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General Introduction

1. Background

In recent years, efforts have been made to use highly accurate and dense sensing of
environmental information in various fields. Sensor devices having sensing and information
transmission functions are indispensable for the monitoring of environmental information. A
high-density sensor network comprising a large number of sensor devices installed in the
environment would improve the efficiency of maintenance and management of various facilities, and
social systems and contribute to the realization of a safe and sustainable society. For example, the
following cases have been reported.

Agriculture: Environmental information such as temperature, humidity, and soil moisture
content are very important in agricultural operations. By installing sensor devices throughout the
field or directly on crops, various information can be collected to improve efficiency of crop
production. For example, irrigation systems that utilize temperature, humidity, and
soil-moisture-content information obtained from sensor devices installed in the soil have been
reported.>? Monitoring of growth status using sensors directly attached to crops is also being
attempted.>* Farming based on the information gathered by these sensors is expected to be more
efficient than conventional farming based on senses and conventions of skilled farm workers.

City Management: Sensor devices are beginning to play an important role in city management.
The collection of location information via sensor devices embedded in cars, buses, and other
vehicles has facilitated the provision of accurate navigation to drivers and passengers.® Efforts to
automatically detect and collect information regarding exhaust gases emitted from automobiles and
other vehicles using sensor devices are also underway.® By attaching strain sensor devices to large
structures such as bridges and buildings, it is possible to determine the degree of aging of the
building and to streamline the maintenance period.” Furthermore, sensor devices are also effective as
disaster countermeasures. They contribute to safe and fast information gathering in various situations,
such as the detection of landslides® and earthquakes® by installed sensor devices, detection of

radiation levels by radiation detectors,'® and detection of wildfires.!



Logistics: With the advent of lightweight and compact sensor devices, logistics has become
increasingly efficient. Sensor devices attached to products or pallets for transportation transmit their
location over time, thus contributing to the optimization of logistics and inventory management.'?
Sensors that can be attached to food to measure freshness would also improve quality control and
help reduce food loss.*

These initiatives and trends, also known as the Internet of Things (l1oT), are expected to continue
in the future.!* As exemplified in the field of weather forecasting,'® environmental information
obtained from installed sensor devices is also used for various simulations. The accuracy of the
simulation depends on the number of observation points. The increasingly numerous sensor devices
will synergize with the latest information processing technologies such as artificial intelligence and

deep learning to contribute to the realization of a safe and prosperous society.

2. Electronic and Electrical Wastes (E-Wastes)

In the era of mass production and mass consumption of sensor devices, the increase of e-waste is
an issue that cannot be ignored when attempting to realize a sustainable society. E-waste refers to
discarded electronic devices, including sensor devices. E-waste is generated annually on an scale of
approximately 50 million tons as of 2019, which is an increase of more than 20% compared to that
in 2014. Of this, only 17.4% is recycled, and the rest is incinerated or landfilled.'®* The main
components of e-waste are plastics, metals, and semiconductors. Plastics do not decompose in the
environment and remain semi-permanently after landfilling. In addition, e-waste generally contains
heavy metals and gallium arsenide, which are harmful to the human body. E-waste that is disposed in
landfills contains toxic substances that gradually contaminate the soil, water, and air, thus becoming
a serious environmental problem, especially in developing countries.'’® E-waste will continue to
increase owing to the growing demand for electronic devices and is expected to double in the next

16 years.’® There is a need to reduce e-waste in order to realize a sustainable smart society.



3. Sustainable Materials for Electronic Device

Research on materials as alternatives to non-degradable petroleum-derived plastics, which
account for a large portion of the ever-increasing volume of e-waste, is being actively conducted.
Electronic circuit boards and dielectrics made of sustainable and biodegradable materials enable
rapid decomposition of e-waste after landfill and contribute a reduced environmental impact. The
following are examples of alternative materials.

Biodegradable Polymer: Biodegradable polymers, including polylactic acid (PLA), polyvinyl
alcohol (PVA), and polyhydroxyalkanoic acid, are considered as electronic device substrates. The
results of using these biodegradable polymers as wiring substrates,*® dielectric layers,?*?' and sensor
substrates?>?*2* have already been reported. The advantages of biodegradable polymers are
customizability and moldability. Their various properties, such as heat resistance and mechanical
strength, can be controlled,® and their thermoplasticity makes it easy to mold them into desired
shapes. However, its low heat resistance is a major problem in circuit fabrication. The glass
transition point of PLA, a typical biodegradable polymer, is approximately 60 , but sintering of
wires generally requires heat treatment at 120  to 150 .%® To compensate for the low heat
resistance of biodegradable polymers, research is being conducted on wire mounting methods using

transfer-2* and-heat-resistance-improvement technologies.?’
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Fig. 1 a), b) Substrates c) dielectric layers, and d), €), f) sensors comprising biodegradable polymers.
Reprinted and modified from references 19, 20, 21, 22, 23, 24.



Proteins: There have also been several reports regarding protein-based substrates, including
silk fibroin®% and gelatin.®3! Silk fibroin is a regenerated silk that can be prepared from silk
yarn,®2 and silk fibroin film has characteristics such as excellent mechanical strength, surface
smoothness, and transparency.® Silk fibroin has excellent biocompatibility and is attracting attention
as a material for in vivo devices. However, as silk fibroin is easily soluble in the majority of solvents,

an aqueous circuit manufacturing process or chemical modification should be applied.*
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Fig. 2 a) Substrates, b) dielectric layers, and c) transparent conductive films fabricated using proteins
such as silk fibroin and gelatin. Reprinted and modified from references 28, 29, 30.

Polysaccharides: Polysaccharides, including cellulose, chitin, chitosan, and alginate, are also
promising alternative electronic materials. The advantage of cellulose and chitin is their abundant
availability; cellulose and chitin are known to be the most and second most abundant biomass
resources, respectively.** Furthermore, sensors based on cellulose layers®>*® and switching memories

based on chitosan®” have also been reported.
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Fig. 3 a) Humidity sensors and b) switching memories fabricated using polysaccharides such as
carboxymethyl cellulose and chitosan. Reprinted with permission from references 36, 37. Copyright
2022 American Chemical Society.



Pulp Papers: Pulp paper, manufactured by drying aqueous dispersions of wood-derived
cellulose fibers (pulp), is used in a wide range of fields, including writing, printing, sanitary, and
packaging paper, and is essential in our daily lives. Pulp paper has an advantage over other
alternative materials in that it is cheaper and its mass production technology has been established.
There are already many reports on the application of paper in electronic devices such as circuit
boards,*®*° sensors,***! and supercapacitors.**** However, the application of pulp paper to electronic
devices is hindered by its porosity and surface roughness. The width of the pulp fibers that make up
pulp paper is approximately 10 Om, and there are countless pores in the pulp paper.** Therefore,
when fabricating conductive lines and electronic components on pulp paper, a coating agent is often
used to smooth the surface.*> Multilayer circuit boards comprising multiple layers of pulp paper have
also been reported,*® but adhesives are required to bond the layers. These coatings and adhesives are
mainly manufactured from non-degradable petroleum-derived products, which are undesirable from
the standpoint of sustainability and biodegradability. Therefore, instead of using paper as a
stand-alone material, attempts have been made to combine it with other alternative materials such as

biodegradable polymers.*’
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Fig. 4 a), b) Substrates, c), d) sensors, and €) supercapacitors fabricated using pulp papers. Reprinted
and modified from references 38, 39, 40, 41, 42.



Cellulose Nanofibers and Nanopapers: Nanopaper*®4%%0 is one of the most promising
sustainable electronic materials. Nanopaper is a film prepared from cellulose nanofibers (CNFs) and
was developed around 2008 to 2009. The structure and the preparation method are as same as
common paper, therefore, Bergland et al.>® and Nogi et al.*® used the name "Nanopaper". CNFs can
be prepared from wood and other plant tissues via a downsizing process.**> CNFs are the basic
framework of the cell walls of plants as well as wood and are 3115 nm wide. Trees have a
hierarchical structure, and the CNFs synthesized in plant cell walls form cell walls and pulp fibers
having a width of tens of micrometers inside the tree. CNFs have excellent properties such as light
weight (1.6 g/cm?®), high strength (tensile strength: 3 GPa), and low thermal expansion (0.170.2
ppm/K).%3%4% Owing to these characteristics, CNFs are being used in various applications such as
reinforced plastics.>°"%8

a)

Fig. 5 a) Hierarchical structure from trees to cellulose molecular level (Copyright: University of
Canterbury, 1996). b) Softwood-derived pulp fibers and ¢) CNFs prepared by down-sizing pulp fibers.




















































































































































































