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Abstract Understanding the mechanisms of skin behavior
under thermal shock is crucial for medical treatments.
However, no reasonable criteria are available for the
maximum thermal loadings that skin tissue can survive.
To address this, in this paper we analyzed thermal and
neural behaviors of skin tissue exposed to thermal loadings
by introducing the thermal shock resistance (a parameter
widely used for engineering materials) of skin for the first
time. Skin thermal shock resistance was analyzed according
to two distinct criteria: (1) maximum local temperature at
epidermis-dermis (ED) interface defined as the thermal
threshold of skin thermal pain; (2) maximum thermal
damage at ED interface defined as the first degree burn
where irreversible skin damage occurs. Numerical simula-
tion was performed and the results show that the thermal
shock resistance of skin tissue depends on the Biot number
(which characterizes the features of thermal shock). These
results indicate that skin thermal shock resistance can be
used as an efficient tool to predict thermal damage (e.g.,
burn) and the corresponding pain level induced by noxious
thermal loadings (e.g., clinical thermal treatments).
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Introduction

Human skin is often exposed to thermal shock, such as
burning in daily life and heat therapy in clinics. The incidence
of burn injuries in US is 120,856 cases per year [1]. More and
more heat therapies (e.g., microwave [2, 3], radiofrequency
[4, 5], and laser [6–8]) have been used to treat different
diseases and injuries involving human skin tissue. The
heating parameters of the applied thermal therapies (e.g.,
heating source, temperature, duration) are critical for the
treatment results. For example, the choice of heat source, such
as CO2, Er:YAG, is critical to laser treatment, and the precise
spatial and temporal control of thermal energy induced in
target tissue is a main challenge for the success of the
therapy. Therefore, the knowledge of skin behavior (e.g.,
thermal damage, thermal pain sensation) under thermal shock
is crucial for improving the effects of these therapies.

Previous studies related to the thermal shock behavior of
skin tissue mainly focus on skin thermal damage (i.e.,
burn). Pearse et al. [9, 10] studied the burn of pig skin
induced by flash, which induced higher degree of thermal
damage than contact induced burn. Torvi et al. [11]
developed a finite element model about flash burn to
forecast the thermal damage of skin tissue. Majchrzak et al.
[12] analyzed the heat transfer in skin subjected to flash
burn using numerical simulation. There are also studies
investigating the relationship between skin thermophysical
properties (e.g., thermal conductivity, specific heat capac-
ity) and skin thermal damage [13, 14]. However, the effects
of heating method on the thermal damage criteria of skin
are not clear.

To analyze skin tissue exposed to thermal loadings, the
parameter of thermal shock resistance was first introduced
in this paper. Thermal shock resistance is a major issue in
the selection of engineering ceramics for thermal applica-
tions, such as furnaces and engine parts [15]. A major
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problem in designing against thermal shock is the identi-
fication of appropriate material selection criteria in order to
for selecting the most shock resistant material for a given
application [15]. However, skin tissue is different from
traditional engineering materials.

In the present study, thermal shock resistance of skin tissue
was investigated from two different selection criteria: (1)
maximum local temperature at epidermis-dermis (ED) inter-
face equals the thermal threshold of skin thermal pain; (2)
maximum thermal damage at ED interface equals the first
degree burn where irreversible damage occurs. The damage-
induced inflammation that may contribute to skin thermal
pain was also considered. The temperature and thermal
damage in the skin tissue were first analyzed for the full
range of Biot number (Bi) using closed-form from our
previous study [16]. Lower bound solutions were then
obtained for the maximum thermal shock that the skin can
sustain without catastrophic failure according to the pro-
posed criteria.

Theoretical foundation

The one-dimensional (1D) heat transfer process in skin tissue
can be described using Pennes equation, given as [17]:

rc
@T

@t
¼ k

@2T

@z2
þ; brbcb Ta � Tð Þ þ qmet þ qext ð1Þ

where ρ, c, k are the density, specific heat and thermal
conductivity of skin tissue, respectively; ρb, cb are the
density and specific heat of blood, ; b is the blood perfusion
rate; Ta and T are the temperatures of blood and skin tissue;
qmet is the metabolic heat generation in the skin tissue, and
qext is the heat source due to other heating. The first term,
rc @T=@t ¼ k @2T=@z2, represents the classical Fourier heat
conduction theory; and the second term, wbrbcb Ta � Tð Þ,
represents the heat taken away (as a heat sink for heating
case) or added (as a heat source for cooling case) by blood
perfusion.

The thickness of skin is denoted as H, with z ¼ �H=2 at
skin surface, Fig. 1. Initially, the skin is at a uniform
temperature Ti. At time t=0, the skin surface is suddenly
exposed to a convective medium of temperature T1 while
its bottom surface is kept at the body core temperature Tc.
The boundary conditions can be written as:

�H @T=@z ¼ Bi T1 � Tð Þ; z ¼ �H=2
T ¼ Tc; z ¼ H=2

�
ð2Þ

The non-dimensional heat transfer coefficient Bi ¼
hH=k is the Biot number for the skin tissue with the
physical meaning of the ratio of heat transfer resistances
inside of and at the surface of a body; k is the thermal

conductivity of skin in the z-direction; h is the coefficient of
heat transfer. Biot number in the present paper denotes the
various heating sources and methods (Table 1), which plays
an important role in the thermal shock resistance of skin
tissue. For example, breeze is a case of natural condition
which gives a Biot number in the range of 0.07–2 with a
typical value of 1; while for contact heating such as
cigarette scald, Biot number increase to infinite which
means that all the heat from the heat source (e.g., cigarette)
is taken away into the body.

Equation 1 can be solved with heat transfer boundary
condition (2) by using the Green function method as
reported in our earlier work [16, 18, 19], resulting in:
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where a ¼ k=rc is thermal diffusivity of skin tissue.

Results

Thermal shock resistance based on thermal damage

When skin tissue is suddenly exposed to a convective
medium, the induced injury can be expressed in terms of
the total damage function as [20]:

Ω ¼
Z t

0
A exp �Ea=RTð Þdt ð4Þ

In clinics, skin injuries are typically classified into three
classes, i.e., epidermal damage (first degree), epidermal
plus superficial dermal damage (second degree), and
epidermal plus near-full to full dermal damage (third

Fig. 1 Idealized multilayer skin model
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degree) [21], which is consistent with the threshold of skin
burn given by Henriques [22]. However, only the epidermis
is capable of regenerating without any stigmata left.
Therefore, a thermal damage-based criterion for heat shock
is taken to be that thermal damage at the ED interface is
considered as attaining the first degree (i.e., Ω=0.53).

The effects of different Biot numbers on the skin thermal
damage are shown in Fig. 2a. When skin surface is exposed
to a heat medium of constant temperature, the degree of
skin thermal damage and time needed for first damage to
occur vary with Biot numbers (i.e., different heating
sources). When Biot number is infinite (e.g., cigarette
scald), it takes less time to get first degree damage at ED
interface, while more time is needed when Biot number is
equal to 10 (i.e., hot oil scald).

To check the effect of different heating media and
methods on skin burn, the relationship between Biot
number and time needed for first degree thermal damage
is shown in Fig. 2b. Convective heat transfer coefficient
and temperature of heating source are observed to have
significant influences on the induced damage. Long time
thermal convection to skin can also damage the skin even
for medium at relatively low temperature, which is
significant for predicting accurately the time of first degree
damage in clinic. This may be the reason why the
damage degree induced by hot oil is higher than that
induced by hot water at the same temperature. It can be
seen from Fig. 2b that the effects of different heating
methods on skin thermal shock resistance are different.
Contact burn (e.g., brand iron) can cause more serious skin
damage than fluid burn (e.g., hot water of steam) under the
same conditions.

Thermal shock resistance based on thermal pain sensation

Generally, pain can be classified as nociceptive pain,
inflammatory pain and neuropathic pain [23]. The current
study is focused on nociceptive pain induced by the
activation or sensitization of nociceptors (the special
receptor for pain sensation). For heat shock, when skin

temperature rises above a critical value Tthr (∼43°C [24]),
an uncomfortable feeling or pain sensation will be induced.
The pain intensity is defined here to be directly related to
the T-cell output value. When the value exceeds the
threshold of pain −55mV the induced electrical signal is
transported to the next point. If the signal arrives at the
cortex, it is considered as pain. In order to compare with

Fig. 2 (a) History of thermal damage and (b) occurrence time of first
burn degree at Epidermis-Dermis interface for different Biot numbers

Convection mode Biot number Typical value Example

Air Natural convection 0.07–2 1 Breath

Forced convection 2–7.5 4 Fan cooling

Oil Natural convection 2–22 10 Oil scald

Forced convection 5–150 40 Oil injection

Water Natural convection 5–75 20 Central heating

Forced convection 24–1125 180 Water cooling

Boiling 60–2625 400 Boiling scald

Condensation 120–1875 600 Condense scald

Contact ∞ ∞ Cigarette scald

Table 1 Typical value of Bi
number for various medium
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the results presented above, we examine the pain intensity
assuming the position of nociceptor in skin at the ED-
interface. We define here the pain intensity (PI) as PI=
(VT−VTthreshold)/((VTmax−VTthreshold)) × 100.

According to the model of nociceptor transduction
developed in our previous studies [25–27], we checked
the thermal shock resistance of skin based on thermal pain
sensation for different stimulus intensity considering ther-
mal stress and thermal damage. The frequency response of
nociceptor and pain intensity associated with different Biot
numbers are shown in Fig. 3a–b, respectively. At the same
stimulation, the response of receptor increases with increas-
ing Biot number. That is, the heating media and methods
have an important effect on the predicted level of skin
thermal pain, which is consistent with that predicted based
on thermal damage. According to the threshold defined
before, it is found that the pain sensation happens much
faster than the first burn degree damage. The response may
be induced by the nerves, which directs human body to
behave quickly before irreversible damage occurs. This

physiological feature of human may be helpful for protect-
ing human body in extreme thermal environment.

Comparison of two different criteria

The results based on both the selection criteria for skin
thermal shock resistance suggest that the type of heating
mode, the heat duration, the temperature and thermophys-
ical properties of heating medium play important roles in
skin burn process. Therefore, these parameters are crucial
for the accurate estimation of thermal injury. It is also found
that the thermal conductivity of skin tissue influences the
burn degree, which may explain why some burn accidents
occur when the patients use 40∼50°C hot-water bag.

On the other hand, under thermal shock loading, the
present results show that the thermal pain theory can be
employed to predict the start time when thermal burn
occurs, and can be used as a reference for forecasting the

Fig. 3 Influence of Biot number on (a) frequency response of
nociceptor and (b) pain intensity

Fig. 4 Influence of thermal damage on (a) frequency and (b) pain
intensity
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pain degree under heat treatment. Thermal stimulation, one
of the three main causes of pain, has been widely used in
the study of pain [28]. The difference between neural
responses predicted with and without considering the effect
of thermal damage on pain level is shown in Fig. 4a–b. It
can be seen that the model predicts a higher frequency
response and pain level when the influence of thermal
damage is considered, which may explain why people still
feel pain after removing heat source.

Conclusions

Thermal shocks (e.g., contact and convective heating) affect
significantly the damage initiation time and damage degree
of skin tissue. Therefore, they are important to estimate
thermal injury. The multilayer heat transfer model based on
Pennes’ equation and thermal pain sensation for skin
exposed to a convective medium (e.g., burn) was used to
analyze the effect of different contact modes and heat media
on skin thermal shock resistance. The model can be used to
predict quantitatively the starting time for thermal damage
for given heating mode, medium and heating duration.
Thermal conductivity of skin tissue has also influence on
the degree of thermal damage, which varies from person to
person. To predict the occurrence of thermal burn, the
thermal pain theory considering the influence of thermal
damage is more accurate and can provide a reference for the
degree of thermal pain in clinical thermal treatments.

Acknowledgements This work is supported by the National Natural
Science Foundation of China (10825210), the National 111 Project of
China (B06024), and the National Basic Research Program of China
(2006CB601202).

References

1. D’Souza, A. L., Nelson, N. G., and McKenzie, L. B., Pediatric
burn injuries treated in US Emergency Departments between 1990
and 2006. Pediatrics 124:1424–1430, 2009. doi:10.1542/
peds.2008-2802.

2. Stewart, D. A., Gowrishankar, T. R., and Weaver, J. C., Skin
heating and injury by prolonged millimeter-wave exposure: theory
based on a skin model coupled to a whole body model and local
biochemical release from cells at supraphysiologic temperatures.
IEEE Trans. Plasma. Sci. 34:1480–1493, 2006.

3. Stec, B., Dobrowolski, A., and Susek, W. Institute of Electrical
and Electronics Engineers Inc., New York, NY 10016-5997,
United States, 603–606.

4. Weiss, R. A., Weiss, M. A., Munavalli, G., and Beasley, K. L.,
Monopolar radiofrequency facial tightening: a retrospective
analysis of efficacy and safety in over 600 treatments. J. Drugs
Dermatol. 5:707–712, 2006.

5. Sadick, N. S., and Shaoul, J., Hair removal using a combination of
conducted radiofrequency and optical energies–an 18-month
follow-up. J. Cosmet. Laser Ther. 6:21–26, 2004.

6. Goldberg, D. J., Laser- and light-based hair removal: an update.
Expert Rev. Med. Devices 4:253–260, 2007.

7. Bernstein, E. F., The new-generation, high-energy, 595 nm, long
pulse-duration, pulsed-dye laser effectively removes spider veins
of the lower extremity. Lasers Surg. Med. 39:218–224, 2007.

8. Tay, Y. K., Kwok, C., and Tan, E., Non-ablative 1, 450-nm diode
laser treatment of striae distensae. Lasers Surg. Med. 38:196–199,
2006.

9. Pearse, H. E., Problems in the experimental study of flash burns.
Science 110:444–444, 1949.

10. Pearse, H. E., Payne, J. T., and Hogg, L., The experimental study
of flash-burns. Ann. Surg. 130:774–789, 1949.

11. Torvi, D. A., and Dale, J. D., A finite-element model of skin
subjected to a flash fire. J. Biomech. Eng.-T. Asme 116:250–255,
1994.

12. Maichrzak, E., Mochnacki, B., and Jasinski, M. Numerical
modelling of bioheat transfer in multi-layer skin tissue domain
subjected to a flash fire. Computational Fluid and Solid
Mechanics 2003, Vols 1 and 2, Proceedings, 1766–1770 2443
(2003).

13. Wu, Y. C., Material properties criteria for thermal safety. J. Mater.
7:573–579, 1972.

14. Subramanian, B., and JC, C., Safe touch temperatures for hot
plates. J. Biomech. Eng.-T. Asme 120:727–736, 1998.

15. Lu, T. J., and Fleck, N. A., The thermal shock resistance of solids.
Acta Mater. 46:4755–4768, 1998.

16. Xu, F., Wen, T., Seffen, K. A., and Lu, T. J., Biothermomechanics
of skin tissue. J. Mech. Phys. Solids 56:1852–1884, 2008.

17. Pennes, H. H., Analysis of tissue and arterial blood temper-
atures in the resting human forearm. J. Appl. Physiol. 1:93–122,
1948.

18. Xu, F., Wen, T., Lu, T. J., and Seffen, K. A., Skin biothermo-
mechanics for medical treatments. J. Mech. Behav. Biomed. Mater.
1:172–187, 2008. doi:S1751-6161(07)00030-6. [pii] 10.1016/j.
jmbbm.2007.09.001.

19. Xu, F., Seffen, K. A., and Lu, T. J., Non-Fourier analysis of skin
biothermomechanics. Int. J. Heat Mass Tran. 51:2237–2259,
2008.

20. Henriques, F., Jr., and Moritz, A., Studies of thermal injury: I. The
conduction of heat to and through skin and the temperatures
attained therein. A theoretical and an experimental investigation*.
Am. J. Pathol. 23:530, 1947.

21. Schulz, J. T., III, Tompkins, R. G., and Burke, J. F., Artificial skin.
Annu. Rev. Med. 51:231–244, 2000.

22. Henriques, F. C., Study of thermal injuries V. The predictability
and the significance of thermally induced rate processes
leading to irreversible epidermal injury. Arch. Pathol. 43:489–
502, 1947.

23. Xu, F., Wen, T., Lu, T. J., and Seffen, K. A. Modeling of
nociceptor transduction in skin thermal pain sensation. J.
Biomech. Eng. 130, 2008.

24. Patapoutian, A., Peier, A. M., Story, G. M., and Viswanath, V.,
Thermo TRP channels and beyond: mechanisms of temperature
sensation. Nat. Rev. Neurosci. 4:529–539, 2003.

25. Xu, F., Wen, T., Lu, T. J., and Seffen, K. A., Modeling of skin
thermal pain: a preliminary study. J. Appl. Math. Comput. 205:37–
46, 2008.

26. Xu, F., Wen, T., Lu, T. J., and Seffen, K. A., Modelling of
nociceptor transduction in skin thermal pain sensation. J.
Biomech. Eng. 130:1–13, 2008.

27. Xu, F., Lu, T. J., and Seffen, K. A., Skin thermal pain modeling. a
holistic method. J. Therm. Biol. 33:223–237, 2008.

28. Arendt-Nielsen, L., and Chen, A. C. N., Lasers and other thermal
stimulators for activation of skin nociceptors in humans. Neuro-
physiologie Clinique/Clinical Neurophysiology 33:259–268,
2003.

J Med Syst (2011) 35:863–867 867

http://dx.doi.org/10.1542/peds.2008-2802
http://dx.doi.org/10.1542/peds.2008-2802
http://dx.doi.org/S1751-6161(07)00030-6

	Thermal Shock Resistance of Skin Tissue
	Abstract
	Introduction
	Theoretical foundation
	Results
	Thermal shock resistance based on thermal damage
	Thermal shock resistance based on thermal pain sensation
	Comparison of two different criteria

	Conclusions
	References


