirements. This printing
technology creates 3D models in a layer-by-layer fashion using
photopolymerization [7]. A laser light causes chains of molecules
to link and form polymers. These regularly aligned molecules give
uniform birefringence to the printed model (Figure 12 (C)). Materials with birefringence can rotate their plane of polarization.
This produces color variation relative to the thickness of the plastics. However, the relationship between color and thickness has
regularity only when the particles are overlapped with the same
orientations in the event of birefringence. Therefore, to accurately
estimate the number of overlapped particles, we must consistently
track the orientation of the particles. In the case of optical rotation
demonstrated by chemical substances such as fructose and sucrose,
regularity is maintained even if the orientation of each particle is
di�erent. Therefore, the color or brightness of the particles always
represents the total thickness of the particles in the images taken
by cameras.

CONCLUSION

We proposed 3D water �ow measurement technology that entails
scattering spherical transparent tracer particles in water. The technology has the potential to realize 3D water �ow measurement
in a swimming pool, which has not been achieved by previous
methods. In this study, we investigated the feasibility of the tracer
particles and the tracing method. We use light shielding caused by
polarizing sheets and optical rotation caused by tracer particles to
make brighter tracer particles against a dark background in the
measurement �eld. We conducted tests on the traceability of the
tracer particles. Identifying bright spots in an image using image
processing-based tracing techniques was functional as a tracing
system. However, the brightness and the clarity of the measurement �elds caused several issues; according to our feasibility tests,
darker and more transparent measurement �elds are preferable
when tracing. We also investigated materials and processing methods for tracer particles and found that they require two criteria:
1) a stable and �xed 3D shape, and 2) that the chosen material’s
re�ective index and speci�c gravity must be close to that of water.
An ability to rotate the plane of polarization is also necessary in
the tracing process. According to our research, water-absorbing
materials containing an aqueous solution exhibiting optical rotation
are ideal tracer particles. We also researched the adverse e�ects of
including aqueous solutions in this study and con�rmed that they
increase speci�c gravity and refractive index. Such technical issues
reduce the usability of water �ow measurement technology, but we
can mitigate adverse e�ects by using materials that show strong
optical rotation.
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