A Swallowable Sensing Device Platform
with Wireless Power Feeding and Chemical Reaction Actuator

Ryota Nakamura, Student member, IEEE, Shintaro lzumi, Member, IEEE, Hiroshi Kawaguchi, Member,
IEEE, Hidetoshi Ohta, Member, IEEE, and Masahiko Yoshimoto, Member, IEEE

Abstract— This paper presents a swallowable sensor device
that can be ingested orally, later passing to the stomach, where
the device can indwell for long periods. Using wireless
communication, it can be egested at any time after it is triggered.
This device can indwell using a silicone balloon in the
gastrointestinal tract. A chemical reaction inflates the balloon
inside the stomach. Then it is deflated to egest the sensor device
using an actuator with electrolysis of water. Energy for the
actuator with electrolysis can be fed wirelessly. Near field
communication and a flexible antenna are used for power
feeding and wireless data communication. Because of the
flexible balloon and the flexible antenna, the device size can be
minimized without performance degradation.

I. INTRODUCTION

Mobile health is expected to play an increasingly
prominent role in aging societies. Daily life monitoring is
especially important to prevent lifestyle diseases [1]. However,
it is difficult to realize a sensor device to monitor long-term
internal information of the human body, including dietary
habits and internal organ health. Although this information is
important for lifestyle analysis, it is difficult to monitor it from
outside the body [2, 3].

Implantable or ingestible devices have been developed to
monitor information inside the human body [4, 5]. These
devices show better usability and measurement accuracy than
mobile or pasted-type sensor devices. However, psychological
barriers present issues that inhibit their practical use.
Therefore, this study specifically examines swallowable
sensor devices for use as long-term biosignal monitors. Such
sensors have less associated psychological resistance from
patients than implantable devices have.

Capsule endoscopy has already come into practical
medical use [6, 7]. Such capsules can transmit images from the
gastrointestinal tract using wireless communication. A small
lithium-ion battery and a dedicated LSI are used in such
devices. Generally such devices are smaller than 15 mm x 30
mm, which is close to the swallowable limit.

A swallowable and battery-less device for drug delivery
has been reported [8]. This device can transmit information
related to oral medication in the stomach. This battery-less
device achieves sensing by generating energy from a
chemical reaction with gastric fluid.
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These conventional swallowable devices are designed for
short-term measurements: from several hours to 24 hr. In
contrast, the device described herein is intended for long-term
continuous monitoring in the gastrointestinal tract lasting from
several days to several months. For indwelling of the devices
into the gastrointestinal tract, a remotely controlled capsule
robot with a balloon inflation function has been proposed [5].
This robot can inflate a balloon in the gastrointestinal tract
using a chemical reaction of an acetic acid solution and
sodium bicarbonate to produce carbon dioxide (CO,). The
gastric balloon has been used for food intake reduction during
obesity treatment programs [9, 10]. Because the volume of the
acetic acid solution and sodium bicarbonate is much less than
the produced CO,, the total volume of the system can be
minimized while swallowing. Furthermore, the CO; that is
produced can be evacuated. The balloon can then be deflated
to egest the sensor device from the gastrointestinal tract. We
used this mechanism as the indwelling method of our sensor
device. Figure 1 presents an overview of the proposed system
and the swallowed sensor device.

Conventional devices [5] entail the difficulty of requiring
a motor to trigger both inflation using a chemical reaction and
deflation by evacuation. The motor therefore occupies a
certain volume in a conventional device. Furthermore, it
consumes much more power than other sensor device
components. That power consumption strongly constrains the
device because the battery capacity is limited by the system
volume. Other indwelling devices have been proposed [11,
12], but they have no on-board actuation or powering. To
address these shortcomings, we proposed motor-less inflation
and deflation using a chemical reaction [13].

This paper presents a small swallowable device consisting
of a deflating actuator using a water electrolysis mechanism,
a microcontroller unit, and a power feeding system using
Near Field Communication with a flexible antenna.
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Figure 1. States of proposed swallowable device system



II. INDWELLING AND EGESTING METHODS

A. Inflation Method

To realize the easily swallowable sensor device, size
reduction is a primary goal of this research. Mechanical
micromotors and micropumps are commonly used as small
actuators. However, their output power and energy
consumption are unsuitable for our target device size.
Therefore, in our previous work [13], we proposed the concept
of a low-power indwelling and egestion method using a
silicone balloon and a chemical reaction.

When swallowing the sensor device, the silicone balloon is
divided into two portions with gelatin: an acid portion and the
other portion, which includes sodium bicarbonate, as depicted
in Fig. 2. Gastric juices and body temperature melt the gelatin
when the device is in place in the stomach. Then, the acid and
the sodium are mixed to produce CO; by a chemical reaction.
After the reaction, the sensor is indwelled in the stomach for
inflating the balloon with the generated gas, as presented in
Fig. 2. This method requires no mechanical actuator or
circuitry, giving the sensor device its smaller volume and low
power consumption.

B. Deflation Method

The silicone balloon should be deflated by the user before
egesting. To exhaust the produced CO,, we proposed the
actuator concept using electrolysis of the sodium carbonate
water solution [13] because conventional actuators such as
motors and pumps have high power consumption and limited
miniaturizability.

Fig. 3 depicts the electrolysis actuator architecture. When
electrolysis occurs by a driver circuit, a needle on a silicone
film is lifted by gas produced from the sodium carbonate water
solution. Then, the needle creates an exhaust hole by
penetrating the balloon. The needle tip is protected by a casing
even after it penetrates the balloon. The water solution and the
generated gas are also covered by silicone film at all times to
prevent leakage to the body.

Sensor device
capsule

Gelatin & Edible glue

Sensor device

Citricacid  Sodium
bicarbonate

Silicone balloon dioxide

Silicone balloon

Figure 2. Inflation system of swallowable device
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Figure 3. Architecture of proposed actuator for exhaust

III. DESIGN OF ELECTROLYSIS ACTUATOR FOR EGESTING

Herein, the authors present the overall design and
implementation of the swallowable sensor device platform,
which has indwelling and egesting methodologies.

First, an efficient design is regarded as realizing the
evacuation actuator, the concept of which is shown in Section
II. Because the actuator size is dominant in all sizes of the
device even if our proposed method is adopted, it is important
to optimize the efficiency.

The electrolysis efficiency, which is the key factor of our
actuator, has been examined in earlier studies [14, 15]. When
direct current is applied to water, the following reaction
occurs. It is decomposed into hydrogen and oxygen.

2H,0 > 2H, + 0, (1)

Because hydrogen ions are monovalent, 2 mol of
electrons are involved in producing 1 mol of hydrogen.
Accordingly, an electric quantity of 2 F is necessary to
produce 1 mol of hydrogen. Here, Faraday constant F is an
electric quantity of 1 mol of electron; its value is 96,485
Coulomb / mol. Because 1 m* of hydrogen in the standard
state is 44.6 moles, the necessary quantity of electricity to
generate it is 89.3 Faraday, which is 2393 Ah / Nm? in terms
of practical units. This result indicates that 2,400-Ah charge is
necessary to produce 1 m® of hydrogen and 0.5 m?® of oxygen.
In other words, 1.5-m* gas can be generated using 2,400 Ah.
In our design, the required gas volume is 1.5 cm®. The
expected power dissipation is 2.4 mAh.

Fig. 4 presents the required voltages for water
electrolysis [16]. The theoretical voltage to generate
hydrogen and oxygen is 1.23 V at 25 °C and 1 atm. In
addition, reaction overvoltage for the electrode reaction and
ohmic loss is required. The ohmic loss occurs when the
current flows through the electrodes and the solution.
Because our target current density is sufficiently small, ohmic
losses can be disregarded for the purposes of this study.

According to the analysis described above, we designed
and evaluated an efficient actuator structure using water
electrolysis. The power supply voltage was set to 3 V in the
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Figure 4. Relation of electrolytic voltage and current density
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Figure 5. Relation of water electrolysis and distance of electrodes

experiment. Stainless steel screws were used as electrodes of
5 mm length and 2 mm diameter. Figure 5 presents
measurement results of the current value flowing in the
solution. Then, the water solution consists of 10% sodium
carbonate. The experiment is conducted with three electrode
placement patterns: two electrodes with 5-mm and 10-mm
distances and four electrodes with 5-mm distance. The
current flowing in the solution decreases with the passage of
time because the bubbles generated at the surface of the
electrodes increase the resistance. Results show that the
number of electrodes should be increased and that the
distance of electrodes should be reduced as much as possible.

According to this result, we developed the actuator
structure depicted in Fig. 6. Four electrodes are placed into
the water solution. Each electrode is connected to a driver
circuit on a PCB. The supply voltage was set to 3 V,
according to the specifications for wireless power supply (see
Section IV).

IV. DESIGN AND IMPLEMENTATION OF SENSOR DEVICE
PLATFORM WITH FLEXIBLE ANTENNA FOR POWER FEEDING

Because the battery size is strictly limited in this
application, the power source is an important issue to realize
long-term monitoring in the human body. The actuator, as
shown in Section I1I, also requires a certain amount of energy.

Several energy harvesting solution candidates exist for
supplying energy into the body: electromagnetic waves,
ultrasound waves, and generation of electricity from
biological fluids. In this work, we specifically examined
wireless power feeding using near field communication
(NFC). The NFC is an RFID technology that uses
electromagnetic induction.

Although the dielectric constant of the human body
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Figure 6. Proposed actuator structure

differs from that in air, 13.56-MHz resonance frequency of
NFC is sufficiently low to communicate with the swallowed
device. However, a low resonance frequency requires a larger
antenna. To address this problem, we designed a flexible
antenna that can be combined with a silicone balloon;
moreover, it can be folded for swallowing.

The flexible antenna is designed for creation from a
standard fabrication process of a flexible printed circuit board.
It has a polyimide base and two copper wiring layers. Its total
thickness is 100 pum in this design. We tested the four antenna
designs shown in Fig. 7 and Table 1. Each antenna is designed
to have 80-pF additional capacity. Because the balloon size
was 80 mm, the maximum antenna size was 60 x 40 mm?.

Fig. 8 shows the measured communication distance in a
humanoid phantom. According to this result, we chose the 60
x 40 mm? size antenna, which has 0.22-mm wiring width,
0.25-mm wiring interval, and three turns. The maximum
communication distance is 140 mm in this implementation.

Finally, an NFC-tag IC (NT3H21) and a microcontroller
(STM32L4) were implemented on a printed circuit board,

TABLE 1. PARAMETERS OF FLEXIBLE ANTENNAS
A B C D
Size [mm?] 50x40 | 40x30 | 50x50 | 60x40
Wiring width
[mm] 1.00 0.22 0.22 0.22
Turns 4 4 3 3

Copper
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100 um
35 um

Copper

Figure 7. Flexible antennas for wireless power supply in the human
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Figure 8. Maximum communication distance of antennas in the
silicone balloon and humanoid phantom.
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Figure 10. Flexible antenna and platform board.
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Figure 11. Comparison between a conventional device and the
proposed device

which has 23 x 10 mm? size and 5 mm thickness, as shown in
Figs. 9 and 10. The NFC-tag IC can supply 3.0 V to the
microcontroller, sensors, and the actuator. Figure 11 presents
a comparison of the received power with a conventional
swallowable device [5] and the proposed device. For
distances greater than 20 mm, the proposed device shows
better efficiency. The total transmission power of this
transmitter is 800 mW.

V. CONCLUSION

We proposed a swallowable sensor device for long-term

monitoring of the gastrointestinal tract, as presented in Fig. 12.

This device is useful for healthcare monitoring to observe
dietary habits and internal organs. According to the
chemical-reaction-based inflation method for a silicone
balloon, the indwelling power can be eliminated. The
proposed electrolysis actuator for evacuation and ejection can
reduce the device size and power consumption.

Although the actuator power consumption is reduced, the
device still has microwatt-order power consumption. This
energy is expected to be supplied wirelessly from outside to
inside the human body. Because the silicone balloon can also

Figure 12. Proposed swallowable sensor device.

be used to compose a large flexible antenna, it is possible to
realize effective wireless power feeding. In this work, NFC
and flexible antennas are used to minimize the device size
because it has low resonance frequency and low attenuation
in the human body. Devices of our design can communicate
up to 140 mm. Although a much greater communication
range is necessary when the skin and fat are thick,
optimization of communication circuit will be achieved in
future work.
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