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Numerical simulation of the thermal response of continu-
ous-wave terahertz irradiated skin
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We report a two-layer model to describe the thermal response of continuous-wave (CW) terahertz (THz) irradiated skin.
Based on the Pennes bio-heat conduction equation, the finite element method (FEM) is utilized to calculate the temperature
distribution. The THz wave with a Gaussian beam profile is used to simulate the photo-thermal mechanism. The simulation
results show the dynamic process of temperature increasing with irradiation time and possible thermal damage. The factors
which can affect temperature distribution, such as beam radius, incident power and THz frequency, are investigated. With
a beam radius of 0.5 mm, the highest temperature increase is 3.7 K/mW.
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Terahertz (THz) wave has the advantages of low photon
energy, low scattering and high transmitting rate for non-
polar materials[1]. Applications of THz wave have widely de-
veloped in aspects of imaging in bio-tissues and medicine,
drug inspection, security monitor, communication, and wa-
ter concentration measurement[2-6]. However, exposure to THz
radiation may lead to instability in living organisms. In some
experiments, people have found some unusual phenom-
ena coming up in THz irradiation, e.g. unconventional be-
havior of male mice[7], abnormal dynamics of DNA[8] and
infringement of neurons cellular membranes[9]. The European
THz-bridge project[10] firstly proposed to define the safe ex-
posure standards for pulsed and continuous-wave (CW) THz
biomedical applications in 2004. Few international organi-
zations determine the skin damage threshold so far. Danielle
R. Dalzell et al[11] used the free electron laser (FEL) to deter-
mine the damage threshold of tissue ED50 to be 7.16 W/cm2

in pulsed THz radiation. This value is well agreement with
their predicted damage threshold of 5.0 W/cm2 using a compu-
tational model in Ref.[11].

In this paper, based on the classical Pennes bio-heat con-
duction equation, we utilize a two-layer model to simulate
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the CW THz thermal effect on skin. The dynamic process of
temperature change is calculated. The CW THz source with
Gaussian beam profile is used in our model. The simulation
results show the temperature distribution and the relation-
ships between the optical parameters (beam radius, power)
and the temperature distribution. The optical parameters have
very small influence on the time required to reach a steady state.

Skin can be divided into two layers: the epidermis and
the dermis. The thicknesses of the epidermis and the dermis
are about 0.05 0.15 mm and 3 mm, respectively. We estab-
lish a cylindrical two-layer model with radius b in Fig.1. The
top layer with thickness d1 represents the epidermis, and the
lower layer with thickness d2 represents the dermis. The THz
beam with radius a irradiates the center of the top surface. It
also shows the initial boundary conditions for the tempera-
ture of each surface A, B, C, D and E.

The classical Pennes bio-heat conduction equation[12] is
used in our simulation, which is the most commonly used
model to describe the thermal behavior of bio-tissues
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Fig.1 Two-layer model of skin in cylinder coordinates
system
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For THz wavelength is longer than that of infrared wave,
THz radiation is less susceptible to scattering in bio-tissues[13].
The broadening of beam radius caused by scattering is neg-
ligible in this paper. We define  and  as the absorption
coefficients of the epidermis layer and dermis layer, respec-
tively. Then there is
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Solving Eqs. (2)-(5), for the Gaussian beam profile, we ob-
tain
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To solve the heat conduction equation, we still need to
set the boundary conditions in Fig.1. For the top surface A, it
is proper to neglect the loss of heat and set it to be heat
isolated. The side surfaces of B, E and bottom surface of C
are far from the source, and it is reasonable to set their tem-
perature to be body temperature T0. The initial boundary D
should satisfy the continuous conditions.

The finite element method (FEM) is utilized to calculate
the temperature distribution. Values of the absorption coeffi-
cients  and  vary for different individuals and tissues. It is
a good idea to adopt their mean values. We utilize the linear
absorption coefficient values 115 cm-1 for  and 85 cm-1 for

 at 1 THz[14]. The parameters , c and k can be obtained by
Eqs.(8)-(10) in Ref.[15]. We neglect the influence of tem-
perature increase on these parameters[16]
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The water content W is about 50% for the epidermis and
70% for the dermis. The initial values for the simulation are
as follows: skin temperature T0=310.15 K, P=1 mW, a=0.5
mm, d1=0.1 mm, d2=3 mm and b=40 mm.

In Fig.2, the temperature curve of t=0 s means the tem-
perature distribution without THz irradiation. As the irradia-
tion time goes on, the heat diffusion causes the temperature
rise. The temperature increases fast during the first 30 s. Af-
ter 150 s, all curves trend to overlap and reach a steady state.
The temperature distribution profiles satisfy the exponential
attenuation profile along the z direction, since the transmit-

Fig.2 Temperature distributions at r =0 along the z direc-
tion with different irradiation time

bio-tissue, T is the temperature distribution function with r
(the radial distance from axis) and z (distance from the top
surface of epidermis), and k is the thermal conductivity of
bio-tissue. Qr is the dissipated power density, and Qm is the
metabolic rate, which is usually neglected because it is trifle
compared with laser source. wb is the blood perfusion rate, cb

is the blood specific heat, rb is the blood density, and Tb is the
temperature of artery.

We calculate the dissipated power densities of epidermis
layer Qr1

 and the dermis layer Qr2
. The dissipated power val-

ues within epidermis layer 1 and dermis layer 2 are de-
fined to be P1 and P2, respectively. P is the total dissipated
power. They can be obtained:
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ted power decreases exponentially along the z direction. The
maximum temperature increase at (r=0, z=0) is 3.7 K.

In Fig.3(a), as the beam radius decreases, the tempera-
ture increase becomes larger. It is because the power density
is higher for THz source with a small beam radius. In Fig.3
(b), the temperature increase is proportional to the power.
The maximum value is 3.7 K/mW approximately. Generally,
the values of absorption coefficients increase as the frequency
increases[14,17]. For 0.75 THz, 1 THz and 1.25 THz,   is about
90 cm-1, 115 cm-1 and 145 cm-1, respectively, and  is about
70 cm-1, 85 cm-1 and 100 cm-1, respectively[14]. For higher
THz frequency, the temperature is higher in a steady state. In
Fig.3, we still can see that the optical parameters have very
small influence on the time required to reach a steady state.

Fig.3 Temperature versus time for THz waves with (a)
different beam radii and (b) different power values

In Fig.4, we show the process of temperature (K) rising
with irradiation time. The real line in the figures is the initial
boundary D. The temperature increases fast during the first
15 s, and becomes constant after about 150 s. The highest
temperature is in the center of the air-epidermis surface. The
heating up mainly occurs near the top layer, because the ab-
sorption coefficients are large for which the typical value is
at the order of 102 cm-1 and the penetration depth of THz
beam is restricted. According to Lambert-Beer law,

where I0 and I are the intensities of the incident beam and the
transmitted beam, respectively. So the attenuation of a THz
beam penetrating through 0.5 mm in the model is about
1 0.8% = 99.2%.

The conversion of radiant energy to thermal energy can
heat the tissue, and induce an injury as the temperature
increases. The damage parameter , which indicates the level
of damage, is computed using the Arrhenius equation[18]:
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Fig.4 Contours of temperature distribution with differ-
ent irradiation time
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where A is the pre-exponential factor (s-1), E is the activation
energy for the reaction (J•mol-1), R=8.31 J•mol-1•K-1 is the
universal gas constant, and T is the absolute temperature (K).
For T between 37 oC and 44 oC, the values A=3.1 1098 s-1

and E=1.5 105 J•mol-1 are used in calculation. Takata gave
the values of A and E for various ranges of tissue tempera-
tures as follows[19]: for T between 44 oC and 50 oC, A=4.3
1064 s-1 and E=4.18 105 J•mol-1; for T greater than 50 oC,
A=9.4 10104 s-1 and E=6.68 105 J•mol-1.

Henriques and Moritz[18] assigned = 0.53 correspon-
ding to a threshold of the first-degree burn (persistent but
reversible erythema), = 1 to the threshold of the second-
degree burn (irreversible partial-thickness injury), and  =
10000 to a threshold of the third-degree burn (irreversible
full-thickness injury). At the same irradiance, the thermal dam-
age of different skin depths is very different, and we com-
pute the possible thermal damage  of regional tissue at dif-
ferent time using the Arrhenius equation. The relationships
between the thermal damage and skin depth with different
irradiation time are described in Fig.5, where the incident
power is P=20 mW, radius is r=1 mm, and d is the skin depth.

Fig.5 Thermal damage  of different epidermis skin depths
at t = 1 s, 3 s, 5 s and 10 s, respectively
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In summary, from the results of numerical simulation,
we study the dynamic process of temperature rising with time,
and it takes about 150 s to reach a steady state. The influence
of optical parameters on the time required to reach a steady
state is limited. Steady temperature calculated with incident
power should be higher than actual temperature due to ig-
noring the reflection on the interface of skin and air. However,
as a common simulation, the calculation is ready to change
with the parameters and acquires new results of tissues. At
last, we compute the thermal damage  of different skin
depths at different time using the Arrhenius equation. This
work may motivate further study on the security of CW THz
irradiated bio-tissues.


