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Abstract

Biothermomechanics of skin is highly interdisciplinary involving bioheat transfer, burn damage, biomechanics and
neurophysiology. During heating, thermally induced mechanical stress arises due to the thermal denaturation of collagen,
resulting in macroscale shrinkage. Thus, the strain, stress, temperature and thermal pain/damage are highly correlated; in
other words, the problem is fully coupled. The aim of this study is to develop a computational approach to examine the
heat transfer process and the heat-induced mechanical response, so that the differences among the clinically applied
heating modalities can be quantified. Exact solutions for temperature, thermal damage and thermal stress for a single-layer
skin model were first derived for different boundary conditions. For multilayer models, numerical simulations using the
finite difference method (FDM) and finite element method (FEM) were used to analyze the temperature, burn damage and
thermal stress distributions in the skin tissue. The results showed that the thermomechanical behavior of skin tissue is very
complex: blood perfusion has little effect on thermal damage but large influence on skin temperature distribution, which, in
turn, influences significantly the resulting thermal stress field; the stratum corneum layer, although very thin, has a large
effect on the thermomechanical behavior of skin, suggesting that it should be properly accounted for in the modeling of
skin thermal stresses; the stress caused by non-uniform temperature distribution in the skin may also contribute to the
thermal pain sensation.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Skin, with its three-layer composition of epidermis, dermis and subcutaneous tissue (see Fig. 1a; Whitton
and Everall, 1973), is the largest single organ of the body. It plays important roles including sensory roles,
thermoregulation and host defense. Thermoregulation is a vital process: skin functions thermally as a heat
generator, absorber, transmitter, radiator, conductor and vaporizer. Comprehension of the phenomena of
heat transfer and related thermomechanics in soft tissues is of great importance and can contribute to a variety
of medical applications. The study of biothermomechanics of skin is highly interdisciplinary, involving bioheat
transfer, burn damage, biomechanics and neurophysiology.
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1.1. Study of skin thermomechanics is highly cross-disciplinary

Thermal behavior skin tissue, or, heat transfer in skin tissue is mainly a heat conduction process coupled to
complicated physiological processes, including blood circulation, sweating, metabolic heat generation, and,
sometimes, heat dissipation via hair or fur above the skin surface. The thermal properties of skin vary between
different layers; even within the same layer, there exists large non-homogeneity and anisotropy due to the
presence of blood vessels. Both the physiological processes and thermal properties of skin are influenced by a
variety of factors such as temperature, damage, pressure, age, etc. To complicate matters, skin is an active,
self-regulating system: heat transfer through the skin dramatically affects the state of skin, which can lead to
the redistribution of skin blood flow over the cutaneous vascular network, whereby influencing the thermal
response of the skin tissue. For example, at rest, in a thermally neutral environment, the skin receives 5-10%
of the cardiac output, which can increase to 50-70% during severe heat stress or approach zero in a cold
environment (Yen and Braverman, 1976); in thermal stress, skin blood flow can rise to levels more than 50-
fold its value during thermoregulation (Joyner and Dietz, 1997); at high blood perfusion rate, the amount of
blood in the deep dermal plexuses may exceed that of the papillary capillaries by a factor of 30 (Conrad et al.,
1971), and in this case local heat transfer in the skin may be dominated by convection of the perfused blood
rather than tissue conduction (Hales et al., 1978).

It has been established that skin in vivo is mechanically heterogeneous, anisotropic, nonlinear, viscoelastic and
under tension. It is affected by many factors such as age, gender, site, hydration, etc. Furthermore, simple elastomeric
constitutive models are not suitable to describe the complicated mechanical behavior of skin (Fung, 1990).

The major constituent of dry skin is collagen. During heating, thermally induced mechanical stress appears
due to thermal denaturation of collagen, which is macroscopic thermal shrinkage. It has been found that the
type of mechanical loading is functionally as important as the temperature level during shrinkage (Chen et al.,
1998b). Furthermore, during denaturation, not only the structure, but also the hydration level of collagen
changes. Thus, unsurprisingly, thermal denaturation of a collagenous tissue can lead to remarkable changes in
the mechanical, thermal, electrical and optical properties and the strain, stress and temperature are highly
correlated; in other words, the problem is fully coupled.

Understanding these factors requires study of the mechanisms underlying thermomechanical behavior of skin.

1.2. Applications of skin thermomechanics

With advances in laser, microwave, radio-frequency and similar technologies, a variety of thermal methods
have been developed and applied to the treatment of disease/injury involving skin tissue, where the



1854 F. Xuetal | J Mech. Phys. Solids 56 (2008) 1852—1884

effectiveness of these treatments is governed by the coupled thermal, mechanical, biological and neural
responses of the affected skin tissue and the precise monitoring of the spatial and temporal distribution of
temperature, damage and stress in the skin tissue is therefore required. Thus far, improvements in treatment
have been obtained largely by empirical methods, leading to elemental progress. Therefore, the proposed
research is important and contributes to medical applications for it attempts to understand the macroscale
tissue response to heat-induced micro-structural transformations.

A noxious thermal stimulus, hot or cold, applied to human skin is one of the three main causes of pain.
Thermally induced damage plays an important role in causing thermal pain and therefore, a better
understanding of the temperature distribution, heat transfer process and related thermomechanics in skin
contributes to the study of the causes of pain and its relief. Besides biomedical applications, space and military
missions may benefit from the proposed study. Extreme environments encountered in space travel and in some
military activities make it necessary to provide astronauts and military personnel with sophisticated garments
for thermal protection. Challenges are also posed by the need to understand possible thermal effects on
military personnel exposed to irradiation.

1.3. Aims and objectives

The objective of this work is to understand the mechanisms underlying bioheat transfer, thermomechanics
and thermal pain in skin by using theoretical and numerical methods, and then apply these to special medical
treatments. The transfer of heat in soft tissues during thermal therapies will be analyzed in order to model and
optimize thermotherapy procedures, and to establish a mathematical thermal pain model to predict thermal
pain caused by medical treatment. A computational approach will be established to examine the heat transfer
process and heat-induced mechanical response, so that the differences among clinically applied heating
modalities can be established.

2. Thermomechanical analysis of skin tissues
2.1. Bioheat transfer

Since the appearance of Pennes’ bioheat equation (Pennes, 1948), a variety of models on the heat transfer in
different tissues of human body have been proposed, where the body tissue may be represented as a
homogeneous continuum material with an embedded hierarchical vascular network (Lubashevsky and
Gafiychuk, 2004). According to the different approaches in which the influence of blood flow in the vascular
network may be considered, these models can be basically classified into four categories (Arkin et al., 1994;
Charny, 1992; Crezee et al., 1994; Khaled and Vafai, 2003; Stanczyk and Telega, 2002): continuum models,
vascular models, hybrid models and models based on porous media theory.

The transfer of heat in skin is mainly a heat conduction process, which is coupled to several additional
complicated physiological processes, one of the most important being blood perfusion. Since the effect of blood
vessels on heat transfer is strongly related to their sizes (Abramson, 1967; Chato, 1980; Lemons et al., 1987;
Weinbaum et al., 1984), a thermal equilibration length of blood vessels, L.q, has been introduced to
characterize the effects of blood vessels of different sizes on heat transfer. By definition, L¢q is the length at
which the difference between blood and tissue temperatures decreases to 1/e of the initial value (e = 2.718 is the
exponent). The ratio of thermal equilibration length to actual vessel length (¢ = L.q/L) demonstrates the
distinction of thermal significance. If L, is significantly shorter than the characteristic length of blood vessel, L,
blood will exit the vessel at essentially the tissue temperature. If L.y is much larger relative to L, the temperature
of blood will not decay and it will leave the tissue at the inflow temperature (Chato, 1980; Chen and Holmes,
1980). Since L4 for typical blood vessels in skin tissue is about 3 x 1075—2 x 10~*mm (Crezee and Lagendijk,
1992), which is considerably shorter than L, blood exits the vessel at approximately the tissue temperature.
Consequently, the Pennes equation suffices for modeling skin heat transfer, given as (Pennes, 1948)

oT T

pes; = k@ + @oPpCo(Ta — T) + Guner + Gexts (1)
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where p, ¢ and k are the density, specific heat and thermal conductivity of skin tissue, respectively; p, and ¢y,
are the density and specific heat of blood, oy, is the blood perfusion rate; T, and T are the temperatures of
blood and skin tissue, respectively; ¢,,. 1S the metabolic heat generation in the skin tissue and g.,, is the heat
generated by other heating methods.

In the present study, a one-layer model is proposed first for the theoretical analysis of heat transfer in skin,
where the skin is treated as a homogenous medium with constant properties. For simplicity, one-dimensional
(1-D) case is studied, as shown in Fig. 2, which is a good approximation when heat mainly propagates in the
direction normal to the skin surface (e.g. during laser heating). Later, multi-layer skin models will also be
established according to the real skin structure (see Fig. 1b) and solved by numerical methods including finite
element method and (FEM) finite difference method (FDM).

2.1.1. Description of the problem

The skin tissue is considered as a perfect, infinitely wide/long plate of thickness, H, according to its
anatomical structure, where the Cartesian coordinates are embedded at the center of the plate, as shown in
Fig. 2. Initially, the skin tissue has a temperature distribution 7T'¢(z), and at time ¢ = 0 the skin surface
(at z= —H/2) is suddenly exposed to a thermal agitation, derived from either a hot contacting plate, a
convective medium, or a constant heat flux, whereas on the bottom, z = H /2, the surface is held at the core
temperature, T, or thermally insulated. The effect of blood perfusion is regarded as a heat source under
heating (or heat sink under cooling) distributed uniformly inside the tissue. The Pennes equation, as given
in Eq. (1), is employed to describe the heat transfer process. Using the following transformation (Deng and
Liu, 2002):

T(z, 1) = To(z) + W(z, 1) e~ Foroeo/pelt, ®)
Eq. (1) can be changed to

2
a_W — O(a 4 Qext(zv t) + (’Imet(za t) e—(wbpbcb/pe)t
ot 0z2 pc ’

)

where o = k/pc is the thermal diffusivity of the tissue.

In this paper, solutions of Egs. (1)-(3) under six different kinds of boundary conditions listed below are
obtained by using the Green function method (Ozisik, 1993), including two solutions given by Deng and Liu
(2002) which are defined by boundary conditions II and III. Since the metabolic heat generation ¢, is several
orders less than that of external heat generation g,,, (Gordon et al., 1976), it is neglected in the derivation of
the solutions. It should be noted here that this section is investigating wider different boundary conditions for
this provides a variety of solutions.

(1) Boundary condition I: For this kind of boundary condition, the skin is heated at the surface by a heat
source with a constant temperature, 7, €.g. in contact with a hot plate, while the bottom of the skin tissue is
kept at body temperature, T.. The boundary condition can be written as

T=Ts z=-H/2,
T=T., z=H).
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The corresponding Green’s function is obtained as

2 oo
G0 =% e = sin(B,,2) sin(B,,2). 4)
1

m=

where f8,, = mn/H,m = 1,2,3,.... The solution is given by

_ 2o dT(z)
T(z,t) = Ty(2) + I [TOO k e N
> 1 2
% B, sin[B,,(z + H/2)]7> 1 — e~ But=(@opyco/pot , (5)
2 = )

where T'y(z) is the initial temperature field in the tissue.

(2) Boundary condition II: For this kind of boundary condition, the skin surface is heated at a constant heat
flux, f,, e.g. heated by fire, while the bottom of the skin tissue is at body temperature. The boundary condition
can be written as

kAT oz =f,(1), z=—H/2,
T=T. z=H/2.

The corresponding Green’s function can be obtained as

2 & 2
/ _~ —af,, (t—1) ’
GZ(Z, t|Z 5 T) - H’; c COS(ﬁmZ) COS(BmZ ) (6)
Solution:
B dTo(2) %2
e = IR EC)
= 1 >
X Z COS[‘Bm(Z + H/2)]W (1 — e_“ﬁml—(’wbﬂhcb/ﬂc)t> , (7)
m=1 o, +———

pc

where 5, = 2m — 1)/CH)n,m =1,2,3,... .

(3) Boundary condition II1: For this kind of boundary condition, the skin surface is heated by a convective
heat source of temperature, f;, with convective heat transfer coefficient /3, e.g. heated by flowing boiling
water, while the bottom of the skin tissue is thermally insulated, e.g. the case of very thick fat layer. The
boundary condition can be written as

kAT 0z = hs(f5— T), z=—H/2,
T=T. z=H)2.

The corresponding Green’s function can be obtained as

2[[31211 +(h3/k)2] - a2 (1=1) o . /
T + Gl ] 4 T 2 sinlf,(H — 2)]sin[f,,(H — ). (®)

Gi(z,1Z,1) =
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Solution:

T(Z, Z) = T()(Z) + %/’l3 |:£dTO(Z)

hy dz

— To(2)|.= +f3(f)}

z=0

2B, + (3 /k)]
oo | \HIBy, + (h3/k)] + I3 [k
X
V; %(1 _ e—aﬁﬁ,t—(whpbcb/pc)l)
“ﬁi’ T bPbCb
pc

Sin[ﬁm(H/z - Z)] Sin(ﬁmH)>

where f3,, is the positive roots of f8,, cot(f,,H) = —hs/k.

(4) Boundary condition IV: For this kind of boundary condition, the skin is heated at the surface by a heat
source with a constant temperature, 7, while the bottom of the skin tissue is thermally insulated. The
boundary condition can be written as

T=Te,  z=-H/2,
0T /0z=0, z=H/2.

Solution:

2“ & 1 1 — 21— TWh LKL C
T(z0) = To(2) + 3 (Teo = TO)Z1 By 31n(ﬂmz)W(l ool »)’ (10)
pran “oPbC

m

where 8, = 2m — 1)/CH)n,m = 1,2,3,... .
(5) Boundary condition V: For this kind of boundary condition, the skin surface is heated at a constant heat
flux, f5, while the bottom of the skin tissue is thermally insulated. The boundary condition can be written as

—k0T oz =f5(t), z=—H/2,
0T /0z =0, z=H/2.

Solution:

dTo(z)
dz

L(l — e~ (@Puen/pO)ty

T(z,t) = To(z) + l:k

o 2
+ ——
» fs(l)} “H

Z

Wb PpChb

S 1 B2 . 8 s (11)
+ Y coslB(z + H /D5l — e 2Fui=(@onen/voy

m=2 o i —+ p:’

where f,, = (im — 1)/(H)t,m =2,3,4,... .

(6) Boundary condition VI: For this kind of boundary condition, the skin surface is heated by a convective
heat source of temperature, f, with convective heat transfer coefficient 46, while the bottom of the skin tissue
is thermally insulated. The boundary condition can be written as

—kOT [0z = h/(fs— T), z=—H/2,
T=T. z=H/2.
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Solution:

. o, [k dTy(z)
TG0 = To(2) + 2he [hé o

— To(2)
z=0

z=0 +f6([):|

00 2 2
) e (AL,

S T + e o e /2 = D os(h )

1
Wb PpCb
pc

where f3,, is the positive roots of f,, tan(,, H) = he/k.

(1 . e—aﬁﬁ,t—(wbprb/pC)l) , (12)

X 2
aﬁm +

2.2. Skin heat transfer model considering hair or fur

Due to the high surface-mass ratio and the dense distribution of blood vessels within skin tissues, skin
appendages (such as hair/fur and sweat glands) play significant roles in thermoregulation. In some situations,
the hair strands are so dense that they can trap a layer of air and thus work as an insulation layer
(Gebremedhin and Wu, 2001): for example, it was found in dairy cows that air occupies 90% of the surface
layer volume and hairs occupy just 10% (Arkin et al., 1991). Since the thermal conductivity of hair is about 14
times greater than that of air (about 0.37W/mK for human hair and 0.026 W/mK for air), every single hair
strand also works as fin, which enhances the heat transfer from the skin and thus is an unwanted effect in the
thermal insulation sense due to the heat loss (Bejan, 1990a, b; Gebremedhin and Wu, 2001).

Most studies in this area concern the effective cooling of animals, especially livestock, in hot environments
(Gebremedhin and Wu, 2001, 2002). Theoretically, Bejan (1990a, b) analyzed the fundamental mechanism of
heat transfer through a surface covered with perpendicular hair strands of uniform density, where the skin was
treated as a medium with isothermal surface. Through the analysis, it was found that when the velocity of air
flow through the space between hairs is small enough and thus conforms to the Darcy regime, there exists an
optimum hair strand diameter for minimum total heat loss.

Fig. 3 shows schematically the trapped air—hair layer model. With the methods of Bejan (1990a; b) and
Gebremedhin and Wu (2001), a 1-D model of skin heat transfer is developed below.

The density of hair strands is given by n, where

_ number of strands of hair

- , (13)

unit area of skin surface

which is assumed to be a constant for it varies little over a small skin area. Denoting A as the cross-sectional
area of one hair strand, the porosity of the region above the skin is defined to be ¢, equal to

air volume
=————=1—nA;. 14
total volume ks (14)

(LS frmppea ity

Skin layer

Fig. 3.
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The heat transfer in the air-hair layer in Fig. 3 is governed by

oT
(PO)esr o ket VAT, (15)

where T is the temperature, p is the density and c is the specific heat. Since (pc) has a physical meaning of heat
capacity, which is the measure of the heat energy required to increase the temperature of an object by a certain
temperature interval, the following relation can be obtained according to the energy conservation:

(pc)eff = (pc)aird) + (pc)hair(l - ¢) (16)

In view of it large density, e.g. the average human scalp measures approximately 770/cm? (Schwartz and
Rosenblum, 1981), the air-hair layer treated as an orthotropic material, or in other words, it is
regarded as uniform on the plane parallel to the skin surface. Its effective thermal conductivity ks may be
defined as

ket = 0.5(k + k), (17)

ka(le —d dnkak
e = i (1= ks = (1= o+ iy =220 =l

(18)

where the coordinate z denotes the skin thickness direction, x denotes the direction parallel to the skin
surface; I, = 1/4/n; dy, is the diameter of hair strand; k, is the thermal conductivity of air and is assumed

Excretory duct

" k,? (In epidermis)

"

Excretory duct

(In dermis)

Secretory portion

Fig. 4.
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to be 0.025W/mK; ky is the thermal conductivity of hair strand, where k; ~ 10k, assumed from known
data.

2.3. Skin heat transfer model considering sweating

Under normal conditions, in general, heat is lost from the body through skin in two ways: insensible perspiration
(perspiration that evaporates before it is perceived as moisture on the skin) due to the continuous leeching of fluid
from the capillaries of the deeper layers of the skin to its dry surface, and sweat vaporization from the skin surface
which decreases its temperature. Thus, sweating contributes significantly to the thermoregulation of skin.

The sweat gland is a simple, highly coiled, tubular gland, as shown in Fig. 4 (Eroschenko, 2004). In general,
it extends deep into the dermis and is composed of three regions: the secretory portion, which is the coiled
region of the sweat gland and located in the dermis; the excretory duct, which leaves the secretory region of the
sweat gland and straightens out to the epidermis; the spiral course in the epidermis, which passes through the
epidermal cells to the skin surface.

With the heat pipe theory to model the eccrine sweat gland' (Reay and Thiele, 1977), a theoretical model is
developed.

(1) Consideration of latent sweat. For latent sweat, in the secretory portion, the sweat absorbs heat and
changes to vapor, which flows along the straight dermal duct into the superficial layer of the skin where, due to
the low pressure and low temperature, it releases the heat and changes to fluid in the spiraled duct, see Fig. 4.
Following Liu and Wang (1997), the flow of sweat in the skin is treated as a flow in a porous medium, so that
the thermal influence of sweat on skin heat transfer can be considered as

For epidermis:

oT —
pcazkva—pscsVVT—l—qs. (19)
For dermis:
oT )
pCa =kV°T 4+ wpppco(Ta — T) + Gey.- (20)
For subcutaneous fat:
oT 5
pes; = kYT + wopuen(Ta = T) + e &)

where wy, is the blood perfusion rate; 7, and T are the temperatures of blood and skin tissue, respectively; ¢
is the metabolic heat generation in the skin tissue; p is the density and c is the specific heat; g, is the heat which
the sweat absorbs in secretary portion and releases in the spiralled duct; g, is the metabolic heat generation;
—pscs VVT is the convective heat transfer of sweat with skin and V is velocity of sweat in the duct.

(2) Consideration of sensible sweat: For sensible sweat, the sweat flows into the skin surface and then
evaporates. Its influence on skin heat transfer can be modeled as

For epidermis:

oT —
peo-= kVPT — poc,VVT. (22)
For dermis:
pca =kV°T + wbpbcb(Ta - T) T Gmet — PsCs VVT. (23)
For subcutaneous fat:
pcE =kV°T + wbprb(Ta -7+ Dmet- 29

"In humans, there are four kinds of sweat glands which differ greatly in both the composition of the sweat and its purpose, where the
normal sweat used in temperature control is through eccrine glands.
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2.4. Thermal damage (denaturation)

The pioneering Arrhenius burn model proposed by Henriques and Moritz (1947) and Moritz and Henriques
(1947) is widely used. They proposed that skin damage could be represented as a chemical rate process, which
could be calculated by using a first order Arrhenius rate equation, whereby damage is related to the rate of
protein denaturation (x) and exposure time (7) at a given absolute temperature (7'). The measure of thermal
injury 2 was introduced and its rate x was postulated to satisfy:

kK(T) =dQ/dt = A exp(—E,/RT) (25)

or, equivalently
t
Q= / Aexp(—E,/RT)dt, (26)
0

where A is a material parameter equivalent to a frequency factor, E, is the activation energy, and R = 8.314J/mol K
is the universal gas constant. Eq. (25) indicates that a reaction proceeds faster with larger values of T or A4 for the
same E,, or with smaller values of E, for the same A. The constants 4 and E, are obtained experimentally.
Many researchers have proposed other models, but most of them have similar format, where the only
differences are in the coefficients used in the burn damage integral, arising from the different experimental
databases used to define the models and the different emphasis when analyzing the burn process. The available
Arrhenius parameters (4, E,) used to calculate thermal damage for skin tissue from the literature has been
reviewed, and is fitted with the method used by Wright (2003), as shown in Fig. 5. The results of Fig. 5 clearly
suggest a linear relationship after a least-square fit between the Arrhenius parameters for skin tissue, given by

E, =21149.324 4 2688.367 In(A). 27)
With the above relation, the reaction rate of the thermal damage process follows as
k(T) = exp[(E, — 21149.324)/2688.367] exp(—E, /RT). (28)

If the temperature is a constant and E, is specified, the thermal damage can be calculated by:
t
Q= / k(T)dt = k(T)t. (29)
0

Assuming 2 = 1.0 denotes the beginning of irreversible damage, we can calculate the time for the appearance
of irreversible damage at temperature 7, as

to_1 = 1/k(T) = 1/(exp[(E, — 21149.324)2688.367] exp(— E,RT)). (30)
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2.5. Thermal stresses

As previously discussed, skin has a complicated multi-layer structure (see Fig. la). Whilst the thermal
properties of the layers have the same order of magnitude, see Table 2, so that a one-layer continuum model
for heat transfer may be assumed, the mechanical properties vary greatly by up to three orders of magnitude
from one layer to another (see Table 3). Consequently, in order to obtain the distribution of heat-induced
stresses, the skin must be treated as a laminated composite structure, with each layer assumed to be uniform
with linear, orthotropic thermoelastic properties, as shown in Fig. 6. The thermomechanical behavior of skin
tissue is simplified to be a ‘sequentially coupled’ problem, in other words, the mechanical behavior has no
influence on thermal behavior and vice versa. The temperature field in skin tissue is first obtained from solving
the governing equations of biological heat transfer, which is then used as the input to the thermomechanical
model, from which the corresponding thermal stress field is obtained.

For the general case of multiple layers, each having a thickness, f;, and material properties of Young’s
modulus, E; and poisson ratio, v;, where k = 1,2,..., N with N being total number of layers, the in-plane
extensional, coupling and bending stiffnesses of the overall laminate of structure are given by, respectively
(Kollar and Springer, 2003):

N 1 N 1 N
Ay = Qe =z By=5 @z —zi): Dy=3) (Qlzi — 5 ). (31)
k=1 k=1 k=1

where A4;;, B; and Dj; are separately assembled into the elements of stiffness matrices [4], [B] and [D]; [Q] is the
stiffness matrix of the layered skin structure, defined by:

O1=192 92 Dol (G ) — v E /(1= Qe = Ec/12(1 + 90 (32)
O Ox s

Due to the combined thermal and mechanical loading, the vector of strains, g, at a point in each layer under
plane-strain conditions are

{eh = [Slloh + {4 AT, (33)

where AT is the temperature difference at a point relative to a reference temperature, 4 is the vector of the

thermal expansion coefficient and [S], is the stiffness matrix.
By inverting the above equation, the vector of stresses, o4, can be obtained as

{ohk = [OLl{elx — (A} AL (34)
In a lamina, the total strains over the whole depth generally do not vanish, but given as

{ehe = (%) + z{x}. (35)

Qi glz glﬁ { (@11)/( = (@22)k =E/(1 - Vi)§ (@lé)k = (@26)k =0,
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Where {¢°} and {x} are the strain and curvature at the geometrical midplane. The resulting stresses are

{oh = [0 (1"} + z{K} — (A} AT), (36)

whilst the resultant laminate forces per unit length are found by integrating through the thickness of the
laminate

)= [tohdz = [[OLL1+ 210~ (1 ATYGz,

= [A){e"} + [Bl{ic} — {N"}, (37)
where
Al A A By By Bis
[A]= | A2 An Ax |, [B]=|Bn Bn Bx| and {(N'}= /[@]k{i}kAsz.
Ais Az Ass Bis By Bes

Similarly, the resultant moments per unit length are

(M) = [tohzdz = [T0LA) + 21x) — () AT)z

= [Bl{e"} + [Dlfx} — (M}, (38)
where
Dy Dy Dis
[D]= | D12 Dn D
Dis Dy Des
and

(MT) = / [0} AL AT dz.
From Egs. (37) and (38), we can find
(N} + (N7} = [A){%) + [Bl{x} O\ (A4 B[N 0 = A'NE + B ME, o
(M} + (MTy = B} + (D)} |k [ {B/ D/} ME (7 ) x= BNE + D'ME, (39)
where

apy dyp 0
[A]=[4-[BID'[C"] = | @ a0 |,

{NE} = [N} + (NT}, 0 0 ag
(ME} = (M} + (M7}, by, b, 0
[B]=[BD] "' = |b, by O

0 0 b
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Cy ¢ 0
[C1=[B]=|c e 0|, [4] = [4]7",
0 0 [B*] = —[4]"'[B],
dy, dy, 0 [C*] = [BIlA] ",
[D]=[D]" = |dy, dy 0 [D*] = [D] — [BI[A]'[B].
0 0 d

Thus, the in-plane stresses parallel to the skin surface in each layer (Fig. 6) can be obtained as

(ay; + d)p)(1 + Vk)(% fZZ_] F,-ZAsz)
—Ik AT + i_lM
+(by; + b)) + i) <; fil E ATz dz)
{oxch = Ey - " B ) (40)

0+, 17 BaiaTa:)
+2(1 +vi)

z:
Zi

Hdy 4 (S 2 EAaTza:)

i=1

where E = E/(1 —v?) and 2 = (1 4+ v)A.
Eq. (40) has been applied to one-layer, two-layer, three-layer and four-layer skin models and the results are
given below.
(1) For one-layer model:
&7 rH)2

— EJ
rulnt) = ~EAT ~To)+ 7 |

H)2

12
(T = Ty)zde. 41)
2

(T — To)dz + E1-=X
H)2 ’ H

(2) For two-layer model (epidermis and dermis):
[(a’11 + a’lz)(f;o' Eq/gATdz + fzzf E.. AT dz) }

by, + b’lz)(fzzol EqlgATzdz + fzz]z E ATz dz)
UXX’ZFd(l +Vd) / / Zl o g 2T

[(b“ + )7 EaZa AT dz + [ Eole AT d2)+
z

L o — J4AT
(dy, +dip)([? Eglg ATzdz + [ EoJo AT dz)} ‘

zo<z<z; epidermis layer, (42)

(@), + aq2)(f;' Eqiq AT dz + [ Ele Asz)+

(B}, + b)) ( o Eada ATzdz + [ B AT dz)

GXXZEC(1+VC) o _
0, +00)([7 Eala AT dz + [7 EoJe AT d2) +

+z o o — A AT
W, +d,,) ( S EslaATzdz + [2 B AT: dz)

z1<z<z; dermis layer. (43)
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(3) For three-layer model (epidermis, dermis and fat):
o = (14 Vf)Ff

+z

(@) + i) (S5 B AT dz + [ EaZa AT dz + [ EJ AT dz)

+(B) + b) (J3 B AT=dz + [2 EaZa AT=dz + [7 B ATz dz)

By + o) (S5 B AT dz + [2 EoZa AT dz + [ B AT dz)
- - - — AT
H(d), + d’lz)( Jo i ATzdz + [ Eadg AT=dz + [ Eoe AT dz)

zo<z<z fat layer,

Oxx = (1 + Vd)Fd

+z

(@, +dip) (S5 Bk AT dz + [ EaZa AT dz + [ EJe AT dz)

+(b) + b) (J3 B AT=dz + [ EoZa AT=dz + [7 Bl AT= )

By +b1o) (S5 B AT dz + [2 EoJa AT dz + [ B AT dz)
o . o — JgAT
+(d;y + di) (5 Eede AT=dz + [ EaZa AT=dz + [ Eole AT=dz)

z1<z<z; dermis layer,

Oxx = (1 + Ve)Fe

+z

(@, +dip) (S5 Bk AT dz + [ EaZa AT dz + [ EeJe AT dz)

+(b), —i—b’lz)(fzzo1 FfzfATzdz—l—f_ff FdIdATzdz—i—f;; EezeATzdz)

By + o) (S5 B AT dz + [2 EaZa AT dz + [ EeJe AT dz)
- o - N
H(d), + d/,z)(fz‘o' Etif ATzdz + [? EqgATzdz + [7 Ede ATz dz)

zp<z<z3 epidermis layer.

(4) For four-layer model (Stratum corneum, living epidermis, dermis and fat):
o =1+ Vf)Ff

+z

(d), —l—a’]z)(ﬁo' Efj,fATdZ—i—fZleFdzd ATdZ—I—EFGICAsz+E4ESCISCAsz)

(B, + b)) ( S Eiai AT=dz + [ Eqig ATzdz + [ Ede ATzdz + [ Eqisc AT dz)

by + b/lz)(fzzol Eilg AT dz + f_z

2
Z1

Eda AT dz + [ B AT dz + [Z Edic AT dz)

+(d\, +d/]2)(fzzol Eilg ATzdz + [7 EqdaATzdz + [J Ecde ATzdz + [ FSJSCATZd2>

—e AT

zo<z <z fat layer,

1865

(44)

(45)

(46)

(47)
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oxe = (1+ vd)Fd
(@, + i) (S5 Eeie AT dz + [2 BaJa AT dz + [7 EJe AT dz + [ Eocle AT d2)

+(b) + b) (J3 B AT=dz + [ Eada AT=dz + [7 B ATz dz + [ Bl ATz d2)

Oy + ) (S Ear AT dz + [ BaZa AT dz + [ EJeAT dz + [ Eoci AT dz)

+z _ _ o o
() + di) (5 Ede ATzdz + [ EaJa AT=dz + [ EJo AT=dz + [ Elyc ATz dz)
—JgAT
z1<z<z; dermis layer, (48)

0o = (1 +ve)Ee
(@, + ) ([ Edr AT dz + [2 EJg AT dz + [ EJ AT dz + [2 B AT d2)

+(b), +b/12)(f;01 Eig ATzdz—i—f_fl2 Eqld ATzdz—i—fZZ; FezeATzdz—i—fZZ: FSJSCATZdz)

O, + ) ([ Erdr AT Az + [ EJg AT dz + [ EJ AT dz + [ Byl AT d2)

+z ~ o o -
+(d, + d’lz)( S Eiai AT=dz + [P EqZg ATzdz + [ Ede ATzdz + [ Eqlic ATz dz)
Y
zp<z<z3 epidermis layer. (49)

o =1+ Vsc)Fsc
(a/“ +a/12)(fzzol FfIfATdZ—i- fz—’lz Fdzd AT dz + sz; FJe AT dz + ﬁA FSJSC ATdZ)

+(b), —i—b’lz)(j;‘;l FfIfATzdz—i—L‘? FdIdATzdz—i—fzzj FezeATzdz+ﬁ: FSJSCATzdz)

O, + ) ([2 Bz AT dz + [ EaZa AT dz + [2 EJ AT dz + [2 Eocl AT d)

+z _ . o o
+(d), + d’lz)( [ Eia ATzdz + [P Eqig ATzdz + [ Ede ATzdz + [ Eqlic ATz dz)
—Jse AT
z3<z<z4 stratum corneum layer (50)

3. Results: case study
3.1. Thermal stress for one-layer model

Using the temperature profile solutions obtained in Section 2.1, the closed-form solutions of thermal stress
can be obtained. For illustration, the temperature distribution obtained with the one-layer model for six
different kinds of boundary conditions and uniform initial temperature is used to calculate the reluctant
thermal stress in the skin tissue, as given below.
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Case 1:

T=Ts z=-H/2
T=T., z=H)2

Wb PpCb

— 20 - ﬁm —af? t—(wppycn /POt
0 =TI (T = T)) 3§ — (1 = emthimmalen)
m=1

m

pc

. H H
lzzSIIl(f))mH) — 7ﬁ,n - Eﬁm COS(ﬁmH)

3 2

x| B , (51)
1— H .

+% — sin[B,,(z + H/2)]
where f,, =m/Hn, m=1,2,3,... .
Case 2:
oT/oz=f,, z=-H/2,
T = TC: zZ = H/Z,
—_— o 2 d 1 2
0=FElfr-— (1 — e*a/fmtf(wwbvb/pv)t)
k Hm:l aﬁi1 + m

pc

122 %ﬁm sin(, H) + cos(Bu ) =1 sin(g, )
12: +

7 7 i —cos[f,(z+ H/2] | ¢, (52)
where f8,, = 2m —1)/2Hn, m = 1,2,3,... .
Case 3:
—kO0T 0z =h3(fy—T), z=—-H/2,
T=T.,, z=H/2,
_ o3 = To) & 2By + U/
T B L T+ o gD

H H .
122?13’" + ?ﬁm COS(ﬂmH) - Sln(ﬁmH)

_ e—Bni—(@opuen/pe)t 3 2
X(l € _ bc ) H ﬂm , (53)
off,, + TP 1 — cos(B,,H)
pe 4 P Gnig, (H )2 - 2)]

Bt

where f,, is the positive roots of 8, cot(f,,H) = —h3/k, m =1,2,3,... .
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Case 4.

T=Ts, z=-H/2
0T /oz=0, H/2,

—_20( - ﬁm —af? 1—(w
o= Figy (T = T0 33— (1 — e i

pc

H H
lzzSin(ﬁmH) - 7:8)11 - Tﬁm COS(ﬂmH)
7 3 , (54)

1 —cos(f,H) .
+ﬁ,,471‘1 —sin[B,,(z + H/2)]

where f,, = 2m —1)/QH)r, m=1,2,3,... .
Case 5:

{ oT/oz=fs, z=—-H/2,

X

0T/0z=0, =z=H/2,

— a2 & 1 2
o=FEi +— (1 — e *Pui=(@opocn/ POty
1 ka:Z dﬁi + M
pc
Hﬂ sin(f,,H) + cos(f,,H) — 1
122? m m m - Sll’l(ﬁmH)
" g, gy oslBuGHH/2T) ¢ (55)
where f,, = (m—1)/Hn, m=2,3,4,... .
Case 6:
—kOT [0z =he(f¢—T), z=—-H/2,
aT/aZZO, Z=H/2,
= 0hs(fe — To) - 202 + (he /)] (1 — e~2Pat—(=vpnen/polt)
oc=E - > RTTITI hkammH) ey T
m=1 H[ﬂm +( 6/ ) ]+ 6/ . b0
pc
1 — cos(f8,,H) Hﬁ sin(f3,,,H)
12z 1 = CSPuD) = 5P st Buntl) sin(p, H)
<| 45 a g = coslf (= — H/2) (56)

where f3,, is the positive roots of f,, tan(f,,H) = he/k, m = 1,2,3,... .

The above closed-form solution for single-layer model, although much simplified, provides an essential
calibration tool for more complex numerical analysis. For more complicated cases, the complex structure of skin
tissue limits the accessibility needed for a detailed experimental investigation and theoretical solution of
the thermomechanical behavior. This reason has motivated the use of numerical simulation to understand the
thermomechanics of skin tissue. As case studies, the temperature and corresponding stress fields obtained with the
one-layer skin model for three different thermal boundary conditions (Table 1) are plotted in Fig. 7(a) and (b).
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Table 1
Parameter used in one-dimensional analytical model

T=T«, z=—-H/2 Too =90°C, T, =37°C
Case 1: T=T., :=H2
—kdT [0z =f, z=—H/2 £y =2500W/m?
Case 2N 1= H)2 T.=37°C
Case 3 —kdT [0z =hy(Ty —T), z=—H/2 Ty =90°C,hy = 2500 W/m?°C
BT p T,z =H)2 T, =37°C
Young’s modulus of skin, £ 0.6 MPa
Poisson ratio 0.48
Thermal expansion coefficient of skin 0.0001/K
a b
—— Theory
---- FDM
~~~~~~~ ABAQUS
3 =
< 5
= i =
©
0.0 0.2 0.4 0.6 0.8 1.0

Fig. 7.

These can be used to check the accuracy of predictions using numerical tools such as the FEM, which is used later
in this study, for the structure of skin which is very complicated and cannot normally be treated as a single
homogeneous layer. Note that, for the one-layer model, the results of Fig. 7 demonstrate excellent agreement
between analytical and numerical predictions. More details of the numerical approach are described in the
following sections; for FEM, the commercially available code ABAQUS™ is used.

3.2. Thermomechanical analysis with 1-D skin model

(1) Description of the problem: The skin is initially kept at constant temperature. At ¢ = 0, the skin surface
initially at normal temperature is suddenly taken into contact with a hot source of constant temperature 90 °C;
after contacting for 15s, the hot source is removed and the skin is cooled by natural convection of
environmental air (T = 25°C, h =7W/m?K) for 30s. The temperature fields are obtained by using the
FDM, which are subsequently used to calculate the corresponding thermal stress field.

Treatment of skin: For the heat transfer process, the skin is divided into three layers with different
properties: epidermis with thickness of 0.1 mm, dermis with thickness of 1.5mm and subcutaneous fat with
thickness of 4.4 mm. Blood perfusion is only considered in the dermis layer while metabolic heat generation is
considered in all three layers. The relevant parameters used for both heat transfer and thermal stress analyses
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Table 2
Parameters for one-dimensional numerical heat transfer analysis

Epidermis Dermis Subcutaneous fat
Thickness (mm) 0.1 1.5 4.4
Density x specific heat (x10°J/m® K) 3.182 2.846 1.975
Thermal conductivity (J/mk) 0.21 0.37 0.16
Blood perfusion rate (ml Blood/ml tissue/s) 0 0-0.1 0
Metabolic heat generation rate (W/m?) 368.1 368.1 368.3

Table 3
Parameters for one-dimensional numerical thermal stress analysis
Layers of skin Thermal expansion Poisson ratio Young’s modulus (MPa)
coefficient
One-layer Three-layer Four-layer
model model model
Epidermis Stratum corneum 0.0001 0.48 0.6 100 2000
Living epidermis 0.0001 0.48 100
Dermis 0.0001 0.48 10 10
Subcutaneous fat 0.0001 0.48 0.01 0.01
a b e
70 ‘t=4SS J—— T T
Epidermis | | Dermis
90 65 1 s
80 60
0 7 D 55
;3 L
= 60 = 50
50 45
40 40
35 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0
z/H
Fig. 8.

are summarized in Tables 2 and 3 (taken from Dahan et al., 2004; Delalleau et al., 2006; Duck, 1990; Elkins
and Thomson, 1973; Hendriks et al., 2006; Henriques and Moritz, 1947; Roetzel and Xuan, 1998; Sejrsen,
1972; Torvi and Dale, 1994). It should be noted here, since there is no published data available in the
literature, the thermal expansion coefficient is assumed to be 1 x 107# /°C is this study, which is similar to
those assumed by other researchers (L’Etang et al., 2006) and in the same order as the experimental
measurement of other biological tissues (Xu et al., 2007).

Calculation of burn injury: The skin thermal damage is calculated by use of the burn integration of Eq. (26),
with the frequency factor 4 = 3.1 x 10 and the ratio of activation energy to universal gas constant E, /R =
75000 (see Henriques, 1947). Note that it is now widely accepted that: Q = 0.53, first degree burn; Q = 1.0,
second degree burn; Q = 10%, third degree burn.
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Results:

30 35 40 45

Influence of dermis blood perfusion: The temperature distribution in the skin at the end of heating, t = 155,
and cooling, t = 455, is shown separately in Figs. 8(a) and (b) for selected blood perfusion rates, with the skin
surface heat transfer coefficient fixed at # = 7 W /m? K, which is natural convective cooling. Figs. 9 and 10 plot
the corresponding levels of temperature and burn damage at the skin surface and epidermis—dermis interface
(ED interface) as functions of time, respectively, whilst Figs. 11 and 12 present the temporal and spatial
distributions of stress, respectively. Note that the effect of blood perfusion rate has a significantly larger
influence on temperature distribution during cooling than that during heating. In general, the skin
temperature decreases with increasing blood perfusion rate. As the skin surface is kept at 90 °C for 15s during
which the thermal injury is incurred, the blood perfusion rate has little effect on the burn damage on skin
surface, Fig. 9(b), and has a weak influence on that at the ED interface, Fig. 10(b). Both the skin surface and
ED interface are subjected to large tensile stresses, typically >10MPa, Figs. 11 and 12, especially during
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heating, indicating severe thermal damage, which is consistent with the results of Figs. 9(b) and 10(b). The
large tensile stresses at skin surface and ED interface predicted by the multi-layer skin model are in sharp
contrast with those obtained with the one-layer model, Fig. 7. Overall, the skin has endured severe damage, as
evinced by absolute values of Q being 4 orders of magnitude beyond the threshold for third degree burns. This
is not unexpected given the boundary conditions.

Influence of cooling heat transfer coefficient: For selected values of surface heat transfer coefficient, 4, and
with the blood perfusion rate in the dermis fixed at o, = 0.025ml Blood/ml tissue/s, Fig. 13 plots the
temperature distribution at the end of cooling (r = 455s). Note that, the results of Fig. 13 are similar to those
shown in Fig. 8(b), suggesting that increasing the surface heat transfer coefficient, 4, with blood perfusion rate,
wy, being fixed has a similar effect as that by increasing oy, with / being fixed. Correspondingly, the variations
of temperature and damage integration distributions with time at the ED interface have similar trends as those
exhibited in Fig. 10 and hence are omitted from display here.
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3.3. Thermomechanical analysis with two-dimensional skin model

(1) Description of the problem: The two-dimensional (2-D) physical model used to study the
thermomechanical behavior of skin is presented in Fig. 14. A similar model has been used by Diller and
Hayes (1983) and Ng and Chua (2000) to study the thermal damage of skin. Initially, the skin of thickness H
and radius Ry is at a steady state with the surface cooled by natural convection of environmental air
(h =7W/m? K). At time ¢ = 0, the skin surface is suddenly in contact with a hot plate (90 °C) of radius D
(assumed D = H) while the base of the skin is kept at constant temperature. The boundary at r = Ry is a set
isothermally as normal skin temperature. The skin is free to expand except at the base where it is fixed due to
connection with the body core. The parameters used in the FEM simulation are given in Table 4; other
parameters are identical to those used for 1-D analysis (Tables 2 and 3).

(2) Results:

Mesh and sensitivity analysis: The FE mesh of the 2-D skin model is shown in Fig. 15. Since stress singularity
exists at the corner of contact, the mesh is refined in this region. The problem is solved by commercially
available FEM package ABAQUS™. Sensitivity analysis is first performed to study the influence of different
parameters: ratio of skin layer radius to thickness Ry/H, time step Ar and grid density N. According to the
results (not shown here for brevity), in the following computation, these parameters are chosen as Ry/H = 20,
At =0.1s and N = 19420.

Verification of the model: Presently there is no experimental data or closed-form solution on stress field
available to make a comparison, and hence only the temperature field is verified here. The calculated
temperature distribution accounting for the influence of blood perfusion is compared in Fig. 16 with that
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Table 4
Parameters used in two-dimensional skin model

Stratum corneum

Living epidermis

Thickness (mm)

Density x specific heat (x10°J/m® K)
Thermal conductivity (J/mK)

Blood perfusion rate (ml Blood/ml tissue/s)
Thermal expansion coefficient

Poisson ratio

Young’s modulus (MPa)

0.020
3.182
0.21

0
0.0001
0.48
2000

0.080
3.182
0.21

0
0.0001
0.48
100

Fig. 15.
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obtained by Ng and Chua (2000) for the same problem, where Ng and Chua applied a FE model to study a
pure heat transfer problem in skin tissue. Good agreement is observed, demonstrating the feasibility of the
present approach. Note that the temperature obtained without considering the influence of blood perfusion is
significantly higher than that with this effect considered, which is also plotted.



F. Xuetal |J Mech Phys. Solids 56 (2008) 1852—1884 1875

zZH=0,r/H=0 '
00
0.2 F E
= 04 b —— One - layer model i
E ---- Three - layer model
‘b’t 06 | Four - layer model b
0.8 .‘ .
B0 E e A
-1.2 1 1 1
0 5 10 15 20
t(s)
Fig. 17.
a b
t=20s
90 T T T ] N T T T T
z/H |
80 0
---- 0.003
5 0 017 | 1 =
S o - 0,27 ] 5
o
&= 5
50 b
40 b
30 n 1 n 1 " 1 " 1 " _10 n 1 n 1 n 1 n 1 n
0 1 2 3 4 5 0 1 2 3 4 5
r/H r/H
Fig. 18.

Influence of the number of layers in skin model: Although the stratum corneum layer has been shown to play
an important role in the thermal and mechanical behaviors of skin, e.g. (Magnenat-Thalmann et al., 2002;
Rigal and Leveque, 1989), its effect is often neglected in most studies due to its relatively small thickness. Here,
in order to study its effect results predicted from three different axi-symmetrical skin models: (a) a one-layer
model, where the skin is treated as a homogenous medium with constant properties; (b) a three-layer model,
where the skin is consisted of epidermis, dermis and subcutaneous fat layers; (c) a four-layer model, where the
skin is composed of stratum corneum, epidermis, dermis and subcutaneous fat layers. Relevant material and
geometrical parameters used for each layer can be found in Tables 2—4. Note that the stratum corneum layer is
very thin, about 0.02mm in thickness (Table 4). Also, whilst blood perfusion occurs only in the dermis,
Young’s modulus varies by approximately an order of magnitude as each layer is crossed, being 2 GPa for the
stratum corneum and 0.01 MPa for the subcutaneous fat layer. It is remarkable that this dramatic change in
elastic modulus occurs over a distance less than 2 mm; see Table 2.

Fig. 17 plots the radial stress, o, at the center of skin surface (r/H = 0,z/H = 0) as a function of time
obtained separately with the one-, three- and four-layer skin models. The results clearly show a very large
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discrepancies between different models, highlighting the important role of stratum corneum layer in any
thermomechanical modeling of skin. In particular, with the stratum corneum layer considered, a large
compressive stress is developed on skin surface as a result of sudden heating (Fig. 17): this feature is not
captured by the one- or three-layer skin model.

Spatial and temporal distributions of temperature and stress: Figs. 18(a) and (b) show the temperature and
stress distributions at different skin depths at ¢ = 20s, whilst Figs. 19(a) and (b) show the variations of
temperature and stress distributions with time at different skin locations. Note that, although the heat
penetrates deep into the skin, the results of Figs. 18 and 19 show that the thermal injury and thermal stress are
only limited to the top layers of the skin, in the stratum corneum and the epidermis. Fig. 19 for temperature
and stress history shows a qualitatively distinct variation at different positions: the stress at skin surface
(r/H =0, z/H = 0) has the much larger variation than those at deeper depth (z/H = 0.17, z/H = 0.27) and
that at far out of the heating region (r/H = 2, z/H = 0), which is due to the heating conduction process as can
be seen from Fig. 19(a).

4. Discussion
4.1. Mechanisms of thermal denaturation of collagen

Skin biothermomechanics here is defined as the response of skin under thermomechanical loading, which
leads to damage—the thermal denaturation of collagen. Collagen is the major dermal constituent and
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accounts for approximately 60-80% of the dry weight of fat-free skin (Ebling et al., 1992; Reihsner et al.,
1995) and 18-30% of the volume of dermis (Ebling et al., 1992). The collagen in human dermis is mainly the
periodically banded, interstitial collagen (types I, III and IV), where about 80-90% is type I collagen and
8-12% is type III collagen. As noted, skin also contains a small mount of elastin but which is very thermally
stable (Davidson et al., 1990), for example elastin can survive boiling for several hours with no apparent
change, and does not need attention here.

Type 1 collagen has a domain within the triple helix that is completely devoid of hydroxyproline. Since
hydroxyproline readily forms hydrogen bonds that stabilize the molecule, its absence makes this domain
particularly susceptible to thermal damage (Miles and Bailey, 2001). There are two levels of organization
where breakdown is thermodynamically significant (Young, 1998): one is the collagen molecule itself, in which
three peptide chains are twisted around each other to form a helical, rod-shaped molecule; the other is the
semi-crystalline fibril in which collagen molecules are assembled side-by-side in a staggered manner with the
long axis of each molecule aligned with axial orientation of the fibril. When collagen is heated, the heat-labile
intramolecular crosslinks are broken, as shown in Fig. 20, and the collagen undergoes a transition from a
highly organized crystalline structure to a random, gel-like state, which is the denaturation process (Flory and
Garrett, 1958). Collagen shrinkage occurs through the cumulative effect of the unwinding of the triple helix,
due to the destruction of the heat-labile intramolecular cross-links, and the residual tension of the heat-stable
intermolecular cross-links (Allain et al., 1980; Arnoczky and Aksan, 2000; Flory and Garrett, 1958).

The effects of heating on collagen can be reversible or irreversible and the precise heat-induced behavior of
collagenous tissue and shrinkage depend on several factors, including the collagen content (Chvapil and Jensovsky,
1963), the maximum temperature reached and exposure time (Allain et al., 1980), the mechanical stress applied to
the tissue during heating (Chen et al., 1998a), and aging (Chvapil and Jensovsky, 1963; Le Lous et al., 1985).

Different metrics have been used to characterize the thermal denaturation and heating-induced damage of
collagen and collagenous tissues, including biological metrics such as enzyme deactivation (Bhowmick and
Bischof, 1998) and extravasation of fluorescent-tagged plasma proteins (Green and Diller, 1978), thermal
metrics such as changes in enthalpy (Jacques, 2006; Miles, 1993), mechanical metrics such as thermal
shrinkage (Chen et al., 1998a, b, Kondo et al., 2005; Lin et al., 2006) and optical metrics such as thermally
induced loss of birefringence (de Boer et al., 1998; Pearce et al., 1993; Srinivas et al., 2004; Thomsen, 1991).
Although the shrinkage of collagen due to thermal denaturation have been widely used and suggested to be
used as a convenient continuum metric of thermal damage (Diller and Pearce, 1999; Fung, 1990), Wells et al.
(2004) point out that equilibrium shrinkage may not be a universal metric to measure thermal damage.
Rather, there is a need to identify an independent metric by which one can determine the extent of thermal
damage (Baek et al., 2005). Diller and Pearce (1999) point out that the dimensionless indicator of damage, €,
is, in fact, the logarithm of the relative concentration of ‘reactants’, or un-denatured collagen, in the collagen
denaturation process, where Q can be alternatively considered as

C(0)

Q) =1In {C(t)} .

C(0) and C(z) are the initial concentration and the concentration remaining at time ¢ of un-denatured collagen.

The degree of thermal denaturation, defined to be the fraction of denatured collagen, and denoted by Deg(¢),
can be calculated as

Deg(?) = % =1 —exp[—Q(?)]. (58)

However, there are comparatively few studies of the thermal denaturation of skin tissue (Le Lous et al.,
1982, 1985; McHugh et al., 1997; Melling et al., 2000; Pierce et al., 2004; Reihsner et al., 2000), despite skin
dermis being mainly composed of collagen.

(57)

4.2. Property variations due to thermal denaturation of collagen

Denaturation of collagen occurs as the temperature of the tissue increases. As well as structural changes, the
hydration level of collagen also changes, which may involve an initial liberation and subsequent absorption of
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water (Humphrey, 2003). Not surprisingly, thermal denaturation of a collagenous tissue, can result in marked
changes in the thermal (Davis et al., 2000), mechanical (Aksan and McGrath, 2003; Chae et al., 2003; Chao
et al., 2001; Chen and Humphrey, 1998; Chen et al., 1997, 1998a, b; Diaz et al., 2001) and optical properties
(Agah et al., 1996; Bosman, 1993; Jun et al., 2003; Lin et al., 1996). For example, increased extensibility of soft
tissues due to thermal treatment has been observed in both uniaxial (Chachra et al., 1996; Chen and
Humphrey, 1998; Lennox, 1949) and biaxial studies (Harris et al., 2003; Wells et al., 2004).

It should be pointed out that, in the analysis so far, it has been assumed that the thermal and mechanical
properties of the skin layers are constant, i.c., independent of the thermal denaturation (shrinkage and
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damage). Existing test data on the effects of temperature and damage on the physical properties of skin are
scarce, and will be the subject of a future study. A schematic of the hydrothermal biaxial tensile testing system
designed and fabricated by us is shown in Fig. 21. Biaxial mechanical test is chosen in the present system design
for the following reasons: (1) in vivo, skin is loaded biaxially; (2) as the fibers in skin are multidirectional, the
orientation of the fibers with respect to the load axis must be taken into account; (3) for incompressible or nearly
incompressible materials biaxial mechanical testing can be used to obtain the material parameters for 3-D
constitutive models; (4) pursuit of a multiaxial analysis is of clinical importance to surgeons for if the orientation
of maximum extensibility is known, the excision can be planned to optimize wound closure.

Based on testing system of Fig. 21, preliminary results from uniaxial tensile tests on pig skin samples under
different temperatures are given in Fig. 22. The results shown that the stress—strain curves are shifted downward as
the temperature is increased, but little change is observed above 55 °C. The downward shift may be attributed to
hydration change with temperature, whilst the little change above 55 °C can be explained by the thermal damage
process, as shown in Fig. 23 in terms of thermal damage degree (Eq. (58)). When the temperature is raised above
55°C, the collagen in the dermis is denaturized almost instantly, while at 45 °C, the process of denaturation is slow.

Similarly, a hydrothermal compressive loading system has been designed and fabricated to study the
thermomechanical behavior of skin tissue under compression. The hydrothermal compressive tests of pig skin
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samples under different temperatures have also been performed, with preliminary results shown in Fig. 24.
Contrary to the tensile response of Fig. 22, the compressive stress—strain curve is shifted upward with the
increase of temperature, even at temperatures above 55°C. More experiments need to be carried out to
understand this interesting phenomenon.

4.3. Thermal pain

The International Association for the Study of Pain defines pain as: ‘an unpleasant sensory and emo-
tional experience associated with actual or potential tissue damage, or described in terms of such damage’.
Generally, pain can be classified as: (1) nociceptive pain where there is activation or sensitization of
peripheral nociceptors; (2) inflammatory pain where damaged tissue, inflammatory and tumor cells
release chemical mediators which activate or modify the stimulus response properties of nociceptor affe-
rents; (3) neuropathic pain where there is injury or acquired abnormalities of peripheral or central neural
structures.

As the first cells in the series of neurons leading to the sensation of nociceptive pain, nociceptors (special
receptors for pain sensation) transduct mechanical, chemical and/or thermal energy to ionic current leading to
action potentials: these potentials are conducted from the peripheral sensory site to the synapse in the central
nervous system, and converted into neurotransmitter release at the presynaptic terminal (frequency
modulation) (McCleskey and Gold, 1999).

It should be pointed out that whilst the mean mechanical threshold of nociceptors in the skin lies in the
range of about 0—0.6 MPa and mainly between 0.1-0.2 MPa (James and Richard, 1996), our results presented
in Section 3 (with the four-layer model) demonstrate that the thermal stress can be significantly larger than the
threshold. This suggests that, in addition to heating, thermal stress may also contribute to thermal pain. Other
supporting evidence shows that, for the same level of nociceptor activity, a heat stimulus evokes more pain
than a mechanical stimulus and that tissue deformation due to heating and cooling may explain the origins of
pain (Reuck and Knight, 1966; Van Hees and Gybels, 1981).

In a future study, a holistic model for quantifying thermal pain, which directly correlates the stimulus and
pain sensation level, will be developed, by coupling the thermomechanical models developed in this study and
the biophysical and neurological mechanisms of pain sensation.
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4.4. Roadmap of skin biothermomechanics and thermal pain

From above, we know that ‘Skin Biothermomechanics and Thermal Pain’ is a highly interdisciplinary area
involving bioheat transfer, biomechanics and neurophysiology. The relationship between these areas is
schematically shown in Fig. 25. The skin tissue is characterized by its structure, such as component, blood
flow, metabolism etc., and properties, such as thermal, mechanical, optical and dielectric properties. When
thermal loading (such as contact heating, electromagnetic energy or acoustic energy) and/or mechanical loading
(such as force or deformation) are applied to skin tissue, according to the skin description, there will be
corresponding skin state, such as temperature distribution, thermal damage/inflammation distribution and
stress/strain distribution. The state will then decide the level of pain sensation with the help of the neural
system.

A better understanding of skin tissue properties, skin bioheat transfer and kinetics of thermal damage, skin
biomechanics and skin thermal pain sensation, all promise to contribute to the continuing refinement of skin
thermomechanics and thermal pain.

5. Conclusions

For heat transfer, the skin is treated as a layered material, whose overall properties are assembled in a
composite manner. For a simple, 1-D single layer case, closed-form solutions have been obtained for different
conditions. For more complex cases, numerical methods have been used. Additionally, heat transfer models,
which incorporate sweating effects and heat diffusion by hair above skin have also been developed.

A scheme is subsequently developed for calculating the layer-wise stresses induced inside skin tissue during a
thermal loading. The skin is treated as a layered—Tlaminated’—material, whose overall properties are
assembled in a composite manner, and its thermomechanical behavior is simplified to be a ‘sequentially-
coupled’ problem. The formulation is based on the heat conduction equation and the solution of temperature
profile, coupled to a thermo-elastic model derived from classical laminate theory. Initially, for the simplest
case, the skin is regarded as a single-layer material, whose thermal response can be solved in closed form
without computational assistance: although much simplified, this provides an essential calibration tool for
more complex numerical analysis. For multi-layer skin model, even for a 1-D treatment of skin, an exact
solution is difficult to get, so numerical methods (finite difference method and finite element method) are used
to calculate the temperature, burn damage and thermal stress distributions in the skin tissue. Accordingly, the
influences of different parameters on the thermomechanical response have been investigated, in order to assess
their relative contributions, with the following interesting results.

The following conclusions are drawn:

e Blood perfusion has little influence on burn damage, but great influence on the temperature distribution in
skin, which inversely influences the corresponding thermal stress greatly.

e A simple 1-D solution predicts very high stresses compared to an axi-symmetrical solution, but the latter
stresses remain above the pain threshold in view of the high surface temperatures specified in these
solutions.

e Although very thin, the influence of stratum corneum layer on thermal stress development in skin is
significant and should not be neglected in any modeling effort.

e In addition to heating/cooling, skin thermal stresses may also contribute to thermal pain.

Other important issues, such as the variation of skin properties during heating/cooling, mechanisms of
thermal damage, thermal pain, characterization and optimization of thermal treatment strategies, will be
addressed in future studies.
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