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Background: Recently, some adverse effects of moxibustion has been reported such as burns, smoke, al-
lergies, and so on. To overcome the adverse effects of traditional moxibustion, an ultrasonic moxibustion
device (UMD) was designed, simulated, fabricated, and tested. The objective of this study is to provide
detailed information about the main design parameters, simulation outcome, and performance-test re-

sults.
Ilf:y V‘_’grdsf Methods: The main components of the UMD are a 1-MHz ultrasonic transducer (UT) with concave lens,
ACZ’SO;:ISFO“ and its applicator. The acoustic pressure and temperature distribution of the UT was simulated and de-

scribed graphically using COMSOL software, which is based on the finite element method (FEM). Experi-
mental verification of the temperature distribution was performed on the skin of pork. The temperature-
change profiles of pork in relation to increase of therapy time were obtained at an unfocused point
(2 mm) and at a focal distance of 13 mm. For the performance test, moxibustion therapy was conducted
on the abdominal skin of mice for 120 min using the new UMD and its histological images were acquired
to analyze the skin-tissue damage.

Ultrasonic transducer
FEM simulation

Results: The FEM simulation of temperature distribution and acoustic pressure agreed with the exper-
imental outcome. Histological images showed that there was no skin-tissue damage to the mouse ab-
domens after therapy. The results clearly show that the newly developed UMD can overcome the disad-
vantages of traditional moxibustion therapy and achieve the proposed design parameters.

Conclusion: The FEM simulation and performance tests provided valuable information about developing
future UMDs. In addition, its performance can be compared with traditional moxibustion therapy for
future study.

© 2021 Published by Elsevier B.V. on behalf of Korea Institute of Oriental Medicine.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction of moxibustion is mainly divided into direct and indirect methods.

In direct moxibustion, a cone-shaped portion of moxa (~ 2 mg) is

Moxibustion has recently attracted substantial attention in the
Western Pacific region because of a relatively simple and tolerable
treatment’-2 and can be applied in treating a variety of diseases
such as stroke, pain, malposition, diarrhea, and colitis.> The use
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placed on the skin over an acupuncture point and burned.* Indi-
rect moxibustion is treatment induced by leaving a space between
the skin and the moxa.’

The temperature of burning moxa is between ~550 and 890 °C,
and Okazaki et al., reported that direct moxibustion was able to
raise the temperature to 56 °C inside the skin of a mouse abdomen
and to 130 °C on the outside of the skin.*® In indirect moxibus-
tion, the maximum temperature was about 65 °C on the mouse
skin and 45 °C in the subcutaneous tissue layer.”> However, the safe
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and effective temperature range for thermal therapy is reportedly
from 42 to 44 °C.”-8 The burning moxa can also produce harmful
gases and odors? and the components of moxa smoke are simi-
lar to those of tobacco smoke and air pollutants.’ A moxibustion
therapy is typically performed for about 20-30 min and patients
are often treated several times a week for a few weeks. Ultimately,
this exposes patients and acupuncturists to the moxa smoke dur-
ing therapy.!”

To overcome these disadvantages of traditional moxibustion
therapy, there have been many studies for developing new techni-
cal methods by which to replace conventional moxibustion. These
studies have involved options such as near-infrared laser, electric
moxibustion, point electrothermal moxibustion, and ultrasonic de-
vices.%- 1114 However, these studies did not provide detailed in-
formation about the process of fabricating UTs, the acoustic fields
generated by the ultrasonic moxibustion device (UMD), ultrasonic
systems needed to activate the ultrasonic transducers, or the de-
sign parameters of the UMD.

For these reasons, the objectives of this study were to pro-
vide detailed information about the design parameters, fabrication
process, and the performance of the newly developed UMD. The
acoustic pressure generated by the UT within a human body was
simulated using FEM software (COMSOL Multiphysics, Sweden) and
an experiment for acoustic pressure was performed. In addition,
temperature profile of developed UT was simulated. For the verifi-
cation of newly developed UMD, temperature profiles of pork were
obtained within the focal distance (FD, 13 mm) and at an unfo-
cused point (2 mm) with increase of time. Finally, moxibustion
therapy was performed on mouse-abdomen skin for 120 min. To
assess the internal damage, histological images of mouse-abdomen
skin were obtained and analyzed after moxibustion therapy.

2. Methods
2.1. Ultrasonic system for the UMD

The detailed description of UT for moxibustion therapy was
provided in the Supplementary material. The ultrasonic system
was designed to control the power and treatment time of the UMD
within the safe temperature range (42 to 44 °C).”-8 Considering the
typical moxibustion treatment time (~ 20 to 30 min), 30 min was
selected as the treatment time.

The main components of the ultrasonic system were a pulse
generator, a power amplifier, a 16-bit microprocessor (dsPIC33F,
Microchip Technology, USA), and a miniature thermistor (Murata
Electronics, Japan). The tone-burst signal was used to excite the
UT due to its high signal-to-noise ratio efficiency.'” The maximum
performance of the power amplifier was 50 W with a 50 € out-
put port. The input voltage of the ultrasonic system was 48 V. The
input parameters of the tone-burst waveform were designed to be
controlled by the microprocessor. In addition, because the minia-
ture thermistor was inserted into the UT, the information about
real-time temperature change of the UT could be obtained. Fig. 1
shows flow charts of the operating process for the ultrasonic sys-
tem.

In Fig. 1a, when generating the tone-burst excitation signals
after setting the waveform parameters, the temperature feedback
logic is activated simultaneously. In Fig. 1b, T is the real-time tem-
perature of the UT. If the temperature of the UT exceeds the max-
imum temperature, the UT power is cut off. Otherwise, if the tem-
perature of the skin decreases to less than the minimum temper-
ature, the tone-burst waveform is activated again to excite the UT.
This process continues for a maximum 30 min, based on the se-
lected treatment time.
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2.2. FEM simulation

The acoustic pressure of fabricated UT in body was simulated
by the FEM software and the measured acoustic pressure of the
three fabricated UTs was compared with the simulated outcome.
In addition, the thermal distribution with increase of the therapy
time (up to 300 s) was also performed by FEM simulation to pre-
vent overheating. Thus, the heat sinks were designed and mounted
on the external surface of the developed UTs. The length and thick-
ness of the heat sinks (aluminum) were 10 and 2 mm. The thermal
distribution includes the piezo-electric element (zirconate titanate,
PZT) used, water (ultrasonic couplant), the heat sink, and the de-
signed concave lens.

2.3. Performance test

To verify the performance of the refined UMD, an experiment
was performed to obtain the temperature profile of a portion of
pork. The operating conditions of the UMD were fixed at 1 MHz,
the PRF at 10 Hz, and the pulse duration was varied from 10%
to 100%. To analyze the ultrasonic focusing effectivity, the minia-
ture thermistor was inserted into a portion of pork at depths of 2
and 13 mm. Then, the real-time changes in temperature were mea-
sured for 1200 s. The experiment was performed at room temper-
ature. This can be possible to read and precisely control the real-
time temperature of the pork although it was outside the range
of appropriate therapy temperatures. The experimental set-up is
shown in Supplement Fig. S1.

Furthermore, the traditional moxibustion therapy was per-
formed using the UMD on the skin of mouse abdomens for 120
minutes. The experimental set up was the same as in Supple-
ment Fig. S1, but laboratory mice were used instead of pork. The
traditional moxibustion therapy was performed for 30 min and
the UMD was conducted for 120 min to demonstrate its safe and
durable performance. To evaluate the damage to mouse skin tissue,
histological analysis was performed using two stains (Hematoxylin
and eosin: H&E, and Masson’s trichrome: MT), which are the most
widely used in medical diagnosis. The used reagents were H&E
staining kit (ab245880, Abcam, UK) and MT staining Kit (ab150686,
Abcam, UK). To perform both stains, the technical methods pro-
vided by the staining kit company were used.

3. Results
3.1. FEM analysis

The results of the FEM simulation of the acoustic pressure
in the body and their measured acoustic pressure in shown in
Fig. 2(a) and (b).

In Fig. 2 (a), the 1 MHz plane wave was produced from 0 mm
and the maximum acoustic pressure (0.83 x 10% kg/ms?2) was fo-
cused on the FD (13 mm). In Fig. 2 (b), the red line is the simulated
on-axis acoustic pressure from the lens center and the black lines
are the experimental results from the fabricated UMDs. The mea-
sured FD is 13 mm for the first and second UMDs and 12 mm for
the third UMD. Fig. 2 (c) and (d) also shows the simulation out-
come of the fabricated UT integrated with the heat sinks, and an
image of the refined UMD.

In Fig. 2 (c), the center of the PZT produces the highest temper-
ature during its vibration. The temperature curve with increase of
excitation time up to 300 s is shown in Fig. 2 (d). The black and
red lines are the temperature of the center part with and with-
out the heat sink, respectively. In the beginning, the temperature
of both simulations rapidly increases linearly for up to 20 s. The
slope of the black lines is almost 2.5 times higher than that of the
red line and the maximum temperature of the black line shows
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Fig. 1. Flow charts of the operating process of the ultrasonic system: (a) flow Chart of the tone burst - waveform control, (b) Flow chart of the temperature feedback system.
T is the real-time temperature of the specimen.
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Fig. 2. (a) Simulation result of acoustic pressure in the body; (b) Experimental outcome of on axis acoustic pressure of FEM simulation and from the fabricated UMDs;
Finite-element-analysis result and the newly developed ultrasonic moxibustion device: (c) Temperature distribution of the ultrasonic transducer with mounted heat sink, in
relation to increase in the excitation time; (d) Heating curves of two UTs with and without a heat sink; Temperature profile obtained with increase of the excitation time on
pork (10%, 30%, 50%, 75%, and 100% excitation pulse duration): (e) Temperature profile at 2 mm depth and (f) Temperature profile at 13 mm depth.
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Fig. 3. Hematoxylin and eosin (H&E) and Masson’s trichrome (MT)-stained im-
ages of mouse abdomen skin after moxibustion therapy: (a) Traditional moxibustion
therapy (direct and indirect methods for 30 min) and (b) New ultrasonic moxibus-
tion device (0, 30, 60, and 120 min).

an increase up to about 90 °C within 300 s. After adding the heat
sink, the temperature increased to about 54 °C.

3.2. Performance test

The result of the performance test of UMD therapy on pork is
also shown in Fig. 2 (e) and (f). In Fig. 2 (e), the maximum tem-
perature variation of the 100% pulse duration was about 4 °C at
about 900 s. After 900 s, its slope hardly changed (almost zero).
The maximum temperature variation of the 75% pulse duration
reached 4 °C at about 1200 s and the slopes of the 10%, 30%, and
50% excitation pulse durations were lower than those at 75% and
100%. In Fig. 2 (f), the 50%, 75%, and 100% excitation pulse dura-
tions reached 7 °C at about 1000 s and the slopes at 10% and 30%
pulse duration barely changed after 1000 s.

Fig. 3 shows the results of the histological analysis according to
traditional moxibustion therapy (30 min) and the ultrasonic moxi-
bustion therapy time (0, 30, 60, and 120 min).

In both images of the direct and indirect method, skin deforma-
tion and burning injuries such as epidermis damage, synechia of fi-
brous tissue, and collagen dissolution on skin tissue occurred when
burning moxa. In addition, skin folding, vesiculation, and desqua-
mation were also observed with the indirect method. However, in
Fig. 3 (b), the mouse abdomen skin (e.g., collagen in the dermis
layer) shows no damage during ultrasonic moxibustion therapy (af-
ter 120 min). During the ultrasonic moxibustion therapy, the skin
temperature was increased to ~ 6.5 °C after about 16 min and
treatment lasted for 120 min.

4. Discussion
4.1. FEM analysis and performance test

In Fig. 2 (a) and (b), the third fabricated UT has a shorter FD
than other two UTs because of errors in its machining process. The
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error range of the machining process was + 0.5 mm and the mea-
sured radius of the concave lens was within the error range. From
above results, the proposed design parameters of UT (see Supple-
ment Fig. 2) of UMDs can be used for simulating a focal point of
UMDs.

As reported in the aforementioned studies,’2? electric moxi-
bustion devices (EMDs) have been also considered alternatives for
the traditional moxibustion method.'® The most different feature
between an EMD and a UMD is the focal capacity. In addition, EMD
has a much simpler structure and relatively much lower price than
that of a UMD. Unlike with EMDs, with UMDs it is possible to re-
strict the mechanical vibration to a certain point and area. This can
accomplish stimulation of an acupoint in a three-dimensional co-
ordinate system.!”

4.2. Performance test

From the pork experiment, we found that the acoustic energy
could be focused at the FD and also that its temperature increased
much faster than at the unfocused point. Also, the ultrasonic fo-
cusing ability at the FD for thermal therapy is considered more ef-
fective than the unfocused area, and this result is similar to that
with the acoustic pressure simulation outcome. Thus, to perform
moxibustion therapy, over 50% of the pulse duration was required,
and the thermal stimulus point could be controlled using derived
design parameters we suggested (see Supplement Fig. S3).

From the performance test on mouse abdomen skin, the tem-
perature was increased to the limit of the safe thermal treatment
range and maintained for 120 min without any skin damage. Con-
sidering typical moxibustion therapy times (20-30 min), the design
parameters and the FEM simulation were effective for designing
the UMD and for analyzing its acoustic and thermal characteristics.

In the H&E and MT images, although the treatment time of the
ultrasonic moxibustion therapy was much longer than for tradi-
tional moxibustion therapy, there was no skin damage. Moreover,
temperature variation could be precisely obtained with increase of
the time via the UMD. Therefore, developed UMD could effectively
perform the moxibustion therapy within safe temperature range
without negative side effects.

4.3. Clinical and research implications

The mechanism of moxibustion is mainly related to thermal ef-
fects, radiation effects, and pharmacological actions. Among these
effects, the thermal-physical effect is the most crucial because
moxibustion therapy is basically focused on the application of heat
using burning herbal materials.*'® Because of the heat and burn-
ing materials, the burning moxa can cause serious pain and burns,
as well as leave scars.!® In addition, unpleasant odors of the burn-
ing moxa can occur dizziness, nausea, and throat problems.? The
critical impact on the ultrasonic moxibustion therapy is to over-
come these negative effects as well as provide detailed information
about the design parameters, fabrication process, and its specifica-
tion of the UMD.

4.4, Limitations

In general, ultrasonic devices for medical purpose are expen-
sive because high-priced materials and hardware system are re-
quired for precise control. Thus, cost-effective UMD should be in-
tensively studied for its popularization. Moreover, it is necessary
to study the effective resonance frequency of UMD for absorbing
medicinal materials. In this study, although the 1 MHz was used
for the sake of the simple design of UMD, the most effective reso-
nance frequency should be defined according to the kinds of the
medicinal materials. Therefore, additional studies for developing
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cost-effective UMD and analyzing the frequency characteristics of
various medicinal materials should be conducted.

4.5. Conclusion

As a substitute for traditional moxibustion therapy, a novel
UMD was designed, simulated, fabricated, and tested. The new
UMD included a 1 MHz UT integrated with a concave lens and an
ultrasonic system to control the excitation waveform parameters
such as operating frequency, PRF, and pulse duration. The ultra-
sonic system also includes a real-time temperature feedback sys-
tem for safe thermal treatment (42 to 44 °C). In terms of the fea-
sibility study to develop the new UMD, based on the simulated
and experimental outcomes, we clearly demonstrated a safer and
more stable moxibustion therapy than possible using the tradi-
tional method, within the temperature range of effective thermal
therapy. This opens a promising research avenue to explore.
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