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Traditional moxibustion therapy can stimulate heat and blood-vessel expansion and advance
blood circulation. In the present study, a novel noncontact-type thermal therapeutic system was
developed using a near-infrared laser diode. The device allows direct interaction of infrared laser
light with the skin, thereby facilitating a controlled temperature distribution on the skin and the
deep tissues below the skin. While using a tissue-mimicking phantom as a substitute for real skin,
the most important optical and thermal parameters are the absorption/attenuation coe±cient,
thermal conductivity, and speci¯c heat. We found that these parameters can be manipulated by
varying the agar-gel concentration. Hence, a multilayer tissue-mimicking phantom was fabricated
using di®erent agar-gel concentrations. Thermal imaging and thermocouples were used to mea-
sure the temperature distribution inside the phantom during laser irradiation. The temperature
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increased with the increase in the agar-gel concentration and reached a maximum value under the
tissue phantom surface. To induce a similar thermal e®ect of moxibustion therapy, controlled
laser-irradiation parameters such as output power, wavelength and pulse width were obtained
from further analysis of the temperature distribution. From the known optothermal properties of
the patient's skin, the temperature distribution inside the tissue was manipulated by optimizing
the laser parameters. This study can contribute to patient-speci¯c thermal therapy in clinics.

Keywords: Laser–tissue interaction; tissue phantom; moxibustion; hyperthermia; bioheat
transfer.

1. Introduction

Thermal therapy is a treatment method used to
control the physiological functions within an en-
durable temperature range and to maintain the
local-tissue and whole-body temperature. In orien-
tal medicine, moxibustion therapy is applied as a
thermal treatment method. In general, moxibustion
therapy cures or prevents diseases through heat
stimulation by burning moxa, which comprises a
herb named mugwort.1 Thermal therapy is e®ective
for treating diseases because it can enhance blood
circulation by expanding the blood vessels. How-
ever, oriental doctors do not use this method as a
routine clinical practice because of the pain from
burns and unpleasant smoke and odor. Moreover,
controlling the intensity of the applied heat during
moxibustion therapy is di±cult.2,3 Moxibustion also
has several disadvantages such as allergic reactions
and polycyclic aromatic carcinogen production from
a mugwort leaf that contains terpenes.4,5

The modern research on moxibustion is based on
the radiation e®ects, thermal e®ects, and pharma-
cological actions of moxa. Infrared can produce
nonthermal and thermal e®ects on a human body.
Thermal e®ects are created under electromagnetic
waves; hence, the tissues absorb energy to improve
blood circulation.4 Near-infrared laser is believed to
have biological radiation e®ect on moxibustion as
the light re°ected by the skin is relatively low and
can reach up to 10mm deep in skin tissue.6 Laser
moxibustion o®ers the advantage of reducing pain.
A study performed on rats using CO2 laser moxi-
bustion showed pain reduction in rats.7 Studies also
reported that infrared laser moxibustion could
minimize cancer-related fatigue in a safe manner.8

To overcome the issues in the use of traditional
moxibustion devices and to take advantage of laser
moxibustion, a laser moxibustion device has been
developed that employs an 830 nm diode-pumped

solid-state (DPSS) infrared laser. The proposed
device is free from smoke or odor. In addition, it
does not induce skin burning because the device
maintains a maximum temperature that is below
that tolerable on the skin surface. Controlling the
temperature on the skin surface and inside the
deep tissues is an important factor that must be
considered in thermal treatment. To obtain an
optimal thermal e®ect in thermal therapy, the
temperature inside the skin tissue and skin surface
should be accurately controlled.9,10 Many methods
are available for measuring the temperature in the
tissue phantom. The most e®ective method is
temperature measurement using ultrasound waves
or high-resolution thermal-imaging camera.11,12

A method that uses a ¯ber-optic probe, which is
nonmetallic and nonelectrical in nature, can be used
to measure the temperature in phantom and animal
models.13–16 In our previous research, we developed
a technique for temperature measurement inside a
deep tissue heated by an infrared laser to test the
e±ciency of a laser moxibustion device using a
thermal-imaging camera and thermocouples.17

Various materials have been used as a substitute
for skin in previous studies.18–22 A multilayered
phantom, which consists of the epidermis, dermis
and subcutaneous layers, can be used to mimic skin
tissues. The optothermal properties of each tissue
layer are given23; however, obtaining appropriate
phantom materials with similar properties is di±-
cult. Therefore, the concentration of agar gel, which
was used to mimic skin tissues, was controlled,24–26

and the optical and thermal properties, which vary
with di®erent agar-gel concentrations, were deter-
mined. Then, we prepared phantoms consisting of
three layers of agar gels with known optothermal
properties and investigated the e±ciency of the
proposed laser moxibustion device using the fabri-
cated tissue-mimicking skin phantom. Next, we
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irradiated the di®erent skin phantoms with infrared
lasers, and the temperature distribution in the deep
skin tissue was manipulated by controlling the laser
moxibustion device parameters. Furthermore, the
skin temperature was maintained in the range of
42–50�C to induce e®ective thermal stimulation for
therapy.

2. Materials and Methods

2.1. Measurement of attenuation
coe±cient

The attenuation coe±cient of the agar-gel phantom
was measured at a laser wavelength of 830 nm.
Tissue-mimicking phantoms were fabricated using
di®erent agar-gel concentrations of 0.5%, 1.5%,
2.5%, 3.5% and 5%. Then, the phantom models
were used within 90 min of fabrication to prevent
water evaporation. Figure 1(a) shows that a laser, a
sample holder, and a power meter were arranged in
a linear pattern using an optical rail. A 830 nm
DPSS laser with 1W of power was used for the
measurement. Because the power meter was limited
to an input power of less than 300mW, a neutral
density (ND) ¯lter was positioned between the laser
and sample holder. The intensity of the laser beam
transmitted through the phantom and ND ¯lter was
measured using the power meter. The Lambert–
Beer law was used to determine attenuation coe±-
cient, �(cm�1), expressed as follows:

I ¼ I0expð��dÞ; ð1Þ
where d (cm) is the phantom thickness, I0 (W) is
the intensity of the laser beam incident to the
phantom, and I (W) is the intensity of the trans-
mitted laser light.

2.2. Measurement of speci¯c heat

The speci¯c heat of the tissue phantom was mea-
sured to fabricate a phantom with a similar speci¯c
heat as that of actual skin. The phantom was placed
in warm water, and its speci¯c heat against the
change in temperature was measured. Agar-gel was
used as the phantom material. Figure 1(b) shows
the speci¯c-heat measurement for agar-gel con-
centrations of 1.5%, 2.5%, 3.5% and 5%. A poly-
styrene chamber was used for measurement to
provide thermal insulation from the ambient sur-
rounding. A glass beaker was placed inside the

polystyrene chamber, and a urethane foam spray
was used for insulation. When the agar-gel phantom
and water were added to the beaker, the heat loss
caused by the warm water (Qwater) was assumed to
be equal to the heat gained by the glass beaker
(Qbeaker) and the agar-gel phantom (Qphantom) as
follows:

Qwater ¼ Qbeaker þQphantom: ð2Þ
The speci¯c-heat values of water and glass beaker
were known. The mass of the glass beaker, warm
water and agar-gel phantom was measured before

(a)

(b)

(c)

Fig. 1. Schematic of the measurement systems for (a) atten-
uation coe±cient, (b) speci¯c heat and (c) thermal conductivity
of tissue phantom made of agar gel.
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the experiment was performed. Before and after the
experiment, the changes in the temperature of the
glass beaker, water and agar-gel phantom were
measured. Then, the speci¯c heat of the agar-gel
phantom was calculated as follows:

Cphantom ¼
Cwatermwater�Twater

� Cbeakermbeaker�Tbeaker

mphantom�Tphantom

; ð3Þ

where m and C denote the mass and speci¯c heat,
respectively.

2.3. Measurement of thermal

conductivity

The thermal conductivity of the agar-gel phantom
was measured using the hot-wire method. As shown
in Fig. 1(c), a hot wire was coiled at the bottom of
the sample holder, and heat °ux was supplied to
the phantom. Then, polystyrene was placed under
the hot wire using urethane foam spray, which
ensured that the area surrounding the sample
holder was adiabatic. The heat °ux was controlled
by supplying voltage to one side of the agar-gel
phantom using the hot wire, and heat was trans-
ferred to the other side of the phantom. Next, the
thermal conductivity of the phantom was calcu-
lated using the temperature di®erence of the
phantom as follows:

Q ¼ kAðT1 � T2Þ
L

; ð4Þ

where L is the thickness of the phantom, A is the
area of the phantom, T1 is the temperature at the
heat-receiving side and T2 is the temperature at
the opposite side. The hot-wire resistance was 4.3�,
and the supplied voltage was 5V.

2.4. Fabrication of skin-tissue phantom

Human skin comprises three layers — the epider-
mis, dermis and subcutaneous tissue — and their
thermal properties di®er. A tissue phantom was
fabricated with three layers based on the attenua-
tion coe±cient, thermal conductivity and speci¯c
heat of the phantom material. The agar solution
was placed in an acrylic sample holder that was
developed in our previous research.17 The solution
was solidi¯ed to form a gel. First, we poured the

agar solution in the sample holder to form the
bottom layer. After solidi¯cation of the agar solu-
tion, an agar solution with a di®erent concentration
was poured over the previous agar solution layer to
form the middle layer. Finally, a third agar solution
with a di®erent concentration was poured over the
middle layer to form the top layer. Figure 2(a)
shows that the agar solutions in all three layers
solidi¯ed to form a multilayered phantom. The
composition of the agar-gel tissue phantoms fabri-
cated to measure the temperature distribution is
listed in Table 1.

(a)

(b)

Fig. 2. (a) Multilayer agar gel phantom and (b) Sample
holder with thermocouples inserted into the tissue phantom
irradiated by infrared laser.

Table 1. Compositions of agar-gel tissue phan-
toms used herein.

Phantom P1 P2 P3 P4

Layer Agar-gel concentration (%)

Top 5 0.5 0.5 1.5
Middle 2.5 1.5 1.5 0.5
Bottom 0.5 0.5 5 5
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2.5. Measurement of temperature
distribution

In general, the human-skin thickness is �4mm
(including the epidermis and dermis). During mox-
ibustion therapy, oriental doctors apply thermal
stimulation to the blood vessels in the subcutaneous
tissue. Thus, the temperature distribution at a
depth of 4mm in the phantom was measured, which
was the distance of the subcutaneous tissue from the
skin surface. A constant-temperature chamber was
used to measure the temperature distribution. The
temperature inside the chamber was maintained at
30�C during the experiment. The sample holder and
laser controller were ¯xed in the chamber. The cy-
lindrical sample holder had holes on the surface at
¯xed intervals. The internal temperature distribu-
tion was measured using thermocouples inserted
through these holes in the phantom. In some cases,
when the infrared laser irradiated the phantom, a
rapid increase in the temperature of the phantom
was observed because of the scattering of light due
to the bumping thermocouple. Thus, to overcome
this problem, thermocouples made of thin needles
were used. The experimental setup is shown in
Fig. 2(b).

The phantom sample in the sample holder was
heated via laser irradiation. A continuous-wave
laser beam was used. A thermocouple was used to
measure the internal temperature of the heated
phantom, and the measurement data were extrac-
ted using a data acquisition (DAQ) device that
comprised two modules (NI 9211, National Instru-
ments, USA) inserted into a compact DAQ chassis
(NI cDAQ-9174, National Instruments, USA).
Finally, the data were organized using DAQ soft-
ware (LabVIEW 2009, National Instruments,
USA). The distance between the sample and laser
was 10 mm, and a laser irradiation power of 1 W
was used. We measured the temperature inside the
four types of phantoms, and the results were
compared.

2.6. Temperature distribution

con¯rmed via thermal imaging

We assumed that the temperature distributions will
be di®erent because the samples comprised three
layers with di®erent optical and thermal properties.
The temperature distribution was visualized using a
thermal-imaging camera (MobIRr M8, NewTech

Instruments, Korea). An 830-nm infrared laser was
used to heat the phantom based on the attenuation
coe±cient, speci¯c heat, and thermal conductivity
of the three layers. An infrared thermal-imaging
camera can measure only the surface temperature
and cannot measure the internal temperature dis-
tribution of an object. Therefore, the existing sam-
ple holder was modi¯ed. We cut o® the upper parts
of the sample and the sample holder to expose the
core region to measure the temperature distribution
inside the sample, similar to that performed in our
previous study.17 The thermal images of the phan-
tom irradiated from above by the laser were cap-
tured using the thermal-imaging camera.

2.7. Performance test of the laser
moxibustion device

The performance of the proposed laser moxibustion
device was tested using the fabricated phantom.
The distance between the phantom and the laser
was 30mm, and the laser power was ¯xed at 1W.
The temperature distribution inside the phantom
was measured using the inserted thermocouples. In
general, in moxibustion therapy, oriental doctors
continuously burn several moxa samples to main-
tain a constant treatment temperature. The e®ec-
tive treatment temperature of the skin tissue in
moxibustion therapy is typically assumed to be
42–50�C (5�C � �T �13�C). To achieve this tem-
perature in moxibustion, a mixed laser-irradiation
method with pulsed and continuous waves was
used. The laser was irradiated in a continuous-wave
mode for the ¯rst 30 s, used in the pulse-wave mode
for 150 s, and stopped in the ¯nal 120 s. During the
pulse-wave irradiation, the pulse width was con-
trolled in a pulse level that ranged from 1 to 10. The
laser was turned on for 5 s and turned o® for 5 s at
level 1. The laser irradiation time was increased by
0.5 s for each increase in the pulse level. Thus, at
level 10, the phantom was irradiated by the laser for
9.5 s and was turned o® for 0.5 s.

2.8. Mathematical modeling and
numerical simulation

The experimental results obtained from this study
were veri¯ed using numerical simulation. Previous-
ly, the temperature distribution inside the tissue
during indirect moxibustion was computed by Jeon
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and Choi24 by solving an unsteady conjugate heat-
transfer problem. Their major ¯nding was that for
an e®ective thermal stimulation, the depth of the
zone should be �5mm.

In the present study, the assumption was that
the heat generated (Q) due to the absorption of
laser light inside the phantom exponentially decays
with depth. Figure 3(a) shows that the phantom
was divided into three layers with di®erent optical
and thermal properties. The numerical simulations
in this study were performed using COMSOL
Multiphysics (COMSOL, Inc., Burlington, MA,
USA). The 3D physical model for the transient
simulation is shown in Fig. 3(b). The temperature
distribution was calculated using the heat transfer
module by combining the Beer–Lambert law with
the Pennes bio-heat-transfer equation. To obtain
the temperature distribution in the phantom, only
the heat conduction in solid without biological

parameters was considered. A user-de¯ned function
was provided as the laser-beam pro¯le. The material
properties used in the simulation are listed in
Tables 2–4. The optical properties and thermal
conductivity of skin are taken from previous
study.27,28 and speci¯c heat, perfusion and meta-
bolic heat generation are taken from IT'IS founda-
tion.29 Governing equation for the temperature
distribution is expressed as follows:

�c
@T

@t
¼ r � ðkrT Þ � �bcb!bðT � TbÞ þQr þQm;

ð5Þ
where Qr is the heat-source term, which is equal
to the absorbed light intensity multiplied by the
absorption/attenuation coe±cient of the medium, c
is the speci¯c heat of the medium, T is the tempera-
ture of the medium, k is the thermal conductivity of
the medium, Qm is the metabolic heat-generation
rate in themedium,!b is the perfusion rate, and �b, cb,
and Tb correspond to the density, speci¯c heat, and
temperature of the blood.

3. Results and Discussion

3.1. Optical and thermal properties

of the tissue phantom

The measured attenuation coe±cients of the agar-
gel phantoms are listed in Table 2. The absorption
coe±cient of the human skin in the near-infrared
wavelength is approximately 0.05–0.355 cm�1

(Refs. 30 and 31). Higher attenuation coe±cients
were found at higher concentrations of agar gel
and ink. A multilayer tissue phantom with an

(a)

(b)

Fig. 3. (a) Schematic of the three-layer tissue phantom for the
mathematical modeling of the temperature distribution and (b)
3D computational model used for simulation. The layers are
assumed to have di®erent optothermal properties.

Table 2. Attenuation coe±cient (cm�1) according to the
concentrations of agar-gel and ink.

Agar-gel
concentration (%)

Ink
concentration (%)

Attenuation

coe±cient (cm�1)

0.5 0.1 0.263
0.5 0.5 0.297
1.5 0.1 0.278
1.5 0.5 0.336
2.5 0.1 0.317
2.5 0.5 0.349
3.5 0.1 0.473
3.5 0.5 0.495
5 0.1 0.732
5 0.5 0.968
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attenuation coe±cient comparable to that of
human skin was prepared by adjusting the agar-gel
concentration. Table 3 lists the measured thermal
conductivity and speci¯c heat values of the agar gels
with various concentrations of agar. As the agar-gel
concentration increased, the values of both proper-
ties decreased. The optical properties and thermal
property values of the human skin tissue are
listed in Table 4. Figure 4 shows the variation in
the measured optical and thermal properties for
di®erent agar-gel concentrations.

3.2. Temperature distribution in the

phantom irradiated by
continuous-wave laser

The four types of tissue phantom were irradiated
with an 830 nm infrared laser. Figure 5 shows the
temperature distribution in the agar phantom with
di®erent compositions of agar-gel layers with 0.1%
ink. Figure 5(a) shows the temperature contours
along the depth of the three-quarter phantom after
30min time. We can see from the contours that as
the concentration of the agar phantom varied, the
temperature distribution in each layer was di®erent.
A high temperature increase was observed when the
agar concentration was high in the bottom layer of
the phantom (P3 and P4), whereas the other two
phantoms (P1 and P2) showed a high temperature
increase in the top layer. Figure 5(b) shows the
comparison of the temperature increase that oc-
curred at 4mm below the surface of the four tissue
phantoms after 30min. The graph shows that
the temperature measurement agreed with the
simulation results with a slight variation, which
con¯rms the measurement accuracy. It was also
noted that the temperature increase in P2 was low
because of the low agar concentration.

Figure 6 shows the temperature distribution in
the agar phantom with di®erent compositions of

Table 3. Measured speci¯c heat (J/kg �K) and thermal conductivity
(W/m �K) at various concentrations of agar-gels used to fabricate
skin tissue phantoms.

Agar concentration
(%)

Speci¯c heat
(J/kg �K)

Thermal conductivity
(W/m �K)

0.5 — 0.7449 � 0.124
1.5 6465 � 452 0.667 � 0.116
2.5 5827 � 218 0.591 � 0.145
3.5 4887 � 477 0.404 � 0.171
5 4011 � 386 0.379 � 0.113

Table 4. Optical and thermal properties of human skin tissue.

Type of skin
tissue

Absorption
coe±cient

(cm�1)

Thermal
conductivity
(W/m�K)

Speci¯c
heat

(J/kg�K)

Metabolic
heat generation

(W/kg)
Perfusion

(mL/min/kg)

Epidermis 0.24 0.23 3391 1.65 106
Dermis 0.24 0.44 3391 1.65 106
Fat tissue 0.52 0.18 2348 0.51 33

S
pecific heat (J/ kg⋅K

) 
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) 

Fig. 4. Measured optical and thermal properties according to
agar-gel concentration.
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agar-gel layers with 0.5% ink. Figure 6(a) shows the
temperature distribution contours along the depth
of the three-quarter phantom. Because the concen-
tration of agar was evidently high in the top layer,
the temperature increase was higher toward the top
layer. We also noted that the same agar-gel con-
centration with a low concentration of ink resulted
in a smaller temperature increase than the high-
concentration agar with ink. Figure 6(b) shows the
comparison of the numerical and experimental
temperature increase that occurred at 4mm below

the surface of the three-layer phantoms. The ranges
of temperature increase in the experiments and
simulation were found to agree. Overall, the tem-
perature increase in each phantom layer was sig-
ni¯cantly a®ected by the optical and thermal
parameters of the agar-gel. These results were based
on the average of the results of the experiments
conducted three times.

(a)

(b)

Fig. 5. (a) Temperature distribution along the depth of the
three-quarter phantom with di®erent concentration of agar
with 0.1% ink after 30min and (b) Comparison of temperature
variations from experiment and simulation occurring 4mm
below the surface of phantoms with di®erent compositions of
agar gel layers after 30min.

(a)

(b)

Fig. 6. (a) Temperature distribution along the depth of the
three-quarter phantom with di®erent concentration of agar
with 0.5% ink after 2 h and (b) Comparison of temperature
variations from experiment and simulation occurring 4mm
below the surface of phantoms with di®erent compositions of
agar gel layers with 0.5% ink after 2 h.
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3.3. Thermal imaging of the tissue
phantom

Four internal phantoms were investigated using a
thermal-imaging camera. Figure 6 shows the ther-
mal images of the internal temperature distributions
of the four phantoms. The measured highest
heat-source temperature was 31.3�C, as shown in
Fig. 7(d), and the measured lowest heat-source
temperature was 28.2�C, as shown in Fig. 7(b). As
the agar-gel concentration increased, the tempera-
ture increased, whichwas similar to the temperature-
measurement result obtained using a thermocouple.
Our results con¯rmed that the optical properties in
the top layer a®ects the temperature increase in the
internal layers of the phantom. In addition, we
found that the temperature in the bottom tissue
layer changed because of the high concentration.
Figures 7(c) and 7(d) show that the heat source was
delivered to greater depths than that shown in
Figs. 7(a) and 7(b). The bottom layers shown in
Figs. 7(c) and 7(d) exhibited higher concentrations
than those in the other cases. Finally, the results also
show that producing a high temperature di®erence is
possible if the speci¯c heat of the material is varied.
For thermal imaging, the removal of a small part of
the agar-gel phantom can distort the core tempera-
ture distribution to some extent. Nevertheless, the
overall trend of the depth-wise core temperature
pro¯le did not signi¯cantly change.

3.4. Performance test of the laser
moxibustion device

Figure 8(a) shows the temperature variations of the
four phantoms heated using the laser moxibustion
device at pulse level 7 for 25min. For P1, we noted
that the temperature increase was considerably high
because the optical properties was highest at the top
and middle layers of the phantom. According to
these results, we con¯rmed that the phantom
optical properties greatly a®ects its temperature.
Figure 8(b) shows the internal temperature distri-
bution due to the burning of commercial moxa at
the phantom surface. The overall temperature var-
iation shown in Fig. 8(a) is similar to that shown in
Fig. 8(b). Thus, we determined that the proposed

(a) (b)

(c) (d)

Fig. 7. Temperature distribution inside the tissue phantom
visualized using a thermal imaging camera. The compositions of
the agar gel layers are (a) P1, (b) P2, (c) P3 and (d) P4, as
listed in Table 1.

(a)

(b)

Fig. 8. (a) Temperature variations in tissue phantoms heated
using the laser moxibustion device at pulse level 7 and
(b) Temperature variation of the tissue phantom heated by
burning commercial moxa.
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laser moxibustion device could mimic the tempera-
ture distribution similar to that of a commercial
moxa.

3.5. Application of mathematical
modeling to human-skin tissue

Numerical simulations were performed to determine
the temperature distribution in human-skin tissues
considering thermal properties and physiological
parameters such as perfusion and heat-generation
rate. The optical and thermal properties of the
human-skin tissue for simulation are listed in
Table 4. The simulations were performed for an

830 nm laser irradiation on the multilayered skin
tissue. The initial temperature of the three layers of
the skin (epidermis, dermis, and fat) was assumed
to be 37�C. Figure 9(a) shows the temperature
distribution along the depth of the three layers of
the three-quarter skin tissue after 30min. A similar
temperature pro¯le was obtained when the laser
power was varied and the temperature was con-
trolled in the range of 42–50�C by modulating the
laser output power. Figure 9(b) shows the depth-
wise temperature distribution in the skin tissue
after the laser irradiation. We con¯rmed that the
temperature of the epidermis rapidly increased,
which then caused a decrease in the temperature
distribution in the dermis and a parabola-shaped
increase in the temperature distribution in the fat
tissues. The laser–tissue interaction is actively being
studied, and the most important objective is to
obtain the speci¯c thermal e®ects without burning
the skin-tissue surface under direct irradiation with
a laser.30,31 The present study demonstrated that
precisely maintaining maximum temperature in the
inner skin layer is possible by changing the laser
output power. A large increase in temperature was
observed just at the skin surface at high output
power; hence, implementing a cooling process to
prevent skin burning is advisable. Our results sug-
gested that patient-speci¯c thermal therapy can be
realized by adjusting the laser parameters according
to the known optothermal properties of the skin
tissue of individuals.

4. Conclusion

The temperature distribution in a deep tissue
phantom was controlled using various laser para-
meters. In addition, the optothermal properties
such as the attenuation coe±cient, speci¯c heat,
and thermal conductivity of an agar-gel tissue
phantom, which depend on the agar concentration,
were measured. A multilayer tissue phantom with
known optical and thermal properties was fabri-
cated using agar-gels with a concentration of
0.5%–5%. The temperature distribution inside the
multilayer tissue phantom was predicted on the
basis of experimental measurements and numerical
simulation using the optothermal properties of each
phantom layer, and the results obtained agreed
well. The skin temperature could be regulated in the
treatment temperature range between 42�C and
50�C by applying the actual skin-tissue parameters

(a)

(b)

Fig. 9. (a) Temperature distribution along the depth of
three-quarter skin tissue after 30min laser irradiation and
(b) Quantitative depth-wise temperature distribution along the
skin tissue after 30min laser irradiation.
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using numerical simulation. Moreover, a tempera-
ture measurement system was developed using
thermocouples that can measure the temperature
distribution inside a laser-irradiated phantom. The
temperature distribution inside the phantom was
also determined using a thermal-imaging camera.
Subsequently, a laser moxibustion device was de-
veloped on the basis of our experimental ¯nding.
The results suggest that to produce a speci¯c tem-
perature pro¯le in the tissue, an optimal laser
parameter set can be determined if the properties of
the patient's skin tissue are known. By manipulat-
ing the temperature distribution inside the tissue
through optimized laser parameters, we claim that
personalized thermal therapy can be implemented
in the future.
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