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Abstract: Managing medication status solves related complications and prevents increases in medical
costs due to the improper management of prescriptions. An ingestible sensor can be used to confirm
a patient’s real-time medical status by measuring the electromagnetic waves transmitted from an
ingested medication from outside of the human body. However, concerns about costs of delivery arise,
as it would be necessary to attach a sensor to each ingested medication. In this study, we focused on
using an electromagnetic (EM) imaging method which can estimate the internal structure of various
objects using a scattered electric field. With this method we can detect medication as it does not require
the installation of a sensor. At first we performed an electromagnetic field simulation and based on
the results we experimentally measured the external electric field, which changes with the medicine.
Then, we evaluated the accuracy of the detection method by calculating the difference between the
detection rate with the proposed detection method against a more conventional method. The results
indicate the possibility of achieving a more than 20% higher accuracy than the conventional detection
method with our proposed method using electromagnetic waves.

Keywords: EM imaging; human body communication; ingestible digital medication

1. Introduction

In recent years, the shortage of medical staff has become a problem in Japan due to
the declining birthrate and the rising aging population, and there are concerns that the
quality of medical care will decline even further in the coming years. Furthermore, it
is important to reduce the burden on the staff by improving treatment efficiency and to
increase patient adherence. Body area networks (BANs) have attracted a great deal of
attention as a technology to realize these goals, and the development of BANs has greatly
advanced medical care [1,2] in various ways already.

A BAN is a wireless communication technology used on the human body and is
generally divided into two types: on-body BAN (e.g., wearable sensors) and in-body BAN
(e.g., implants or pills), and was standardized as IEEE 802.15.6 [3] in February 2012. On-
body BAN is a technology for constructing a network between wireless terminals placed on
the surface of the human body, and is applied to daily monitoring of biological information
such as blood pressure [2].

In-body BAN is a technology to build a network inside and outside of the human
body by using devices implanted in the body or taken via an ingested pill. With these
solutions, the development of implanted or ingested medical devices has been actively
carried out. Examples of these are the wireless capsule endoscopy (WCE) and the detection
of medicines [4].

Before WCE, we have frequently used wired endoscopy, which has some demerits as
the patients experience pain when they are swallowing the endoscopy tube. Furthermore,
there is a limit on which organs can be diagnosed by using this method. In contrast, if we
use WCE the result is less stress and pain for the patients since they only need to swallow
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a small-sized capsule. This also makes it possible to diagnose all digestive organs. Thus,
WCE has garnered a lot of attention as an advanced medical solution.

Regarding the detection of medicine, a currently used method is to attach an ingestible
sensor to the medicine being studied. When the medicine is swallowed, the next step
is to wait for it to be dissolved. This is due to the sensor needing to react with gastric
acids to be able to create electricity and start to transmit electromagnetic waves at, e.g., the
2.4 GHz band. Afterwards, a patient’s medical status can be confirmed by measuring the
transmitted waves from outside of the body. As an example of an existing solution, digital
medicine has been proposed [5], where an ultra-small wireless transmitter is embedded
into a pill and medication adherence is performed based on the detection of wireless signals.
The transmit signal power should be strictly limited due to the size limitation of pills, so we
need to consider the detection coverage. On the other hand, our proposed system considers
a transmitter outside the human body, so the transmit power limitation can be loosened.
Furthermore, only electromagnetic material is required in our proposed system. Hence,
a wireless communication circuit would no longer be needed inside the pills. With the
increase in the number of prescriptions issued, there have been problems such as adverse
complications and an increase in medical expenses due to the improper administration
of prescriptions. This is especially common for elderly patients, and will likely become
an even greater problem in the future as the birthrate declines. However, attaching an
ingestible sensor to medication also creates cost concerns as a sensor is needed for each
pill. Additionally, the medicine cannot be detected until it dissolves in the stomach and
reacts with the acids. Furthermore, these implant devices might remain inside a patient’s
body due to unexpected malfunctions and require roentgen as well as possible excision
procedures. These impose an extra burden for both patients and healthcare staff. With the
demerits of the various methods described above, alternative and less intrusive methods
are currently being proposed, using technologies that can be applied for the detection of
objects inside the human body. For example, for the detection of objects, received signal
strength indicator (RSSI) and time of arrival (TOA) methods have been researched. They
both utilize a signal transmitted by the object itself [6-9].

RSSI is a position estimation technology, which utilizes the fact that the signal emitted
from the transmitting implant device is attenuated depending on the distance. TOA on
the other hand is a position estimation technology, where the signal transmitted from
the implant device arrives at different times depending on the distance to each receiver.
However, when we use these methods, since we need a wireless channel model inside
the human body, a large-scale measurement phase such as computed tomography (CT) or
magnetic resonance imaging (MRI) is needed in order to obtain the internal structure of the
human body in advance. In addition, when compared with X-ray systems, the proposed
method just detects electromagnetic materials based on EM imaging. Hence, the proposed
method has the advantages of having a simpler system configuration and a lower human
impact than X-ray systems. One of our main goals is to confirm patients” medication
adherence, as intakes of medication that are too large or irregular are a problem nowadays.
To achieve this, we need to track the intake, and so we experiment on a non-intrusive
method with the electromagnetic materials incorporated into, e.g., a pill. If we can confirm
the patient has taken their medication, we can improve the treatment outcome.

Therefore, this study focuses on using EM imaging as the medication detection method,
as it does not require the installation of a separate sensor. This is achieved with EM imaging
using a technique that estimates the internal structure of various objects using a scattered
electric field [10]. Furthermore, since the electrical and magnetic constants of the detection
target and human tissue are significantly different, it is possible to use detection which does
not require prior measurement of the channel model in the human body. An example of this
is the position estimation of the capsule endoscope, which can be achieved by measuring
and processing the scattered electric field generated when the human body is irradiated
with electromagnetic waves. As a typical position estimation method for implant devices
by EM imaging there is the greedy method, in which each scattered electric field is obtained
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in advance, where an implant device is placed in each cell of the human body model.
However, there is a problem as this method requires the use of several measurement points,
so the amount of calculations often becomes large and the experimental environment
becomes complicated.

Therefore, this study aims to determine the presence or absence of medicine by using
an EM imaging method with only a small number of measurement points. To achieve
this, we can mix electromagnetic materials with the medicine, and a large difference in the
electrical constant is created between the medicine and the human body.

We first examined various parameters that affect the outside electric field fluctuations
associated with electromagnetic materials by using an electromagnetic field simulation.
Then, we selected substances to be mixed with the medicine from 16 types of electro-
magnetic materials. Afterwards, we experimentally measured the outside electric field
changes from the medicine. Lastly, we showed the effectiveness of this proposed method
by obtaining the detection rate from the measurement results.

This paper is organized as follows. Section 2 describes the basic principle of elec-
tromagnetic material detection. Section 3 describes the electromagnetic field simulation
for various parameters. Section 4 describes the experimental measurement of scattered
field fluctuations caused by electromagnetic materials. Section 5 describes the character-
istic evaluation of the detection rates of electromagnetic materials. Section 6 presents the
conclusions of this study.

2. The Basic Principle of Electromagnetic Material Detection

Next, we describe the mathematical model of the scattered electric field used in
this study. In the EM imaging method used in this research, we observe the effect of
medication on scattered electromagnetic fields. First, we assumed an infinite length cylinder
as the human model, and considered a case where the plane wave has only a component
perpendicular to the cross-section of a cylinder. The scattered electric fields generated by the
two-dimensional human model are expressed by a nonlinear integration equation [10-13],
shown below.

E(ry) = —(i%/4) [[ &,y y ) B ()

1)
H(()z) (ko)dx'dy'

where (x,) and (x, 1) are observation points outside the human body and source points

inside the body, respectively. H(()z) is a zero-order second-kind Hankel function, k is the
wave number, and p is the distance between an observation point and a source point. The
total electric fields E* in the human body can be expressed by the sum of the incident
electric fields E' and the scattered fields E*, and are expressed by the following equation.

Etotal — Ei + ES (2)

Previous studies have shown that the scattered electric field measured outside the
human body changes depending on the presence or absence of a dielectric material that
does not have a specific permeability of 1 and is not the same as air inside the body [14].
Therefore, it can be seen using Equation (2) whether the scattered electric field E° changes
depending on the electromagnetic material, and also when the total electric field E*!
changes. In this study, we continuously measured the changes in the total electric field
before and after swallowing and after the removal of the medicine. Lastly, the medicine
detection was achieved by measuring the changes in the total electric field due to the
movement of the medicine.

3. Examination of Various Parameters Using Electromagnetic Field Simulation

We conducted a three-dimensional electromagnetic field simulation by using the
finite-difference time-domain (FDTD) method. The FDTD simulation was performed using
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SEMCAD X ver.20.0 (Schmid and Partner Engineering AG), which is an electromagnetic
simulator based on the FDTD method [15,16]. For the boundary condition of the FDTD
simulation, we employed a perfectly matched layer (PML). For the time resolution of the
FDTD method, we applied the Courant stability condition, defined as [17]

cAt < 3)

where ¢, At, Ax, Ay, and Az are the speed of light, the time step, and the mesh size in the x,
y, and z axes, respectively. Based on the above stability condition, we determined the time
step At required to obtain stable results in the FDTD analysis. The voxel size (mesh size)
was set to Ax = Ay = Az = 1 mm, whose size satisfied the 1/10 wavelength condition
in the FDTD method at the employed frequencies. The trade-off relationship between
computation time and degrees of freedom in the FDTD method has so far been discussed
in [18,19]. It is to be noted that the FDTD method performs a full-wave simulation that
can consider electromagnetic phenomena, including reflections, interference, etc. Also,
the FDTD method is widely used in electromagnetic field analysis, such as for specific
absorption rate (SAR) evaluation, so the reliability of the FDTD method can be confirmed
from several related works [20,21]. An error analysis of the FDTD method was conducted
in [22], where it was shown that the FDTD calculation can achieve an acceptable calculation
error in a numerical model.

A model used in our electromagnetic field simulation is shown in Figure 1 and the
parameters used are shown in Table 1. In the experiment of this study, a graduated cylinder
is used to create an air layer for moving the electromagnetic material to a liquid phantom
equivalent to a human body. For simplification purposes, we simplified the human model
with a phantom model, whose reliability has been validated in [23].

Table 1. Simulation parameters.

Frequency of Incident Wave (GHz) 2,3,4,5

Relative permittivity 37.93
Liquid phantom
Conductivity (S/m) 0.536
Relative permittivity 4.6
Glass material
Conductivity (S/m) 10710
Relative permittivity 4
Dielectromagnetic test materials Conductivity (S/m) 0, 10, 10,000

Relative permeability 1, 100

n [Electromagnetic material
Measurement point 1

Liquid phantom raduated cylinder

P20 mim
Dipole antenna
easurement point 2

(a) Top view (b) Side view

Figure 1. Simulation model.
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In this simulation, to focus on the investigation of the effect on the detection accuracy
of the permeability change in the test materials, we fixed the dielectric parameters of
the liquid phantom. Therefore, the electromagnetic field simulation environment was
simulated by creating a similar glass layer and an air layer. We defined the electromagnetic
material at 0 mm when it was at the center of the liquid phantom, and then performed
the electromagnetic field simulations as it was moved upwards to 60 mm. In addition, we
selected 2 GHz to 5 GHz as the frequencies to be examined in the simulation in consideration
for the miniaturization of an antenna and the influence of attenuation [23,24].

First, Figure 2 shows the change in the phase difference of the total electric field de-
pending on the presence or absence of the electromagnetic material when the conductivity
and relative permeability of the electromagnetic materials are changed.

E0mm ®20mm =40 mm ~ 60 mm

6:0 S/m 6:0S/m 6:10000 S/m 6:10 S/m :10000 S/m
ur:1 ur:100 ur:1 ur:1 ur:100

S} w N

Phase difference [degree]

—

Simulation condition

Figure 2. Changes in scattered electric field when the electrical and magnetic constants of electromag-
netic materials are changed.

Comparing the graphs of the three patterns on the left side of Figure 2, it can be
confirmed that the phase change is sensitive to not the magnetic permeability but the
conductivity; in other words, the conductivity affects the phase change more strongly than
the magnetic permeability. Furthermore, by comparing the graphs of the three patterns on
the right side, it can be confirmed that increasing the conductivity of the electromagnetic
material leads to a larger change in the total electric field. It can also be confirmed that when
the conductivity of the electromagnetic material whose relative permeability is not 1 is set
to 10,000 S/m, there is almost no effect on the total electric field due to the change in relative
permeability. From the above results, we decided on using a conductivity of 10,000 S/m
and a relative permeability of 1 for the electrical constants of the electromagnetic material.
Next, Figures 3 and 4 show the changes in the phase difference (between before/after the
electromagnetic material is inserted) when the measurement point is placed on the front
and on the back of the liquid phantom, respectively. Comparing Figures 3 and 4, it can be
verified that the phase change when the measurement point is placed behind the human
body is larger at all frequencies. Also, from Figure 4, it can be seen that the changes in the
total electric field are larger at 3 GHz and 4 GHz. Next, Figure 5 shows the rate of change
in the intensity of the total electric field with or without electromagnetic material. From
Figure 5, the rate of change is 6% or more at the two positions when the medicine is placed
at 3 GHz and 4 GHz. Therefore, it can be concluded that it is appropriate to use 3 GHz or
4 GHz when measuring the changes in the intensity of the total electric field.
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E0mm ®20mm =40 mm =60 mm

Phase difference [degree]
o w N

—

o I I | I I I I —
2 3 4 5
Frequency [GHz]

Figure 3. Simulation results of phase change when the measurement point is placed on the front of
the human body.

5
B0mm ®20mm =40mm = 60 mm

_|I I|I I|I II-
2 3 4 5

Frequency [GHz]

—_ [\%] w N
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Figure 4. Simulation results of phase change when the measurement point is placed on the back of
the human body.
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B0mm ®20mm =40 mm =~ 60 mm
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=
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Figure 5. Simulation results of rate of change in the intensity of the total electric field with or without
electromagnetic material.

4. Experimental Measurement of Scattered Field Fluctuations Caused by
Electromagnetic Materials

4.1. Selection of Electromagnetic Materials
Notably, in Table 2 we determined the range of dielectric parameters, namely, relative

permittivity, conductivity, and relative permeability, based on 16 kinds of test materials
used in the experiment. We confirmed that all of the materials in Table 2 can be used in
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medicines. Additionally, as for the human safety of electromagnetic waves, according to
the ICNIRP guideline [25], a local peak specific absorption rate (SAR) as averaged over any
ten grams should never exceed 2 W/kg for general exposure (or 10 W /kg for occupational
exposure). Through preliminary simulation evaluation, we confirmed that the local SAR
did not exceed 2 W/kg in the measurement setup. Figure 6 shows the experimental
environment used for the selection. We used 2.1 GHz as the incident wave frequency. First,
we put the medicine with a 1 cm diameter on the tip of a plastic jig and submerged it in
the liquid phantom. Next, we selected the material by calculating the change in the total
electric field before and after submerging the jig. Then, we measured the two patterns of
electromagnetic material positions, as shown in Figure 7. Table 3 shows the measurement
result of the changes in the received power with and without the electromagnetic material.
Here, the amount of change in the received power depends on the amount of change in
the scattered electric field. Therefore, we chose to use magnesium oxide, as it was one of
the substances that changed significantly, as shown in Table 2. The difference between the
simulation and measurement comes from the different settings, such as the existence of
cables, different dielectric parameters of the test materials, and so on. However, from the
results, a similar tendency was observed in the simulation and experiment, which indicates
the possibility of detecting the electromagnetic materials using the EM imaging method.

Table 2. List of the electromagnetic materials chosen for the tests.

Sample Number Test Material
1 Maghemite

Hematite

Magnetite

Black iron oxide treated with metaphosphate

Epsilon-type iron oxide

Anhydrous calcium hydrogen phosphate

Calcium carbonate

Titanium oxide

O | O ||| | |W|DN

Magnesium oxide

10 Magnesium aluminate silicate
11 Magnesium silicate

12 Synthetic aluminum silicate
13 Dry aluminum hydroxide gel
14 Amber Light IRP88

15 Amber Light IRP69

16 Carbon microcoil (CMC)

4.2. Experimental Measurement of Changes in Total Electric Field

The experimental environment is shown in Figure 8. We conducted the experiment in
a five-sided anechoic chamber. We amplified the incident power to 40 dB and used a dipole
antenna and for the incident wave frequencies we used 3 GHz and 4 GHz.

Next, we will describe how we moved the electromagnetic materials in the experiment.
First, we put the electromagnetic material, attached to a string, into a graduated cylinder
inside the liquid phantom. After that, we used the string to move the electromagnetic
material down and then up for a distance of 15 cm and for a total time of 20 s. When
performing the measurement using LabVIEW, the electromagnetic material was moved
for 50 s, and then a measurement without the electromagnetic material was performed
for another 50 s. Then, we smoothed out the measured results by moving the average, as
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the thermal noise caused by the amplifier was shown to be too large. These smoothed-out
measurement results are shown in Figures 9 and 10. From Figures 9 and 10, it can be seen
that the phases of both the 3 GHz and 4 GHz changes by about 2 degrees depending on
the electromagnetic material. Furthermore, the phase changes due to the movement of the
electromagnetic material can be confirmed at around 20 s at 3 GHz and at around 15 s at
4 GHz. In addition, it can be confirmed that the intensity changes by 2.6% and 5.6% at the
maximum at 3 GHz and 4 GHz when converted to the electric field, respectively.

Electromagnetic
material

Figure 6. Experimental environment.

Transmitting
antenna .
Electromagnetic
2 cm material
)
D ] 25 cm
G —
4 cm
Receiving
antenna | Liquid phantom
) 14 cm ]
Top view

Figure 7. Placement position of the electromagnetic material.
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Table 3. Changes in received power due to each substance used.

Received Power Change [dB]

Sample Number
2cm 4 cm

1 36.8 0.7
2 8.6 0.2
3 194 0.7
4 24.5 2.3
5 49 0.9
6 33.7 14
7 12.5 2.6
8 23.3 2.6
9 29.1 3

10 25.6 2.3
11 7.6 3.3
12 45 1.2
13 11.3 2.8
14 15.6 0.2
15 39.3 0.2
16 129 1.6

O ——

Electromagnetic S50

material Graduated cylinder|

‘
Ly ITransmitting antenna

e
e

(a) Outside the anechoic chamber (b) Inside the anechoic chamber

Figure 8. Experimental environment.
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Figure 9. Measured results of the measured phase and strength of waveform at 3 GHz.
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Figure 10. Measured results of the measured phase and strength of waveform at 4 GHz.

Finally, let us compare the results of the electromagnetic simulations and experimental
measurements. Table 4 summarizes the comparison results between the simulation and
measurements. In order to calculate the phase change in the measurement, we evaluated
the difference in the average phases before (0 s-50 s) and after (50 s—100 s) the medication
was removed. We can observe similar characteristics, with an acceptably small difference
of below 0.52 degrees. Therefore, the applicability of our proposed method for medication
detection is confirmed through electromagnetic simulation and measurement.

Table 4. Comparison between simulation and measurement results.

Frequency
3 GHz 4 GHz
0 mm 0.27 0.01
) ) 20 mm 0.70 2.70
Phase difference Simulation

40 mm 0.76 0.84

(degree)
60 mm 0.76 0.84
Measurement 1.28 0.88
Difference between measurement 0.52 0.04

and simulation (60 mm) (degree)
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5. Characteristic Evaluation of Detection Rate of Electromagnetic Materials
5.1. Proposal of Electromagnetic Material Detection Algorithm

In this study, we detected the time when the electromagnetic material is taken in
by reversing the time axis of the measured waveform. First, we need to explain the
conventional method based on maximum likelihood estimation, which is often used in
binary discrimination problems. The probability density function before and after the
electromagnetic material is taken in is expressed by the following equation:

i - ,
po = mme2¥uzan 4

where 0y, 07 and pg, p1 are the standard deviation and average value of the measured
waveform before or after taking in the electromagnetic material, respectively. Also, x is
the measured value of the total electric field at the current time. When the calculated pg
and p; are compared at each time, the time when p; becomes larger is estimated as the
detection timing.

Next, the threshold detection method can be explained as follows. First, we calculate
the average value y in the absence of the medicine. Then, we determine the threshold as S.
After that, the time of the measured value that satisfies the following equation is estimated
as the detection timing,.

|x—ul>S (5)

Here, x is the measured value of the total electric field at the current time. In this study,
we searched for the optimum threshold with the highest detection rate for all measurement
results by changing the threshold S. As an example, Figure 11 shows the changes in the
detection rate due to the threshold when detecting from the phase measurement at 4 GHz.

100 - . .
w/ electromagnetic material
— 807 —w/0 electromagnetic material |
S
Q
*é' 601 ]
=
=
= 400 .
D
D
Q 20 - 4
0 i L L
0 1 2 3 -4

Threshold value [degree]

Figure 11. Change in the detection rate due to the threshold.

Then, the result without electromagnetic material is expressed as the detection rate by
subtracting the false detection rate from 100%.

From Figure 11, it can be confirmed that the average value of the two detection rates is
90% at the optimum threshold of 0.9 (deg). Lastly, we present our proposed method, and
in Figure 12 we can see the flowchart of the proposed algorithm. First, the waveform is
smoothed out by obtaining the preceding moving average from the measured values. Then,
the standard deviation at T’, which is the cycle of moving the medicine from the start of
measurement, is calculated as o and is kept as the reference value in the absence of any
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electromagnetic material. The standard deviation in the interval x — T’ to x is expressed as
ox. The number of data N in the interval is given by

N =T'At (6)

and o is expressed by the following equation.

o =

Here, At is the sampling period. In addition, x; is the measured value at each time
and X is the average value of the interval. Then, the standard deviation when the interval
is moved by the sampling period At is calculated and compared with twice the reference
value if there is no detected electromagnetic material. As a result of this comparison, if
the standard deviation of the current time is small the standard deviation of the sampling
period At is moved and re-calculated, and the same procedure is repeated. On the other
hand, if the standard deviation of the current time exceeds the reference value, the result
can then be estimated as the detection timing. In this study, the time T was 100 s.

START

Proceed moving average

l

Calculate standard deviation

i=i+1

|

Calculate standard deviation

Oint+T1’

207, < Oippsr!

1 YES

Thetection = At + T’ Undetected

Figure 12. Flowchart of the proposed method.

5.2. Experimental Evaluation of Electromagnetic Material Detection Rate

We calculated the detection rate by measuring the changes in phase and intensity
five times at 3 GHz and 4 GHz. The false positive rate was also calculated by conducting
experiments without electromagnetic materials. Figures 13 and 14 show the average
detection rate of the intensity and phase at each frequency. In this part, the miss detection
rate is the probability that it will be determined not to be present when there is medicine,
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and the false detection rate is the probability that it will be determined to be present when
there is no medicine.

100
90
80
70
60
50
40
30
2
1

¥ Proposed method

B Maximum likelihood

method
B Threshold method
l . (Optimal threshold)

Detection Miss detection False detection

Detection rate [%]

o O

0

Judgement

Figure 13. Comparison of detection rates using a conventional method and our proposed method

(3 GHz).
B Proposed method
B Maximum likelihood
method
® Threshold method
(Optimal threshold)
- B

Detection Miss detection False detection

100
90
80
70
60
50
40
30
20
1

Detection rate [%]

(=)

0

Judgement

Figure 14. Comparison of detection rates using a conventional method and our proposed method
(4 GHz).

Comparing the proposed method and the maximum likelihood method from Figures 13 and 14,
it can be confirmed that the proposed method achieves better detection accuracy and it is
also appropriate to use 4 GHz for the incident wave. Furthermore, when comparing the
proposed method and the threshold method, it can be confirmed that the proposed method
achieves a detection accuracy approaching the optimum threshold method obtained by
post-processing. Also, comparing the false detection rates, it can be confirmed that the
proposed method achieves lower rates than the maximum likelihood method due to the
use of time-series data.

6. Conclusions

In this paper, we have aimed to detect medication based on the electric field outside the
body that changes due to medicine with electromagnetic materials incorporated. Notably,
compared with existing systems, our proposed system is a simple and non-intrusive
method to track in-body materials (medication in this research), which can contribute to
future healthcare advances, such as medication adherence. It should be noted that this
paper demonstrates the possibility that EM imaging can be used for medication adherence,
which strongly contributes to removing wireless communication circuits from pills for
digital medicine applications. Simulations have shown that it is preferable to use either
3 GHz or 4 GHz as the incident wave and also to place the measurement point behind the
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human body. We conducted experiments based on the simulation results, and obtained
the detection rate of the electromagnetic material from the measurement results. The
proposed method achieved better detection accuracy compared to the maximum likelihood
method. Furthermore, when compared with the threshold method, it can be confirmed that
the proposed method achieved a detection accuracy approaching the optimum threshold
method obtained by post-processing.

As future work, we propose studying a method using realistic transmission power
and to perform electromagnetic field simulations as well as experiments when considering
movements of the body. One of our future subjects is to conduct in vivo experiments
to evaluate our proposed system in a realistic situation considering the anisotropics of
the test materials. Furthermore, an error analysis of the numerical calculation and the
detection mechanism from the viewpoint of theoretical analysis are also important future
subjects. As for other future works, we will consider the traceable time before pills are
dissolved, although we have not discussed the time until pills dissolve in this paper. Also,
another future subject is to discuss the sensitivity of the proposed method, because the
change in the electric fields should be larger than the noise component for realizing reliable
medication detection.
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