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a b s t r a c t
Background and Objective: This paper presents the development of a 3D physics-based numerical model
of skin capable of representing the laser-skin photo-thermal interactions occurring in skin photorejuvenation treatment procedures. The aim of this model was to provide a rational and quantitative basis to
control and predict temperature distribution within the layered structure of skin. Ultimately, this mathematical and numerical modelling platform will guide the design of an automatic robotic controller to
precisely regulate skin temperature at desired depths and for speciﬁc durations. Methods: The Pennes
bioheat equation was used to account for heat transfer in a 3D multi-layer model of skin. The effects of
blood perfusion, skin pigmentation and various convection conditions are also incorporated in the proposed model. The photo-thermal effect due to pulsed laser light on skin is computed using light diffusion
theory. The physics-based constitutive model was numerically implemented using a combination of ﬁnite
volume and ﬁnite difference techniques. Direct sensitivity routines were also implemented to assess the
inﬂuence of constitutive parameters on temperature. A stability analysis of the numerical model was
conducted. Results: Finally, the numerical model was exploited to assess its ability to predict temperature distribution and thermal damage via a multi-parametric study which accounted for a wide array of
biophysical parameters such as light coeﬃcients of absorption for individual skin layers and melanin levels (correlated with ethnicity). It was shown how critical is the link between melanin content, laser light
characteristics and potential thermal damage to skin. Conclusions: The developed photo-thermal model of
skin-laser interactions paves the way for the design of an automated simulation-driven photorejuvenation
robot, thus alleviating the need for inconsistent and error-prone human operators.
© 2022 Elsevier B.V. All rights reserved.

1. Introduction
Skin photorejuvenation is a cosmetic treatment procedure in
which a pulsed laser beam is irradiated over the skin surface to
treat the effects of photo-ageing, wrinkles and pigmentation disorders. This technique is also increasingly used for hair and tattoo removal [1,2]. The spectrum of light used in this treatment
ranges from infrared to ultraviolet [3–5]. Different types of treatments utilise a single (monochromatic) or multiple wavelengths
(polychromatic) of laser light from this spectrum. The recovery
time (down time) and the risk of post-treatment injury is minimal
when using laser wavelengths within the infrared spectrum com-
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pared to those spanning the ultraviolet spectrum. This is primarily due to the composition of skin tissue: the ratio of water and
lipids is higher than that of other constituents, especially in the
dermis and hypodermis. Water and adipose tissue tend to absorb
more light energy in the infrared spectrum than in the ultraviolet
one.
At present, most dermatology clinics performing photorejuvenation treatment procedures use monochromatic or polychromatic
laser lights emitting in the near-infrared (NIR) to infrared (IR) spectrum (50 0–150 0 nm) [6,7]. Er:YAG 2940 nm and CO2 10,060 0 nm
lasers are mostly utilised for the treatment of the effects of photoageing but they are more ablative as compared to the laser lights
whose spectrum lies within the 50 0–150 0 nm range. Photorejuvenation procedures based on these two laser lights induce deeper
tissue injury and damage to the the epidermal layer which leads to
longer healing time. For skin photorejuvenation, Nd:YAG 1064 nm
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Fig. 1. Illustration of the concept of simulation-based controlled robot for laser photorejuvenation procedures. In a previous study [15,16], the introduction of sensors and
robot manipulator automates treatment and improves the delivery of laser light irradiation on the skin.

near-infrared (NIR) laser provides a good trade-off between effectiveness of treatment and healing time, with less risk of posttreatment injury. Thermal stimulation of the dermis layer induces
a controlled injury and denaturises collagen. This triggers a healing
mechanism which promotes synthesis and remodelling of collagen
[8–10]. Dams et al. [11,12] experimentally showed enhancement of
collagen synthesis in the dermis in in-vitro and ex-vivo human skin
by rising temperature to 45◦ C. From the therapeutic point of view,
a temperature rise to up to 45◦ C in the dermis does not compromise the viability of dermal tissue and can improve the appearance
of the treated skin.
In the context of a skin photorejuvenation procedure, before
irradiating the laser light over the skin surface, a physician or
trained technician selects the most appropriate laser settings based
on their expertise and experience, These settings include laser
beam diameter, laser energy and ﬂuence (energy per unit area)
[13,14]. Moreover, laser irradiation should be distributed uniformly
over the treated area for better aesthetic outcome. Typically, the
operator decides heuristically on the number of repetitions of laser
irradiation on the same area to achieve an optimal degree of thermal stimulation in the dermis. This layer lies few hundred micrometres beneath the skin surface and, as consequence, precisely
regulating its spatial temperature distribution remains challenging.
It is clear that such a subjective and human-centred approach cannot ensure consistency of results as it lacks a rational and quantitative basis to predict the amount of thermal stimulation required,
particularly if one aims to account for patient-speciﬁc skin biophysical properties, in addition to the inability to consistently and
precisely apply the laser beam at speciﬁc locations and for speciﬁed durations.
Previous studies [15,16] have reported a novel skin photorejuvenation robot that can irradiate the laser light uniformly and
that has enabled the automation of the treatment to some degree. However, despite this robot signiﬁcantly improving the delivery of laser irradiation in terms of spatial accuracy, it lacks the
capabilities to estimate and predict the amount of thermal stimulation needed so that speciﬁc temperature distributions could be obtained at critical locations within the dermal tissue. Such a technological capability constitutes the next step in our engineering development and is the object of the study presented in the current
paper. The concept of automated simulation-driven skin photorejuvenation robot is illustrated in Fig. 1. The objective of our study is
to develop a three-dimensional multiphysic numerical multi-layer
model of skin subjected to pulsed 1064 nm laser light in order to
analyse its photo-thermal response.
This numerical model accounts for temporal and spatial distribution of temperature in each skin’s individual layers whilst
considering the thermal effect of blood perfusion, external cool-

ing conditions and a wide range of skin constituents’ biophysical
properties such as coeﬃcient of light absorption and melanin concentration. The model is also parametrised by laser light characteristics including wavelength, laser beam diameter, laser energy
and ﬂuence rate. The numerical model is based on the Pennes
bioheat equation [17] and numerically approximated using the ﬁnite volume method (FVM) in the spatial domain. Then this numerical model is incrementally solved in the temporal domain using a four-stage Runge-Kutta method (RK4). A stability analysis of
the RK4 method was conducted and provided upper bounds for
the stable time step above which numerical convergence is no
longer guaranteed. To evaluate the inﬂuence of model parameters
on the output responses, namely temperature magnitude and distributions, direct sensitivity analyses were performed. The potential thermally-induced damage inﬂicted on the skin due to laser
irradiation was also estimated.
The novel contributions of this study are as follows:
1. Constitutive formulation of a photo-thermal three-dimensional
multi-layer model of skin which accounts for skin biophysical
parameters and external parameters such as external temperature and laser light characteristics.
2. Analysis of the stability of the numerical model.
3. Parametric evaluation of the numerical model under a wide
range of conditions and for diverse biophysical properties, and
evaluation of temperature sensitivities against simulation parameters.
4. Development of a conceptual controller to regulate skin temperature at speciﬁc depth.
The rest of the manuscript is organised as follows:
Section 2 presents the photo-thermal constitutive formulation
of dermal tissue. Section 3 introduces the discretisation and
solving techniques of the mathematical model. Section 4 reports
the results obtained from simulation of various clinically realistic
cases. Finally, conclusive remarks are provided in Section 6.
2. Mathematical modelling
2.1. Skin multi-layer bioheat model
Human skin tissue consists of three main layers, epidermis, dermis and hypodermis (hypodermis is also known as the subcutaneous layer) [18]. Each of these layers is heterogenous and features
a microstructure spanning multiple length scales [19]. Thus, each
layer exhibits distinct physical properties, particularly in terms of
thermal transfer (e.g. thermal conductivity and heat capacity) and
light transmission and scattering. Light absorption and scattering
govern the interaction of light with the different layers of skin.
2
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In this study, we considered a monochromatic laser beam with
a wavelength of 1064 nm. Upon irradiation of laser light on the
skin surface, the skin constituents absorb a fraction of the incident
laser energy. In turn, this energy absorption increases the kinetic
energy of molecules leading to an increase in temperature This is
known as photothermal effect. The Pennes bioheat model provides
a mathematical basis to study the transient heat diffusion inside
the tissue. The modiﬁed Pennes model is described by the following equation [20] (The classical Pennes bioheat equation was reported in cylindrical coordinates, whereas we have used Cartesian
coordinates here.):

ρC

∂T
= −∇ Q + Qb + Ql
∂t

shown that darker skin contains relatively more melanin and features larger melanosomes than lighter skin. Therefore, it is legitimate to use fv,m as a surrogate optical property correlated to a
particular skin type. μa,e0 is the baseline absorption coeﬃcient and
is deﬁned as follows [21]:

μa,0 = 0.244 + 85.3 exp(−

(1)

μa,b = sO2 μa,oxy + (1 − sO2 )μa,doxy .

(2)

(r ) = c (r ) + d (r )

(3)

c (r ) = Io (1 − rsp )Ir (x, y )Ib (z )

μa,m = 6.6 × 10

nm

(9)

(10)

where the attenuation in the z-axis is deﬁned by the Beer-Lambert
law of coaxial attenuation Ib (z ) = exp(−μa + (1 − g)μs (z − z0 )),
and the radial proﬁle of the incident light source follows a Gaussian distribution Ir (x, y ) = exp(−{(x − x0 )2 + (y − y0 )2 }/W ). Io is
the incident irradiance [W/m2 ], which depends on the power of
the incident laserP [W] and the waist of laser beam w[m], Io =
2P/(π W2 ). rsp denotes the specular reﬂection of the skin surface.
The laser power in terms of laser energy can be deﬁned as P = E/τ ,
where τ is the pulse duration [s]. y0 and z0 are the centre point
of incident light. μs is the scattering coeﬃcient, where g is the
anisotropic factor. Ir (x, y ) deﬁnes the distribution of the incident
laser light in skin tissue (Table 1).
Upon laser irradiation on skin tissue, a signiﬁcant part of the
irradiated laser light is scattered in the tissue, and an rsp amount
of laser light is reﬂected back. The light distribution inside the
skin tissue due to scattering is deﬁned using light diffusion theory [3,24,25]:

(4)

where μa,e denotes the absorption coeﬃcient of the epidermis,
fv,m the volume fraction of melanin in the epidermis, and μa,m
the absorption coeﬃcient of melanin. μa,m is computed as follows
[21]:

λ

(8)

Here, c (x, y, z ) deﬁnes the attenuation of the collimated laser
light due to absorption. d (x, y, z ) is the light distribution due to
scattering of photons in the scattering medium. x, y and z are the
Cartesian position coordinates. c (r ) is deﬁned as

where fv,i denotes volume fraction (%) of the ith constituent of
the tissue, and μa,i is the absorption coeﬃcient of the ith constituent. μa,0 is the baseline absorption coeﬃcient. The absorption coeﬃcient of the epidermis can be approximated by a linearly
weighted sum of each constituent having relatively larger volume
fractions:



(7)

sO2 deﬁnes the percentage of oxygen saturation in the blood, μoxy
is the absorption coeﬃcient of oxygenated blood, and μdoxy is the
absorption coeﬃcient of deoxygenated blood. For macroscopic heat
analysis, considering the absorption coeﬃcient weighted by the
volume fraction of the dominant chromophores of materials provides a better approximation of the absorption coeﬃcient for the
entire layer.
When the wavelength of laser light lies between 300 and
10 0 0 nm, the scattering in non-pigmented tissue is greater than
the absorption [3,24]. Then, the local ﬂuence rate is deﬁned as the
sum of light distribution due to scattering and absorption in a scattering medium:

where μa is the absorption coeﬃcient [m−1 ], which varies for different skin layers and light wavelengths. (r ) is the local ﬂuence
rate [W/m2 ] or a distribution proﬁle of light inside the skin tissue.
h(t ) is a time function that controls the rate of irradiation and it
will be discussed in Section 3.4.
Besides the extracellular matrix, human skin is composed of
various living cells, chromophores and water molecules. Considering the absorption coeﬃcient of each layer-speciﬁc material according to its volume fraction provides a more realistic approximation of the optical properties of the multi-layer tissue composite
(i.e. skin). Here, the absorption coeﬃcient of the skin is assumed
to be a linearly weighted sum of the absorption coeﬃcient of each
of its layers [21].

13

(6)

Here, μa,d is the absorption coeﬃcient of the dermis, fv,b is the
volume fraction of blood in skin (i.e. as a composite multi-layer
assembly), μa,b is the absorption coeﬃcient of blood, fv,w is the
volume fraction of the water content inside the dermis, and μa,w
is the absorption coeﬃcient of water. The absorption coeﬃcient of
blood highly depends on the concentration of oxygen in the blood.
Thus, the absorption coeﬃcient of blood can be represented as a
linearly weighted sum of the absorption coeﬃcient of oxygenated
and deoxygenated blood:

The volumetric heat source Ql depends on three components:
light absorptivity of skin, local ﬂuence rate and time function.

μa,e = fv,m μa,m + (1 − fv,m )μa,e0

)

μa,d = fv,b μa,b + fv,w μa,w + (1 − fv,b − fv,w )μa,0 .

2.2. Spatial diffusion of light in skin

μa = i fv,i μa,i + (1 − i fv,i )μa,0

66.2

The absorption coeﬃcient of the dermis signiﬁcantly depends
on the absorption coeﬃcients of water and blood, as most blood
vessels are located within the dermis. Thus, the dermal absorption
coeﬃcient is deﬁned as

Here, Q deﬁnes heat conduction and can be deﬁned in terms of
temperature as k∇ 2 T (r, t )) (k is the thermal conductivity of the
tissue [W/(m2 · K )], r is the position vector in Cartesian coordinates
3
[m] and t is time [s].). ρ is the density of the tissue [kg/m ], C the
thermal capacity of the tissue [J/(Kg · K )], T the temperature of the
tissue [K], ∇ the gradient operator, Qb the volumetric heat loss due
to blood perfusion, and Ql the volumetric heat source due to light
3
diffusion within the tissue [W/m ].

Ql = μa (r ) h(t )

λ − 154

−3.33

(5)

Here, λ is the wavelength of the irradiated laser light in nm.
Melanin concentration in human skin deﬁnes skin complexion. A
dark skin has a higher melanin content than a fair skin. Like many
other researchers, Alaluf et al. [22,23] experimentally showed that
skin complexion in various ethnicities is correlated with melanin
content. In their comprehensive study, these authors have examined melanin content and composition across a range of major ethnic groups (European, Chinese, Mexican, Indian and African). It was

∇ 2 d (r ) − 3μa [μa + (1 − g)μs ]d (r ) = −3μs [μs + (1 − g)μa ]c (r )
(11)
3
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The scattering coeﬃcient of a medium depends on the wavelength
like the absorption coeﬃcient and can be computed using the reduced scattering coeﬃcient as follows [21]:





μs ( λ ) = a





fRay

−4

λ



+ 1 − fRay

500




 λ −bMie
500

Applying the Green-Gauss-Ostrogradsky theorem [29,30] to expression − CV ∇ Q dV yields

−

(12)



2.3. Heat sinks
Blood perfusion in the skin can be considered as a continuous
heat sink that prevents abrupt changes in tissue temperature. The
continuous blood perfusion in the dermis is deﬁned as [26,27]

(13)

V ρC

Here, ωb [kg/m · s] is the rate of blood perfusion in the tissue, Cb
[J/(kg · K )] is the speciﬁc heat of the blood, and Ta is the arterial
temperature. F is a temperature-dependent scaling factor and is
calculated as [27,28]
3



F=

(T −T )2
1 + a exp(− ω f ),

1 + a,

T ≤ TF
otherwise

+ Qi, j,k+1 + Qi, j,k−1 .

The convective interaction of the skin and air is formulated in
the boundary condition of (1). At z = 0,

(15)

where h is the convection coeﬃcient of air and T0 is the ambient
temperature. The other boundary conditions of the tissue are considered to be symmetric; that is,

= Ta

T(x=0,X )

k∇y T (y=0,Y ) = 0,

= Ta

T(y=0,Y )

k∇z T (z=Z ) = 0,

= Ta

T(z=Z )

(18)

Eq. (1) is a general expression to compute the transient temperature in the skin while considering laser irradiance on the skin
surface with blood perfusion in the tissue. To compute the temperature distribution in the skin, (1) is numerically integrated over
a control volume, this method is known as ﬁnite volume method
(FVM) or control volume method. Integrating (1) over a control
volume (CV) yields:

CV

CV

CV

Qb dV +

CV

Ql dV

ki, j+1,k + ki, j,k Ti, j+1,k − Ti, j,k
2
x

(23)

Qi, j−1,k =

y z

ki, j−1,k + ki, j,k Ti, j−1,k − Ti, j,k
2
x

(24)

Qi+1, j,k =

z x

ki+1, j,k + ki, j,k Ti+1, j,k − Ti, j,k
2
y

(25)

Qi−1, j,k =

z x

ki−1, j,k + ki, j,k Ti−1, j,k − Ti, j,k
2
y

(26)

Qi, j,k+1 =

x y

ki, j,k+1 + ki, j,k Ti, j,k+1 − Ti, j,k
2
z

(27)

Qi, j,k−1 =

x y

ki, j,k−1 + ki, j,k Ti, j,k−1 − Ti, j,k
2
z

(28)

where k and T without any subscript are associated with the control volume considered while those with subscripts are the neighbouring control volumes. The thermal conductivity of control volumes in the xy-plane is constant as change of layer only occurs
along the direction of the z-axis, so k = ki, j+1,k = ki, j−1,k = ki+1, j,k =
ki+1, j,k . Now, dividing (19) by x y zρC and plugging (23) back
to (19) yields:

3.1. Spatio-temporal discretisation of bioheat equation

∇ .Q dV +

(22)

y z

(17)

3. Numerical methods

∂T
dV = −
∂t

(21)

Qi, j+1,k =

(16)

and T = Ta at z = Z, x = 0, x = X, y = 0 and y = Y where the initial
condition is T |t=0 = Ta . Fig. 2 shows the simulation domain under
laser irradiation and convection.

ρC

∂T
= i Q i + V Q b + V Q l
∂t

Fig. 3(a) and (b) shows the spatial discretised domain assumed in
this article. The coordinate system of the domain in Fig. 3 mimics the structure of a three-dimensional matrix, where columns is
along the x-axis, rows is along the y-axis and depth is along the
z-axis Thus, each control volume will be referenced via their index
number i, j and k in the domain; that is i will increase in the yaxis (rows), k in the x-axis (columns) and j in the z-axis (depth).
Now, the heat ﬂux ﬂowing from the neighbouring control volume
is calculated as [29],

2.4. Natural and forced cooling

k∇x T (x=0,X ) = 0,

(20)

i Qi = Qi, j+1,k + Qi, j−1,k + Qi+1, j,k + Qi−1, j,k

(14)

T(z=0) = T0

Q.ns dS.
CS

where Qi is heat ﬂux induced from the neighbouring control volumes, as shown in Fig. 2(b). i Qi is deﬁned as

Here, a is a scaling factor, ω controls the steepness of F , and TF is
the temperature where the maximum perfusion occurs. Song et al.
[64] showed experimentally that the response of vascular systems
is highly dependent on temperature variations and the maximum
blood perfusion in a tissue occurs at 45°C. The values of these parameters are given in Table 2.

k∇x T (z=0) = h(T0 − T ),

∇ .Q dV = −

where CS is the control surface and ns is the outward-pointing unit
vector normal to the surface. As Q .ns = 1.|Q | cos(ns , Q ), the direction of heat ﬂows Q toward the control volume from the neighbouring control volumes and the direction of the surface normal
ns are opposite to each other, as shown in Fig. 2(b). The opposing direction of both vectors yields a negative scalar product. The
computational domain is described in Cartesian coordinates, so the
control volume is cuboidal, and each control volume is computed
as V = x y z, where x, y and z are the spatial discretisation steps in the x−, y− and z−axis, respectively. Then, (19) can
be approximated as

and μs = (1 − g)μs . Here, fRay is the signiﬁcance of the Rayleigh
scattering, and (1 − fRay ) is the Mie scattering at the reference
wavelength. The parameters for each layer are given in Table 2.

Qb = F ωbCb (Ta − T ).

CV


∂ Ti, j,k
k 
=
T
+T
∂t
ρC y2 i+1, j,k i−1, j,k

k 
+
T
+T
ρC x2 i, j+1,k i, j+1,k
+

(19)
4

1

ρ C z2

kk+1 + k
k
+k
.Ti, j,k+1 + k−1
.TTi, j,k−1
2
2
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Fig. 2. Computational domain. (a) Simulated three-layered skin tissue under laser light irradiation and forced air cooling. (b) Flow of heat ﬂux from the neighbouring control
volumes.

Fig. 3. Control volume. (a) Intermediate control volume. (b) Boundary control volume undergoing convection.

−

1
ρC

+

1

ρC





the Ki are the evaluation of (30) at ith stage of RK4 scheme. A is
a matrix that deﬁnes the stages dependence on each other, and b
is the weight given to each stage during the ﬁnal evaluation. The
approximate solution at the four stages of the RK4 scheme is computed by

2k
2k
k
+ 2k + kk−1
+
+ k+1
+ ωbCb Ti, j,k
x2
y2
2 z2

Ta +

1

ρC

Ql

(29)

This expression can be simpliﬁed as follows:

∂ Ti, j,k
= −C1 Ti, j,k + C2 .
∂t

Y = 1Ti,nj,k +

=

Ti,nj,k

+

T

t b Y

t A )−1 1Ti,nj,k .

(32)

(30)
where the parameters A, b and c are derived from the Butcher’s
tableau for the RK41 scheme [31], and 1 is a 4 × 1 vector of ones.

Here, C1 is the coeﬃcient of Ti, j,k , and C2 accounts for all the terms
that are independent of Ti, j,k . The solution of this ﬁrst-order differential equation can be approximated by the fourth-order RungeKutta numerical scheme. Then the approximate solution using explicit RK4 scheme will be:
+1
Ti,nj,k

t AY = (I −

3.2. Numerical solution of light diffusion equation

(31)

Eq. (11) is in the form of a standard diffusion equation and is
numerically solved using the FVM. Integrating (11) over a control
volume and assuming that d (x, y, z ) = d and c (x, y, z ) = c ,

Here, the superscript n denotes the current time in the discretised
time domain, t is the time step, and Y = [K1 , K2 , K3 , K4 ]T , where
5
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Let γ =

3μa [μa + (1 − g)μs ]d dv

R (γ ) = 1 +

3μs [μs + (1 + g)μa ]c dv.

(33)

∇ (∇ d )dv =

cs

∇ (∇ d ).nds





∂ d
∂ d
∇ (∇ d ).n ds = AE
+ AW
∂x E
∂x






∂ d
∂ d
∂ d
+AS
+ AU
+ AD
∂y S
∂z U
∂z D

cs



+ AN
W

∂ d
∂y

N

−1 < 1 + γ bT 1 + γ 2 bT A1 + γ 3 bT A2 1 + γ 4 bT A3 1 < 1.

(35)

d,E − d

x
+AS

+ AW

d,W − d

d,S − d

x

+ AN

d,U − d

+ AU
y
z
−3μa [μa + (1 − g)μs ]d v
= −3μs [μs + (1 + g)μa ]c

y

d,D − d

which further simpliﬁes to

T˙ (t ) = −C1 T (t ) + C3 + C4 h(t )

z

v

(36)



An iterative linear equation solver (GMRES) was utilised to solve
this system of linear equations. The complete simulation domain
consists of a uniform tissue, and the light source will always irradiate on z = 0. Thus, the distribution of light scattering inside
the tissue is translation-invariant in the x and y-axis. The iterative
methods to solve systems of linear equations are relatively slow
but eﬃcient in term of computer memory management. The scattering of light distribution is only determined at the start of the
simulation and reused for the later time steps of irradiation.

h(t ) =



To ensure that the numerical solution converges we performed
a stability analysis of the model in (30). To ﬁnd the region of stability, the stability function is derived by substituting (32) into (31):

+1
Ti,nj,k
= (1 +

t bT ( I −

(37)

t A )−1 1 )Ti,nj,k

(38)

P


{δ (t − pτir )}

(44)

Here, h(t ) acts as an input to the system deﬁned in (43) and p
is an impulse index p = 1, 2, 3, . . . , P . τir is inversely proportional
to the difference between the current state of system (43) and the
desired state Td . Thus,

τir =

t A )−1 1Ti,nj,k

(43)

p=0

3.3. Stability analysis

t bT ( I −

(42)

where the C2 = C3 + C4 h(t ). C3 is the heat gain/loss due to neighbouring control volumes and the volumetric heat source/sink, and
C2 is the contribution of each laser irradiation (i.e. input gain).
Here, the input h(t ) can introduce the heat in the system but cannot withdraw it. h(t ) is a relay function that can switch states between 0 and 1, 0 ≤ h(t ) ≤ 1.
To regulate the temperature at the desired depth, a controller is
designed which can reach the desired temperature in a minimum
amount of time. The short pulsed nature of the laser irradiation
justiﬁes the design choice of impulse function as an input. Physical
laser machines have a ﬁxed minimum delay between each irradiation. If the time period between each laser irradiation is τir , then
the input h(t, τir ) can be deﬁned as a unit comb function (impulse
train):

2
2
2
+
+
+ 3μa {μa + (1 − g)μs } d
x2
y2
z2
1
1
−
(d,E + d,W ) −
(d,N + d,S )
x2
y2
1
−
(d,U + d,D ) = 3μs [μs + (1 + g)μa ]c .
z2

+1
Ti,nj,k
= Ti,nj,k +

(41)

The main reason to compute the heat distribution inside the
skin is to enable the photorejuvenation robot, reported in [15,16],
to regulate and/or maintain a desired temperature at a speciﬁc
depth within the skin. Thus, deﬁning a control law will ensure optimal temperature regulation. Let (30) be a dynamic system of control volume in a simulation domain and represent a system. With
some simpliﬁcations in (30),

d,N − d

+ AD

=

3.4. Automatic thermal regulation

Where AE = y z, AW = y z, AN = z x, AS = z x, AU =
x y and AD = x y are the interfacing areas between two control volumes. Now substituting it back to (33) gives

d,E − d

(40)

b T Al 1

Fig. 4 shows the region of stability at each stage of RK4 scheme. To
compute the upper bound of the time step t, (42) is factorised.
Then, the smallest real positive root is the upper bound of h. A
time step greater than this value will lead to divergence of the numerical solution.

d,W − d
d,N − d
+ AW
+ AN
x
x
y
d,S − d
d,U − d
d,D − d
+ AS
+ AU
+ AD
.
y
z
z

AE

using binomial series yields
3 T

The coeﬃcients of γ become zero when the order of γ becomes
greater than the number of stages in RK4 scheme [31]. Thus, the
series in (41) will be left until the fourth order. Then, the stability
criteria of the numerical scheme are stable when |R(γ )| < 1 or



∇ (∇ d ).n ds

= AE

2 T

R(γ ) = 1 + γ bT 1 + γ 2 bT A0 c + γ 3 bT Ac + γ 4 bT A2 c + · · · .

Then, the Taylor expansion of each partial derivative will be

cs

(39)

The explicit method holds an order condition, that is
bT Al−1 c where l = 1, 2, 3, . . . Applying this condition gives,

(34)



− γ A )−1 )

R(γ ) = 1 + γ b 1 + γ b A1 + γ b A2 1 + γ 4 bT A3 1 + · · · .
T

Thus, the scalar product in the equation allows only the ﬂux to be
non-zero, which is normal to the face of each side.



t bT (I − γ A )−1 1.

Now expanding the ((I

Applying the Green-Gauss-Ostrogradsky theorem on the term
2
cv ∇ d d v gives,
cv

t , γ ∈ C. Then the stability function will be [31]

ξ .Te Te > 0
0

Te ≤ 0

(45)

Here, Te = T (t ) − Td , and ξ is a scaling factor. In practice, the laser
equipment can irradiate only a pulsed laser after a minimum time
period. In practice laser equipment has a limited rate of irradiation. Thus, τir,min is the minimum possible time step between two
consecutive laser irradiations. Fig. 5 shows the controller output
and evolution of the time period τir . Fig. 6 depicts the schematic
diagram of the control system used to regulate temperature.
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Fig. 4. Regions of stability at different stages of RK4 scheme. R1 (γ ), R2 (γ ), R3 (γ ) are the regions of stability for RK4 at each stage, where R1 (γ ) = 1 + γ bT 1, R2 (γ ) =
1 + γ bT 1 + γ 2 bT A1, R3 (γ ) = 1 + γ bT 1 + γ 2 bT A1 + γ 3 bT A2 1 and R(γ ) = 1 + γ bT 1 + γ 2 bT A1 + γ 3 bT A2 1 + γ 4 bT A3 1.

Fig. 5. Controller output of the automatic thermal regulation. For the plotted case, the melanin content in the skin was f v,m = 1% and convection coeﬃcient was h =
2
10 W/m · K. Here h (t ) is the time function and τir is the time period between each laser irradiation. (a) h (t ) with respect to time. The time period between each laser
irradiation depends on the error between current and target temperature. (b) Evolution of time period τir with respect to time. The minimum possible time period is
τir,min > 0, whereas the maximum is not bounded.

Fig. 6. Schematic diagram of the control system to regulate the desired temperature at the centre of epidermis-dermis interface.
Table 1
Range of the parameters in used sensitivity analysis.

E
D
H



k(W/m.K )

μa (cm−1 )

μs (cm−1 )

0.32–0.5
0.32–0.5
0.18–0.3

4.41–5.81
0.21–0.52
0.21–0.5

30–60.47
17.7–38.8
16.93–31.37

x(mm )
0.5–1
0.5–1
0.5–1

y(mm )
0.5–1
0.5–1
0.5–1

z(mm )
0.05–0.1
0.05–0.1
0.05–0.1

2

h = 10 − 150 W/m · K. E, epidermis; D, dermis; H, hypodermis; k, thermal conductivity;

μa , absorption coeﬃcient; μs , reduced scattering coeﬃcient; x, spatial resolution in xaxis; y, spatial resolution in y-axis; z, spatial resolution in z-axis.

The sensitivity matrix can be deﬁned as ϕ = ∂ T (ζ )/∂ ζ . Each component of ϕ represents the rate of change of temperature as a
result of a unit change in the corresponding parameter. The ﬁrst
four elements in ϕ are physical parameters, the last three are the
spatial discretisation steps, and the remaining are the optical parameters of each skin layer. The domain of each parameter is deﬁned from reported experimental values found in the literature.
Hasgall et al. [34] provide a complete range of physical and optical parameters for human skin. To compute temperature sensitivities, a simulated skin domain with a size of 10 × 10 × 2.5 mm3
was considered (Fig. 6).It was composed of three layers: epidermis,
dermis and hypodermis. The thickness of these layers were 0.5, 1
and 1 mm, respectively. Each layer had distinct physical and optical
properties. The surface of the simulated skin sample was exposed
to a 1064 nm pulsed laser light source of 1 J energy for 30 s. The
laser source was positioned at the geometric centre of the skin sur-

4. Results
4.1. Sensitivity analysis
In order to assess the behaviour of the photo-thermal model
of skin-laser interactions direct sensitivity routines were implemented using numerical differentiation [32,33]. A sensitivity analysis was performed to compute temperature sensitivities with respect to a range of physical and optical parameters of the skin,
as reported in Table 1. The effect of spatial discretisation resolution over the simulation domain was also evaluated. The sensitivity
vector is deﬁned as







ζ = (ke , kd , kh , h, μa,e , μa,d , μa,h , μs,e , μs,d , μs,h , x, y, z )T .
(46)
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Fig. 7. Temperature sensitivities with respect to a subset of physical, optical parameters and spatial steps over a simulation domain. The plotted sensitivities are probed
at the geometric centre of each layer. (a), (b) and (c) are the temperature sensitivities to the heat conductivity of the epidermis, dermis and hypodermis, respectively,
whereas (d) is with respect to the convection heat coeﬃcient. (e), (f) and (g) are the temperature sensitivities to the absorption coeﬃcients of the epidermis, dermis and
hypodermis, respectively. (h), (i) and (j) are temperature sensitivities with respect to reduced scattering of the epidermis, dermis and hypodermis, respectively. (k), (l) and
(m) are temperature sensitivities to the spatial steps in x, y and z-axis, respectively. (n) the probes of the plotted sensitivities are in the geometric centre of each layer.
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Fig. 8. Temperature sensitivities with respect to a subset of the physical parameters over the simulation domain. (a)–(c) are the temperature sensitivities with respect to
heat conductivity of epidermis, dermis and hypodermis. (d) is temperature sensitivities respect to heat coeﬃcient of convection. For the plotted coloured meshes, the values
of heat conductivity of epidermis, dermis and hypodermis were 0.498 W/m · K and convection coeﬃcient was 150 W/ · K.

face (x = X/2, y = Y/2 and z = 0). The duration of each laser pulse
was 2 ms (or pulse width) repeating at a 10 Hz frequency whilst
the waist of the laser light was 6 mm. Temperature sensitivities
with respect to ζ were computed within each ﬁnite volume of the
discretised domain. Fig. 7 shows the temperature sensitivities of a
control volume located at the geometric centre of each layer.
Fig. 7 (a)–(c) shows the rate of temperature changes with respect to the heat conductivity coeﬃcient for each layer. In Fig. 7(a)
and (b), the trends are relatively similar and show no rapid temperature changes in the dermis and hypodermis, while changing
the heat conductivity of the epidermis and dermis. However, the
change in heat conductivity of epidermis and dermis increase the
temperature sensitivity in the epidermis. Varying the thermal conductivity of the hypodermis inﬂuenced the thermal response of all
three layers, as shown in Fig. 7(c). When applying different convection conditions, the temperature sensitivities decreased with increasing depth (Fig. 8(d)). Distributions of temperature sensitivities
with respect to each physical parameter were mapped to the computational domain as shown in Fig. 8.
The temperature sensitivities with respect to the optical parameters of the skin tissue layers are shown in Fig. 7(e)–(j). The
change in absorption coeﬃcient of the epidermis (μa,e ) and dermis
(μa,d ) exhibit no signiﬁcant change in temperature sensitivities.
Whereas the temperature change is more sensitive whistle varying absorption coeﬃcient of the hypodermis (μa,e ). On the contrary, the change in reduced scattering coeﬃcients of any layer inﬂuences the temperature change in whole simulated tissue.
To assess the varying optical parameters in the simulation domain, the temperature sensitivities for each control volume were
mapped on the coloured meshes, as shown in Fig. 9. In Fig. 7 (l)–
(n), the spatial steps show considerable inﬂuence over the temperature distribution in all layers. The change in the spatial step

greatly affects the temperature trends in the epidermis. The small
thickness of the epidermis compared with other skin layers is the
reason for this behaviour. A mesh sensitivity analysis was not considered in the context of the direct parameter sensitivity analysis
described above. The optimal grid size to obtain mesh convergence
was determined in a preliminary study not reported here. The temperature sensitivities over the change in spatial step in the simulation domain are shown in Fig. 10 in the form of a sensitivitymapped coloured mesh.
4.2. Controlled thermal stimulation
For that part of our numerical study, the dimensions of the
three-layer skin structure were 2.5 × 2.5 × 0.75 cm3 while the
thicknesses of the epidermis, dermis and hypodermis were 0.5, 2
and 5 mm, respectively. The thickness of the skin layers varies according to age, gender and body site. On that basis, averaged thickness values found in the literature [64–67] were used. The physical and optical properties of each layer are listed in Table 2. Here,
we utilised the model of laser-skin interaction model described in
Section 2 and 3 to regulate temperature at the epidermis-dermis
interface. Heat regulation was achieved by controlling the time period between each laser irradiation (τir ). The skin was irradiated
with a 1064 nm pulsed laser light source of 1.5 J covering a circular proﬁle of 4 mm radius with a maximum repetition rate of 5 Hz.
Photo-thermal laser-skin interactions were studied by considering
two distinct convection conditions: ambient atmosphere (normal
convection) and forced cooling. For normal convection, the ambient temperature of air was assumed to be T0 = 22◦ C, with a corresponding convection coeﬃcient was h = 10 W/m2 · K. This ambient air temperature and convection coeﬃcient, T0 and h respectively, are the same for the forced cooling case. More speciﬁcally,
for the forced cooling cases, a short blow of 11◦ C air was puffed on
9
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Fig. 9. Temperature sensitivities with respect to a subset of the optical parameters over the simulation domain. (a)–(c) are the temperature sensitivities with respect to
absorption coeﬃcient of epidermis (5.81 cm−1 ), dermis (0.52 cm−1 ) and hypodermis (0.5 cm−1 ). (d)–(f) are temperature sensitivities respect to scattering coeﬃcient of
epidermis, dermis and hypodermis. Their values were respectively 60.47, 38.8 and 31.37 cm−1 .
Table 2
Physical and optical parameters of the simulated tissue in Section 3.4

E
D
H
B





k(W/m.K )

ρ (Kg/m3 )

C (J/Kg.K )

Ta (0C )

ωb (Kg/m3 .s )

μa (cm−1 )

μs (cm−1 )

a

0.34
0.41
0.30
−

1120
1090
860
1060

3200
3500
2870
3770

−
−
−
37.4

0
0.76
0.22
−

0.66/ 1.08/ 2.33/ 4.41
0.196
0.21
3/1.88

29.1
17.7
16.93
−

66.7
436.7
34.2
−

f Ray

bMie

rsp

g

0.29
0.41
0.26
−

0.689
0.562
0.567
−

0.1
0.1
0.1
−

0.91
0.91
0.91
−

E, epidermis; D, dermis; H, dermis; B, blood; k, thermal conductivity; C, thermal capacity; Ta , atrial temperature; ωb , blood perfusion rate; μa , absorption

coeﬃcient; μs , reduced scattering coeﬃcient; f Ray , fraction of Rayleigh scattering; bMie , fraction of Mie scattering; rsp , specular reﬂection; g, anisotropy. μa
of dermis are for 1, 2, 5 and 10%. μa of blood are for oxygenated and deoxygenated blood.

this temperature for 8 s. The reason for setting Treg = 45◦ C at that
particular anatomical location is that ﬁbroblasts present in the extracellular matrix of the dermal layer respond to heat stimulation
by producing de novo collagen and remodelling the existing collagen network [11,35,36]. In turn, these biochemical and structural
alterations of the dermis constituents have a positive effect on the
mechanobiology and cosmetic appearance of the skin. The links

the skin surface for 75 ms during each laser irradiation. The convection coeﬃcient of blown air was 150 W/m2 · K and it was assumed that the cross-sectional ﬂux of air covered a discoidal area
of diameter 8 mm around the irradiated skin surface. The protocol was as follows: (1) start laser irradiation on the surface of the
skin with a pulse repetition rate of 5 Hz, (2) rise the temperature
of the epidermis-dermis interface to Treg = 45◦ C and (3) maintain
10
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Fig. 10. Temperature sensitivities with respect to spatial steps over the simulation domain. (a)–(c) are the temperature sensitivities with respect to spatial resolution in x, y
and z-axis. For the plotted meshes, their spatial resolution were 1, 1 and 0.1 mm, respectively.

Fig. 11. Temperature distribution inside the skin for different melanin volume fractions f v,m and convective conditions. Temperature T with respect to depth is probed at the
geometric centre of the simulated tissue. The solid lines represent the heat distribution at the time when the temperature of the epidermis-dermis interface ﬁrst reached
the desired temperature Treg = 45◦ C. The dashed lines indicate the distribution after maintaining the temperature at 45◦ C for 8 s. E-D and D-H denote the epidermis-dermis
and dermis-hypodermis interfaces.

between skin microstructure and its macroscopic mechanical response and appearance are fundamental to many cosmetic treatment strategies and interactions of the skin with engineered devices and consumer products [37–41].
In Fig. 13, eight cases are presented to mimic real skin photorejuvenation treatment scenarios. Fig. 13(a)–(d) shows the cases
when the skin was under forced cooling and with melanin volume
fractions ranging from 1, 2, 5 to 10%, respectively. Fig. 13(e)–(h)
were experiencing the natural convection and their melanin volume fractions were 1, 2, 5 and 10%, respectively. The input time
function and temperature evolution of the epidermis-dermis and
dermis-hypodermis interfaces with respect to time are reported for
each case in Fig. 13. In addition, the dissection of the simulated tissue at two time instances is illustrated in Fig. 13. In the ﬁgure, the
skin contains higher melanin content from left to right, and it experiences natural and forced cooling from bottom to top. Whilst

regulating the temperature at the epidermis-dermis interface, the
surface temperature shows an increasing trend as the melanin content increases. For the cases without cooling (h = 10 W/m2 · K) and
darker skin tones fv,m = 5 − 10%) in Fig. 13(g) and (h) the surface
temperature abruptly increases to 60◦ C. Temperature spikes lasting
less than a second are suﬃcient to induce pain and burn the skin
surface [42].
In Fig. 13(c) and (d), the temperature proﬁles of the skin tissue under laser irradiation with a controlled cooling are reported.
The peaks of temperature proﬁles are relatively smaller than those
calculated for natural convection cases. The forced cooling also increases the time needed to reach the desired regulated temperature, which decreases the damage on the skin tissue and allows
the heat to penetrate deeper into the tissue. Fig. 12 shows the time
needed to raise the temperature in the epidermis-dermis interface
as a function of laser light energy at 45◦ C for different melanin
11
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Fig. 12. Time required to reach the temperature in the epidermis-dermis interface with respect to laser energy under different convection conditions (h) and melanin volume
fraction ( f v,m ). The plotted data was probed at the geometric centre of the epidermis-dermis interface.

skin content under various cooling conditions. Fig. 11 shows the
temperature distribution within the skin for all eight cases considered here.

and 5% volume fraction of melanin undergo reversible damage in
both convection conditions. However, skin with 10% volume fraction of melanin experiences irreversible damage at its surface. The
high absorption of photo-energy of melanin is responsible for this
behaviour. As the skin is exposed to laser irradiation for comparatively less duration, damage can only be observed within the epidermis.

4.3. Arrhenius damage integral
Quantiﬁcation of damage in biological tissue is deﬁned as the
ratio of concentrations of viable cells before and after temperature
rises to a critical level (45◦ C) in the living tissue. The change in
concentration is due to thermal necrosis of cells. Moritz and Henriques [43] deﬁnes tissue damage in the context of a rate process
model. This model is known as the Arrhenius damage integral.



(x, y, z, t ) = ln

C (0 )
C ( τd )



=A



t

e

−R

E0
T (x,y,z,t )

5. Discussion
The core purpose of the model presented in this paper was
to develop a multiphysics modelling framework for skin thermooptical behaviour in order to offer a rational and quantitative basis
to enable the control of a robotic system for laser photorejuvenation procedures. The correct dosing of thermal stimulation is critical for the safety and success of these treatment procedures. This
controlled dosimetry is also known as concurrent thermal dosimetry [44]. To deliver an accurate thermal dose, a mechanistic understanding of the physics of laser irradiation and propagation into
skin coupled to thermal effects is a must. The model that was developed to address this requirement accounts for the structurophysical properties of the skin whilst also being parametrised by
the characteristics of the laser treatment (e.g. convection condition, laser wavelength, laser diameter and laser energy). Importantly, this novel model offers the ability to quantify the interplay
of optical and thermal phenomena in relations to the structural
properties of the skin which is a complex heterogeneous layered
assembly. Therefore, compared to similar models found in the literature [3,27,45–51], our model offers a new level of ﬁdelity and
captures non-linear feedback mechanisms which are essential in
the development of a controlled robotic system.



dt

(47)

0

Here, A denotes the frequency factor of molecular collision, E0 is
the activation energy for denaturation, and R is the gas constant.
C (0 ) is the initial concentration of the viable cells and C (t ) is the
concentration after time t. According to Moritz and Henriques [43],
 = 1 corresponds to 63% cell viability which is associated with
irreversible tissue damage. In this study, we have used Arrhenius
damage integral to compute the amount of damage inﬂicted to
the skin during laser light irradiation. Fig. 14 shows the amount
of damage that occurred to a skin tissue undergoing laser light at
1064 nm wavelength and 1.5 J energy for 8 − 10 s. In Fig. 14, the
damage is plotted with respect to tissue depth for different cooling conditions and volume fractions of melanin. In all cases,  is
smaller than one, except for the skin tissue with a 10% melanin
volume fraction. This trend is consistent with both the cooling conditions simulated in this study. Fig. 15 reports the spatial distribution of damage that occurred in the skin. Skins having a 1, 2
12
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Fig. 13. Eight cases simulating real-life treatment scenarios. Each case is represented by three graphs. The ﬁrst graph in each case is the impulsive signal with respect to time,
which represents the laser irradiation sequence h(t ). The second graph reports the temperature with respect to time, which shows-he temperature change on the geometric
centre of the skin surface, epidermis-dermis interface and dermis-hypodermis interface after exposing the skin surface to 1064 nm pulsed laser light of 1.5 J. The third graph
in each case is a dissection of the skin to analyse the heat distribution at two time instances. The ﬁrst dissection is at the instant when the temperature reaches 45◦ C at the
centre of epidermis-dermis interface. The other is after maintaining the temperature at 45◦ C for 8 s. All parameters for the 8 simulations were identical except the convection
2
2
2
coeﬃcient (h) and the melanin volume fraction ( f v,m ). These two parameters were: (a) h = 10 W/m · K, f v,m = 1%. (b) h = 10 W/m · K, f v,m = 2%. (c) h = 10 W/m · K,
2
2
2
2
2
f v,m = 5%. (d) h = 10 W/m · K, f v,m = 10%. (e) h = 150 W/m · K, f v,m = 1%. (f) h = 150 W/m · K, f v,m = 2%. (g) h = 150 W/m · K, f v,m = 5%. (h) h = 150 W/m · K, f v,m = 10%.

The numerical methods and analyses described in this paper
were implemented in the general symbolic-numeric software package GNU Octave 6 [52]. The developed code is intended to be used
in conjunction with the skin photorejuvenation robot reported in
Muddassir et al. [15,16] and the work presented here is a logical progression toward the production of a fully automated robotic
system for laser treatment procedures. The behaviour of the mathematical and numerical model was assessed using direct sensitivity
analyses against all its constitutive parameters. Sensitivity analyses
with respect to only the most inﬂuential parameters were reported
in Section 4.1. It was observed that the increase in thermal conductivity of the skin decreased the heat deposition in each control
volume. This is due to the fact that control volumes can transfer
higher heat ﬂux to their neighbouring control volumes when these
control volumes have higher thermal conductivities. As expected,
the temperature of the epidermis is very sensitive to change in
2
convection conditions. From natural convection (h = 10 W/m · K)
to forced cooling (h = 150 W/m2 · K), the temperature within the
epidermis decreases to 18% and the temperature in the dermis
to 9%. For 1064 nm wavelength light, skin behaves as a scattering medium. Its absorption coeﬃcient is relatively smaller than
the scattering coeﬃcient for this wavelength (e.g. for the skin
having melanin volume fraction 1%, the absorption coeﬃcient is
0.66 cm−1 and reduced scattering coeﬃcient is 29.1 cm−1 ). The increase of around 100% in the value of scattering coeﬃcient of der-

mis caused a decrease in the temperature in the epidermis about
18.25%, 9% in the dermis and 2.25% in the hypodermis. This temperature drop agrees with expected optical behaviour of the dermis, as an increase in the scattering property of a medium reduces
its energy absorption capacity.
The proposed numerical method and automatic temperature
control, combined with a photorejuvenation robot, can offer a robust and consistent platform to deliver precise thermal stimulation of the skin. However, by deﬁnition, the current model has
limitations in terms of the physical phenomena and structural effects it accounts for. A more reﬁned model could include the effects of blood vessels density beneath the treated surface, surface curvatures, poroelastic characteristics and surface and heterogeneities within the skin (e.g. hair follicles and sebaceous glands).
Metabolic heat generation is also an important factor to consider
for the modelling of thermal interactions in biological tissues. Such
a source term is not considered in (1) for two reasons: (i) photorejuvenation treatment procedures are performed in a reclined seating position where the metabolic rate is at its lowest [68] and (ii)
laser stimulations for these procedures are applied for extremely
short durations, thus the cumulative effect of metabolic heat generation can be considered negligible.
Of particular importance, the model presented in this papers
considers a spatially-uniform concentration of haemoglobin and
melanocytes (i.e. cells that produce melanin) in skin, but in re13
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Fig. 14. Amount of tissue damage during laser light irradiation under different convection conditions for various skin tones. The solid black vertical line is the epidermisdermis interface.  is pointing towards the epidermis-dermis interface. (a)–(d) are the damage-depth plots when the melanin volume fraction f v,m are 1, 2, 5 and 10%,
respectively.

Fig. 15. Distribution of Arrhenius damage. Coloured mesh representation of skin tissue damage after regulating the temperature at 45◦ C in the epidermis-dermis interface
under different cooling conditions and for various volume fractions of melanin ( f v,m ) or skin tones.
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ality, this protein and these cells have highly heterogeneous distributions [53]. In all the numerical simulations conducted in the
present study a 1064 nm laser light was considered. Pigment chromophores, also present in hair follicles, are susceptible to absorb
this particular electromagnetic wavelength and therefore also affect heat generation within the tissue. It is easy to realise that any
geometric and material perturbation in the skin microstructure has
the potential to signiﬁcantly alter heat generation and distribution.
The effects of nevi and lentigo-also correlated with ethnicity [54],
like melanin would not be relevant as during rejuvenation treatment procedures areas containing them are treated separately.
As alluded in the previous paragraph, accounting for heterogeneities within the skin whether there are related to tissue microstructure or physical properties, offers the prospect of increasing the biological ﬁdelity and accuracy of our model. Heterogeneities in spatial distribution of biophysical properties could
be accounted for by using stochastic ﬁnite element techniques
[55] which can eﬃciently represent stochastic ﬁelds (i.e. random
variables indexed by space) directly in the partial/ordinary differential equations governing the physics of a system.
The effects of thermal expansion due to increase in temperature
might also be important to consider.
To enable more ﬂexibility in terms of simulation domain geometry and constitutive behaviour the model presented in this study
could be developed further by implementing it into a robust multiﬁeld ﬁnite element formulation. This numerical framework would
make our current model unsuitable for near real-time computations but would offer the ability to model complex coupled physics
problems over unstructured domains of arbitrary complexity under
complex Dirichlet and Neumann conditions. Such an off-line simulator could assist in running large scale parametric and optimisation studies, with great accuracy. For example, the ﬁnite strain
thermo-mechanical ﬁnite element formulation for skin of McBride
et al. [56] could be used to study contact-based rejuvenation treatments like those based on radio frequency and intense pulsed light
(IPL).
Arrhenius damage integral provides a framework to quantify
the viability of a tissue subjected to controlled or uncontrolled cell
necrosis. In the eight cases analysed in this study, the cell viability
in only two cases, with 10% melanin volume fraction, was not ensured ( exceeds 1). This suggests that special care is required to
select laser energy and intensity for darker skin tones.
Experimental evaluation of photo-thermal skin-laser interactions (e.g. [57]) is needed to validate the presented numerical
model. It was found that temperature distributions with respect
to time and depth are in line with those of comparable studies
[21,27,57,58]. An experimental setup may contain an artiﬁcial skin
surrogate such as that reported in Chen et al. [59], which can
attempt to mimic the thermo-mechanical and optical properties
of living tissue and can be fabricated with embedded temperature sensors. Despite our inability to faithfully model the complex
physics of skin-laser interactions such an experimental platform
would offer the ability to validate the mathematical and numerical models/methods and the control system to be used in driving
a photorejuvenation robot. Clinical studies would be conducted in
the later stages of this study.

and settings of the laser. Extensive parametric analyses were conducted to assess the performance of the model which demonstrated the pertinence of the biophysical skin parameters and
physical parameters of the laser source included in the model. Numerical analyses highlighted signiﬁcant differences in laser treatment response according to skin type and biophysical properties.
The implications of these ﬁndings are very important, particularly
in the light of the ageing of ethnically-diverse populations as ageing induces degradation of the biophysical properties and physiological functions of the skin [37,60]. Moreover, there is strong evidence of correlations between ethnicity and certain biophysical
properties including skin elasticity and tissue composition [61–63].
These facts support the need for developing next-generation biophysical models of skin that would be parametrised by age, ethnicity and also biological sex, so that a new level of biological ﬁdelity
could be achieved.
These facts support the need for developing next-generation
biophysical models of skin that would be parametrised by age, ethnicity and also biological sex, so that a new level of biological ﬁdelity could be achieved.
The model presented in this paper paves the ways for smart
robotic systems for photorejuvenation procedures that are based
on predictive biophysics-informed numerical simulations. Ultimately, such systems will offer a viable option for personalised
treatment which will improve eﬃciency, safety and outcome of
current treatment procedures.
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