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Abstract
The authors are making a prototype flexible board of a radio-frequency transmitter for measuring an electromyogram (EMG) of a flying
moth and plan to apply for an experimental station license from the Ministry of Internal Affairs and Communications of Japan in the summer
of 2022. The goal is to create a continuous low-dose exposure standard that incorporates scientific and physiological functional assessments
to replace the current standard based on lethal dose 50. This paper describes the technical evaluation of the hardware. The signal of a bipolar
EMG electrode is amplified by an operational amplifier. This potential is added to a voltage-controlled crystal oscillator (27 MHz, bandwidth:
4 kHz), frequency-converted, and transmitted from an antenna about 10 cm long (diameter: 0.03 mm). The power source is a 1.55-V wristwatch battery that has a total weight of about 0.3 g (one dry battery and analog circuit) and an expected operating time of 20 minutes. The
output power is −7 dBm and the effective isotropic radiated power is −40 dBm. The signal is received by a dual-whip antenna (2.15 dBi) at
a distance of about 100 m from the moth. The link margin of the communication circuit is above 30 dB within 100 m. The concepts of this
hardware and the measurement data are presented in this paper. This will be the first biological data transmission from a moth with an official
license. In future, this telemetry system will improve the detection of physiological abnormalities of moths.
Key Words: LD50 (Lethal Dose, 50%), Low Dose Exposure, VCXO.

I. INTRODUCTION
1.1. Fukishima Nuclear Power Plant Accidaent and
Pseudozizeeria Maja Argia
Otaki et al. collected Pseudozizeeria maha in the Fukushima area in May 2011 and found relatively mild abnormalities in some of them [1]. The severity of abnormalities
was higher in the F1 offspring obtained from females of the
first instar. These abnormalities were inherited by the F2
generation. Experiments have shown that low-dose external
and internal exposure of individuals from non-contaminated areas reproduced the same abnormalities. These results indicate that anthropogenic radionuclides from the Fukushima Nuclear Power Plant have caused morphological
and genetic damage to Pseudozizeeria maha. However,
only morphological abnormalities such as wing shape and
wing pattern were recorded [2-6]. The effects on physiological function are unknown.

1.2. Persistent Low-Dose Exposure
Lethal dose 50 (LD50), a measure of acute toxicity, refers to the amount of pesticide or radiation that kills half of
the exposed individuals. Sustained low-dose exposure to
pesticides and radiation cannot be assessed simply on the
basis of LD50; however, no optimal criteria have been reported. LD50 is the rate of survival, not a measure of physiological dysfunction in healthy organisms due to exposure
[7-10].
This study aims to detect the impairment of motor function in insects exposed to sustained low concentrations of
radiation by monitoring their physiology and detecting the
impairment of flap reduction and peak-to-peak temporal
fluctuations (Δt). Biotelemetry can be used to transmit moth
physiological data. The battery limits the amount of data
that can be recorded. Nevertheless, data from moths pinned
to a platform can be compared and evaluated [11-22].
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II. PREPARATORY EXPERIMENTS
A physiological experiment was performed by hanging a
moth was suspended using pins that were connected to copper wires (Fig. 1 and Fig. 2). The hawkmoth periodically
contacts the muscles inside the exoskeleton, resulting in deformation of the exoskeleton and the movement of the
feathers connected by the “hinge” up and down. Fig. 3
shows the anatomy of primary flight muscles those of two
have a cycles: The Dorsal Ventral Muscle (DVM) contract,
causing a down-strok that creates life. Therefore, electrodes
are inserted into two muscle groups. The preliminary experiments were conducted as follows. We recorded a two-channel electromyogram (EMG) and the angular velocity corresponding to the pitch angle associated with wing flapping
for 100 sweetpotato hawkmoths (Agrius convolvuli)(Fig. 4),
50 females and 50 males) with the animals suspended and
constrained in air. Overall, the angular velocity and ampli-

Fig. 1. Lateral view of sweetpotato hornworm.

Fig. 2. Monitor of EMGs and angular velocity with pins linking copper wires.

Fig. 4. Obtained EMG data and angular velocity, the muscles of
DLM is green and DVM is red line.

tude of the EMG signals had a high correlation, with a correlation coefficient of R = 0.792. An analysis of the peakto-peak EMG intervals, which correspond to the RR intervals of ECG signals, indicated a correlation between Δt
fluctuation and angular velocity of R = 0.379. Thus, the accuracy of the regression curve was relatively poor. What is
Δt, in other words, is the origin of the temporal fluctuation
of the flapping cycle that is defined as Δt here.
For such a physiologically abnormal state when flight is
restrained by a copper wire, there is a possibility that a statistically significant difference from the EMG at free flight.
The Δt of peak-to-peak flapping cannot be obtained using
the copper wire that perfectly ignore own lift force. The fluctuation of Δt is the time when Ca ions are replenis- hed to
the muscle fibers, and this work is considered to be intermittent. It is thus necessary to conduct experiments with
free flight.
Using a dc amplification circuit without capacitive coupling as the EMG amplification circuit, we confirmed that the
baseline changes at the gear change point of wing flapping.
The lift provided by the wing can be expressed as angular
velocity × thoracic weight - air resistance - eddy resistance
due to turbulence. In future studies, we plan to attach a micro radio transmitter to the moths to gather data on potential
energy, kinetic energy, and displacement during free flight
for analysis. Such physiological functional evaluations of
moths may give insight into damage to insect health due to
repeated exposure to multiple agrochemicals and may lead
to significant changes in toxicity standards, which are currently based on LD50 values.

III. METHODS
3.1. The Outline of the Biotelemeroty System

Fig. 3. Anatomy of muscles.
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Hanging a moth by a copper wire and measuring the
EMG signal in a restrained state does not replicate the physiological state. If EMGs from moths could be measured during free flight, there is a possibility of obtaining correlations
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Fig. 6. Block diagram of the transmitter.

(2SC4713) in the final stage of the transmitter is not suppressed, the battery will be exhausted immediately. The
transmission power can be adjusted by changing the resistance R connected to the emitter of the bipolar transistor.
A current of approximately 20 mA flows when R=35 Ω and
the operation time is about 24 minutes (Fig. 7). The RF
maximum output is 1 mW (0 dBm). Table 2 shows the battery (Sony SR416SW) specifications and Table 3 shows
compatible batteries manufactured by other companies.

Fig. 5. Concept of the engineering model.
Table 1. List of the parts and weight.
Parts

Weight [g]

Battery

0.1

VCXO

0.08

Microchips

0.05

Solder + copper wire

0.02

Filter+antenna

0.01

Total

0.29

3.4. Free Space Path Loss
According to the license requirements, a filter was inserted to suppress spurious signals for a transmission power
of 1 mW. The free space path loss is calculated bythe following equation. The simulation of free space path loss was
performed by MATLAB 2018 on Windows 10 environment.

between EMG peak-to-peak fluctuations and lift that could
not be obtained in the restrained state. Therefore, we developed a biotelemetry system and measured flight data recorded for approximately 100 m. The average weight of the
moths was 1.1 g. Based on empirical data, we considered
that an additional 0.28−0.33 g (25%−30% of the moth
weight) could be added. The concept of the biotelemetry
system is shown in Fig. 5 and the weights of the main components are listed in Table 1.
3.2. Block Diagram
The electric potential of the muscle that plays an active
part in the flapping of a moth (EMG) was acquired with
three electrodes and amplified by a factor of 134 using an
operational amplifier. The change in the electric potential is
converted into a change in frequency (frequency modulation). Spurious signals are removed with a buffer amplifier
and the remaining signals are transmitted at a radio-frequency (RF) power of −7dBm. A block diagram of the
transmitter is shown in Fig. 6.
3.3. Battery and Power Consumption
For the proposed device, the battery capacity is limited
to 8 mAh. Therefore, if the current of the bipolar transistor

Fig. 7. Current and battery life.
Table 2. Specification of the battery.
Specification

Standard SONY SR416SW

Type

Silver oxide battery

Nominal voltage

1.55 V

Capacity

8 mAh

Size

Diameter 4.8 mm × Height 1.65 mm

Weight

0.1 g
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filter must be inserted to suppress spurious signals to −50
dB or less than the main radio wave, as required by law. The
bipolar transistor (2SC4713) of the buffer has an amplification ratio of about 8, ensuring an output of 0 dBm (Fig. 8).

Table 3. Button battery product compatibility.
SONY

SR416SW

ENERGIZER

337

RAYOVAC

337

3.5. Voltage-Frequency Conversion

RENATA

337

BULOVA

623

SEIKO

SB-A5

CITIZEN

280-75

GP

GP337

The EMG of the moth was amplified with the gain of 134
using an operational amplifier (NJU77002RB, JRC) and
charged in the variable-capacitance diode of the crystal
transmission part. The change in the capacitance of the variable-capacitance diode caused a change in the frequency of
the crystal oscillator. This setup is called a voltage-controlled crystal oscillator (VCXO). The relationship between
the added control voltage and frequency is shown in Fig. 9.
The potential change from 0 to 1.5 V is within the bandwidth of 4 kHz. The relationship between output power and
load potential is shown in Fig. 9, Fig. 10 and Fig. 11.

FSPL =20 log(4 π d/λ)
π: Pai(3.1415)
d: Distance (m)
λ: Wavelength (m) = c/f
c: Light speed (m/s)
f: Frequency (Hz)

3.6. Results of the Experiment

Considering the gain of the transmitting antenna and the gain
of the receiving antenna, it can be rewritten as the following
Equation (1).

FSPL 20𝑙𝑜𝑔 𝑑

20𝑙𝑜𝑔

𝑓

We soldered the devices and components to be mounted
on the moth and electrically tested the engineering model
before ordering the flexible board. Battery consumption is
about 20 minutes if the total current is about 25 mA. The
propagation distance is about 100 m, simulated from the

32.44 − 𝐺 − 𝐺 .

(1)
Gt: Transmitting antenna gain (dB)
Gr: Receiving antenna gain (dB)
Because the antenna on a moth is only 10 cm long (diameter: 0.03 mm), efficiency is poor (effective isotropic radiated power: −40 dBi). Fig. 8 shows the free space path
loss when the receiving side uses a 1/2λ dipole antenna. A

Fig. 9. Relationship between output power and load potential.

Fig. 8. Free space path loss.
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Fig. 10. Loaded voltage and output power of the VCXO.
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Fig. 11. Monitor of the output power −7dBm with spectrum analyzer.

free space path loss equation. The V / F conversion was linear, and the RF, especially the power −7 dBm, was stable
and satisfactory.

IV. CONSIDERATIONS
4.1. Challenges in Mounting on Flexible Board
Based on the above experimental results, we manufactured a flexible substrate exclusively for hawkmoths, so the
points to be noted from design to mounting are described
below. For mounting, a flexible substrate with a thickness
of 0.2 mm and double-sided copper foil was used as the
preliminary board. In this circuit, most of the back side is
the ground, and since it is soldered by hand of a skilled
worker in the preliminary stage, sufficient space is taken
between the parts for the purpose of distributing heat (Fig.
12) After burning the wiring of the pattern, the time to remove the water from the both layer adhering to the substrate
varies depending on the pattern configuration. If the ground
is relatively wide like this board, it has a heat dissipation
effect, and moisture can be removed by overheating at 120
C degree for about 30 minutes. It is possible to make it even
narrower for small fly. In the future, if it is to be mounted
on small moths and butterflies, it would be possible to be
narrowed about 64% (verstical×horizontal= 4/5×4/5=0.64)
in size. These conditions reflect the technical level of the
laboratory, and if it can be developed commercially, that is,
if the budget can be secured, it is desirable to commercialize
a dedicated IC as a V/F device (VCXO).

Fig. 12. Upper: Wiring diagram of the prototype board, middle:
3D mockup of parts, lower: Completed flexible board.

4.2.1. Two Channels Via Orthogonalization
Because frequency modulation (FM) is used for the first
channel, a second channel can be created using amplitude
modulation (AM) on the orthogonal axis. However, the disadvantage is that the signal leaks out during FM demodulation if the frequency component of the AM is high due to
the group delay characteristic of the detection of the receiver. The first channel, FM, is suitable for EMG with
high-frequency components, and the second channel, AM, is
suitable for angular velocity with a relatively slow wave motion.
A dual-gated field-effect transistor (e.g., 3SK284, 3SK73)
is used for cascade amplification and resistor R2 is used to
adjust the bias to modulate the Gate-2 voltage from −0.1 to
−0.4 V. If the signal goes to zero, the FM signal cannot be
demodulated. Gate-1 is designed to handle crystal oscillation (Fig. 13 and Fig. 14).

4.2. Multi-Functionalization with Limited Weight
Since the weight of the payload has an upper limit of
about 0.28g, we would like to consider carrying two functions with one transistor by the following two methods, and
conduct verification experiments in the future. Many papers
on techniques for multiplexing with one device and quadrature modulation have been published in the past [23-35].

Fig. 13. Idea of orthogonalization modulation with a dual-gated FET.
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Fig. 14. Suitable voltage for the Gate-2.

4.2.2 Weight Reduction using Reflex System
A system that amplifies two signals with one amplifier
circuit is called a reflex system. Such systems have been
implemented in middle- or short-wave receivers. A reflex
radio amplifies and detects an RF signal and in parallel amplifies an audio frequency (Fig. 15). A single amplification
circuit is used for both RF amplification and audio frequency amplification. Based on this concept, a single transistor can be used for the high-frequency crystal oscillation
circuit and the low-frequency biological signal amplification. Because the low-frequency amplification cannot
achieve a gain of 20 dB, the resolution in the amplitude direction is lower than that of an operational amplifier. As a
countermeasure, the capacitance of the varactor diode can
be increased, which will expand the frequency band, increase the FM coefficient, and lead to diffusion gain, compensating to a certain degree for the low resolution. Experiments are required to evaluate the implementation.
4.3. Reasons for New Measurement with ICT to Replace LD50
Genetic damage from radiation isotope exposure, sperm,
eggs, or immediately after fertilization has been studied.
However, we believe that the oxidation of genes in the cells,
nucleior mitochondria DNA associated with continuous ex-

posure of low concentrations during the growth process results in a decrease of the function of the living body.
Focusing on the fact that the muscle of Sweetpotato
Hornworm is greatly differentiated at the 1st to 3rd instar,
low-concentration continuous exposure→cell oxidation→
damage to muscle mitochondrial DNA→decrease in ATP in
the muscle→decrease in uptake of Ca ions from T tube→
Myoelectric potential decreases.
As an experimental model, we think that it is possible to
put a radioisotope in the artificial feed of Sweetpotato
Hornworm and expose it internally, and measure the flight
EMG. We are aiming to find the correlation between the
amount of radiation loaded on food and the amplitude of the
electromyogram.
LD50, which is an index so far, is an index of the acute
phase in which 50% of individuals die, and this is not an
index of the chronic phase. In the chronic phase, the value
of 1/1000 (for example) of LD50 is simply applied. Anyone
can judge which is more scientific.

V. CONCLUSION
We developed an engineering model of a transmitter for
obtaining an EMG of a moth in free flight. From a technical
perspective, future development efforts should consider
that one element in the reflex system or the cascade method
should have multiple functions. If electronic device technology that can quantify EMG during free flight were developed, the detection of physiological abnormalities would
allow a physiological standard that replaces the LD50based standard for continuous low-dose exposure to pesticides and radiation.
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