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A preliminary study for the development of Kansei value products in
mobile work

Abstract

We set three development goals to develop elemental technologies necessary for the remote
development of products with added Kansei value, and our study has successfully achieved them. The
Kansei communication tools and telemedicine tools developed in this project are currently being tested
in a field setting. Using the tools in actual situations will reveal issues and needs that need to be
addressed. Based on these issues and needs, we believe that improvements and new research will bring

us closer to the remote development of products with added sensitivity.

1. Tactile sense: mutual conversion of sensory and physical property information (Chapter 4)

A Kansei Communication Tool prototype (developing products with Kansei value) was displayed at
an exhibition, with samples available for experiencing surface roughness changes. The prototype has
the same specifications as the DIC Color Guide, and combines a tactile film to the color guide. From
a questionnaire based on the Kansei communication tool 49 of 64 (77%) respondents were interested
in the prototype, of which 21 (31%) wanted the prototype. Based on these results, we created the "DIC
Material box," which allows users to experience systematic tactile sensations in two dimensions. This

allows designers and product developers to identify their preferred sensory vectors.

2. Color Reproduction (Chapter 5, 6)

We developed a new color chart and a telemedicine tool that can use the color chart to communicate
the patient's complexion and tongue color correctly. The color chart includes human tongue and skin
colors that can reproduce the colors required for medical diagnosis. Telemedicine tools have been
implemented on i0S. Development was performed in collaboration with Kampo medical doctors with
expertise in color; since this was an urgent task under the COVID-19 epidemic, priority was given to
actual use, so the tool's usability was mainly evaluated qualitatively. The results showed that
corrections based on human color vision and automatic correction were more beneficial than without
correction. Based on these results, we are currently continuing the evaluation with the cooperation of

additional doctors.



3. Measurement of emotional state: non-contact pulse wave measurement (Chapter 6,7)

Biometric signals, such as heartbeat, reflect the movement of the emotion. We created and validated
a heart rate measurement tool using an RGB camera. There are two main contributions of this study.

The first was the pulse wave detection technique utilized a technology that captures changes in the
hemoglobin signal obtained by independent component analysis. Thirty-nine subjects performed
accuracy validation. The results showed that the accuracy was similar to commercially available pulse
oximeters. Currently, we are improving the software while considering opinions from members of the
clinical field.

The second was the pulse rate measurement from the sole of rats. This study was conducted
considering emotional experiments in model animals that are otherwise difficult to conduct in humans.
A high-speed video camera was used to capture the pulse rate, which is about eight times higher than
that of humans. To capture signals from the skin, we acquired signals from the sole. As a result, we
acquired pulse waves from the sole. This method allowed for unrestrained pulse wave measurements
and observations in a more normal state, since it does not require the depilation process or

electrocardiogram implantation.
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A preliminary study for the development of Kansei value products
in mobile work

Chapter 1: Introduction

1.1 Motivation

In this thesis, I describe the development of a preliminary study for the development of Kansei (sensitivity)
value products in mobile work. My future vision is product development in a virtual space such as the
Metaverse. My image is to develop Kansei value products in the "Star Trek" holodeck [1]. Star Trek is an
American science fiction media created by Gene Roddenberry that began as a television series in the 1960s
and continues to be disseminated through television and movies. The holodeck can create an imaginary
world in which the boundary between reality and fiction becomes indistinguishable. The holodeck is not
possible with today's science and technology. However, we would like to get as close as possible to such
concept. Considering feasibility, I set the theme to create a product with Kansei value in mobile work.
Three steps would be necessary for the making of Kansei value products in mobile work:

e The product concept is decided by remote communication.

e Detailed specifications are decided in a virtual space.

e  Manufacturing is done by on-demand modeling.

The process will be up to the pre-manufacturing stage in the virtual space.

Figure 1-1 shows the Kansei value product development procedure. First, the product concept is
determined based on market needs or technological seeds. Next, development takes place to bring the
concept to fruition. Next, materials and processing methods are determined, and prototypes are made to
realize the product concept. After that, a sensory evaluation is conducted on the product, and improvements
are made based on the sensory evaluation results to complete the product.

Currently, we cannot do all our development in a virtual space. However, some developments of
products that partially use mobile work have been established. For example, meetings to determine product
concepts can be held via remote communication (such as through ZOOM) while viewing 3D models. As
an industrial manufacturing method for small-quantity, high-mix production, 3D printers can be used in

modeling and on-demand printing can be used to add patterns to apparel products.

However, when deciding on a concept for a product with Kansei value, participants must discuss their
sensibilities with the idea and value, but this part is difficult with the current tools. In addition, although 3D

modeling exists, tactile sensors and displays are still under development. As for modeling, current 3D



printers cannot keep up with human perception, which can sense at the micron level, and post-processing

is still in development.

Needs
Technology seeds

Product Concept
(Development Goals)

Design and development

O

Evaluation
Physical & Kansei

Materials, Processing

Improvement

Fig. 1-1. Kansei value product development procedure.

Therefore, I thought about addressing these issues and increasing the number of items that can be
developed in virtual space. Specifically, I wanted to construct a world in which participants' sensibilities
can be conveyed, and their sense of touch can be transmitted.

With the advent of the SDGs and the need for emotional enrichment, we are entering an era in which
manufacturing that appeals not only to function but also to Kansei value is necessary. Chemical
manufacturers can provide new materials through compounding and synthesis technologies. The idea is
that, if these technologies for modification and adaptation could be directly provided to creators, designers,
and others who face consumers, differentiated products with Kansei value could be offered to the world.

Chemical manufacturers' conventional development of products is based on physical properties that
match the target product's function. To develop products based on sensibility, it is necessary to quantify
the sensibility information considered by the creator and build an interface that allows the material
manufacturer to understand it as physical properties.

In the current product development process in the supply chain, creators work with processing

manufacturers to create products with Kansei value, while chemical manufacturers provide materials to
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processing manufacturers. In the future, it will be necessary for material manufacturers, processing
manufacturers, and creators to work together in the development process.

In the manufacturing process where the three parties cooperate, we considered it necessary to have a
common platform for discussion since the fields of each party are different. An excellent way to achieve a
common understanding is to have discussions in the presence of actual objects, although this requires many
samples and involves trial and error. Virtual reality (VR) technology is also improving. Various types of
IT-based concepts, such as augmented reality and virtual reality, have been proposed [2]. The use of virtual
space is also being promoted in various fields, and chemical [3] and VR training platforms [4] have been
proposed. However, the level of image reproduction required by designers may be still some way far off.
As for tactile displays, various methods are still being studied in laboratories. By focusing on this untapped
field of haptics, we decided to create a platform where material manufacturers, processing manufacturers,
and creators can have a joint discussion.

Conventional sample sets are composed of distinctive products. Samples for sensibility evaluation are
also composed of different materials such as wood, stone, plastic, ceramic, glass. However, in these sample
sets, a correlation between physical properties and sensitivity has not been found. Therefore, we devised a
kind of sample set in which mechanical properties are controlled. If we can make many of these sets, it will
be possible to remotely discuss about materials. The initial idea was to distribute these sets to the overseas
subsidiaries of DIC Corporation, to which I belonged to, and use them as a basis for material discussions.

Subjective evaluation is necessary for the development of Kansei value products. If the subject to be
evaluated is limited, the number of times required for sensitivity evaluation is not so large. However, in a
systematic sample set, many evaluations are required. When a subjective evaluation is conducted on actual
samples, it is necessary to evaluate many parameters, such as hardness and softness, warmth and coldness,
and surface roughness. Actual products are even more complicated, with multi-layered structures and
coatings on the surface; moreover, the thickness of the coating changes the evaluation. Therefore, we aimed

to implement a measurement method using biometrics and other methods that are not subjective.
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For a sense of the diversity of textures and materials, Fig. 1-2 shows diversity in texture of wine cork

stoppers (a) and various materials with diverse texture such as, carpet, stone, plywood, aluminum sheet,

and paper packaging (b).

(a) Cork stoppers with a variety of textures (b) Samples of a variety of materials

!

‘”Zrl th ““ i,

Fig. 1-2 Dlver51ty of samples.

1.2 Overview of goals

The ultimate goal of my study would be the development of Kansei value products with tactile sensation
through collaboration remotely among material manufacturers, processors, and creators. Since this goal
involves many developmental elements, we considered following a blueprint. In addition, we also
considered the possibility of improving the performance of remote conferencing using cameras, which are

currently available (Fig. 1-3).

Direct Communication Remote Communication
With biometrics information for
Kansei evaluation

[

Fig. 1- 3 Remote development of Kansei value materials and sensory evaluation

Fig. 1-4. lists the technologies required to develop products with Kansei value in a remote environment

and the research conducted in this thesis.
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Technologies to be developed Explored in this study

Communication Tactual sense

Process Required elemental technology Mutual conversion of sensory and
Current Future . . .
physical property information
> Realistic sensation (visual, auditory, tactile) [ Chapter-4 ]
Face to face Non-face-to- |~ Reproduction of texture and color

Product ) face > Conv.ersation with({ut discon}fart Color reproduction
concept Bounce ideas off > Sharing of tactile information [ Chapter-5,6 ]

each other Mobile work |> Measurement and transmission of human
emotional changes

Select from a > Realistic serlsation (visual, tactile) Measurement of emotional state
i large number of ion i 2 Reproduction of texture and color : Non-contact pulse wave measurement
Design and real samples Designin  |> Interconversion between sensory information and p
development p virtual space physical property information [ Chapter-6 ]
> Converting sensory information into physical
Trial and error property information
Face-to-face Non-face-to- |- Sensitivity evaluation methods for mobile Measurement of emotional
Kansei face environments state in animal
evaluation Psychophysical > Observation of subjects' psychological state Non-contact pulse wave measurement
assessment Mobile work | (Measurement of emotional state) in animals
[ Chapter-7 ]

Fig. 1- 4 Technologies to be developed and explored in this study

Product concepts are developed in a face-to-face meeting, exchanging ideas and sensory images with
each other.

Material selection and processing corresponding to the design are discussed during design and
development. In the design process, the image is developed by looking at and touching various materials.
The elemental technologies required for mobile work are the reproduction of texture, color matching, and
the ability to communicate emotion to each other. After that, concrete objects are created. While
technologies for creating visual images of objects in virtual space have advanced, tactile displays are still
in the research stage. Therefore, another technology for sharing tactile information is required.

Two types of product evaluation are necessary: physical property evaluation and sensory evaluation.
Physical property evaluation involves calculations based on 3D models and information on the physical
properties of materials. Since sensitivity evaluation is usually performed in person, developing a sensitivity
evaluation method suitable for mobile environments is necessary.  Since there is a wide range of technical
issues to be developed, we have set three goals in this study.

The initial plan of my research was to focus on technology for color reproduction and sensory evaluation
for development of Kansei value products. While engineering is a technology that provides valuable things
to the world, the priority of issues to be solved has changed with the prevalence of COVID-19. Since the
elemental technologies for development are similar, I shifted my research focus to using the same base

technology (i.e., color reproduction, biometrics) for observing and evaluating humans in telemedicine.
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1. Tactile sense

We will create a system that enables mutual conversion between sensory information and physical property
information regarding tactile sensation. This system converts the sensory information that designers and
product developers consider into physical property information that material developers can understand. If
the information can be appropriately converted, physical property information that should be given to the

actual material can be obtained from tactile information, such as shittori feel, and can be used for designing.

2. Color reproduction

We will develop a simple color reproduction technology for remote environments. While VR technology
is advancing and high-definition monitors are being developed, color reproduction is not widespread.
Therefore, we have developed a new method for color reproduction in remote environments. In this study,
we aim to achieve simple color reproduction in remote environments. Since color reproduction technology
is a common issue in product development and telemedicine, we approached this issue from the

telemedicine

3. Measurement of emotional state

Current remote work tools are not sufficient for communicating emotional information. If human emotional
changes, which cannot be obtained with current tools, can be captured and transmitted simply, the missing
information can be supplemented. In this study, we will develop a method to measure heart rate, which is
the basis of emotional measurement, using a remote RGB camera. Biometric measurements in mobile work
and telemedicine have to be performed in a non-contact manner, which is another common issue.
Furthermore, animal experiments are also being conducted to elucidate human emotions. Therefore, we

have also developed a remote non-contact heart rate measurement adapted for animals.
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1.3 Thesis Outline

The structure of this thesis is shown in Fig. 1-5, where I describe the Chapters of my research corresponding

to the three goals established in the previous chapter.

Chapter Explored in this study

Chapter 1: Introduction
Chapter 2: Research on Kansei values and the five

senses Tactual sense
Chapter 3: Previous studies related to Kansei Mutual conversion of sensory and
evaluation and non-contact biometrics physical property information

[ Chapter-4 ]

Chapter 4: Development of Kansei material .
. Color reproduction
valuation tools [ Chapter-5,6 ]

Chapter 5: Development of a camera-based
remote diagnostic system focused on Measurement of emotional state

color reproduction using color charts Non'coma"t[pél;:p‘:’;"g ineasuremem

Chapter 6: Development of telemedicine tools {}
with an emphasis on visual observation

Measurement of emotional
state in animal

Chapter 7: Non-invasive measurement of pulse =~ ———————Non-contact pulse wave measurement
waves in soles of rats using an RGB in animals
camera [ Chapter-7 ]

Chapter 8: Conclusion and future work

Fig. 1- 5 Structure of this thesis.
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Chapter 2: Research on Kansei value and the five senses

In this chapter, I introduce the previous studies related to Kansei value and sensory evaluation. These are

the basic concepts related to the development of value-added products that we aim to create.

2.1 Kansei value

In 2007, the Ministry of Economy, Trade, and Industry (METI) positioned “Kansei value” as the fourth
value axis after function, reliability, and price. They proposed the “Kansei value initiative” [5] as a national
policy as one of the ways to differentiate and add value to products in the shift from mass production to
small-lot, high-mix production. The competitiveness of Japanese industrial products has been based on
functional value.

With the increasing generalization of highly functional products, differentiation based on functional
value is becoming more complex. Nobeoka noted that focusing on premium value is important to
differentiate products [6]. According to Nobeoka, the definition of product price is functional value plus
premium value. Functional value refers to the numerical specifications listed in the catalog, whereas
premium value refers to values that are difficult to express with numerical specifications, such as brand and
luxury (Fig. 2-1). The products of Apple Inc. and Dyson Ltd. are examples of products that add premium
value. From the perspective of business economics, product design brings functional aspects and emotional
satisfaction to consumers [7], [8]. With the realization of high added value, it is necessary to design and
manage attractive product designs deliberately. This development requires the integration of three elements:
design, engineering, and marketing. Furthermore, design management, which naturally bridges the
engineering and marketing worlds, can provide a more comprehensive vantage point to examine the
development of emotional product characteristics and consumer response to the designed items [9].
Regarding Kansei research in the academic research field, the Ministry of Education, Culture, Sports,
Science and Technology (MEXT) has been conducting cross-sectional projects called “Texture Brain and
Informatics” [10] since 2010 and “Innovative Science and Technology of Texture” [11] since 2015. For
social implementation, MEXT has been implementing the ‘“Kansei Innovation Center for Fostering
Spiritual Richness through the “Center of Innovation (COI) Program” project [12]. In this way, Kansei

values are becoming increasingly important.
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Fig. 2-1. Functional and semantic values (virtual example) [6].

2.2 Methods of adding Kansei value to industrial products and the supply chain

The development of industrial products with premium value-added has become a process involving many
companies. The actual supply chain is complex. A simplified supply chain consists of materials produced
by a chemical manufacturer, processed by a processor (converter), provided to a manufacturer (brand
owner) who sells the product directly to the consumer, assembled, and delivered to the consumer as the

final product (Fig. 2-2).

Material Converter Brand owner
manufacturer | — | (Processing | — | (Consumer electronics, Consumer
(Chemical) Industry) automobile)

Fig. 2-2. Supply chain of premium value products.

The following is a general description of the sensory product development process. First, the product
image is created by the designers and creators of the brand owner. The product parts used to convert the
designed image into a concrete product are made by the converter. Converters manufacture products by
combining materials, molding, and surface processing according to the brand owner's specifications. The
converter then orders the materials needed to create the product parts from the material manufacturer. The
components of the process that require evaluation of human sensitivity are evaluated by people using
multiple samples called limit samples. To date, material manufacturers and brand owners have rarely

collaborated to establish a directory of Kansei value product development.
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2.3 Proposals for collaboration between chemical manufacturers and brand owners
in the development of highly Kansei valued products

Chemical manufacturers can synthesize materials with a variety of physical properties. Furthermore, they
can provide materials with various physical properties by compounding the synthesized materials.
Chemical manufacturers also understand the molding and processing, as they develop materials in
consideration of the molding and processing that converter perform. However, designers and creators do
not have the opportunity to collaborate with chemical manufacturers, so they are unaware of the possibilities
and developmental potential of the technologies possessed by chemical companies.

For the development of products with higher premium value and competitiveness, it would be ideal for
material manufacturers, processing manufacturers, and brand owners to cooperate in the manufacturing
process. The problem is that material manufacturers develop products based on physical properties, whereas

designers and creators develop products based on sensibility, so they cannot discuss on the same basis.

2.4 Focusing on Kansei value in manufacturing

To manufacture Kansei value products, the manufacturer needs to convert the sensory information of the
designer into product manufacturing information. At Dyson Ltd., engineers learn design based on the idea
that technology and design are inseparable in manufacturing [6]. Takram, a design innovation firm with
offices in Japan, the U.S., and the U.K., utilizes pendulum thinking (a way of thinking that moves between
design and engineering, individuals, and teams, and thinking and making). Additionally, they promote
collaboration between design and manufacturing [13].

Chemical manufacturers are also attempting to appeal to creators. Salone International del Mobile di
Milano, the world's largest international furniture fair, is held simultaneously with FUORI SALONE, a
design exhibition held at various locations in Milan. Japanese consumer electronics and automobile
manufacturers exhibit their products at FUORI SALONE. In 2018, several Japanese material manufacturers
participated in the exhibition, including Mitsui Chemicals, Inc. and AGC Corporation. Mitsui Chemicals,
Inc. started the Material Oriented Laboratory (Molp: MITSUI CHEMICALS) [14] as an open laboratory
activity to rediscover the functional value and sensory appeal that lie dormant in various materials by
making full use of all the senses and to sharing ideas for the future. DIC Color Design Corporation, a
subsidiary of DIC Corporation, has been publishing the “Asia Color Trend Book” with added material
samples since 2008 [15]. DIC Corporation is also conducting the “Colorial Project” in 2018 [16], an event

for creators to help them understand the value of tactile materials.
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Captor 3: Related works of Sensory evaluation and non-contact biometrics.

This chapter will introduce prior research on the tactile sense that we have focused on in our study. We also
introduce previous research on color reproduction, which is necessary for remote human observation, and

previous research on non-contact biometric heart rate measurement.

3.1 Recognition of materials with tactile properties

In manufacturing with tactile sensation, material design involves investigating the relationship between the
physical quantity that causes tactile sensation and the tactile sensation perceived by humans. In designing
a haptic material, if the relationship between the physical quantity used to induce tactile sensation and the
tactile sensation felt by humans is known, the design is easy. Since the mechanism of tactile sensation is
still being determined, in designing, several samples can be built to get closer to the target, considering the
past results. Humans recognize the external world through the information that is perceived through their
sense organs. Therefore, humans can recognize the external world by inputting information within the range
that their sense organs perceive. The Japan VR Society defines the range of visual perception as 380-780
nm electromagnetic waves and auditory perception as 20-20000 Hz air vibrations [17].

In the human perception of color, color can be evaluated by a physical parameter, the light spectrum
entering the human eye. In a more simplified model, humans perceive colors based on the tristimulus value
of a color stimulus X, Y, Z, which are the three primary colors of color used in the CIE which created by
the International Commission on Illumination (CIE) color system (X Y Z color system). The color display
makes use of this principle. When the tristimulus values are input to the eyes, which are the receptors for
human light, the human brain processes the information and reconstructs the information input from the
eyes. Figure 3-1 shows an overview of human visual perception of things.

However, humans may perceive the same color even if the input spectrum is different. This case is
called color adaptation, and it is a phenomenon whereby a person perceives the same color even when the
same object is viewed under different lighting. This phenomenon is due to the brain's perception of color

and the brain's ability to perform color correction.
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Fig. 3-1. Human visual perception of things.

Tactile sensation in a broader sense belongs to somatic and visceral sensation and is defined as any
sense other than vision, hearing, taste, and vestibular sensation. The receptors related to touch include
mechanoreceptors that respond to mechanical stimuli, thermoreceptors that respond to thermal stimuli,
chemoreceptors that respond to chemical stimuli, and nociceptors that respond to stimuli that cause injury.

Four types of mechanoreceptors exist in the finger abdomen, with different types of responses to

mechanical stimuli (Fig. 3-2) [18].
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Fig. 3-2. Tissue and tactile receptors of glabrous [18].
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Shirado et al. proposed a model of the material cognition mechanism based on receptors (Fig. 3-3)

[19].
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Fig. 3-3. Texture perception model [19].

Okamoto proposed that tactile perception of materials is composed of five dimensions, namely, macro
and fine roughness, warmness (warm/cold), hardness (hard/soft), and friction (moist/dry and
sticky/slippery), as shown in Fig. 3-3 and further studies on the perceptual mechanisms of each tactile

dimension will confirm the classification [20].
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Fig. 3-4. Five psychophysical dimensions of tactile perception for
materials/textures [20].

21



In material design with sensitivity, research on dimensional texture composition is necessary, and research
trends are reviewed by Nagano et al. [21]. This review shows that research on texture dimensions includes
examples of constructing inter-material dimensions from a group of materials selected from a wide range
of categories and designing the material feel of materials in a specific field of products. The proposed
dimension was between three and five. As an example of product research in a specific field, Picard et al.
have identified four dimensions for 24 car seat materials: Soft / Harsh, Thin / Thick, Relief (Uneven), and
Hard [22]. Okamoto et al. have proposed a hierarchy of dimensions for cognitive mechanisms [23].
Multiple proposals have been made for tactile perception, but no definitive model such as RGB has been
developed. On the other hand, a sensory language method has been proposed instead of directly linking
perception to physical properties. Sakamoto et al. have attempted to use onomatopoeia to map the materials
of industrial products [24]. Kawabata et al. [21] developed a Kawabata evaluation system (KES) to evaluate
textile sensibility. Shitara et al. [25], [26] reported that in evaluating the tactile sensation of wood, the
touching behavior differs depending on the type of adjective being evaluated. This research shows that the
signals to the receptors change depending on the way a person touches the object, which means that people
receive different sensations depending on how they touch the same object. From the viewpoint of sensory
perception, when a person judges the hardness or softness of an object, he pushes it, and when he judges
the surface roughness, he traces the surface. In the actual field, to confirm the identity of the material, the
judges use a set method of touching. Okamoto et al. conducted a study in which they visually evaluated and
categorized material texture [27].

Hence, research on tactile sensation in texture has been conducted with human cognition, such as
research-based on tactile receptors, hierarchical models that consider tactile perception, and verbalization
of tactile sensation using onomatopoeia. However, few examples of systematic material research on
material design add sensitivity to industrial products. Because many sensitized products are available in the
market, they are made based on the experience and intuition of artisans who have accumulated know-how
within each company rather than systematic research.

From the above, heat conduction, contact area, surface topography, mechanical strength, and
rheological properties related to heat sensing and oscillation are considered necessary to develop material

samples.

3.2 Remote tactile evaluation (tactile sensors and tactile displays in VR)

To evaluate the sensibility of materials with tactile sensation under remote conditions, measurement at the
sending side and display at the receiving side are required. With the advancement of VR technology, there
are some cases of remote evaluation of sensibility. In the case of remote evaluation, three requirements are
necessary: sensing, transmission, and display. For sensing, various methods have been proposed, partly due

to advances in Micro Electro Mechanical Systems (MEMS).
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However, if the characteristics of the human skin do not match those of the sensor, it is not easy to
obtain accurate values. The quantification of heat transfer is detected by the heat transfer between the sensor
and the object. However, if the sensor does not have the same thermal conductivity as the human skin,
techniques such as correcting the detected value to that of the human skin are required. Some examples of
tactile communication have been proposed, but they are still in the laboratory stage, and further
development is expected.

The principle of tactile perception is that tactile sensation is perceived when the tactile receptors in the
skin are stimulated. To stimulate the mechanoreceptors in the skin, it is necessary to vibrate and deform the
skin. Therefore, there have been proposals to use ultrasound to vibrate the skin [28], [29].

Considering the three elements of tactile perception as force, vibration, and temperature, an attempt to

transmit them is also being considered [30]. Based on the correspondence between the four receptors in the
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Fig. 3-5. Dimension transformation of four-mode stimulation (top) to four
psychological dimensions of tactile perception (bottom) [31].

skin for force and vibration and the sense of touch in Fig. 3-4, a device that makes us feel touch has also
been proposed [31]. However, haptic VR is far from the practical level. Therefore, in our research, we
intend to develop a method to create a product by touching several industrially produced samples that each

person can hold.



3.3 Color reproduction

Color reproduction technology is well-established, and theoretically, color information can be reproduced
with the tristimulus values shown in Fig. 3-1. The camera's performance for input and the monitor for
output has been improved, and in regular use, we do not feel any discomfort even without calibration. Color
recognition explains this phenomenon in the human brain. Calibration technology is also advancing, and
recent advances in color management technology have created a system that allows the colors of imaging
devices and display equipment to be calibrated using device profiles [ICC 1998, IEC 1999]. In industrial
use, color reproduction is essential, and calibration is performed. However, due to the labor and cost
involved, it is used in a limited number of fields. In addition, when sending images to others using a camera
mounted on a smartphone, people want to make the images look good, so they are converted into beautiful
images. In the case of remote evaluation of sensibility and telemedicine, color reproduction to the extent
that changes in human complexion can be understood is necessary because it is essential to convey human
facial expressions and complexion.

This system assumes that the image will be displayed on a monitor and viewed by a human. However,
it can also be a valuable means to quantify and communicate changes in human skin color.

The goal of color reproduction is to match the actual object being viewed with the object viewed
remotely via the device (Fig. 3-6) [32]. Color reproduction must match calorimetrically and visually as
close as possible. Because we use our brains to see things, we may not see the same colors even if they are
the same calorimetrically due to color adaptation and memory. On the other hand, when the lighting

environment is different, the colors are different calorimetrically, but they look the same visually.
Hunt's model [33] is famous for its color

a) Spectral color reproduction

b) Colorimetric color reproduction

c) Exact color reproduction

d) Equivalent color reproduction

e) Corresponding color reproduction

f) Preferred color reproduction

While a-c is to match physical colorimetry, d-f considers human appearance. The model used in
smartphones is f, where the captured image is adjusted so that humans would prefer adding a reddish tint
to the skin color. In telemedicine, color changes in the human face cannot be observed if the preferred color

transformation is used. For telemedicine, d and e are required for color reproduction when observing
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humans. For color reproduction, there is the method of using color charts, which is also used in academic
research [34]. Usually, to use the color chart is to photograph the color chart and the object simultaneously
when shooting; DIC Corporation also provides calibration charts for digital color guides. The achromatic
portion of the color chat helps measure the luminance of the area. The colored portion is used to reproduce
the color. Many color patches increase the accuracy, but since the accuracy is based on the color of the

patches in the color chart, the burden of quality control increases in response to many colors.

In this study, we use a color chart-based method for calibration.
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Fig. 3- 6. color reproduction pipeline.

3.4 Non-contact biometric evaluation

Psychological evaluation, which is observing a human being, is similar to observing a patient in medical
practice. The heart rate fluctuates due to changes in the mind and body. In medicine, measuring the heart

rate using a stethoscope is a common practice. The heart rate variability, R-R wave interval changes of the

25



pulse have also been used to measure emotion. The heart rate variability R-R affects the sympathetic and
parasympathetic nerves, so it is used to capture changes in human emotions, and there are many research
examples.

Human heart rate measurement requires accuracy and reduced impact on patients and subjects. The
ECG is usually used in medicine because it can measure the heart rate with high accuracy. The
electrocardiogram measures the electrical signals of the heart. Since the pulse wave is generated due to the
heart contracting with electrical signals, the pulse rate obtained from the ECG and that from the pulse wave
coincide. Therefore, when measuring the reliability of the heart rate, the difference between the ECG and
the pulse rate is compared.

In the case of arrhythmia, a condition such as blood not flowing due to a blockage in a blood vessel
occurs, the heart rate on the electrocardiogram may not match the heart rate obtained from the pulse. In
addition, since the body condition in which blood flows and the arteries themselves have rheological
properties, the pulse wave fluctuates even with exercise, arteriosclerosis, and other diseases. Because of
this, the nature of the signal obtained from the ECG and the pulse wave signal differs, the pulse wave
provides different information from the ECG. For example, pulse wave velocity can be determined, and
arterial stiffness can be judged by measuring pulse waves from the ECG and the extremities. Along with
electrocardiography, pulse oximetry is another method that is considered effective in measuring heart rate.

The principle of the pulse oximeter is to use infrared light to detect changes in the amount of hemoglobin
caused by the beating of arterial blood [35]. For example, pulse oximeters measure heart rate (HR) in the
first few minutes after birth because it is difficult to wear an electrocardiogram [36]. There is also a proposal
to use electromagnetic waves to indirectly measure the contraction of blood vessels for heart rate
measurement. The microwave-based method detects body surface movement by microwaves and captures
the heartbeat and lung movement to detect vitals. However, this requires special equipment [37], [38] . The
proposed camera-based methods for measuring vitals include RGB cameras, infrared cameras, and time-
of-flight (TOF) cameras. An RGB camera-based method has been proposed to measure rats and wild
animals' HR and respiration rate (RR) by capturing their skin movements with a camera [39], [40], [41],
[42], [43]. There has been much research in recent years on the use of RGB cameras.

There are two main methods: one is to capture the change in hemoglobin level based on the contraction
of blood vessels, and the other is to use the change in luminance obtained from the change in body surface
based on the contraction of blood vessels. The method that captures body motion requires the removal of
noise from motion other than that of the heart and breathing. The method that captures the change in
hemoglobin amount based on the contraction of blood vessels is robust against noise because it is not
affected by luminance if only the amount of hemoglobin is separated by independent component analysis.
Wang et al. have proposed a method for noise reduction [44]. Independent component analysis (ICA) and

wavelets have been proposed as signal processing methods to capture weak signals. Fukunishi et al. [45]
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have also developed a signal separation technique using ICA. Another advantage of using an RGB camera
is that if it can observe the flow of blood, it can observe blood flow. Kamshilin et al. [46], [47], [48] is
researching to understand the flow of blood by breaking down the photographed areas in detail. In general,

pulse waves can be detected using the method shown in the Fig. 3-7.
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Chapter 4: Development of Texture Communication Tools

In this chapter, we describe the development of a tactile communication tool. When sharing tactile material
information, a new method of presenting tactile samples was considered because of the difficulty of
transmitting tactile information in a mobile work environment. Therefore, we have developed a tool for

tactile sensation.

4.1 Introduction

With the shift from mass production to small-lot, high-mix production, one of the ways to create
differentiation and high added value for products is by adding Kansei value such as tactile sensation. In
2007, in Japan, the Ministry of Economy, Trade and Industry (METI) proposed the Kansei value Initiative
[5] as a national policy, positioning Kansei value as the fourth value axis beyond function, reliability, and
price. In the field of academic research, the Ministry of Education, Culture, Sports, Science and
Technology (MEXT) has been conducting a cross-sectional project called “Brain and information science
on SHITSUKAN (material perception) [10]“ since 2010, and “Innovative SHITSUKAN science and
technology [11] since 2015. Based on these projects, exchange of information has also been established
to deepen the scientific understanding of texture and promote texture-related technologies. As for social
implementation, MEXT is implementing the “Center of KANSEI Innovation Nurturing Mental Wealth in
the Center of Innovation (COI) Program [12]“ project. In this way, Kansei value is becoming increasingly
important. However, in actual product development, when reflecting a designer's Kansei words in a product,
such as “good texture,” many prototypes are created and selected through trial and error. Among the five
senses, color sense has been the subject of much research. In practical use, color reproduction in e.g.,
monitors and printed materials is performed using the three primary colors. Tactile perception, which is the
subject of this paper, is even more complicated, and attempts have been made to define it using various
parameters [49]. We have been creating color guides, developing various tactile materials, and developing
quantification technologies. To develop tactile products efficiently and quantitatively, we attempted to
apply these technologies to develop a tool to clarify what kind of tactile sensations designers and others are
demanding. In this paper, we describe the background of the base technology for quantifying tactile

sensation, develop a “Texture Guide” tool, and then evaluate the Texture Guide.
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4.2 Development of quantification technology for tactile sensation

4.2.1 Quantification of tactile sensation using dynamic friction coefficient

We focused on Shittori feel as an expression of tactile sensation and attempted to measure it using
conventional physical measurement methods such as dynamic coefficient of friction and surface roughness.
However, we could not find a suitable conventional method that correlates with Shittori feelings. We
focused on how people move their fingers on an object to confirm their sense of tactile sensation. Based on
the hypothesis that there is some correlation between finger movement speed and the coefficient of kinetic
friction, we measured the coefficient of kinetic friction at several different measurement speeds. The
measurements were conducted using a texture analyzer manufactured by Stable Micro Systems. The contact
surface of the friction device was 63.5 mm x 63.5 mm, the weight was 200 g, and the surface was covered
with felt. Measurements were performed at three different speeds: 2 mm/s, 20 mm/s, and 40 mm/s.

We used three types of paper for the evaluation: plain, matte, and paper with a “peachy-feel” finish that
provides a Shittori feel. The results showed that the coefficient of kinetic friction of the regular and matte
papers did not change with measurement speed. In contrast, the coefficient of kinetic friction of the paper
with the “peachy feel” increased with measurement speed (Fig. 4-1). In preliminary experiments, the
coefficient of friction decreased with increasing measurement speed on paper that was considered to have
a “dry” feel. These results suggest that when people feel tactile sensations with their fingers, they recall a
wet or dry feeling by sensing a change in the coefficient of kinetic friction that is different from what they

expected [50].
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Fig. 4-1. Dynamic friction coefficent.
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4.2.2 Psychological evaluation of tactile samples

Metal beverage cans are designed in a variety of ways to make them attractive to consumers. While many
designs appeal to the sense of sight, few designs appeal to the sense of touch. We focused on designs that
appeal to the sense of touch. The purpose of the survey was to examine the psychological evaluation of
tactile samples with systematic physical quantities.

The three parameters varied in the sample preparation were the particle size of the polymer beads that
are blended in for tactile sensation, the hardness of the beads, and the coating resin. The psychological
evaluation included adjectives such as “smooth” and “rough,” which are considered to be directly related
to physical properties, as well as catchphrases in beverage products such as “cute” and “wild”.

The results showed that adjectives directly related to physical properties were correlated with
formulation, primarily particle size, while “cute” also showed a high value in a specific particle size range
[51].

The details of the experiment are as follows. For the evaluation experiments, we used a coffee can-like
container. To make this container, we first coated a metal plate with coating layer using a bar coater and
cured using heat treatment, then we wrapped the plate around the container. The coating film composition
used in the preliminary experiments consisted of three types of coating resins, seven types of beads with
particle sizes ranging from 6 pm to 93 pum for each resin, and four types of bead hardness, and a bead
content of 5% by weight. We also prepared a sample consisting only of the coating resin without beads. In
addition, two different weights of containers were prepared for each sample. Sixty-six different samples
were prepared, except for cases where the blended material was not dispersible enough to make a coating
film. Using the 66 types of samples, we conducted a preliminary experiment to select the samples for the
main experiment. After excluding samples with similar tactile sensations, a total of 26 different samples
were selected for evaluation in the main experiment.

For the main experiment, the 26 samples were subjected to evaluation by 12 participants, six males and
six females, aged in their 20s. Among the results, analysis of variance for bead hardness, resin material,
and gender for “cute” showed that there was a significant main effect for bead hardness in tactile
presentation (p < 0.05), and the softer the bead, the higher the rating. The results of the analysis of variance
for bead particle size, resin material, and gender for “cute” were as follows. a) There was a significant main
effect of bead particle size for all presentation methods (p < 0.001), and the smaller the particle size, the
higher the rating. b) There was a significant main effect of gender for visual and tactile presentations (p <
0.001), with females having higher ratings than males.

Figure 4-2 shows a two-dimensional texture guide by cutting the samples used in the above evaluations
into small pieces and pasting them on an A4-size paper. The horizontal axis represents the particle diameter

of the beads, and the vertical axis represents the hardness of the beads. The difference in tactile sensation
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due to the difference in coating resin can be achieved by using multiple sheets with different coating resins.
The white squares on the sheet in Fig. 4-2 are the samples, and the gray squares contain no sample. Not all
of the samples were attached because of the problem of the dispersion state of the coating and the number

of person-hours required for the experiment.

Average particle size of beads
6u 10p 15pn 221 32u 50p 93
Amount of beads Amount of beads Amount of beads 5%
5% 2% | 5% | 10%

Bead composition

Fig. 4-2. Photograph of bead-coated resin samples.

The white patches are the sample, and the gray patches have no sample.

Photo courtesy: DIC Corporation

4.2.3 Interaction between texture and color

Commercial beverage cans emphasize designs that appeal to the visual sense. We conducted a sensory
evaluation of the interaction between color and texture, with the value addition from texture [8]. Details of
this experiment were as follows. A pair of adjectives were selected from among those used in previous
studies to evaluate visual and tactile sensations. The visual stimuli were different hues (color types). The
samples were presented in pairs, one as the reference/standard sample and the other as the target sample,
and each sample was fixed with a magnet so that the samples could be touched in a stable manner (Fig. 4-
3). The visual stimuli were provided in stereoscopic view using the Oculus Rift head-mounted display
(HMD) (Fig. 4-4). The model right hand displayed on the HMD is shown in animation touching either
standard (right) or target (left) samples. The aim of displaying the model hand in the HMD is to control for
the different touching methods when humans touch the samples (Fig. 4-5). The results showed that

differences in the color of the model affected the evaluation of all pair of adjectives. To be more specific,
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the experiment was conducted with 24 participants, 12 male and 12 female students in their 20s who were
normal color vison. The samples used for evaluation were the same shape as those described in the previous
section, but with three different particle sizes (10, 22, and 93 pm). Seven colors types (yellow-red, yellow-
green, blue-violet, red-violet, gray, black, and white) were presented in the HDM. The number of pair of
adjectives pairs used was 21. A three-way analysis of variance was performed on the experimental results.
a) All pair of adjectives had a main effect of color (p < 0.01). b) Particle size had a main effect for all pair
of adjectives except “warm-cold” and “sharp-dull” (p < 0.05). ¢) Gender had a main effect on the pair of
adjectives “pleasant-unpleasant,” “warm-cold,” and “wild-not wild” (p < 0.05).

These results indicate that color and particle size have a more significant effect on sensory evaluation
than gender, with color having the most significant effect. As an example of the effect of particle size on

color perception, reddish-purple tended to increase the evaluation of “feminine.” In contrast, gray tended
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4.2.4 Quantification of Grasping

Quantifying tactile evaluation using beverage cans is necessary to consider universal design, such as the
ease of holding. In order to quantify the ease of grasping, we considered using an index based on the
relationship between the coefficient of kinetic friction and the measurement speed that we developed, which
did not provide a good correlation. Next, we used the eccentricity index proposed by Kurita et al. [52] to
determine whether a correlation could be identified. Details of this experiment were as follows. Eccentricity
is a measure of the change in the area of the contact surface. An apparatus (Fig. 4-6) was used for this
purpose. An infrared camera can identify the change in the area. Three texture samples were prepared by
bonding polymer beads of different diameters (15 pm, 32 pm, and 93 pm) to polyethylene terephthalate
(PET) film. The slider movement speeds were 2.5 mm/s and 10.0 mm/s. The eccentricity was determined
by applying a 5 N force in the vertical direction. The subjects were six healthy males. To investigate the
relationship between the measurement data and human sensibility, principal component analysis and
multiple regression analysis were performed by combining eccentricity, physical parameters of the film,
i.e., bead diameter, roughness, and coefficient of kinetic friction, with the sensibility evaluation conducted
by Okura et al. As a result, we found that eccentricity at the beginning of slippage, independent of the film's
physical parameters, also affects the sensitivity [53]. This method shows that the change of eccentricity E

for the slider travel distance L, dE/dL, is assumed to have a higher grasping sensation than slippage, because
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the smaller the value, the higher the stickiness. Based on these results, it is possible to quantify the

sensitivity of grasping.
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Fig. 4-6. Experimental equipment [S3].

4.3 Development of texture (Kansei) communication tools

This section explains our proposed communication tool for sensibility, which emphasizes the sense of
touch. Generally, in the process of developing a textured product, the first step is for the material
manufacturer to propose to the user using a catalog or product catalog, and then propose several types of
prototypes that meet the user's needs Kansei value and then make improvements according to the user's
needs. Since there is no simple correlation between human sensibility and physical properties,
commercialization is conducted using trial-and-error. For this reason, the material manufacturer often
proposes texture samples that are extensions of existing products that have been quantified to some extent,
even though they are products that respond to human sensitivity. The quality control agreement for the

commercialization of a product cannot be limited to numbers.
The goal of the Kansei communication tool we propose is to solve the above problems:

1) By presenting texture samples, the direction of sensitivity and physical properties will be clarified and

used as a guideline for development and improvement.
2) To quantify Kansei information for efficient development.

This proposal helps to ensure efficient product development. The development of a Kansei communication
tool was based on a sample (Fig. 4-2) that showed a systematic sample in two dimensions, which was used
in the experiment to quantify tactile sensation. The concept of our Kansei communication tool is shown in
Fig. 4-7. The tool is equipped with texture information so that those in charge of materials can share the

same understanding of the designers' and product developers' direction of preference. The numerical values
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of the samples mounted on the tool can be used as feedback for product design. In addition, the tool can be
equipped to samples with textures that go beyond the scope of current products so that designers can further
expand their ideas. The arrangement of the samples in the communication tool should be based on the
human perception of the material in multiple dimensions. According to Okamoto et al., tactile sensation is
based on macro-roughness, micro-roughness, hardness, softness, friction, and warmth/coolness [20] .

We consider that this tool would be improved if it included samples based on this idea. Considering the
perception of materials by humans, the correlation between the image that people perceive of warm/cool
and hard/soft sensations and the physical properties is relatively well. In contrast, the physical property
information, such as macroscopic unevenness, microscopic unevenness, and friction, is difficult to consider
a sensible image; alternative onomatopoeias such as smooth, rough, and moist are considered effective. The
samples to be placed should not be limited to existing products but should also include prototypes and
natural materials so that human perception can be systematically measured. Kansei communication tool is
different from conventional catalogs based on physical properties. Material manufacturers can use this tool
by adding physical properties e.g., specific gravity, thermal conductivity, heat flux, surface roughness,

friction coefficient, viscoelastic behavior related to sensibility, and conventional physical properties.

of designees

Quantification of
‘Kansei’ value

= DIC Color DIC Texture
Guide Guide

Development of
new products

{ Material Information

Fig. 4-7. Concept of communication tool.

4.4 Creating a Texture Guide

As a first step in developing a communication tool, we created a “texture guide” that combines the two axes
of “color” and “touch.” This study aimed to investigate the necessity of a Kansei communication tool and
the value of adding texture to an exhibition. This study aims to investigate the need for Kansei
communication tools and the value of adding texture to exhibits. For this reason, the texture guide was
designed to be something that designers and product development departments could touch. In addition, to
make the concept easier to understand, we considered a combination of commercially available DIC color

guides and tactile printed materials using a newly developed tactile varnish.
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Figure 4-8 shows the texture guide that we created. The specifications of the texture guide consist of a
front cover, a back cover, seven color charts sandwiched between them, and seven PET films printed with
various patterns using tactile gravure varnish. These are fixed with pigeonholes and can be easily rotated
around the pigeonholes so that combinations of colors and textures can be tested. The size of the color chart
is the same as that of the commercially available DIC Color Guide (200 mm x 60 mm). For the color chart
section, seven green colors were selected with green tea beverages in mind. For the tactile printing part, a
significant pattern was used to recognize the difference visually. The texture guide that we created for the
evaluation was designed to focus on the concept of a Kansei communication tool, so we could not include
specifications that would systematically capture the changes in human perception. To compensate for this,

when we evaluated the tool, we also presented the systematic sample shown in Fig. 4-2 at the same time.

Texture

Sheet

< Color sheet

Fig. 4- 8. DIC Texture Guide (Sheet Sample).

Photo courtesy: DIC Corporation

4.5 Evaluation of the Texture Guide

At the packaging-related exhibition “TOKYOPACK2018” (10/2/2018-10/5/2018, 4 days), we evaluated
the booth of “Texture Sample (Kansei Communication Tool)” in the exhibition space of DIC Corporation.
The evaluation method was based on a questionnaire survey of visitors. Two staff members were stationed

at the booth for all four days to explain and conduct the survey. The survey was conducted by the author
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and the person whom the author instructed. The survey, which was conducted simultaneously with the

explanations at the exhibition, was based on the following procedure.

1) An explanatory staff member explains that the texture guide is intended to communicate to visitors, and
that the texture guide is a prototype under consideration for commercialization according to the customers'

requests.
2) Present the texture guide.

3) Reiterate that the original purpose of the questionnaire was to create a systematic communication tool

and provide an explanation by showing a systematic sample, Fig. 4-2.

The staff member filled out the questionnaire with the paper and writing utensils during the explanation to
the visitors or by the staff member himself after the visitors left. The questions were: “Are you interested
in the texture guide? “Do you want the prototype? Furthermore, “Do you want this prototype? As a result,
64 people responded to the questionnaire, 49 (77%) of respondents answered “I am interested”, of which
and 21 (31%) answered “I want a prototype. “ The opinions and requests were as follows: “I was intrigued
by the quantified samples (printing equipment-related manufacturer),” “I am interested in the quantification
of sensitivity (printing company),” “It seems to be useful as a solution since we are having problems in
communication with designers (confectionery manufacturer) The author's hypotheses were: “I am
interested in the quantification of sensibility communication (printing company),” “I have a problem in
communicating with designers, so this may be useful as a solution (confectionery manufacturer),” “This
may be a good tool to communicate with designers (industry unknown),” “This is a good initiative, so I
would like you to expand it to brand owners (converter),” and “I would like you to sell the guide (multiple
companies). “The author hypothesizes that sensibility communication tools are necessary for material
manufacturers and users and that the value of adding texture is also recognized. The survey results showed
that 77% of the respondents were “interested” in the tool, and there was also a request to sell the tool, which
confirmed the necessity of the tool and the value of the texture to some extent.

Some of the visitors asked for an explanation of the concept of the tool after the exhibition, so we
provided individual explanations. The participants agreed with the concept and the value of the tactile

sensation.

4.6 Issues and Development of Communication Tools

This study aimed to propose a Kansei communication tool at an exhibition and ascertain the tool's needs.
The survey of visitors is qualitative since the survey was conducted in an exhibition environment. Many of
the visitors (77%) responded that they were interested, suggesting the authors' usefulness of the systematic
sample-based communication tool. Regarding the texture value, even though the samples we presented

were not systematic, 31% of the visitors responded that they would like to have a prototype using texture,
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suggesting that a certain proportion of people feel the value of texture. Since we were able to confirm the
usefulness of the communication tool, we decided to develop a prototype, "DIC Material Box," which is a
development of the texture guide. The DIC Material Box was designed to facilitate the development of
products with Kansei value based on the sense of touch and facilitate the selection of materials. The concept
of DIC Material Box is to provide systematic samples of surface characteristics of materials, such as
warm/cold sensation, hard/soft sensation, and smoothness/roughness, which humans perceive, and to
identify the preferred sensibility vectors for designers and product developers. The concept of DIC Material
Box is to clarify the vector of sensitivity for designers and product developers.

Figure 4-9 shows the DIC material box, which measures W427mm x D304mm x H104mm and can
hold four sample holders. Each sample holder can hold 16 samples (4 x 4). This arrangement allows the
user to vectorially feel the two-dimensional tactile characteristics of the material, such as the hardness and
softness of the material and the roughness of the material. Since there are 4 sample folders, various
combinations of tactile sensations can be mounted. The following is a description of the two-dimensional
tactile combinations. Two-dimensional combinations of material hardness/softness and surface properties
(smoothness to roughness) and warm/cold sensation and surface properties are prepared. The box that can
perceive the hardness/softness and surface properties (smoothness to roughness) of the material is made of
urethane resin with four different hardnesses for the core part and attached with a film with four different
surface roughnesses. For the hot/cold sensation and surface properties, four different surface roughnesses
were created by spraying abrasives on the surfaces of four different thermal conductivity samples. The other
two boxes contained samples of natural materials, unique textures, and other samples that would stimulate
ideas for product development, regardless of the two axes.

Currently, designers and product developers are beginning to use this prototype as a reference for
selecting materials. Designers and product developers have evaluated the tool as a promising tool for the
future, as there has never been a systematic combination of tactile sensations in two dimensions. However,
since the tool is being utilized with priority given to business applications, evaluation from an academic
perspective, such as its usefulness, is an issue to be addressed in the future. In the future, we plan to consider
the goals of this research, such as conducting sensitivity evaluation by changing the combination of two
dimensions and developing products by having both parties use the tool remotely.

In our attempt to quantify tactile sensations, such as a feeling of "shittori," which we have focused on
in the quantification of sensitivity, a study similar to our proposed method using the coefficient of kinetic
friction was recently reported [54], [55], [56]. These study focused on the "moist feeling" as we did, and
the evaluation objects were cosmetic powders, artificial leathers, fibers, resins, and metals. For the
evaluation of dynamic friction, a finger model made of urethane resin was used as a probe, and a sinusoidal

motion friction evaluation device that makes a sinusoidal motion was used to evaluate friction force
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On the other hand, our proposed method uses a felt cloth as a friction probe and paper or coated
metal/film as the object to be measured and measures the coefficient of friction by changing the probe's
speed during the measurement of dynamic friction. The results of this research were presented at a

conference in Japan in 2015 [50] and a patent application was filed in 2014-2016 [57], [58], [59].
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Fig. 4- 9. DIC Material BOX
Photo courtesy: DIC Corporation

4.7 Conclusion

This study describes a proposal for a tool for quantification and communication of sensibility, focusing on
tactile sensation. These tools are expected to reduce the stress and efficiency of communication by reducing
trial and error, since the material supplier can understand the sensibility requirements of the designer as
physical property information. When a customer requests a sensibility product outside the tool's scope, the
direction of improvement can be confirmed through physical property information, which clarifies the
guidelines for product development and improvement. Since the texture guide is coated on a rigid base
material, the physical property information is limited to surface roughness, friction, and adhesion. When
using flexible materials such as artificial leather, the rheological properties of the soft base material also
affect tactile sensation. The “DIC Material Box”, which is currently under development, will incorporate
these elements. While the quantification of sensibility is helpful in manufacturing, a large amount of data
is required in various fields. Although it is difficult to collect data from the internet for evaluations using
objects, such as tactile sensation.

By acquiring tactile data using the tools we have presented, it can become high-quality data for creating
products with sensory value. In the future, it will be necessary for consortiums to collaborate in the creation

and standardization of general-purpose tools.

39



Chapter 5: Development of a camera-based remote diagnostic system
focused on color reproduction using color charts

In this chapter, we will explain our development of color reproduction using color charts for telemedicine.
In telemedicine, color reproduction is necessary because accurate observation of the patient's skin color is
necessary for medical treatment. In remote sensory evaluation, it is also necessary to capture changes in the
subject's facial expressions. This chapter describes color reproduction and automatic correction using color

charts, which are necessary technologies for telemedicine and remote sensitivity evaluation.

5.1 Introduction

The telemedicine market is growing, particularly in the area of chronic illness, because conducting
interviews and observations thorough a network is sufficient for an examination of such illnesses [60].
Because it is necessary to conduct a medical examination of the area of infection even during ordinary
medical checkups, owing to the spread of COVID-19, the importance of telemedicine has been recognized
as a means to prevent infections in healthcare workers conducting diagnosis and treatment [61], [62]. If the
number of patients is significantly increased, it will become difficult to care for all patients in the hospital,
and asymptomatic or mild patients will be forced to move to a hotel, home, or other unsupervised area. For
the care of such patients, it is also extremely important to monitor any sudden deterioration in their
condition, for which telemedicine will play an extremely important role.

To address this situation, Greenhalgh et al. published a guide for general practitioners in charge of
primary care (video consultation: March 2020 BJGP Life Practice Guide) [63]. This guide notes that pulse
measurements using fitness equipment may not be suitable for assessing the patient status from the
perspective of reliability. Regarding the examination of color, “skin features (such as flushing, pallor,
cyanosis—though note that if lighting is suboptimal this can be difficult to assess)” should be noted at the
time of a medical examination. As the guide indicates, a proper color examination is important.

The importance of a color reproduction in medicine is also described in [64]. In particular, it is noted
that telemedicine is affected by significant color errors incurred through the differences in the setup
conditions, such as the illumination [65] . Dermatologists, dentists, and otolaryngologists observing patients
based on the color of their face and tongue may make an improper diagnosis if the color is not reproduced
correctly. A practical color reproduction system was standardized by the CIE [66] . In achieving a color
reproduction in telemedicine, monitor correction on the doctor’s side can be performed relatively easily
using a profile creation tool of a commercially available display device. However, a correction on the

patient’s side is not easy to achieve, because a correction when the color of the light source and camera
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characteristics may be needed. Because the light source and camera for each patient usually differ, such a
correction should be performed for each patient and illumination condition.

Therefore, in this study, we created a color chart for a color examination that can be used immediately
for each patient during telemedicine. We will examine whether the color examination of the patient’s skin

or tongue has reached a level sufficient for a diagnosis.

5.2 Methods and Results

We propose an accurate color examination approach for a telemedicine system using a color chart designed
by medical doctors. The color chart can be used by following two strategies for a color examination of the

patient.

1) In the first strategy, the color chart is placed next to the face of the patient, and the face and color chart
are captured in the same image. The medical doctor is asked to view the difference in the color chart
between the patient and doctor sides. Based on this difference, the medical doctor is expected to be able

to examine the color of the patient appropriately.

2) In the second strategy, the color chart is also placed next to the face, and the face and color chart are
captured in the same image. The software calculates the difference in the color chart between the
patient’s side and the doctor’s side. The software can correct the color on the patient’s side for
presentation on the doctor’s side by using a color transformation function. After the color transformation
is obtained, it is no longer necessary to present the color chart using the same color transformation

functions.

This study was conducted with the approval of the Ethics Committee of Kanazawa University School of

Medicine.

5.2.1 Creation of color chart including skin and tongue colors

Skin color and tongue color are different for individual. Therefore, in selecting the skin and tongue color
four Kampo doctors discussed and extracted representative colors that were considered to be effective for
color judgment from the tongue image and the skin image. The difference in color between individuals is
can be considered to be the deviation from this representative color, and this difference in color between
individuals can be examined by the eyes of a doctor.

The proposed chart is designed to be used only for the yellow race. Since the color of the tongue is the
color of the mucous membrane, it is generally said that it is not related to the race for the tongue color.
However, since we have not examined this relation deeply, we need to ask the user to the color chart only

for patient of yellow race.
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The proposed design is shown in Fig. 5-1. The color chart is the size of a business card for easy handling.
Because the medical doctor is asked to see the difference in the color chart between the patient’s side and

the doctor’s side, color patches are used to make it easier to accomplish.
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Fig. 5-1. Proposed color chart arrangement and selection of seven important colors.

Table 5-1. L* a* b* color values for the proposed color chart.

A B C D E

L*, a*, b* L*, a*, b* L*, a*, b* L*, a*, b* L*, a*, b*
a 97,0,0 28,24, -55 43,-12, 18 52,50, 13 58,27,7
b 87,0,0 67, 20, 14 51,0, -25 56, -37, 30 60, 20, 5
c 76,0, 0 62, 38, 55 82, 6, 74 42,57,24 78, 30, 15
d 64,0, 0 72,22, 62 40, 14, -47 70, -30, -4 48,25, 2
e 51,0, 0 30,27, -26 38,17, 12 55, 14, -30 33, 40, 30
f 36,0, 0 50, 54, -18 51,-21,-30 73,-22, 54 72,822

The L*a*b* color value is calculated by using white reference plate under D50 light source.

A grayscale is arranged in 6 steps on the left side to judge lightness and contrast, and 17 colors are
arranged in the middle to see the general color change. Seven types of skin and tongue color, which are
important for examination, are placed on the right side. These colors are based on the colors of the skin and
tongue, which have been judged to be important by a Kampo practitioner. The L*a*b values of the colors
are shown Table 5-1. Because the color changes depending on the printing conditions, the version number

is given. The medical doctor and patient should use color charts of the same version. In addition,
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considering an automatic color discrimination, we also placed two markers diagonally across the corner.
To handle the color chart correctly, we placed a logo on the upper part and provided a blank part on the
lower left. The print data were created using Adobe Illustrator and printed on a dedicated matte paper using
an industrial inkjet printer.

The color quality of the products was confirmed using a colorimeter.

5.2.2 Telemedicine using only a color chart

With the cooperation of eight doctors of Kampo medicine from Kanazawa University Hospital, we
examined whether the color examination of the patient’s skin or tongue reaches a level that can be applied
for diagnosis.

The outline of the experiment is shown in Fig. 5-2. First, the patient uses a smartphone to take a
photograph of both the patient and the color chart in a single image, and sends the photograph to the doctor
through email or SNS. The doctor compares the actual color chart on the doctor’s side with the color chart
in the photograph sent by the patient to determine the color change.

The doctor compares the actual color chart on the doctor’s side with the color chart in the photograph
sent by the patient to determine the color change.

The paper used for the chart is 243 micrometers thickness for jet ink that does not bend under normal
use. Matte paper was used for this color chart. Even if the matt paper due to the positional relationship
between the light source and the camera, the captured chart may be suffered by the specular component
that reduces the color reproducibility. Therefore, it is necessary to ask the user of color chart to prevent the
setting of light source and color chart where the specular component is appeared on the paper. We need to
confirm this situation to medical doctors and patients.

For doctors who are unfamiliar with conducting a color comparison, we also prepared a specific

procedural manual. The contents of the manual are as follows.

1) Gray scale: Observe the transition from black to white on the left side of the chart to note the contrast in
the image. Observe the brightness level and color balance to determine the lighting environment and

the characteristics of the camera.

2) Consider the difference in the appearance of the color of blood by comparing the multiple red patches

and observing their strengths and weaknesses.
3) Compare patches of healthy tongue and check for shades of color.

4) Compare the blue patches and check the intensity of the color. The difference between red and blue can

then be seen.

5) Use a patch of tongue color to determine the patient’s condition more accurately.
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6) Identify any inflammation using a provided patch showing the color of skin with dermatitis.

In this section, doctors were asked to evaluate patients using their own different smartphones, computers,
different lighting environments, and different applications. In this environment, medical doctors evaluated

whether they could make judgments about tongue and skin color by visually referring to color patches

without automatic correction.

The evaluation results of the eight doctors are shown in Table 5-2.
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Fig. 5- 2. Usability survey by comparing color charts.

Table 5-2.  Evaluation results by eight medical doctors for the proposed color chart

No.

Comments

1

I think it is very good to have a color checker because I can make corrections depending
on the model and lighting. Because it is difficult to judge a moving image, it seems good
to receive multiple still images to make such a judgment.

Once I got used to it, I was able to use it.

I felt that the color chart leads to an objective diagnosis.

I found it difficult to tell if there was a shadow or not unless the light came from the front
of the tongue. If possible, images taken from three directions, the frontal, first oblique, and
second oblique, would provide a more reliable diagnosis. But it would be complicated.

For the tongue color, if you are unfamiliar to you, there may be subjective impression of
the color, so I think the proposal is good.

It seems to be useful for telemedicine. I hope to the patients and doctors will get used to
it.

Until now, I was unable to understand what I was looking at, but I felt the potential of the
chart.

Skin diseases can be diagnosed accurately by the simultaneous color checker and imaging
of the affected area before and after treatment and over time.

The opinions of doctors with color knowledge evaluated the system highly, whereas doctors with little
color knowledge found it useful after we explained to how it should be used. There were no negative
opinions, and it was determined that the examination could be conducted better than without the color chart.

From the above results, it was found that “color correction using color charts to asked medical doctor

to see the difference of the color chart between patient side and doctor side” is effective in emergency
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situations, but for many doctors to use it, knowledge of color reproduction and experience in telemedicine
are required.

5.2.3 Automatic color correction using color chart

Automatic color correction is required for an easier diagnosis. We therefore propose reproducing the color
using a color chart. Figure 5-3 shows color differences in images taken using commercially available
smartphones under different devices and illuminations. We can see visually that the colors are different in
each image. The medical doctors stated that the color differences in these images tended to give improper
results for the examination.
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Fig. 5- 3. Selfies photo under diverse conditions.

Automatic color correction using a color chart is performed in two steps, as shown in Fig. 5-4.

By matching the colors of every patch on the color chart, the image taken will be displayed correctly
on the doctor’s monitor. The first step (offline) is to adjust every color patch (using RGB data) displayed
on the monitor to match the color patch on the real color chart. The second step (online) is to adjust the

RGB data of every color patch captured by the camera to match the reference RGB data.
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Fig. 5- 4. Overview of automatic color correction method

Matte paper was used. In this case, depending on the positional relationship between the light source and

the camera, the glossiness that deteriorates the color reproducibility may be appeared on the captured chart.
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Therefore, it is necessary to ask the user of color chart to prevent the setting of light source and color chart
where the specular component is appeared on the paper. We need to confirm this situation for medical

doctors and patients.

5.2.3.1 Display color reproduction

The colors on the color chart that the doctor sees depend on the light source in the room. This is because
the spectral distribution of the light that illuminates the color chart depends on this light source. Therefore,
when the light source is different, the color when observing the color chart differs. In addition, the
performance of the display varies depending on the model, and the same color cannot be output even if the
same RGB is input. Thus, the correction starts by adjusting the color development of the monitor using the
color of the color chart observed by the doctor as the correct value.

Because people recognize color by the three stimulus values XYZ, the XYZ values of each color patch
on the color chart, which are the correct values, were measured using a colorimeter under the same lighting

environment as the doctor. The monitor side correction was performed with reference to [67].

The relationship between the luminance and input level is

L’R = aoRz + alR + a,;
L’G = boGz + blG + b2 (5'1)
L,B = C()Bz + ClB + Cy

where L', L’g, L’ are the luminance of R, G, B respectively, and ai, bi, ¢i (i = 0-2) are the coefficients.
The tristimulus values X, ¥, Z on the display can be decomposed to R, G, B as shown in the following

equation:

X’ X’R +X’G +X’B
= Y,R + Y,G + Y’B N (5-2)
Z'n+Z'c+27'g
where, X, Y, Z'i (i = R, G, B) are tristimulus values for red, green, and blue luminescence, respectively.
The tristimulus values corresponding to each luminescence can be calculated from L, x, y when the monitor
is measured. The relationship between X-Y and Y-Z of each emission can be expressed through the following

linear equation:
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X,R = aRY,R + bR

X’G = aGY,G + bG
X’B - aBY’B + bB
Z,R = CRY’R + dR (5_3)
Z,G = CGY’G + dG
Z’B - CBY’B + dB,
where a;, b;, ¢i, and d; (i = R, G, B) are the coefficients.
Equation (5-4) is obtained from Equations (5-2) and (5-3).
X' agY'r +agY'c +agY'p + by + bg + by
(Y’) = YR+Ys+Y'g
Z’ CRY’R+CGY,G +CBY’B +dR+dG +dB
=AlY, |+ ( 0 ) (5-4)
Y'p dp +d; +dp

ar 4 ap
A:(l.O 1.0 1.0>

Cg Cg Cp

From Equation (5-4), the luminance of each RGB can be calculated using Equation (5-5) when the three

stimulus values X'Y'Z" are to be displayed on the monitor.

L,R Y,R X’_bR_bG_bB
Lg|=|Ye]=4"" Y (5-5)
L’B Y’B Z’_dR_dG_dB

According to Equation (5-5), R, G, B can be calculated by applying the luminance obtained through
Equation (5-2). This allows the doctor to correct the display.

We will explain the color adjustment of the monitor on the doctor side based on the calculation formula.

First, we measure the performance of doctor’s monitor. We change input RGB values by increasing the
value of the input value R from 0 to 255 by 8 with keeping the G and B values to be 0, and measure the
brightness on the monitor for each color. We execute the same operation about G, B channels. Since the
relationship between the RGB input value and the luminance L is shown in Equation (5-1), the parameters
of Equation (5-1) are obtained by multiple regression analysis based on the measured data. The next step is

to obtain the RGB values to input the monitor where the XYZ values measured by real color patch can be
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displayed. By inputting the X'Y’Z’ values into Equation (5-5), the monitor emission brightness, the RGB
values required for input can be obtained as follows. To determine the RGB value required for input, we
input the X’Y’Z’ values in Equation (5-5), and obtain monitor emission brightness. The obtained monitor
emission brightness is input into the inverse function of Equation (5-1), then the RGB input values are
calculated when the X’Y’Z’ values of the color chart are displayed on the doctor's monitor in the doctor's

environment.

5.2.3.2 Image color correction on the patient’s side.

Because the RGB values (standard RGB values) of each patch of the color chart projected on the doctor’s
monitor are calculated, the color can be reproduced by converting each RGB value taken at the patient’s
side into a standard RGB value. For this purpose, we describe the correction of images taken at the patient’s
side.

The conversion formula is obtained by examining the correlation between the RGB value corresponding
to each patch of the color chart displayed on the doctor’s display (reference RGB) with the RGB value
corresponding to each patch of the color chart taken on the patient’s display.

Specifically, a gamma correction is applied using the grayscale portion of the color chart and the
grayscale portion of the reference RGB. The RGB values are then corrected using all colors in the color
chart.

First, we extract the color chart part of the photograph using AR markers. The portions of each square
are further taken and averaged. The model is created through a multiple regression from the difference
between the averaged numbers and the reference RGB values. Based on this, all pixels are converted to
correct the color of the human face and tongue.

The details of the gamma correction are next described. First, such correction is applied based on the
luminance of the grayscale portion of the color chart measured by a colorimeter against the RGB value
when the grayscale was photographed. Similarly, this is also conducted for the grayscale portion of the
reference RGB value. Next, a gamma correction is applied for each RGB. In the case of R, the form is as

shown in Equation (5-6).

R, =aY" +b, (5-6)

where Rc is the R-value of the image taken, and Y is the luminance of the color chart’s grayscale. In the
grayscale of the color chart, the brightness of the grayscale is transformed to within the range of zero to 1

by normalizing with the brightness value of white such that black has a value zero and white has a value of
1. This model can be used to correct the gamma for any RGB value. Specifically, we compute the gamma-

corrected RGB values by multiplying the inverse function of Equation (5-6) for each value.
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Next, we construct a model using multiple regression on the color of each gamma-corrected color patch.

In the case of R, we have Equation (5-7).

R. =aR, + bG, + cB, +d, (5-7)

where R'c is the R value of the corrected image and Rr, Gr, Br indicate an un-corrected RGB value. Each
parameter is calculated by a multiple regression with every color patch.

Finally, the color correction is completed by performing a transformation on each pixel of the captured
image. The above program was created in Python.

As aresult, we were able to return the image to its original equivalent. The original and corrected images
are shown in Fig. 5-5.

One medical doctor compared the correct image with the corrected image, and rated the resulting color
correction as reliable.

The automatic color correction results of the seven important colors are shown in Table 5-3. The
evaluation image is “iPhone 11 Pro Lighting 1” at the far left of Fig. 5-3. For the color comparison, we
used seven important patches, one color for skin color of dermatitis and six different tongue colors. The
comparison about L *a*b* value was performed with images that were converted according to the correct
values of the color chart of the paper under the doctor's illumination and the paper under the doctor's
illumination. The light colors showed good matching, the dark colors had a difference of A5 or more, which
is a problem when visually observed.

Next, we will explain the comparison method for automatic correction of the proposed color chart and
a typical color chart. Our proposed method used all 30 patches on the color chart for automatic correction.
A typical color chart does not have tongue color. Therefore, to compare the effectiveness of automatic
correction with the case of using a general color chart, we compared with or without the tongue colors.
Comparative experiments were conducted using all 30 colors of the proposed color chart and 24 colors

excluding six tongue colors of the proposed color chart.

Reference image after color correction Original Photo
(iPhonel0) (Mac Built-in camera)

Fig. 5- 5. Automatic color correction result.
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The results are shown in Table 5-3. It has been shown that the proposed method produces a better
correction due to the number of patches exceeding A5 was smaller. From the above, the proposed color

chart including tongue colors worked well with automatic color correction.

Table 5-3. Error for seven important colors in Fig. 5.1.

L*a*b* error (4F)
Proposed method Using general 24 colors (excluding

Patch Number Using all 30 colors tongue colors)

E — a (Tongue, fur) 34 10.0

E — b (Tongue) 0.8 4.3

E — ¢ (Skin, dermatitis) 0.8 2.0

E — d (Tongue) 11.1 9.0

E — e (Tongue) 17.3 13.4

E — f (Tongue, fur) 1.4 33

D — a (Tongue) 1.2 7.1

5.3 Conclusions and Future work

The results of this study show that the use of color charts that incorporate the color of the human skin can

help doctors recognize the color of patient’s skin more accurately when applying telemedicine.

In this study, we created a color chart for a color reproduction that is easy to use with COVID-19, and
confirmed that it is possible to reproduce the facial and tongue colors of the patient accurately. We also
found that the captured image can be reproduced automatically using a color chart. If a color reproduction
can be achieved easily and automatically, it can be used by numerous members of the medical staff. This
study was conducted as part of an emergency response to the spread of COVID-19. Therefore, only a few
cases were considered, and there remains room for improvement in the proposed automated color correction
method.

In the future, we plan to improve the colors applied and the layout of the color chart for color correction
(which relies on human perception) based on the opinions of numerous medical personnel. For the color
used, it may be possible to select a color corresponding to the clinical department, such as dentistry, or in
consideration of the differences in the color of natural skin. We also plan to proceed with an automatic
color correction method that can easily handle changes in the lighting environment and display devices, in

addition to its application to moving images.
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Chapter 6: Development of telemedicine tools with an emphasis on visual
observation

This chapter describes the results of the evaluation of the telemedicine tool implemented in i10S, based on
the results of the telemedicine tool development conducted in the previous chapter. The telemedicine tools
include features such as patient color reproduction and non-contact vitals measurement of the patient. Non-
contact vital measurements have the potential to be deployed for detecting others' emotions and sensory

evaluation in mobile work.

6.1 Introduction

The demand for telemedicine services is increasing, and their value in the global market is expected to
expand from US$ 2.68 billion in 2016 to US$ 22.71 billion in 2025 [68]. Telemedicine services include
online medical care and doctor-to-doctor communication, specialist advice to doctors, home monitoring of
chronic diseases, and physical therapy guidance. With the spread of Covid-19, infection control in
healthcare is also an essential factor. To prevent the spread of infections, face-to-face encounters between
patients in medical facilities and between clinicians and patients need to be alleviated. Telemedicine is used
because it helps avoid face-to-face encounters [69], [70], [71]. Smartphones are used to monitor human
health to detect biometric information such as heart rate, respiration rate, sleep patterns, and activity levels.
However, a few of these health apps are reported to lack sufficient quality [72]. Meanwhile, smartphones
are used for telemedicine in ophthalmology and otorhinolaryngology [73], [74].

The development of video communication systems has been remarkable, and they are being used for
conferences, classes, and academic conferences. However, color management in videoconferencing
systems emphasizes the reproduction of preferable colors, which leads to incorrect judgements regarding
the color of a person's skin or tongue in telemedicine. The importance of color reproduction in medical care
has already been highlighted [64].

In Japan, the spread of Covid-19 has led to a rapid increase in the need for telemedicine from the
perspective of infection prevention, and the Japanese government has implemented measures to promote
online medical care, such as revising medical fees and allowing utilization from the first visit [75]. The
revised “Guidelines for the Appropriate Implementation of Online Medical Treatment” issued by the
Ministry of Health, Labor and Welfare in Japan in July 2019 [76] also states that, “...before implementing
online medical care, it is desirable to actually conduct tests using information and communication devices
to confirm the color and operability of images obtained through the devices”. However, no specific color
management method has been proposed thus far. The following processes need to be managed for accurate
color reproduction: image input, processing, transmission, and image output. The input section needs to

consider the characteristics of the ambient light, lighting, and camera; the processing and transmission
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section needs to correct color and prevent degradation; and the output section needs to adjust for the
luminous characteristics of the monitor and ambient light. Such color management techniques require
specialized knowledge and corrective equipment to be performed accurately. Therefore, doctors who
practice vision-oriented medicine have been demanding simple and accurate color reproduction systems.
In particular, Kampo doctors need to observe the color of a patient's face and tongue.

Kampo doctors use all five senses in their practice. The five senses are categorized as follows:
“inspection” by sight, “listening and smelling examination” by hearing and smell, “inquiry” by listening to
the patient's condition and subjective symptoms, and “palpation” by touching the patient. In “inspection,”
the doctor observes the patient's movements, skin color, and tongue signs [77]. We have been developing
a telemedicine system using color charts and RGB cameras to address the needs of Kampo doctors who
emphasize visual observation [78].

This report describes the implementation of the system on ISO devices such as iPhone and iPad, and

the verification results for practical application.

6.2 Methods and Results

This section provides an overview of the developed telemedicine system, improvement of the color chart,
evaluation of the automatic color correction module using the color chart, and evaluation of the pulse wave
measurement module.
6.2.1 Overview of Telemedicine Tools

Figure 6-1 shows an overview of the developed telemedicine tool. The system has two main functions:
color correction to correctly grasp the color of the face and tongue; and pulse wave measurement, which is
necessary for auscultation. The system also helps import images of questionnaires written by patients. These
functions were selected based on the requests of Kampo doctors. The color chart is used for color correction;
the patient uses an iOS device such as an iPhone or iPad, and the doctor uses a personal computer. The
color correction function was based on the method we proposed in a previous paper [78]. The pulse wave
is obtained from the hemoglobin value, by signal processing the video captured by the RGB camera [45],
[79].

Color correction »
and
Pulse rate detection

on a IOS device e ﬁ_ i
b

Patient-side e (o
Photo and Movie

Pulse rate 60
LF/HF 0.5

Doctor-side

Fig. 6-1. Overview of telemedicine Systems.
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Figure 6-2 shows the screen of the patient's iPad in Japanese. The initial screen shows the items to be
executed by the patient. The upper left side of the screen is the face image; the center is the tongue image;
and the right side is the logbook image. The lower left side of the screen shows the vital information
obtained from the video. The patient performs four types of input operations. The patient executes the input

operations in sequence, and the input information will be displayed. Vital information is shown as

a) Screenshot of the initial menu screen
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Fig. 6-2. Screenshot of the telemedicine system using an iPad on the patient's side.
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numerical values analyzed from the video. When the patient finishes all the input operations, the doctor
will send the information via SNS. Currently, the information is sent via SNS called LINE. A series of
operations are executed daily, and the data are accumulated sequentially. Next, we explain the system on

sent from the patient through the SNS on the PC screen. The accumulated data can be used to observe the

. List of data

ws Lot " T wanm HAEM e eEcE -

s« Vital information

am o an
WU

Cmman M0 TITAE

= Comment of Dr.

e

waczi 7 [vem

Fig. 6-3. Screenshot of the telemedicine system using a Windows PC on the
doctor's side.

patients over time. The system is currently designed in Japanese; however, for explanation. When the doctor
selects the list in the upper row on the PC screen, the patient's information is displayed. The bottom-right
corner of the screen allows the doctor to add comments. The patient's image displayed on the screen is

automatically color-corrected. Clicking on a patient's image increases the size of the image.

6.2.2 Color chart improvements

Improved color chart for the Ver.3 is shown in Fig.6-4. The color chart is a modified version of Ver.2,
which was used in a previous study [78], and modified based on feedback from doctors to improve ease of
use. The specifications are the same as in Ver.2, and the chart was printed on matte paper using an industrial
inkjet printer. The improvements were only in the arrangement of color patches. The color-related data of
the color charts are listed in Table 6-1.

The color chart was improved through trial and error by consulting with Kampo doctors. We finally
concluded that it would be better to arrange similar colors together, which led to the color chart Ver.3. In
the revision process, we gathered similar colors, respecting the doctors’ opinion that it would be easier to

use if similar colors were placed side by side.

54



The color chart was established for use in the Asian race and needs to be improved for application to
the global population. However, the tongue color is of a mucous membrane, it can be adaptable to all

humans.

A B C D E D-b
Skin color of
Dermatits

Fig. 6-4. Proposed color chart Ver.3 arrangement and selection of seven
important colors.

Table 6-1. L*a*b* color values for the proposed color chart Ver.3

A B C D E

L*a*b* L*a*b* L*a*b* L*a*b* L*a*b*
a 97,0,0 62,38, 55 82,6,74 72,22,62 72, 8,22
b 87,0,0 70, -30, -4 51,-21,-30 78,30, 15 67,20, 14
c 76,0,0 55, 14, -30 51,0, -25 60, 20, 5 58,27,7
d 64,0,0 40, 14, -47 28, 24, -55 30, 27, -26 48, 25,2
e 51,0,0 73, -22, 54 50, 54, -18 52,50, 13 42,57,24
f 36,0,0 56, -37, 30 43,-12,18 38,17,12 33, 40, 30

The L*a*b* color value is calculated by using white reference plate under D50 light source.

6.2.2.1 Evaluate the usability of the color chart

To evaluate whether the color charts were easier to see, we interviewed three Chinese medicine doctors and
presented them with Ver.2 and Ver.3. Fig. 6-5 shows the color chart presented for the evaluation. Three of
the subjects used color chart Ver.2. The results showed that all three doctors agreed that the improved Ver.3
color chart was easier to read than the Ver.2 color chart. Two comments were included on the color chart,

which have been listed in Table 6-2.
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a) Ver.2 Previous version b) Ver.3 Improved version

Fig. 6-5. Comparison of the color chart before and after the improvement.

Table 6-2. Evaluation of the easier to see improved color chart

No Comments
1 The colors are close to actual living organisms, making it easier to compare and contrast.
2 The patches are arranged in a similar color gradient, which makes it easier to compare them.

6.2.3 Accuracy evaluation of the automatic color correction module using the color chart
6.2.3.1 Automatic color correction using the color chart

Automatic color correction using a color chart was performed in two steps, as shown in Fig. 6-6. By
matching the colors of every patch on the color chart, the image taken will be displayed correctly on the
doctor's monitor. The first step (offline) is to adjust every color patch (using RGB data) displayed on the
monitor to match the color patch on the actual color chart. The second step (online) is to adjust the RGB

data of every color patch captured by the camera to match the reference RGB data.

6.2.3.2 Accuracy evaluation of the automatic color correction module

Automatic correction was verified in the second step (online) part of Fig. 6-6. The correct value of the color
chart data was measured with a color difference meter (Konica Minolta CS-150) under a D50 light source,
referring to the lighting environment of the doctor's office. For evaluation, ten types of color chart images

were taken, using two smartphones (iPhone 8 and iPhone 12), each at five indoor locations.
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~—— Step1 (off line) ——, ~—— Step2 (on line) ——

Color adjustment of the monitor | | Camera image correction on

Adjust every color patches (ref. RGB The patient’s side
data ) displayed on the monitor to the Adjust the RGB data of every color
color patches on the color chart. E : patches captured by the camera to

match the reference RGB data.
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] i e
Ref. RGB Data ri

L ¥
Fig. 6- 6. Overview of automatic color correction method

We used our software written in Python to compare the auto-corrected color patches with the correct values.
Figure 6-7 shows the contents of the software procedure. The software extracted part of the color chart
from the corrected image, using AR markers as a guide and obtained data for seven patches. Each of the
seven patches was averaged and converted to L*a*b* values using OpenCV's cvtColor. The obtained data

were used as test data.

“»L

Extraction of

Automatic

the color

color
correction chart
Select 7
Image capture Sample RGB color patches
(Color corrected image) for evaluation
On the application Verification software

Fig. 6-7. Procedure for extracting the seven color patches for comparison.

The corrected values and test data were compared using Equation (6-1), and the color difference AE in the

L*a"b" space.

AE = (L — L2 + (ai —ab)? + (bi —b3)?2  (6—1)

where L;" a;” b," is the reference RGB data, and L," a>" b," is the test data value.

Table 6-3 summarizes the experimental results of automatic color correction. The data before the correction

showed a significant color difference, whereas the data after correction showed that AE was within 8.0.
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When 4E was less than 5.0, the data could be considered identical, but two patches had a AE greater than

5.0. These patches were darker in color.

Table 6-3. Comparison of color difference before and after color correction

Average AE
Patch number Original Correction
E-a Tongue 44.5 4.9
D-d Tongue 35.4 3.2
E-d Tongue 23.7 5.5
E-c Tongue 30.9 4.3
E-e Tongue 29.2 3.0
E-e Tongue 24.8 7.5
D-b Skin 42.8 3.8

Table 6-4 summarizes the data after automatic color correction, including the maximum error value, to
examine its practical use. Even in the data where the average value of 4F was below 5.0, some cases with

a maximum value of AF exceeding 5.0 were observed.

Table 6-4. Correction results including the maximum error value of AF

Patch number AE

Average Min Max SD
E-a Tongue 4.9 1.7 13.2 33
D-d Tongue 3.2 1.0 7.0 2.0
E-d Tongue 5.5 1.0 9.5 2.7
E-c Tongue 4.3 1.4 10.2 2.6
E-e Tongue 3.0 1.0 5.9 1.5
E-e Tongue 7.5 5.1 11.5 1.9
D-b Skin 3.8 24 9.4 2.0

6.2.4 Accuracy evaluation of the pulse wave measurement module.

Several methods for pulse wave acquisition using RGB cameras have been proposed. Green (G) signals
have been reported to result in an extremely high AC/DC ratio of the PPG waveform [80], [81].
Accordingly, an accuracy evaluation was performed by comparing the implemented hemoglobin signal

with the G signal.

6.2.4.1 Pulse Wave Measurement Method

The method we implemented is based on Tsumura et al.'s method [45], [79], which converts RGB signals
into three signals (hemoglobin, melanin, and shading) and utilizes the changes in the hemoglobin signal to

acquire a stable pulse wave without the influence of luminance changes. In this method, the shading
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components are separated, resulting in higher accuracy than methods that are affected by motion and light

sources.

6.2.4.2 Acquisition of RGB signals

The pulse wave signal is detected by capturing the change in the weak signal from the living body. In the
i0S normal video recording mode, weak signals are challenging to capture because of the automatic
correction and compression of the video. The implemented software directly controls the camera system to

acquire uncompressed RGB signals

6.2.4.3 Acquisition of vital information from the RGB Signals

Figure 6-8 shows a method for obtaining vital information from a video image. First, the region of interest
(ROI) that is applicable for pulse wave detection is selected from the total pixels and separated into temporal
images. Then, each image is separated into hemoglobin, melanin, and shadow component images using
independent component analysis. The average value of the pixel values was calculated from the separated
hemoglobin component pixels. Because the change in hemoglobin quantity is correlated with the pulse
wave, the pulse wave can be calculated from the time variation of the mean hemoglobin value. To obtain a
pulse wave signal with high accuracy, a band-pass filter was used. A pulse wave peak was detected from

the obtained signal. The pulse rate was calculated from the average value of the R-R interval.
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Fig. 6-8. Overview of Signal Detection Algorithm.
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6.2.4.4 Separation of hemoglobin components

An overview of the hemoglobin component separation is shown in Fig. 6-9. Independent component
analysis (ICA) is a method for finding hidden factors and components in multidimensional data. The
difference between ICA and other methods is that the components to be searched are statistically
independent and non-Gaussian [82]. Assuming that ¢ is the time and the RGB signal (observed value) is
generated by a linear mixture of hemoglobin, melanin, and shade components, which are independent of

each other, the signal can be expressed as in Equation (6-2).

R(t) H(t)
Gt) | =Al M@ (6—2)
B(t) S®

where R(?), G(t), and B(f) are the RGB signals, and H(¢), M(¢), and S(t) are the hemoglobin, melanin, and
shade signals, respectively. Once transformation matrix A can be calculated, the signals can be separated.
For the RGB signals, a logarithm was used. Since the three separated components are orthonormal, the
hemoglobin component is separated from the shadow component, and it is robust to illumination variations.
In addition, the melanin component does not change in the range of measurement time; therefore, the

variation in hemoglobin can be extracted.

-log(R)

Original image
(RGB)

Fig. 6-9. Overview of the separation of hemoglobin components using ICA.

The pulse wave signal is detected by capturing the change in the weak signal from the living body. In the
i0S normal video recording mode, weak signals are challenging to capture because of the automatic
correction and compression of the video. The implemented software directly controls the camera system to

acquire uncompressed RGB signals. In addition, the power spectrum was calculated from the time variation
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of the R-R interval, and the LF/HF ratio of the high-frequency component (HF 0.15-4 Hz) and the low-
frequency component (LF 0.05-0.15 Hz) was calculated for use in emotion detection. The LF/HF data were
not used for the validation of the evaluation because the data are currently undergoing improvements to

improve the accuracy.

6.2.4.5 Verification of the accuracy of the pulse waveform data

The iPhone 8 was used as a video recording device for accuracy verification. Because the developed
application can obtain both RGB signals and hemoglobin signals calculated from the RGB signals in the
CSV format, we used these two signals as the dataset for comparison. We used two types of shooting
environments: a stationary state under LED illumination without flicker, and the other was a moving state
under 3-wavelength fluorescent light, a typical shooting environment. The video was taken without a chin
rest and with a smartphone fixed in place.

The accuracy verification results are shown in Fig. 6-10. The plotted signal was obtained before
denoising. The hemoglobin intensity was plotted as the reciprocal of the G signal because the absorption

of the G signal increases when the hemoglobin content is high. Both signals were normalized.
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Fig. 6- 10. Verification results of pulse wave extraction accuracy. (a) Under
LED light (b) Under fluorescent lamp.

Figure 6-10 b is the signal obtained from a movie taken in a fluorescent light environment. During the
first 15 s of the measurement, the face was slowly moved up and down, left and right. In the next 15 s, the

face was kept still.
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Under LED illumination and stationary conditions, the hemoglobin and G signals were almost the same.
However, under fluorescent illumination and motion, the hemoglobin waveform was more robust to motion

than the G signal, as can be observed from the waveform.

6.2.5 Verifying the Accuracy of Pulse Rate Detection

The experiments were conducted in conjunction with a clinical trial to verify the accuracy of pulse rate
detection at Kanazawa University to investigate the effects of needle treatment. [Medical Ethics Committee
of Kanazawa University (2018-154)].

The experiment was conducted in the Kampo consultation room of Shinseikai Toyama Hospital, and
the subjects were 39 nurses who gave their consent. Measurements were taken before and after needle
treatment. We conducted two types of lighting, one with a fluorescent lamp and the other with an LED
lamp, and the measurement time for each was 30 s. The setup of the system was the same as that used in
the preliminary experiment conducted at the Chiba University campus (Fig. 6-11). A VILTROX L116T
RA CRI 95+ Super Slim LED Light Panel was used as the LED light, and the color temperature was set to
5600 K. The fluorescent light was a 3-wavelength fluorescent light for room lighting in the examination

room. The frame rate of the iPhone XR was set to 60 fps.

, e "A:h, -
m 4 =

Fig. 6-11. Setting for preliminary experiments.

The correct values were obtained using the ProComp system (Thought Technology, Canada). ProComp
was controlled by a laptop computer running Windows 10 with ProComp-specific software to capture the
data. The pulse rate measurement device connected to ProComp was a fingertip photoplethysmograph
(PPG) sensor (Thought Technology Heart Rate/BVP Sensor) using infrared rays, and data sampling was
performed at 2048 Hz. The pulse rate was calculated from the pulse wave signal obtained, using a program

written in Python.
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We also used a two-wavelength blood absorption pulse oximeter (PO) (Pulsfit BO-650 NISSEI) for pulse
rate measurements as a comparison target. As the PO cannot acquire continuous pulse wave signals, the

values 15 and 30 s after the start of the experiment were read visually, and the average value was used.

The heart rate measurement results under fluorescent light before and after treatment are shown in Fig. 6-

12. The results of three subjects showing evident abnormal values were removed from the experimental
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Fig. 6-12. Accuracy Verification Results for the Pulse Rate.

results, and the data of 36 subjects were used. In Fig. 6-12, the vertical axis of

the heart rate is shown for the 36 subjects. The experimental data before needle treatment showed that the
accuracy was within the range where the differences between subjects could be discerned. The post-
treatment data showed a decrease in the heart rate compared with the pre-treatment data. The accuracy of
the data showed good consistency, except for subject 6. All four types of experimental data are presented
in Fig. 6-12. The graphs show the iPhone and PO data plotted in a scatter plot against the heart rate obtained
from PPG. The upper and lower auxiliary lines indicate an error rate (Er) of 10%, which was calculated

using Equation (6-3).
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measured_data — PPG Data

Er =

X 100 (6—3)

PPG Data

where measured data were calculated from iPhone and PPO.

The case data of fluorescent and LED lamps before needle treatment showed that the Er of the iPhone

was almost within 10%, and the correlation coefficient was 0.99. This indicates that the accuracy was almost

equal to that of the PO.

Figure 6-13 shows the experimental data after the needle treatment, where the pulse rate was relatively

low. The accuracy of the data under fluorescent light immediately after needle treatment was lower than
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Fig. 6- 13. Accuracy verification results for the pulse rate.

that under the other three conditions.

The error rates and correlation coefficients were almost the same for iPhone and PO.

Next, we will discuss the comparison results between the G signal and the hemoglobin signal obtained

using ICA. Since the system used in this experiment records each RGB signal separately, which is the

original data during video recording, the recorded G signal was used for analysis. The process for counting

pulse rate from the G signal, i.e., smoothing, bandpass filtering, pulse wave peak detection, and pulse rate
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counting, used the same algorithm as the process for counting pulse rate from hemoglobin signals.
However, the processing of the G signal was analyzed using Python on a PC. The processing of the
hemoglobin signal, on the other hand, was conducted in an iOS, with a different module for the Fourier
transform.

The true value is PPG, and the correlation of pulse rate counts was performed under the same four
conditions as in the previous chapter. The experiments results are shown in Table 6-5. The correlation factor
was almost the same for both the G and the hemoglobin signals. In this case, since we use a chin rest, we

can assume that there is no effect of shading caused by movement.

Table 6-5. Correlation of heart rate obtained from G signals and hemoglobin signals to the true value.

Fluorescent lamp LED light
G signal Hemoglobin G signal Hemoglobin
signal signal
Before 1.00 0.99 0.99 0.99
treatment
After 0.90 0.85 0.99 0.92
treatment

6.2.6 Comprehensive evaluation of iOS-based telemedicine tool

In this section, we present the results of Survey results for application improvement on doctors to evaluate
the tool. The evaluation was conducted in August 2021 for doctors, mainly in Hiroshima and Shizuoka
prefectures. The doctors used this telemedicine tool for multiple days and submitted questionnaires after
completion. Submissions were accepted either anonymously or unnamed. The evaluation items were
operability, rated in three levels (easy to understand, normal, and difficult to understand). In addition, a free
entry column was provided.

The results are shown in Table 6-6. A total of three questions were asked and responses were rated at
three different sensitivity levels. More than 80% of the respondents answered normal or above.

The following summarizes the comments made in the free comments section. Regarding face and
tongue photo shooting, there was a comment that “it was difficult to shoot while holding the color chart.”

Regarding the operation of the application, several comments mentioned that “it was difficult to install
the application.” However, there were no negative comments about the telemedicine tool itself, and the

participants agreed that the accumulation of such data is important.
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Table 6-6. Survey results for application improvement

Easy to Normal Difficult to
understand (%) (%) Understand (%)

Face and tongue photo shooting 55 30 15
(n=33)

Vital measurement 62 38 0
(n=34)

Operation of the application 26 62 12
(n=34)

6.3. Discussion

Telemedicine increased after the COVID-19 pandemic, where “forward triage,” the sorting of patients
before they arrive in the emergency department (ED), is the most important and emerging medical need.
For example, respiratory symptoms that may be early signs of COVID-19 are among the most evaluated
with this approach. Telemedicine may be a virtually perfect solution. Telemedicine with high quality can
allow physicians and patients to communicate 24 hours a day, using smartphones or webcam-enabled
computers. At the same time, physicians can observe the color of the face, lips, or tongues.

It is reported that telephone consultations typically convey less information than video consultations
and are reimbursed at a fraction of a comparative video telehealth consultation [83].

Natural face color is one of the most important physical examination points.

Our previous studies demonstrated that tongue color reflects the diagnosis in Kampo medicine [84], and
evaluation of Kampo Disease State is possible with images of the face and tongue [85], [86]. Facial color
diagnosis is also an important diagnostic method in Kampo medicine and traditional Chinese medicine
(TCM). Another study showed that face color diagnosis can properly identify patients with hepatitis into
three groups (healthy, severe hepatitis with jaundice, and severe hepatitis without jaundice) with accuracy
higher than 73% [87]. We believe that the usefulness of the color chart-based telemedicine tool will
increase, and we will continue to improve it further.

The automatic color correction of the color chart was evaluated by determining the difference between
Ref. RGB and the corrected samples. Sample images with a significant error AE were considered to have
inaccurate interpolation because of the narrow of AE between the white and black patches of that image.
To examine the relationship between the magnitude of the error and the color difference between the white
patch (A-a) and the black patch (A-f), all ten conditions, which are the test data, are described in Fig. 6-14.
The horizontal axis shows the color difference 4E between the white patch (A-a) and the black patch (A-
f), and the vertical axis shows the number of patches with the correct error difference 4E greater than 6.
Because we evaluated seven different patches for one test data sample, the maximum number of patches

on the vertical axis was seven. The smaller the AF of the black and white patches, the larger the error. The
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difference between the models used for photography was that the iPhone 8 had a smaller AE than the iPhone
12, but the number of errors was not significantly different. In the future, we would like to conduct
additional experiments to reduce the AE.

It is necessary to calibrate the monitor for accurate color reproduction. By using a calibration tool for
commercially available monitors, accurate color reproduction can be achieved.

Automatic color correction helps to compare images between patients, even if the monitor is not
calibrated. In this system, doctors use color charts, so they can recognize the differences in colors. We
believe that this system will work effectively as long as the physician understands the characteristics of the
proposed method. In a future study, we will address the simplification of the calibration of the monitor. We
are currently developing a simple correction method using a mirror. We examined the possibility of
performing color correction by simultaneously photographing the color chart and the doctor's monitor.

The accuracy of the pulse wave signal obtained from the captured images, the comparison of the
hemoglobin signal, and the G signal showed that the hemoglobin signal was robust against motion.

As a result of verifying the accuracy of the implemented system with 36 subjects, the correlation
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Fig. 6-14. Relationship between the number of errors and the color
difference between white and black patches.

coefficient with the correct answer values was equivalent to that of the PO, confirming the effectiveness of
this system. The accuracy of the data under fluorescent light after acupuncture was poor compared with the
other conditions. This result may have been due to the effect of needle treatment. Needle treatment was
performed for approximately 30 min. After the needle treatment, the patient was fitted with a sensing device
for approximately 2 min, and the tongue and face were photographed under fluorescent light. Next, video
recording for vitals was performed under fluorescent light for 30 s, followed by measurements under LED
light, for tongue and face. The pulse wave was obtained from the changes in the hemoglobin signal. The

decrease in the detection accuracy may be due to the decrease in blood pressure resulting from the
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drowsiness owing to the needle treatment, which reduces the range of change in the hemoglobin signal.
The measurement time under LED illumination after needle treatment was a few minutes after the
measurement under fluorescent illumination. The error may have decreased as blood pressure returned to
normal over time.

In this verification, there were some data where the true value, PPG, was not certain. That is the case
where the iPhone and PO data were the same but only the PPG data was different. To detect biological
signals, methods for isolating weak signals are essential. Since many signal processing methods have been
proposed [88], in the future, we plan to utilize signal processing methods to find a way to obtain a more

reliable pulse wave.

6.4 Conclusion

We implemented a non-contact telemedicine tool for infection prevention in iOS and conducted an accuracy
verification experiment. As a result, the doctors who participated in this study evaluated the tool as being
at a level where they would like to try it out in the medical field. Because the tool can be used with
commercially available iPhones, the range of use will expand. In the future, we plan to test and improve

the tool by using it in conjunction with clinical trials.
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Chapter 7: Non-invasive measurement of pulse wave in soles of rats using
an RGB camera

In this chapter, we describe a non-contact method we have developed to obtain heart rate from rats. This
research is useful as a technique for conducting experiments in animals that would be ethically problematic

in humans.

7.1 Introduction

Animal studies are essential for investigating biological mechanisms of an entire living system that would
be too difficult to perform in human subjects [89], [90], [91]. However, from the perspective of animal
welfare, the 3Rs (replacement, reduction, and refinement) are essential issues in animal experiments [92],
[93]. In animal experiments, heart rate (HR) measurement is widely used to observe vitals, and
electrocardiography (ECQG) is the gold standard [94], [95], [96].

Non-contact measuring of pulse waves without attaching a device, such as using microwaves and
cameras, have been proposed [37], [38], [97]. A vital signal measurement method using cameras including
RGB, infrared, and Time-of-Flight (TOF), has been proposed. Among them, RGB cameras are easy to use
because they are general purpose. An RGB camera-based method has been proposed to measure rats and
wild animals' HR and respiration rate (RR) by capturing their skin movements using a camera [40], [41],
[42], [43]. The same methods are affected by ambient light and require observation in a sedation state. In
human HR measurement, a photoplethysmography (PPG) method that directly utilizes the color channels
of an RGB camera has been proposed [80], [98], [99]. Use of the green (G) channel signal of an RGB
camera has the advantage in that it can be quickly realized by spatially averaging the G signals, and it can
be processed in real-time [100], [101].

This paper proposes to use the G channel of the camera to measure the HR of rodents. This is a non-
invasive method for measuring pulse waves corresponding to HR by capturing the color change on the soles
of rats’ feet using a high-speed RGB camera. These results and discussion of the paper give a new analysis
compared to the conference proceedings SPIE-BIOS [102]. We used the same video datasets as in the
conference proceeding. There are two challenges in adapting the remote PPG (rPPG) to rats. The first
challenge is that the human pulse rate is 60—150 beats per minute (bpm), whereas the rat pulse rate is 350—
450 bpm [103]. Therefore, the image and signal processing should be improved. The second challenge is
that rPPG captures skin color changes; thus, rats covered with body hair need to be depilated. To solve
these problems, we decided to capture images at a faster frame rate than that for humans and focus on the

rat soles, where the skin is directly visible, to capture changes in skin color. As a result, pulse waves could
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be detected from videos of the sole captured at a frame rate of 250 fps. Furthermore, we were able to detect

arrhythmia that occurred when fear was inflicted.

7.2 Material and methods
7.2.1 Creating the dataset for analysis

The dataset used in this study is common to the dataset described in the SPIE-BIOS manuscript. In this

section, the dataset is briefly described.
7.2.1.1 Animals

Sixteen eight-week-old male Wistar rats (Japan SLC, Hamamatsu, Japan) were used. The rats were housed
under 12 h light/12 h dark cycles at 21 °C with unrestricted access to food and water. All images were
captured in the afternoon. The Committee of Animal Research at the International University of Health and

Welfare approved our experiments (no. 19021).
7.2.1.2 Experimental set up for creating the data set

Figure 7-1 and Fig. 7-2 show an overview of the experimental setup for video and ECG acquisition. The
experiment was conducted in the laboratory of the International University of Health and Welfare,
Ohtawara.

Figure 7-1 shows the experimental setup used to acquire data from rats under sedation. To observe
color change, we removed the hair from the head, back, and abdomen areas using a hair removal cream
(Hair Removing Body Cream “epilat”, Kracie Holdings, Tokyo, Japan) 3 h before the experiment. The
intravenous anesthetic propofol (500 pL/kg body weight, Wako Pure Chemical Industries, Tokyo, Japan),
which was used for sedation, was injected intraperitoneally 30 min before the experiment. The camera was
set up on a tripod 60 cm above the rat skin, and two LED lights were placed on either side of the camera.

We used a Memrecam-Q1m high-speed RGB camera (NAC Image Technology Inc., Tokyo, Japan) with a

High Speed
RGB Camera
LED Light

PC for
Camera

PC for Depilated areas
ECG

Fig. 7- 1. Experimental setup for creating the dataset of rats under sedation.

frame size of 1024 x 768 pixels. The lens (FL-CC1614A-2M, RICHO, Tokyo, Japan) had a focal length of
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16 mm (f = 1.4), and only LED (ViltroxL116T, 810LX/0.5m) lighting was used with 100% output at a
color temperature of 5600 K. The camera-specific software HXLink64 was installed on a laptop computer
for camera control and data acquisition. The frame rate was set at 250 fps, which is approximately eight
times higher than the human experiment considering to measure heart rate variability (HRV) [79] in our
future work, to account for the temporal resolution because the pulse rate of rats is 350-450 bpm [103],
while that of humans is 60-150 bpm. The true value was determined using a gold standard 3-point ECG
system (SP-2000, EP95U, Softron Co., Ltd., Tokyo, Japan). The ECG was measured simultaneously with
a video recording. The sampling rate for converting the ECG analog signals to digital signals was 1000 Hz.

Figure 7-2 shows the experimental setup used to acquire data from the sole of normal rats. The rat was
placed in a rectangular box with a partition and was illuminated from below using LED lights. The distance
between the floor and the tip of the camera lens is 10 cm. The floor is made of transparent plastic, and the
partition allows indirect placement of odorous substances. The lighting and camera apparatus are the same
ones used in under sedation state. The lens (FL-CC0814A-2M, RICHO, Tokyo, Japan) with focal length of
8 mm (f = 1.4) was used. The HR was determined using an implant ECG system (ATR-1001, ATE-02s,
EP95U, Softron Co., Ltd, Tokyo, Japan).

'Separat
Grid ECG receiver
[
Plate
o, PCforECG
light / PCfor Camera
light Camera

(a) (b)

Fig. 7- 2. Experimental setup for creating the dataset of a normal rat sole;
(a) video recording setup for rat's sole; (b) implanted ECG sensor.

Three different states were set up to determine the detection sensitivity: normal, fox smell-induced, and
sedentary. The fox smell was included in the experiment because the smell of foxes, which are natural
predators of rats, causes stress. We used 2-methylthiazoline (2-MT, Tokyo Chemical Industries, Tokyo,
Japan), which creates a unique stress-like pattern of dynamic and endocrine activation in rats [104]. For the
sedation experiment, intravenous anesthetic propofol (500 pL/kg body weight, Wako Pure Chemical

Industries, Tokyo, Japan) was injected into the abdominal cavity 10 min before the experiment.

71



7.2.2 Pulse rate detection procedure

The data processing procedure used in this experiment is illustrated in Fig. 7- 3. To extract the video of the
regions of interest (ROIs) for the experiment, we used the camera-specific software HXLink64. First, the
video dataset was visually checked to identify the locations of the ROIs to be extracted. Next, the ROIs
were selected, and the videos were converted to uncompressed AVI files. MATLAB2019b was used for
the subsequent data processing. The G signal was obtained by extracting the pixel values of the G channel
from a file in the AVI format and averaging the pixel values. The obtained G signal was detrended, and
bandpass filtered, and its peaks were detected. The signal was passed between the 3 and 9 Hz bands,
considering the HR range for the rat. The findpeaks function in MATLAB was used for peak detection. For
ECG signals, we used the threshold method because the peak values were almost constant. For rPPG,
because the peak values fluctuated, we used the nearest-neighbor method. The definitions of the PI in the

rPPG and ECG are shown in Fig. 7- 3 (b).
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Fig. 7- 3. The schematic overview of the signal detection from the video data; (a) Schematic
overview of the signal processing; (b) PI definition.

The PI was obtained from the extracted peak detection time 7'=[ T2,..., Tk,..., TN-1]. To avoid false peak

detection, T was set from 2 to N-1.

PI[k] = Ty — Tyes . (7-1)

HR was calculated from Pl

60

R= mean(PI[k]) * (7-2)
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7.3 Results and discussion

7.3.1 Pulse wave analysis from the head and back ROIs
7.3.1.1 Signal analysis in the prone position

Table 7-1 shows the HR, relative error (RE) based on the ECG, and standard deviation (SD) for 20 s in the
prone position. The HR measured from the gold standard 3-point ECG was used as the correct value and
was compared with the HR calculated from the G signal. The ROIs set up for the rPPG measurements were
the depilated head and back. The ROIs were set to the same size (60 x 52 pixels) to obtain the same
denoising effect as the averaging process. The results showed that the values obtained from the head were
in excellent agreement with the ECG signals. In comparison, the signals from the back were sometimes
inconsistent with the correct ECG values. This might have been due to the noise caused by respiration,

which prevented accurate peak detection.

Table 7-1. HR, RE, and SD over 20 seconds Obtained from ECG and rPPG in Prone Position.

Experiment #1 Experiment #2

HR (bpm) RE (%) SD HR (bpm) RE (%) SD
ECG 270 --- 3 220 --- 3
rPPG: Head (ROI-3) 271 0.4 21 220 0.0 19
rPPG: Back 1 (ROI-4) 271 0.4 35 214 -2.7 38
rPPG: Back 2 (ROI-5) 267 -1.1 41 221 0.5 30

Figure 7-4 shows the ECG signal compared with the unprocessed G signals from the ROIs on the rat skin
removal area in experiment 2. The ROIs were positioned in four different areas: the depilated head,
depilated back, back of the hair, and paper as a dummy. Every ROI was set to the same size. No well-
defined waveforms corresponding to RR and HR were observed in the paper area (ROI-1). The signal from
the hair-removed head showed peaks at intervals similar to those of the HR, and the signals from the hair-
removed areas (ROI-4, 5) showed the same periodic signal. In comparing the signals of ROI-2 and ROI-5,
we also observed a periodic peak of about 0.8 Hz, which was different from that of the HR. To investigate
the origin of this periodic signal, we observed the original video. We found that the periodic signal
corresponds to the body movement caused by the respiration of the rat.

These results showed that the pulse wave signal could be obtained from the unprocessed G signal at a
frame rate of 250 fps. The respiratory signal could also be obtained by analyzing the G signal in the ROI
of the area with large movements due to respiration. This result is similar to the results of several studies

[41], [42] that obtained the RR from the luminance change in rPPG.
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Fig. 7-4. ECG signals compared with unprocessed G signals from ROIs in the prone position
in experiment 2. a) Area of ROIs; b) ECG signal and G signals extracted from ROIs; paper
as a dummy ROI-1, non-hair-removal ROI-2, hair-removal ROIs (ROI-3, 4, 5).

Figure 7-5 shows the results of comparing the ECG and pulse wave signal from the hair-removed area
of the head in experiment 2. A graph comparing the temporal changes in the pulse wave Pl is also presented.
The pulse wave peaks in ECG and rPPG are almost identical, and the pulse wave interval graph supports
this. Since the ECG and rPPG devices are manually synchronized, it is not easy to compare the ECG and
rPPG data accurately against the time axis. The rPPG shows more significant variation in the pulse wave
interval than the ECG in PI variation. The rPPG shows an amplitude variation that is within 0.04 s. From
the above results, it can be concluded that the signal processing worked well in the head area where
respiratory noise was low. The rPPG had a more comprehensive range of variability than the ECG. The
accuracy of peak detection needs to be improved to support applications that measure HRV. The G signal
peak for calculating the HRV, the same as PI, was not sharp, as shown in Fig. 7-4. In order to reliably

capture the peak, higher frame rate is necessary in the imaging system.
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Fig. 7- 5. Comparison of the ECG and pulse wave signal from the hair-removal area
of the head in experiment 1. (a) ECG signal, (b) rPPG processed signal, (c) HRV
comparison with ECG (a) and rPPG (b).

7.3.1.2 Signal analysis in the supine position.

Table 7-2 shows the result in the supine position. The measurement conditions were the same as those
described in the previous section. The ROIs set up for rPPG measurements were the hair-removed
abdomens. The results showed that the values obtained from the abdomen were in good agreement with the

ECG signals. The accuracy was not as good as that of the signal from the head, as shown in Table 7-1.

Table 7-2. HR, RE, and SD over 20 seconds obtained from ECG and rPPG in Supine Position.

Experiment #3 Experiment #4

HR (bpm) RE(%) SD HR(bpm) RE (%) SD
ECG 199 - 2 195 - 1
rPPG: Abdomenl (ROI-4) 201 1.0 40 212 3.6 41
rPPG: Abdomen2 (ROI-5) 206 3.5 39 212 3.6 51
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Figure 7-6 shows the locations of the ROIs taken from the abdomen and their respective unprocessed G
signals. From the ROIs set on the rat, low-frequency signals different from the ECG signals were observed
from the graphs. The ROI-4 and ROI-5 had reversed phases. The periodic signal set on the rat’s body
fluctuated in the same cycle as the respiratory rate, as seen in the video. As for the HR signal, the
unprocessed G signal obtained from the video taken from the ventral side did not show a clear HR signal,
similar to the signal obtained from the head in the prone position. However, in the skin area, pulse waves
could be observed from the signal processing, as in the prone position.

The correlation between heart rate and the mean value of rPPG for experiment number 1-4 was 0.70 to
show the correlation over time. From the above results, the pulse wave signal could be extracted from the
abdomen ROI by processing the G signal at a frame rate of 250 fps, but the noise due to the influence of

respiration was larger than that of the head ROI.
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in experiment 3. a) Area of ROIs; b) ECG signal and G signals extracted from ROIs; paper as
a dummy ROI-1, non-hair removal ROIs (ROI-2,3), hair removal ROIs (ROI-4,5).

7.3.2 Pulse wave detection from different body locations

This section describes the results of pulse wave detection from different body locations of a rat under three
conditions: normal, stress-added, and under sedation. The time events of the experiments are sequenced by
experiment number. ROIs were set at two locations on the soles and two locations on the abdomen. The
size of the ROI varies due to the rat’s movement and the camera’s viewing angle. In experiments 5 and 10,

only one sole was visible in the camera’s field of view, so ROIs were set to two different locations on the
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same sole. Table 3 lists the HR, ECG-based RE, and SD obtained from data measured for 20 s under three
different conditions and at different body parts. The standard deviation of the pulse wave was calculated
using the pulse wave interval time converted to pulse rate per minute. The correlation between heart rate
and the mean value of rPPG for experiment number 5-10 was 0.86 to show the correlation over changing

heart rates.

Table 7-3a. Results of pulse wave detection from different body locations under different conditions

Normal (Experiment #5) Normal (Experiment #6)

HR (bpm) RE (%) SD HR (bpm) RE (%) SD
ECG 346 10 336 --- 6
rPPG Average 346 -0.1 --- 328 -2.5% ---
Solel 346 0.0 41 323 -3.9% 55
Sole2 344 -0.6 44 332 -1.2% 60
Abdomenl 346 0.0 41 329 -2.1% 39
Abdomen?2 346 0.0 260 327 -2.7% 64

Table 7-3b. Results of pulse wave detection from different body locations under different conditions

Stressed (Exp. #7); 2MT (Fox smell) ~ Stressed (Exp. #8); 2MT (Fox smell)

HR (bpm) RE (%) SD HR (bpm) RE (%) SD
ECG 310 10 266 --- 38
rPPG Average 310 -0.2 -- 278 4.5 --
Solel 311 0.3 31 274 3.0 64
Sole2 310 0.0 36 277 4.1 48
Abdomenl 307 -1.0 42 290 9.0 60
Abdomen?2 310 0.0 20 271 1.9 42

Table 7-3c. Results of pulse wave detection from different body locations under different conditions

Under Sedation (Experiment #9) Under Sedation (Experiment #10)

HR (bpm) RE (%) SD HR (bpm) RE (%) SD
ECG 411 3 385 -- 2
rPPG Average 409 -0.5 -- 385 0.0 --
Solel 408 -0.7 36 385 0.0 22
Sole2 409 -0.5 33 385 0.0 33
Abdomenl 408 -0.7 26 385 0.0 15
Abdomen?2 411 0.0 15 385 0.0 10
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Except for experiments 6 and 8, rPPG obtained the exact HR in RE. The comparison of variances
showed that rPPG tended to be wider than ECG, which was the same as the experimental results in the
previous section.

We investigated the cause of the large errors in experiments 6 and 8. Figure 7-7 shows the ROIs of
experiment number 6 and the pulse wave data obtained from each ROI. Fig. 7(b) shows the G-channel
source signal obtained from each ROIs. The pixel values changed significantly between 11 and 12 s. The
original video showed fluctuating illumination. While the signal intensity of the pulse wave component in
rPPG, which captures pulse wave fluctuations, is less than 0.5, the noise estimated to be due to lighting
fluctuation is 5. Since the lighting fluctuation range was extensive, the pulse wave fluctuations were
presumably undetected. The PI in Fig. 7-7 (c) is also longer in this area, and the pulse wave signal is not
detected. From this result, although the pulse wave signal was normally captured correctly, our detection
software was unable to cope with the large fluctuations in the base signal. Therefore to improve the accuracy
of the obtained average pulse wave, approaches such as cutting off the large variation portion in the

calculation can be considered in future.
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Fig. 7-7. Pulse data of experiment 6. a) Area of ORIs. b) G-channel source signal
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In experiment 8 there was an over-detection of pulses. Figure 7-8 shows the data for experiment number
8, i.e., for the rat that sniffed 2-MT. In this experiment, the rat experienced extreme fear and was immobile
as a result. According to the ECG data in Fig. 7-8 (b) and (d), the pulse wave was inconsistent and showed
an arrhythmia-like waveform. In Fig. 7-8 (c), the PI at approximately 8 s showed that the pulse was lost for

one beat. The peak differences between the three locations shown in the ECG and rPPG PIs were all 0.33
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s. The waveforms of the ECG and rPPG peaks are shifted by two factors: the origin of the signal and the
coincidence of the trigger. The origin of the signal, which is the gap between the ECG and rPPG, is
estimated to be around 40 msec in mice [105]. Since automatic synchronization was not available, the
trigger operation in this experiment was performed manually. The deviation of the manual operation of the
triggers is considered to be within 0.5 seconds. Based on this result, we concluded that the time deviation
between ECG and rPPG was 0.33 s. By correcting for this time difference, the peak positions of ECG and
rPPG can be correctly compared. The red asterisks on the rPPG graph in Fig. 7-8 (d) show the instances
when peaks were recognized using peak detection. Comparison of rPPG and ECG peak detection showed
that rPPG incorrectly detected peaks in the area indicated by the red arrows at around 12 seconds. We used
the findpeaks function for peak extraction. In this experiment, we adjusted the parameters for optimality. It
is noted that various methods have been proposed for peak extraction. In the future, we will continue to

conduct and test the various state-of-the-art methods.
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Fig. 7- 8. Pulse data of experiment 6. a) Area of ORIs. b) G-channel source signal
obtained from ROls; the vertical axis represents the average pixel value of the ROL
c¢) PI obtained from ROIs.
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7.3.3 Comparison of pulse waves obtained from different areas of the body

The differences in the pulse waves obtained from the four different parts of the body were compared. Figure
7-9 shows the ROIs of experiment number 9 and the G signals obtained from each ROI in 4 s after
detrending. Similar signals were observed at all four ROIs. Then, to investigate the possibility of detecting
the pulse wave propagation velocity, we analyzed the signal shift for the four ROIs of rPPG. The calculation
was performed for experiment numbers 6-9, where both feet could be measured. The xcorr function in
MATLAB was used to detect the signal shift. The maximum value of the shift width was set to 0.1 s. The
20-s detrended signal was divided into time regions of every 4 s, i.e., 0-4, 4-8, 8-12, 12-16, and 16-20 s,
and the signal in each region was calculated. Table 7-4 Calculation result of signal time delay of three
conditions. Table 4 summarizes the results of the signal shift from xcorr function for 4 s. According to this
result, the signals obtained from the four ROIs set at different body locations showed no time deviation.
The delay due to pulse wave propagation between the ROIs is estimated to be less than 1/250 s. In
experiment 6-8, the SD values were larger than in experiment 9, whereby rats were under sedation. We

plan to investigate this issue of large SD values in future studies.
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Fig. 7-9. Pulse wave signals from experiment number 9. a) Area of ROIs of
experimental number 9; b) Detrended signals obtained from each ROl in 4 s.

Table 7-4. Calculation result of signal time delay of three conditions

Pair of xcorr function Solel Abdomenl Solel Sole2

Sole2 Abdomen?2 Abdomenl Abdomen?2

S SD s SD S SD S SD
Normal Ex. 6 -0.03 0.04 -0.0 0.05 -0.04 0.04 0.03 0.04
Stressed 2-MT Ex. 7 0.00 0.00 0.02 0.00 0.01 0.02 -0.02 0.00
(Fox smell) Ex. 8 0.00 0.00 0.02 0.01 0.00 0.06 -0.01 0.00
Under sedation Ex. 9 0.00 0.00 -0.00 0.00 -0.01  0.00 0.01 0.00
ALL data Ex. 6-9 -0.01  0.02 0.01 0.03 -0.01  0.04 0.00 0.05

80



7.4 Conclusion and outlook

We developed a non-invasive pulse wave measurement method for rats using a high-speed RGB camera to
obtain rPPG signals with high accuracy from changes in skin color using only general signal processing.
The feature of this method is that heart rate can be detected simply by using a high-speed camera system
(250 fps) that generates high-quality pulse signals, selecting an appropriate ROI, and detecting all signal
peaks in the band-pass filtered average signal of that ROI. This method yielded the same pulse rate
measurement as the gold standard ECG. Furthermore, using this method, we found that pulse waves could
be detected by video recording from the sole, which did not require hair removal. Our proposed method is
non-contact and non-invasive, and is valuable for detecting the pulse wave of rats in a non-restrained
manner. In addition, because various parts of the body can be video-recorded using a single camera, we
have demonstrated the possibility of simultaneously detecting respiration from body movement.

In an experiment to measure the normal state of the rat, we detected the signals during the periods when
the feet were not moving. When the feet moves a lot, blood distribution on the sole changes and noise can
be expected to increase. In the future, we plan to take these into account when performing continuous
measurements.

For continuous measurements, the system may need to be equipped with a program that tracks the
location of the sole and also automatically excludes areas of the foot that frequently move. Rats perform
grooming behaviors such as scratching their heads with their hands and standing up, even when their feet
are not moving. Collecting measurements from a hair-removed area is challenging when rats are standing
because the position of their hair changes. Therefore, imaging of the sole is considered to be superior to
imaging of depilated skin.

In this study, we were able to obtain the same HR from the G signal in the video as from the ECG,
which represents the true value of our research. Because the rats used in this study did not have melanin,
the G signal was used, but for mice with melanin or under fluctuations in illumination, the signal processing
would need to be modified. In a previous study, Fukunishi et al. used a method to separate shade,
hemoglobin, and melanin components from RGB signals using independent component analysis (ICA)
[79]. This component separation method may be useful for future studies involving animals with melanin.
Wang et al. used RGB channels to improve the robustness of the method [44]. In the future, we plan to
apply these findings to improve the accuracy in rats.

Because we were able to measure PI in rats under normal conditions, we were able to find a way to
measure stress using PI fluctuations. The measurement of stress in animals is currently conducted by
observation, which is time-consuming and costly. Our proposed method has the potential to reduce the

labor of researchers. In human stress research, blood samples are taken to measure biomarkers such as
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inflammatory cytokines. However, animal blood collection is sometimes difficult. Our method has the
potential to solve these problems.

In the future, we plan to improve the signal processing to achieve more accurate measurements.
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Chapter 8: Conclusion and Future Work

In the industrial product sector, there has been competition among companies to increase the functional
value of their products. With the advancement of technology, it is becoming increasingly difficult to
differentiate products based on their functions. The Kansei value has a different axis from the functional
value and has attracted attention. Developing products with functional value is relatively easy in a mobile
environment if the physical property values are determined based on the required functions. However,
developing products with Kansei value requires face-to-face discussion and sensory evaluation.

Under the COVID-19 epidemic that began in 2019, face-to-face discussions and sensory evaluations
could not be easily conducted due to prevention of infection. Hence, I selected the theme of developing
Kansei value products in mobile work because I want to realize product development and sensibility

evaluation through remote communication.

8.1 Review of results and future work

1. Tactile sense: mutual conversion of sensory and physical property information (Chapter 4)

Prototypes of tool creators and material providers, which can used to develop products with Kansei value,
were devised and presented at an exhibition. At the exhibition, we displayed concept materials for the
Kansei Communication Tool, samples to experience surface roughness changes, and a Kansei
Communication Tool prototype. The prototype has the same specifications as the DIC Color Guide, a color
swatch widely used in Japan, and combines a tactile film in addition to the color swatch. We investigated
the Kansei communication tool at the exhibition by asking questionnaire-style questions to visitors. As a
result, 64 people responded to the questionnaire; 49 (77%) of respondents answered “I am interested,” of
which 21 (31%) answered, “I want a prototype.”

Based on the results of the exhibition, we created the "DIC Material box," which allows users to
experience systematic tactile sensations in two dimensions. This tool allows the user to arrange samples of
material surface characteristics such as warmth/coldness, hardness/softness, and smoothness/roughness.
This sample arrangement allows designers and product developers to identify their preferred sensory
vectors.

Table 8.1 shows the differences between this tool and the commonly used sample book. The "Kansei

communication tool" that we developed enables each participant in mobile work to communicate tactile
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sensations. In order to improve the usefulness of the Kansei communication tool, it is necessary to diversify
the samples to be mounted on the tool. Furthermore, it is necessary to optimize the evaluation axes of
sensibility and physical properties. Currently, there are two evaluation axes: one for warm/cold sensation
and surface sensation, and the other for hard/soft sensation and surface sensation. In the future, while using

the prototype created in our research, we will make improvements and develop a more helpful tool.

Table 8.1 Features of a tactile material box

Item Conventional method Proposed method
(Sample Book) (Material Box)
Purpose of Sample Tools for material promotion Tools for material selection
Book
Sample Type Rough sorting (e.g., stone, paper, A systematic sample designed for
plastic, glass) industrial manufacturing
Grooving on samples
Sample shape Uncontrolled Same shape
How to touch the Controlled by experiment Touching with fingers, pinching with
samples fingers
Sample placement  Controlled by experiment Physical features arranged in two
dimensions.

The "Kansei communication tool" that we developed enables each participant in mobile work to
communicate tactile sensations. In order to improve the usefulness of the Kansei communication tool, it is
necessary to diversify the samples to be mounted on the tool. Furthermore, it is necessary to optimize the
evaluation axes of sensibility and physical properties. Currently, there are two evaluation axes: one for
warm/cold sensation and surface sensation, and the other for hard/soft sensation and surface sensation. In
the future, while using the prototype created in our research, we will make improvements and develop a

more helpful tool.

2. Color Reproduction (Chapter 5, 6)

We developed a new color chart and a telemedicine tool that can use the color chart to communicate the
patient's complexion and tongue color correctly. The contribution of this study is the development of a color
chart including human tongue and skin colors that can reproduce the colors required for medical diagnosis
and its implementation in i0S. Development was performed in collaboration with Kampo medical doctor
with expertise in color; since this was an urgent task under the COVID-19 epidemic, priority was given to

actual use, so the tool's usability was mainly evaluated qualitatively.
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Two types of evaluation were conducted: correction based on human color perception and automatic
color correction. The results showed that color correction based on human color perception was more
beneficial than without correction. The onboard telemedicine tool evaluated the automatic color correction
function for qualitative usability and quantitative color difference. The results confirmed the usefulness of
this method.

Our research on color correction is currently undergoing continuous evaluation in the medical field.
While using the telemedicine application, quantitative evaluation has not been fully completed due to the
priority of improvements for medical support under COVID-19. In the future, we will conduct quantitative
evaluation. We will then use the color chart that we developed to evaluate whether it can be used for material
development and sensitivity evaluation, which was our project's original purpose.

Future work will require the development of a simple method for color correction of displays. In our
research, we have developed a simplified method (Fig. 8-1) using a mirror [106]. In this system, a monitor
(smartphone screen) is used and the color chart is simultaneously photographed to obtain color correction

parameters. We intend to verify and utilize this system in the future.

Image Taken

Fig. 8- 1 Color correction using ‘selfie’ camera of smartphone [96].

Color reproduction technology is used in product development, telemedicine, and online shopping. In
the future, we will examine whether the color chart created can be applied to the development of products
that impart sensitivity, which was the original purpose of the project. In addition, we would like to study

other areas of application.

3. Measurement of emotional state: non-contact pulse wave measurement (Chapter 6,7)

Biometric signals, such as heartbeat, reflect the movement of the emotion. We created and validated a heart
rate measurement tool using an RGB camera. There are two main contributions of this study.

The first was implementing the telemedicine tool described in Chapter 6 on iOS to verify the accuracy
of heart rate detection. The pulse wave detection technique utilizes a technology that separates signals from

an RGB camera into hemoglobin signals using independent component analysis and captures changes in
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the hemoglobin signals. Accuracy validation was performed by 39 subjects using a clinical trial setting.
The results showed that the accuracy was similar to that of commercially available pulse oximeters. Since
the pulse oximeter is a contact type, we believe our method is effective for patients who need a non-contact
approach. Currently, we are improving the software while considering opinions from members of the
clinical field.

The second is the pulse rate measurement from the sole of rats, as described in Chapter 7. This study
was conducted considering emotional experiments in model animals that are otherwise difficult to conduct
in humans. The challenge is that the pulse rate of rats is approximately eight times higher than in human
experiments, and their skin cannot be observed due to body hair covering the skin. Therefore, we devised
an approach for measurement from the sole, which was captured using a high-speed video camera. As a
result, we acquired pulse waves from the sole. This method allowed for unrestrained pulse wave
measurements and observations in a more normal state, since it does not require the depilation process or
electrocardiogram implantation.

The accuracy of our heart rate measurement from pulse waves using the RGB camera was comparable
to that of commercially available pulse oximeters. In the future, we plan to verify the accuracy of the R-R
interval, which is useful for measuring emotions.

In the rat pulse wave measurement, we were able to measure the pulse waves of rats in normal state and
in an unrestrained and non-invasive manner. Using this technique, we may be able to detect pulse waves in
other states such as courtship and fighting. Furthermore, the measuring of pulse waves from the sole can
also be applied to humans. In nursing, there are related issues such as preventive care for foot lesions caused
by poor blood flow and lymphedema caused by the removal of lymph nodes during cancer surgery. The
developed technology could also be adapted to visualize blood flow in the feet, which is necessary for

nursing.

8.2 Conclusion

Social issues across the world are expected to become increasingly complex and sophisticated. In order
to solve such issues, we need a high level of expertise and a broad perspective to address the issues from a
bird's eye view. Under these circumstances, I challenge the field of multifaceted research to address the
objectives I have highlighted in my research through a broad perspective.

I set three goals for developing elemental technologies necessary to develop Kansei value products
remotely and was able to achieve them. Kansei communication tools and medical tools are currently being

examined in the field, and through this, issues and needs that require resolution will become apparent.
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Further development is expected by making improvements based on such issues and needs, and conducting
further research in response.
The road to remotely developing products with sensitivity is a long trek. However, we are moving

forward step by step, boldly going where no one has gone before.
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