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Wirelessly Powered Sensing Fertilizer for Precision and
Sustainable Agriculture

Takaaki Kasuga,* Ami Mizui, Hirotaka Koga, and Masaya Nogi

Sensor networks comprising small wireless sensor devices facilitate the
collection of environmental information and increase the efficiency of outdoor
practices, including agriculture. However, the sensor-device installation
density of a network is limited because conventional sensor devices must be
removed after use. In this study, a sustainable dense sensing system that
combines simplified degradable sensor devices, wireless power supply, and
thermal-camera image-based information recognition is proposed. The
proposed wireless-power-driven sensor device comprises a biodegradable
nanopaper substrate, natural wax, and an eco-friendly tin conductive line. The
sensor device emits a thermal signal based on the soil moisture content. The
thermal camera simultaneously acquires the soil moisture-content data and
sensor-device location. The majority of the sensor-device components are
biodegradable, and the residual components have a minimal adverse impact
on the environment. Additionally, the fertilizer component in the substrate
promotes plant growth. The proposed sensing concept introduces a novel
direction for realizing hyperdense sensor networks and contributes to the
development of social systems that combine sustainability with meticulous
environmental management.

1. Introduction

The collection and analysis of environmental information is es-
sential for all outdoor practices, including agriculture and envi-
ronmental management. Recently, wireless communication sen-
sor devices, which are diminutive and lightweight, have been
adopted for environmental monitoring via sensor networks.[1–8]

In agriculture, particular emphasis is placed on the utilization of
sensor networks for gathering and employing environmental in-
formation (such as temperature, humidity, soil moisture content,
and fertilizer concentration data) to enhance the efficacy of food
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production; this approach is commonly
referred to as “precision agriculture.”[1–6]

With the steady expansion of the global
population and the associated surge in
the demand for food, proficient crop cul-
tivation using limited land and water re-
sources is imperative. Precision agricul-
ture is anticipated to be a viable solution
to this problem.

Remote sensing technology plays an
integral role in precision agriculture.
Recently, the application of camera-
equipped drones and satellite imagery
has been increasingly adopted in agri-
cultural production.[9,10] However, it is
difficult to obtain certain information
(such as humidity and soil moisture-
content data) remotely; therefore, sensor
devices must be installed at appropri-
ate locations. The dense installation of
sensor devices enables the collection
of detailed information that accurately
reflects the environment. The collected
environmental information can then be

processed via machine learning and artificial intelligence;[11,12]

note that a high volume of good quality data must be used as
input to obtain accurate feedback.

However, the installation density of sensor devices is limited
in terms of sustainability. A particular problem is the collection
and disposal of used sensor devices. In previous studies, for ex-
ample, large numbers of sensor devices were installed by scat-
tering them from the air like plant seeds;[13–15] however, even-
tually, the sensor devices required collection because they were
non-degradable. In other words, the recovery and disposal of sen-
sor devices is a bottleneck that limits the density and scalability
of feasible sensor networks.

Biodegradable material-based electronic elements and circuits
have been developed to sustainably achieve mass production and
consumption of sensor devices. Biodegradable electronics are be-
ing actively studied for medical, agricultural, and environmen-
tal monitoring applications, and various elements and devices
have been proposed.[16–25] They are predominantly derived from
proteins, polysaccharides, and biodegradable plastics. Research
in this field is primarily related to single elements, such as sen-
sors, and reports of electronic devices that combine multiple el-
ements are limited.[22,23] This paucity is due to the difficulty in
achieving compatibility between the required electronic device
functions and the degradability of these devices. For sensor de-
vices, sensing and data transmission functions are essential. In
addition, sensing is meaningful only when linked to location
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Figure 1. Proposed sensing system. a) Overview of the proposed sensing system with degradable sensor devices. b) When power is wirelessly supplied
to the degradable sensor devices placed on the soil, the device heaters activate. The sensing location is determined from the hotspot location, and
the temperature of the heater varies with the soil moisture content; thus, the soil moisture content is measured from the hotspot temperature. c) The
degradable sensor devices are tilled into the soil after use. Subsequently, fertilizer components in the substrate of the sensor device are released into
the soil, stimulating crop growth.

information. Owing to the difficulty in recording locations in ad-
vance when installing a large number of sensor devices in the
environment, sensor devices must simultaneously transmit both
sensing and location data. In other words, both sensing function-
ality and transmission of data, including location data, must be
accomplished using a combination of only eco-friendly elements.
To overcome these technical challenges, novel sensing systems
are required.

Herein, we present a degradable sensor device and a novel con-
cept for a high-density sensing system for sustainable and preci-
sion agriculture. To this end, we address the following two goals
from all perspectives, including materials, circuit, and system de-
sign: 1) the majority of the sensor devices should be biodegrad-
able and their residues should not adversely impact the environ-
ment and 2) the sensing and location data obtained by these de-
vices should be remotely and simultaneously available.

2. Results

2.1. Proposed Sensing System

In this study, we focus on a soil moisture sensor, which is a cru-
cial sensor in agriculture. The proposed sensing system com-
prises several degradable soil moisture sensor devices, a wireless
power supply facility, and a thermal camera to acquire both sens-
ing and location data (Figure 2). Each sensor device comprises
a biodegradable paper substrate, a receiving coil composed of a
tin (Sn)-printed conductive line, and a carbon-based heater. The
sensor device is protected by a natural wax coating. The sens-
ing system can be used as follows. First, a large number of sen-

sor devices are installed by scattering the devices across farm-
land, similar to how fertilizers are distributed (Figure 1a). There-
after, the installed sensor devices receive power from their wire-
less power supplies, activating their heaters (Figure 1b). The ef-
ficiency of power transmission to the sensor device varies with
the moisture content of the surface soil, and this power trans-
mission efficiency is reflected in the temperature of the heater.
Therefore, the soil moisture content can be determined using a
thermal camera based on the detected hotspots (Figure 1b). As a
hotspot corresponds to a sensor-device location, the sensing po-
sition is determined precisely based on the relative position of
the camera and the ground surface.[26–28] Moreover, the sensor
devices are composed of eco-friendly materials, most of which
biodegrade in the environment, and the residual components
are unlikely to adversely affect the environment. Following a cer-
tain period of usage (e.g., one season), the devices can be tilled
into the soil. Once they are tilled, fertilizer components in the
paper substrates are released into the soil and supply nutrients;
thus, the sensor devices have a fertilizer application functionality
(Figure 1c). Overall, a sustainable high-density sensing system is
successfully achieved by combining a degradable sensor device,
wireless power supply, and image-acquisition technology.

2.2. Selection of Eco-Friendly Conductive Materials

In this study, nanopaper was used as the sensor-device sub-
strate. Nanopaper is a film composed of wood-derived cel-
lulose nanofibers (CNFs) and has excellent properties, such
as high strength, smooth surface, high heat resistance, and
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Figure 2. Biodegradation and plant cultivation tests. a) Biodegradation of nanopaper substrate (control) and nanopaper samples with tin (Sn), silver
(Ag), and copper (Cu) lines. b) Nanopaper substrate with Sn lines biodegraded at the same rate as the control, but those with Ag and Cu lines biodegraded
more slowly. c,d) Plant cultivation tests with Sn, Ag, and Cu powders in the soil (after 21 days). Cu caused significant plant damage even when present
in small amounts. On the other hand, Sn does not cause significant plant damage even when present in the soil, unlike Ag and Cu.

biodegradability.[29–35] As nanopaper is composed entirely of
plant fibers originating from the natural environment, special
conditions are not required for biodegradation.[22,35] Indeed,
nanopaper decomposes in the natural environment in the same
manner as fallen leaves. For sensor devices that remain in the
environment, a crucial consideration is the presence of metal
components, such as conductive lines and electrodes. To date, no
biodegradable material with sufficient conductivity has been re-
ported. Therefore, in this study, three key factors are considered
when selecting the conductive materials and fabrication meth-
ods to be used for the proposed sensor devices. The first factor is
the effect on the substrate biodegradation. Ideally, sensor devices
should rapidly degrade within a certain period after use, with un-
necessary delays in biodegradation being undesirable. The sec-
ond is the effect of the residual conductive lines on living organ-
isms in the soil. The third factor is conductivity. Although the
required conductivity depends on the circuit design, the volume
resistivity of a conductive line to be used in sensor devices should
be minimized to minimize energy consumption. Therefore, we
focused on Sn as a conductive material. Sn is a metal with an
atomic number of 50; it is soft and ductile, has a low melting
point, and is stable and resistant to oxidation. Although Sn is not

typically used in conductive lines, inorganic Sn has poorer an-
tibacterial properties than those of other common metals.[36,37]

Moreover, Sn is not easily absorbed by plants and animals;[38,39]

therefore, it is a suitable constituent material for degradable sen-
sor devices.

Copper (Cu) and silver (Ag) are commonly used in sensor
devices. Assuming a substrate composed of biodegradable ma-
terials, Cu and Ag lines were fabricated on different nanopa-
per samples and placed on natural soil. The biodegradation of
the nanopaper substrates was then observed (Figure 2a). The
biodegradation rates of the nanopaper substrates with Cu and Ag
lines were significantly delayed compared to that of the control,
which was a nanopaper substrate (Figure 2a,b). When Sn lines
were mounted, the biodegradation rate was almost identical to
that of the control. In soil, nanopaper is degraded by fungi and
small isopods.[22,35] Thus, the differences in biodegradation rates
observed for the samples in this test may have been caused by the
differences in the antibacterial and biocidal properties of Cu, Ag,
and Sn.[37]

Moreover, a plant cultivation test was conducted to simulate a
scenario in which the metals remained in the soil. Test samples of
komatsuna (Brassica rapa var. perviridis) were grown in pots, with
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Figure 3. Fabrication of conductive lines. a) Processing steps for Sn conductive lines on nanopaper substrates. b) Owing to the high extensibility and
low melting point of Sn, the volume resistivity of the Sn lines decreased with hot pressing at ≈225°C, which nanopaper substrates could withstand. Sn
lines c) before and after hot pressing at d) 110 and e) 225 °C. The Sn particles were well sintered by the hot pressing process.

0.1, 1, or 10 g of Cu, Ag, or Sn powder being added to each pot.
The results confirm that the germination rates and growths de-
graded with higher contents of Cu or Ag powder (Figure 2c,d).
The damage to plants caused by excess Cu or Ag ions is well
documented.[40,41] Since the soil used in this study was acidic (pH
5.2), the Cu and Ag ions that leached from the conductive lines
by the acidic soil may have inhibited the growth of the test sam-
ple. In contrast, no significant growth inhibition was observed for
the Sn-containing samples, even for an excess amount of 10 g per
pot (Figure 2c,d). Sn ions are not easily absorbed by plants,[38,39]

which was confirmed by the results of the present study. There-
fore, previous studies[38,39] and the above results suggest that Sn
is a promising conductive material for eco-friendly sensor de-
vices.

Sn conductive lines were fabricated via printing,[42–44]

which has a low environmental impact and high productiv-
ity (Figure 3a). Ethanol (C2H6O)-solvent Sn ink was prepared
by adding shellac, a biodegradable polymer, as a binder to Sn
powder and adding ethyl cellulose for viscosity adjustment.
The Sn ink was printed onto the nanopaper substrates using a
dispenser. The conductivity of the Sn printed lines immediately

after printing was measured to be more than 105 [Ω cm] and
insulating (Figure 3b), primarily because the surface of the Sn
powder was covered with a non-conductive Sn oxide layer[45,46]

and numerous voids exist between the Sn powder particles
(Figure 3c). To increase the conductivity, the Sn printed lines
were sandwiched between nanopapers and hot-pressed at 110 °C.
The pressure deformation of the Sn particles reduced the inter-
particle voids and the volume resistivity decreased to ≈1.6 × 10−1

[Ω cm] (Figure 3b,d). When the temperature was further raised
to 225 °C, which is close to the melting point of Sn (232 °C), the
Sn particles were well sintered by heating and pressing and the
volume resistivity decreased to 9.2 × 10−5 [Ω cm] (Figure 3b,e).
Press sintering is an established technique;[47–49] however, com-
mon biodegradable polymers, such as polylactic acid, soften at
high temperatures[50] and maybe deformed during pressing. In
contrast, the nanopaper substrate used in this study only showed
a slight yellowing after a short hot press at 225 °C. No deforma-
tion, rupturing, or pyrolysis, which would be problematic for
application in a sensor device, occurred. Nanopaper has a high
heat resistance, and CNF, of which nanopaper is composed, has
no definite softening point at temperatures below 250°C.[51,52]
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Figure 4. Wireless power supply. a) The self-resonant frequency of a receiving coil on soil was measured using a network analyzer. b) The self-resonant
frequency of the receiving coil decreased as the soil moisture content increased. c) Transmitting and receiving coils were utilized to measure the power
transmission efficiency. d) When a transmitter coil with a self-resonant frequency of 36.5 MHz was used, the power transmission efficiency maximized
at 5% of the soil moisture content and decreased as the soil moisture content increased.

Overall, the prepared Sn-printed conductive lines sandwiched
by nanopapers achieved excellent electrical conductivity of less
than 10−4 [Ω cm] using a simple hot pressing technique.

2.3. Wireless Power Supply

We used wireless power via magnetic resonant coupling to supply
power to the sensor device.[52–55] In the method, the transmission
efficiency of the receiving coil is maximized when the transmitter
and receiving coils are resonant. Thus, the power transmission
efficiency depends on the degree of matching between the self-
resonant frequencies of the transmitter and receiving coils.

A receiving coil was fabricated on a nanopaper substrate us-
ing Sn conductive lines. The self-resonant frequency of the re-
ceiving coil on the soil was measured using a network analyzer
(Figure 4a). When placed on soil with 5% moisture content, the
self-resonant frequency of the receiving coil mounted on the
nanopaper substrate was ≈36.5 MHz (Figure 4b; Figure S1, Sup-
porting Information). When placed on soil samples with differ-
ent moisture contents, the self-resonant frequency of the receiv-
ing coil decreased as the soil moisture content increased (Figure

4b). Notably, this value decreased to ≈31 MHz when the receiv-
ing coil was placed on soil with 30% moisture content. The self-
resonant frequency of the receiving coil was determined by the
inductance and parasitic capacitance of the coil.[32,56] The para-
sitic capacitance of the coil was determined by the dielectric con-
stant of the dielectric surrounding the coil. The dielectric con-
stant of soil is known to vary with its moisture content;[57,58]

therefore, the parasitic capacitance of the receiving coil was likely
to change with the soil moisture content, yielding a change in
the self-resonant frequency. Subsequently, a transmitter coil was
placed 10 cm below the receiving coil and the transmission ef-
ficiency from the transmitter coil to the receiving coil was mea-
sured (Figure 4c,d). The self-resonant frequency of the transmit-
ter coil was set to 36.5 MHz. Consequently, the transmission effi-
ciency of a receiving coil installed on soil with 5% moisture con-
tent was ≈46% (Figure 4d; Figure S2, Supporting Information).
The transmission efficiency decreased as the soil moisture con-
tent increased. Indeed, at 30% soil moisture content, the trans-
mission efficiency decreased to ≈3% (Figure 4d; Figure S2, Sup-
porting Information). This decrease in transmission efficiency
can be attributed to a mismatch in the resonant frequency, and
it was confirmed that the transmission efficiency varied with the
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Figure 5. a) A wax-coated soil moisture sensor with a carbon-based heater, supplied with wireless power, was placed on the soil, and the heater temper-
ature was measured using a thermal camera. b) During wireless power transmission, the heater temperature varied depending on the moisture content
of the soil. c) The sensor device was observed using a thermal camera positioned 0.3 m above. The sensor-device location and the heater temperature
linked with the soil moisture content observed as a hotspot.

moisture content of the soil in which the coil was installed. Note
that these results were obtained in fixed positions and angles on
smooth soil surfaces and may differ in practical situations.

2.4. Hotspot Observation to Obtain Location and Soil Moisture
Content

A carbon-based heater was used to externally transmit the
change in the power transmission efficiency to the sensor device
(Figure 5a; Video S1, Supporting Information). The power was
supplied wirelessly from the transmitter coil (the self-resonant
frequency of which was adjusted to 36.5 MHz) to the sensor
device placed on the soil. When placed on soil with 5% mois-
ture content, the heater element converted the received power
into heat and heated to ≈75 °C after 1 min (Figure 5b,c). The
heater temperature decreases as the soil moisture content in-
creases (Figure 5b,c). Note that the heater element is small and,
when the thermal camera is used from a distance, the temper-
ature is averaged over the surrounding area; therefore, calibra-

tion may be required depending on the equipment and distance
(Figure 5b). These results confirm that the developed sensor de-
vice is capable of transmitting changes in the surface-soil mois-
ture content in the form of heater temperature.

2.5. Demonstration

Various methods exist for obtaining location data, such as the
Global Positioning System (GPS) and wireless beacons. How-
ever, using these methods, it is difficult to achieve the accuracy
required for location data acquisition over medium distances
in farmlands. Moreover, the complex device configurations re-
quired to implement these methods impair the overall sensor-
device degradability, making it difficult to balance environmen-
tal considerations. Image recognition is a promising technology
for simplifying sensor-device design and achieving the accuracy
required for medium-range position acquisition.[26–28] The de-
veloped sensor device successfully transmitted the sensed soil
moisture content to the outside environment via heat generation.

Adv. Sustainable Syst. 2023, 2300314 2300314 (6 of 10) © 2023 The Authors. Advanced Sustainable Systems published by Wiley-VCH GmbH
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Figure 6. Demonstration of the proposed sensing system. a) Demonstration of high-density installation of degradable sensor devices. b) The resonant
frequencies of the sensor devices and the transmitting coil did not match when the soil was sufficiently moist. No hotspots are identified. c) When some
areas of the soil are dry, the sensor devices placed on the dry soil receive wireless power, the heaters generate heat, and hotspots are identified by the
thermal camera. d) Used degradable sensor devices mixed into the soil, and e,f) the fertilizer components added to the nanopaper substrates promote
plant growth.

Therefore, the sensor position and soil moisture content could
be simultaneously determined from the heater temperature by
observing the sensor-device installation position using a ther-
mal camera. To demonstrate this concept, 12 moisture-content
sensors were installed on a 0.4 m x 0.6 m field to map the soil
moisture content (Figure 6a–c). A transmitting coil with a self-
resonant frequency of 36.5 MHz was placed 10 cm below the
field. The transmitter coil was a spiral coil that generated a uni-
form electromagnetic field over the field.[59] A thermal camera
was placed 1 m above the field. When the soil moisture content
was universally 30 wt.%, the sensor devices on the field gener-
ated little heat and the thermal camera did not detect any hotspots
(Figure 6b). However, when some of the soil on the field was dry
(moisture content: 5%), the sensor devices on the dry soil emit-
ted thermal signals that were observed as hotspots in the thermal
camera image (Figure 6c). This demonstration confirmed that
the proposed novel sensing system enables the efficient acqui-
sition of sensing data linked to location data, even when many
sensor devices are densely installed.

As conventional sensor devices should be collected after use,
it is difficult to install them at a high density because of the
risk of leakage during collection and the problem of disposal af-
ter collection. The sensor device developed in this study is com-
posed of biodegradable plant fibers and wax, Sn conductive lines,
and carbon electrodes, which have a relatively minor environ-
mental impact. Thus, most of the sensor device components are
biodegradable and the residual components are unlikely to ad-
versely affect agricultural crops. Coating sensor devices with nat-
ural waxes not only prevents moisture, but also reduces biodegra-

dation rates(Figures S3 and S4, Supporting Information). Coat-
ing materials such as natural waxes eventually biodegrade,[60–62]

and it is crucial to consider the coating material selection and
coating thickness depending on the set lifetime. It is not neces-
sary to collect degradable sensors after use; therefore, they can
be tilled with the soil following crop harvesting. Moreover, ef-
fective fertilizer application can be expected if fertilizer compo-
nents are mixed into the nanopaper substrate, with the fertilizer
components being released into the soil. As with general fertil-
izers, the duration and effectiveness of fertilizer application can
be controlled by the fertilizer components blended into the sub-
strate or wax. To demonstrate the sensing/fertilizer concept, we
crushed sensor devices composed of nanopaper substrates con-
taining a fertilizer component (ammonium sulfate, (NH4)2SO4)
and mixed them with soil. A clear fertilizer application effect
could be confirmed (Figure 6d-f). The nanopaper substrate can
be compounded with a wide variety of fertilizer components and
freely customized to suit the crops. Thus, the proposed concept
is promising as a completely new type of high-density sensor de-
vice and sensing system that combines the mass installation of
sensor devices while reducing the environmental impact.

3. Conclusion

In this study, we have proposed a novel sensing system tuned
for high-density data collection and sustainability. The developed
sensor device only consisted of plant fibers, eco-friendly conduc-
tive lines, natural wax, and carbon elements. Most of the de-
vice volume biodegrades in the environment and the remaining
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conductive components have little adverse impact on the environ-
ment. The sensor device was powered by a magnetic resonant-
coupled wireless power supply; it could transmit surface-soil
moisture content data in the form of a temperature change.
When images of the measurement area were captured using a
thermal camera, the installation location and soil moisture con-
tent could be determined from the heat generation point and tem-
perature.

The proposed system can be further developed, particularly
in terms of the device configuration. In this study, sensor de-
vices were placed at ideal positions and angles for wireless power
transmission. In actual agricultural applications, it is not easy to
keep the soil surface smooth, and the sensor device and power
transmission system must be improved to accommodate uneven
ground and changes in the angle from the transmitting coil. The
Sn used as the wiring material in this study did not cause signifi-
cant harm to the sample crop of Brassica rapa var. perviridis. It has
been reported that Sn has no particular effect on many crops;[38,39]

however, some crops are impacted by this substance. Fertilizers
and pesticides are not completely free from side effects; there-
fore, careful consideration is required before their application.
Similarly, degradable sensor devices must be optimized to suit
the target crop and installation location. The development of eco-
friendly conductive materials is crucial in the future. Although
the simplest possible circuit and system were employed in this
study, the circuit design and placement of the transmitting and
receiving coils could also be improved to increase the resultant
power transmission efficiency. Moreover, the need for a uniform
power supply to support a large number of sensor devices is a
potential obstacle in scaling up the proposed system. Therefore,
a system that provides a uniform electric field over a wide area
is required for the development of similar concepts.[63] In addi-
tion, further research is needed for cooperative operation with
drones equipped with wireless power supply capabilities and for
the use of microwave wireless power transmission[64] for opera-
tion in areas where there are no wireless power supply facilities.
Finally, although the concept introduced in this study is based on
agricultural applications, its use is not limited to that field. The
application of the proposed system can be extended to the field of
logistics in which large quantities of sensors are required, and to
disaster areas where sensor device collection is difficult. Sensor
devices and ultrahigh-density sensing systems with degradabil-
ity, which is achieved by optimally simplifying their components,
will contribute to the development of next-generation sensing
systems, unrestricted by the existing bottlenecks.

4. Experimental Section
Materials: Acetic anhydride ((CH3CO)2O, purity: 99.9%), hydrogen

peroxide (H2O2, purity: 35%), ethyl cellulose, potassium chloride (KCl, pu-
rity: 99.0%), (NH4)2SO4 (purity: 99.5%), ethanol (C2H6O, purity: 99.5%),
Ag powder (< 50 μm, purity: 99.99%), and graphite powder (purity:
99.0%)) were purchased from Nacalai Tesque, Inc. (Japan). Cu powder
(<50 μm, purity: 99.6%)) was purchased from Hayashi Pure Chemical
Ind., Ltd. (Japan). Sn powder (<50 μm, purity: 99.9%)) was purchased
from Kojundo Chemical Laboratory Co., Ltd. (Japan). Dewaxed shellac was
purchased from Japan Shellac Industries, Ltd. (Japan). Carnauba and rice
waxes were purchased from Yamakei Sangyo (Japan). Superphosphate of
lime was purchased from Asahikogyo Co., Ltd. (Japan). Potting soil was
purchased from Akagi Engei Co., Ltd. (Japan). Additionally, natural soil

was collected at 34°49′31.4′′N 135°31′22.6′′E and sieved through a 1 mm
diameter mesh.

Nanopaper Substrate: To produce the nanopaper substrate, the pulp
was first prepared by following the steps reported in a previous study.[22]

Japanese cedar (Cryptomeria japonica) wood chips (60 g) were delignified
in a (CH3CO)2O/H2O2 mixture (500 mL/500 mL) at 90 °C for 2 h. The pulp
slurry (≈3 wt.%) was then homogenized using a high-pressure waterjet
system (Star Burst, HJP-25080; Sugino Machine Co., Ltd., Japan) equipped
with an oblique-collision chamber. The injected slurry was repeatedly
passed through a small nozzle (0.35 mm diameter) under 200 MPa pres-
sure. After 10 passes through the nozzle, a 2.5 wt.% CNF/water disper-
sion was obtained. The CNF/water dispersion was cast evenly on an acrylic
plate. Nanopapers with thicknesses of ≈40 μm were obtained after drying
(PR-2 KT, ESPEC Corp., Japan) at 10 °C under 90% RH.

Biodegradability and Plant Cultivation Test: Biodegradability tests were
performed according to the following procedure. Metal inks were prepared
by mixing Cu, Ag, or Sn powders in a 5 wt.% ethyl cellulose/C2H6O solu-
tion. The ratio of each powder to the ethyl cellulose was 100:1. A mesh
pattern with a 5 mm2 aperture was drawn on a 40 mm × 40 mm nanopa-
per substrate using a dispenser (SHOTMASTER 200DS, MUSASHI Engi-
neering, Inc., Japan). Nanopaper samples with metal lines were placed in
300 mL of natural soil in each pot. A glass plate was placed over the top to
enable sample observation while replicating soil burial conditions. The soil
moisture content was maintained at 30 wt.%, i.e., the moisture content of
the soil when it was collected. The biodegradation tests were conducted
at 25 °C for up to 60 d. The area of the remaining nanopaper substrate
was calculated by analyzing a top-down image using ImageJ processing
software.

Cultivation tests were performed according to previously reported
methods.[65] Potting soils were mixed with KCl, (NH4)2SO4, and super-
phosphate of lime. A concentration of 100 mg of each of the active in-
gredients, (potassium (K), nitrogen (N), and phosphorus) was used per
500 mL of soil. Cu, Ag, and Sn powders were added to the test soils at
doses of 0.1, 1, and 10 g per 500 mL. For the fertilizer efficacy test for
fertilizer-containing soil moisture sensors, potting soil with no added fer-
tilizer was used. One crushed sensor was used per 500 mL of soil. The soil
moisture content was maintained at 45 wt.%. First, 500 mL of potting soil
was placed in pots (113𝜑× 65 mm) without drainage holes; then, 20 seeds
of komatsuna (Brassica rapa var. perviridis) were planted. The plants were
grown for 21 days in an indoor constant-temperature room at 25 °C, 30%
RH under LED lights for plant growth. After growth, the plants were har-
vested, and their fresh weights were measured. The fresh weight ratio was
calculated, where the average fresh weight without metal powder addition
was considered 100%. All soil moisture contents were measured using a
moisture content meter (FD-800, Kett Electric Laboratory Co. Ltd., Japan)
and adjusted using distilled water.

Sn Conductive Lines: Sn ink was prepared by mixing Sn powder with
5 wt.% ethyl cellulose/C2H6O and 50 wt.% shellac/C2H6O solutions.
The ratio of Sn to ethyl cellulose to shellac is 100:1:1. Test electrodes
(20 mm × 20 mm × 0.1 mm) were prepared by blade-coating the nanopa-
pers with Sn ink. Once the C2H6O solvent was dried at room temperature,
a thin layer of 2.5 wt.% CNF/water dispersion and another nanopaper
substrate was applied to the first nanopaper substrate. The layers were
then stacked in the following order: a PTFE plate, laminated nanopaper
substrate, metal mesh, and paper towel. The layers were then pressed at
110 °C, 25 MPa for 10 min (AYSR-5, Shinto Metal Industries, Ltd., Japan).
The laminated nanopaper was then pressed at 110—225 °C, 25 MPa for
≈10 s to sinter the Sn particles. The thickness and the width of the Sn
conductive lines were ≈0.1 and ≈1 mm, respectively.

Sn Receiving Coil and Soil Moisture Sensor: Receiving coils were fab-
ricated using the same procedure as for the Sn conductive lines, for
65 mm × 65 mm spiral coils drawn using a dispenser. A probe coil was
mounted around each receiving coil. A biodegradable hydrophobic coat-
ing was applied to the laminated nanopaper substrates with mounted re-
ceiving and probe coils by dipping them in carnauba wax heated to 100 °C.
The self-resonant frequency (S11) was measured using a network analyzer
(E5061A, Keysight Technologies, USA). The receiving coil was placed hor-
izontally on soil with a moisture content of 5—30 wt.% (soil thickness:
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30 mm). A Cu transmitter coil with a self-resonant frequency of 36.5 MHz
and a probe coil was placed 10 cm directly below the receiving coil. The
power transmission efficiency (|S21|2) was then measured using a network
analyzer. Each measurement was performed three times using a coil.

Thus, the soil moisture sensor consisted of a laminated nanopaper
substrate on which a receiving coil, probe coil, and heater element were
mounted and coated with carnauba wax. Carbon ink was prepared by mix-
ing graphite powder with a 50 wt.% shellac/C2H6O solution. The ratio of
graphite powder to shellac is 2:1. A 2 mm × 5 mm heater element was
printed in connection with the probe coil via blade coating with carbon
ink. Following printing, the C2H6O solvent was dried at room temperature.
The weight of each sensor device was ≈2.6 g and contained ≈1.3 g of Sn.
To prepare the soil moisture sensors with fertilizer, the same procedure
was followed, where KCl and (NH4)2SO4 were mixed to obtain 100 mg
concentrations of each of the active ingredients (K and N) in the nanopa-
per substrate per sensor device. Each soil moisture sensor was placed on
a 30 mm thick soil layer with a moisture content of 5—30 wt.%. Wireless
power was supplied from a transmitter coil with a self-resonant frequency
of 36.5 MHz placed 10 cm directly below the sensor. A 36.5 MHz signal was
input to the transmitter coil using a function generator (FGX-295, TEXIO
Technology Corporation, Japan) with a high-frequency amplifier (ZSA5151-
10K250M, RAD Co., Ltd., Japan) having an output power of ≈6 W. The
temperature of the heater element was measured using a thermal camera
(FLIR ETS320, FLIR Systems, Inc., USA) that was positioned ≈0.3 or ≈1 m
above the sensor. Each measurement was performed three times using a
sensor device.

Demonstration: Twelve soil moisture sensors were placed on a 3 cm
thick potting soil layer with 5 or 30 wt.% moisture content. These sen-
sor devices were used from several sensor devices with comparable
performance. A transmitter spiral coil with a self-resonant frequency of
≈36.5 MHz was placed 10 cm below the sensors. A 36.5 MHz signal was
input to the spiral transmitter coil from a function generator via a high-
frequency amplifier with an output of ≈50 W. The soil moisture content
was mapped using a thermal camera positioned 1 m above the sensors.
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