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ARTICLE INFO ABSTRACT

Keywords: Laser tattoo removal is a widely adopted clinical procedure due to its precision and minimal invasiveness;
Laser however, predicting the required number of treatment sessions remains a major challenge. This study developed
Tattoo

a numerical Multiphysics model to predict the number of sessions necessary for effective tattoo removal,
providing a systematic and quantitative approach to optimize treatment parameters. The model integrates light
Multiphysics modeling transport, bioheat transfer, and mass transfer equations to simulate temperature distribution, optical absorption,
Numerical analysis and ink concentration in multilayered skin tissue. Numerical simulations were conducted in COMSOL Multi-
Simulation physics using a 1064 nm laser at fluences of 0.3-6 J/cm? with a 450 ps pulse duration. The effects of laser
fluence, initial ink concentration (10% and 20%), and tattooed dermis thickness (0.05 and 0.07 mm) on tem-
perature and pigment removal efficiency were analyzed. Model validation against numerical and experimental
data demonstrated strong agreement. Results indicate that higher fluence significantly enhances pigment
removal, whereas greater ink concentration and thicker tattooed dermis increase the required number of ses-
sions. The predicted number of sessions (3-7) aligns well with clinical observations, confirming the model's
reliability. The proposed framework establishes a predictive basis for optimizing laser parameters and supports
personalized, more efficient tattoo removal treatments.

Biological skin
Bioheat

selective photothermolysis, wherein light energy is preferentially
absorbed by tattoo pigments exhibiting higher optical absorption co-
efficients than the surrounding dermis [5]. The wavelength is chosen
according to the absorption spectrum of the pigment—for instance, 532
nm for red pigments and 1064 nm for darker pigments such as black or
blue [6,7]. Upon absorption, laser energy is rapidly converted into
thermal and mechanical effects, resulting in intense localized heating
and the generation of shock waves within short pulse durations [8,9].
These effects induce pigment fragmentation through thermal expansion
and stress, reaching peak temperatures of approximately 1400 °C,
which, if not properly controlled, may risk adjacent tissue damage [10].
The resulting microscopic debris is subsequently cleared through
lymphatic drainage and immune processes over the weeks following
treatment [10,40].

In clinical practice, the effectiveness of tattoo removal is typically
determined empirically based on physician experience, resulting in

1. Introduction

Tattoos have gained widespread popularity across various age
groups and cultures; however, many individuals later seek their removal
for personal, professional, or medical reasons. Among the available
techniques, laser treatment has become the gold standard due to its high
precision, minimal invasiveness, and ability to selectively target tattoo
pigments without causing significant damage to surrounding tissues
[1,2]. The efficacy of laser tattoo removal depends on several key pa-
rameters, including laser wavelength, fluence, pulse duration, spot size,
ink type, pigment depth, and particle size [3]. Optimizing these pa-
rameters is essential to maximize pigment clearance while minimizing
undesirable side effects such as scarring, hypopigmentation, or incom-
plete pigment removal [4].

The fundamental mechanism underlying laser tattoo removal is
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Nomenclature

c Speed of light in the tissue (m/s)

Cink Ink concentration (kg/mg)

Cc Specific heat capacity (J/kg K)

D Optical diffusion coefficient (m)

Dy Tattooed dermis thickness (mm)

g Anisotropy factor

k Thermal conductivity (W/m K)

L Latent heat (kJ/kg)

Mink.d Rate of ink degradation (kg/m>®

n Refractive index

Piaser Fluence rate (J/cm?)

Qevap Heat loss due to water evaporation (W/m2)
Qext External heat source term due to laser irradiation (W/m>)
Qmet Metabolic heat generation W/m®)

R Ratio of reflected light

T Temperature (K)

Vink Volume fraction of ink

W(T) Water tissue density as temperature function (kg/m?)
Wi (T) Ink density as temperature function (kg/m®)
t Time (s)

x Spatial coordinate or space dimension (m)
Greek symbols

p Density (kg/m>)

(%) Light intensity (W/mz)

Wy Blood perfusion rate (1/s)

Ha Absorption coefficient (1/s)

Up Scattering coefficient (1/m)

Subscript

b blood

ink ink

met metabolic

ext external

considerable variability in treatment outcomes, the number of required
sessions, and overall patient satisfaction. To address these in-
consistencies, mathematical and computational modeling has been
increasingly employed to investigate the underlying mechanisms of
laser-tissue and laser—ink interactions. Such models provide a cost-
effective and noninvasive framework for analyzing the effects of laser
parameters, tissue optical properties, and ink characteristics, thereby
complementing experimental and clinical observations.

Over the past decade, modeling approaches in laser therapy have
been successfully applied to a wide range of biomedical problems
[11-13], including laser hair removal [14], laser skin welding [15,16],
and tumor ablation [17,18]. Furthermore, the thermo-mechanical
behavior of skin tissue under laser irradiation has been extensively
investigated [14,19-21], demonstrating the capability of mathematical
models to describe coupled heat transfer, stress evolution, and defor-
mation phenomena in biological tissues exposed to laser energy. How-
ever, previous studies on laser tattoo removal have employed both
numerical and experimental methods to elucidate the physical processes
governing pigment elimination, such as pressure-wave generation and
stress distribution [22,23], particle fragmentation [24], and pigment
clearance dynamics [25]. These simulations have further enabled direct
visualization of the photomechanical mechanism during laser tattoo
removal [26,27], providing deeper insight into transient thermo-
mechanical responses that are often difficult to capture. Such findings
complement theoretical modeling efforts and contribute to a more
comprehensive understanding of the underlying mechanisms governing
laser tattoo removal. In addition, nevus of Ota treatment is similar to
laser tattoo removal in that both involve laser interactions with pig-
mented lesions in the skin. Accordingly, previous simulation studies on
nevus of Ota, such as those by Xiao et al. [41] and Deng et al. [42], are
also relevant to the present work. In particular, these studies employed
local non-equilibrium heat transfer models to analyze the thermal
response during laser treatment, while laser energy deposition and light
propagation in tissue were evaluated using the Monte Carlo method.
Therefore, these studies provide a relevant theoretical basis for the
present work, while the current study extends the analysis specifically to
laser tattoo removal.

Although these studies have substantially advanced the under-
standing of laser-tissue interactions, most have primarily focused on
transient thermal and mechanical responses. Moreover, in the context of
mathematical modeling, only a few studies have presented compre-
hensive frameworks capable of analyzing optical parameters and
quantitatively predicting the required number of treatment sessions.
Hence, the present study developed a one-dimensional Multiphysics

model of multilayered skin using COMSOL Multiphysics to simulate
coupled laser-tissue interactions during tattoo removal, focusing on the
light, thermal, and mass responses such as laser intensity, temperature
distribution, and residual ink concentration. The model integrates the
light transport, bioheat transfer, and mass transfer equations to describe
the coupled mechanisms of heat transfer and ink-mass reduction gov-
erning energy absorption and pigment decomposition within the tat-
tooed dermis. The reliability of the model was assessed by validating the
simulation results against both numerical and experimental data, as well
as available clinical reports. The proposed model provides a quantitative
and predictive tool for optimizing laser parameters, minimizing inter-
patient variability, and supporting personalized and efficient tattoo-
removal planning. This work bridges biomedical laser applications
with the fundamental theories, underscoring the importance of Multi-
physics coupling in accurately predicting therapeutic outcomes.

2. Methods and model

Fig. 1(a) illustrates the schematic diagram of the laser tattoo removal
process. In the simulation, an Nd:YAG laser with a wavelength of 1064
nm was applied at fluence levels of 0.3, 4, and 6 J/cm?, with a pulse
duration of 450 ps. These laser parameters were selected based on
published treatment guidelines for the PicoWay laser system in skin of
color [39]. The selected fluence values fall within the clinically reported
treatment range of the PicoWay system. In addition, the simulated
condition corresponds to the 1064-nm picosecond Nd:YAG configura-
tion of the PicoWay platform (Syneron Candela Corp., Wayland, MA,
USA), for which a pulse duration of 450 ps has been reported in clinical
studies and technical specifications [35,36].

Moreover, Fig. 1(b) presents the one-dimensional computational
model developed using COMSOL Multiphysics. The model was designed
to simulate coupled light, heat, and mass transfer phenomena within
multilayered skin tissue. A one-dimensional geometry was adopted
because the skin thickness is relatively small compared with the laser
spot size. However, previous studies have also shown that the laser spot
diameter affects the penetration depth of pulsed lasers [43], indicating
that spot size remains an important factor in laser energy deposition.
Since the present model focuses on the local laser-tissue response
beneath the irradiated region, and actual laser tattoo removal is typi-
cally performed by repetitive scanning over the skin surface, each irra-
diated location can be reasonably approximated as a local one-
dimensional problem in the depth direction. Therefore, the one-
dimensional assumption was considered appropriate for the present
analysis, while also reducing the computational cost compared with
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Fig. 1. (a) Schematic diagram of laser tattoo removal treatment and (b) 1D computational domain.

two- or three-dimensional models. The simulations were performed to
examine the temperature distribution, ink concentration reduction, and
to estimate the number of treatment sessions required for complete
tattoo removal.

2.1. Physical model

The computational domain consisted of three layers: the epidermis
(0.05 mm), the tattooed dermis (0.05 and 0.07 mm), and the dermis
(1.90 and 1.88 mm). Tattoo pigment has been reported to be deposited
in skin layers beneath the epidermal tissue [10,28]. Sardana et al. [10]
reported an ink deposition depth of approximately 0.4 mm, whereas
Izikson et al. [28] provided photographic evidence from porcine skin
confirming pigment deposition below the epidermal tissue, although the
corresponding depth was not quantitatively specified. Accordingly, the
thickness of the tattooed dermis adopted in the present model was
assumed. The tattooed dermis was further assumed to contain ink con-
centrations of 10% and 20% by volume, representing different pigment
densities within the tissue. In addition, the pigment particles were
assumed to be uniformly distributed and isotropic within the tattooed
dermis, corresponding to two initial ink concentration scenarios (Vi =
0.1 and 0.2), as described in the previous section.

2.2. Light transport analysis

Laser energy deposition within the skin layers was described using
the diffusion approximation for light transport, which has been widely
applied in similar laser-tissue interaction studies [14,21,29,30]. The
governing time-dependent diffusion equation employed in the present
study was adopted from Patterson et al. [38]. For simplification of the
problem, the following assumptions are made:

(1) The skin tissue was assumed to be optically homogeneous and
isotropic within each layer.

(2) The optical properties were assumed to be constant.

(3) The effect of ink density variation on optical properties was
ignored.

19 ) B
S5@ DVo+uo=5 @
D =[3(u,+ (1 — gy @

Where @ is the intensities of laser (W/m?2), D is the optical diffusion
coefficient (m) of skin tissue, c is the speed of light in the human skin (m/
s), u, is the absorption coefficient (1/m) of skin, y, is the scattering

coefficient (1/m) and g is the optical anisotropy factor, S is the laser
source (W/m>). At the skin surface (x = 0 mm), the laser is assumed to
deliver continuous and uniform irradiation in the depth direction. A
Gaussian beam profile was not considered, since the present one-
dimensional model represents the central region of the laser beam and
simplifies the light transport analysis.

—ne ( - DV@) = (1 - R)P(t)laser (3)

Where P(t),,. is the laser irradiance at the upper surface (W/m?).
The lower surface (x =2mm) is assumed that laser flux continuous
boundary condition.

—ne(-DV@)=0 4

The internal interfaces between each tissue are assumed to be under
continuity boundary condition.

ne (DV@, —DV@,) =0 (5)

2.3. Heat transfer analysis

The temperature evolution within each layer was analyzed using a
modified Pennes bioheat equation that incorporated laser energy
deposition and water evaporation [31,32]. The following assumptions
were made:

(1) The skin tissue properties were assumed to be isotropic and
homogeneous.

(2) Thermal properties such as tissue density, specific heat capacity,
thermal conductivity, and blood perfusion rate were considered
constant.

(3) The effect of ink density variation on thermal properties was
neglected.

(4) The interfaces between the tissue layers were assumed to be
smooth.

(5) Water evaporation was considered according to the water tissue
density function.

(6) Laser energy was included as an external heat source term.

oT
pCE = V ° (kVT) +pbcbwb(Tb - T) + Qmet + Qlaser + Qevap (6)
Qlaser = ﬂa® (7)
Qevap = mevapL (8)

Where p is tissue density (kg /m®), C is tissue heat capacity (J/kg K),
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k is thermal conductivity (W/m K), Tj is the blood temperature (37" C),
p, is the blood density (1060 kg/m?®) [20], Cy is the specific heat capacity
of the blood (3660 J/kg K) [20], wy, is the rate of blood perfusion (1/s),
Qner is metabolic heat generation (W/m?), Qi considering of term
external heat sources of laser deposition (W/m?®), and Q.q is the heat
loss due to water evaporation (W/m?), L is latent heat (2260 kJ/kg)
[32]. Yang et al. [32] introduced the water content as the function of
temperature during thermal ablation process. Hence, the water change
due to water evaporation is described as functions of temperature as

follows:
1—ex T—-106
P{7322

0.03713T° +11.47T2 +1182T — 40582,103 < T < 104
oo (80T
P\3437
()]

According to the present three-layer model, consisting of the
epidermis, dermis, and tattooed dermis, the water content function
proposed by Yang et al. [32] has been modified. The modified expres-

sion is given as follows:
1 exp(T—106
P 7342
0.03713T3 +11.47T? +1182T — 40582,103 < T <104
e (80T
P 3437

The water evaporation rate was calculated using the chain rule de-
rivative of W(T) as follows:

T<103
W(T) =778 x

T>104

T<103

W(T) = Wip,

T>104

(10

o _dW(T) _ow(T) oT
“® T dt  oT ot

Where W, is initial water contents of each layer (%), which assume to
be 70% for all layers. In addition, the thermal conductivity of the skin
tissue, influenced by the presence of tattoo ink within the tattooed
dermis, is determined using Eq. (12) [34].

(€8]

1 1-V -
1 1=V, Vi 12)

km'm kdermis ktattoo

where kp is the effective thermal conductivity of the tattooed dermis
(W/m K), Viy is the volume fraction of tattoo ink, kgermis is the thermal
conductivity of dermis, and kiatoo is the thermal conductivity of the
tattoo ink. For boundary conditions, the skin surface (x = 0 mm) under
convection boundary conditions.

—Ne (kVT) = hT(TairfT) (13)

Where T,; is the ambient temperature (25°C) and hy is heat transfer
coefficient (10 W/(m? K). The internal interfaces between each tissue
are smooth, which means no contact thermal resistance. So, it is
assumed to be under a continuity boundary condition.

ne (kuVTu — deTd) =0 (14)
2.4. Ink concentration analysis

The temporal variation of ink concentration in the tattooed dermis
was modeled using the species equation. The following assumptions
were made:

(1) Ink particles were uniformly distributed within the tattooed
dermis at the initial state.

(2) Ink diffusion within the tissue was neglected to simplify the
analysis of laser-induced pigment fragmentation, as pigment mobility is
extremely low in skin tissue.
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(3) Ink degradation was governed by a reaction rate dependent on
local temperature.
(4) Mass exchange between adjacent layers was neglected.

OCink
ot

= Minkd (15)

The rate of ink degradation was calculated using the chain rule de-
rivative of ink density, Wi (T) as follows:

Wik (T) con > 0 kg / m?
Mink d dr (16)
07 Cink S 0 kg/ m
Where
AWirk (T) _ Wi (T) oT
dt  oT ot a7

cink is ink concentration (kg/m®), my 4 is the rate of ink degradation
(kg/m3 s), Wi (T) is the temperature-dependent density (kg/m?) [24] is
shown in Fig. 2. In addition, the piecewise function in Eq. (16) ensures
that ink degradation occurs only in local regions where ink still exists
(cink > 0). Once the pigment is fully decomposed (ci < 0), the degra-
dation rate becomes zero. This mechanism reflects the physical reality of
laser tattoo removal, preventing non-physical negative concentrations.
For the boundary conditions, the upper (x = 0.05mm) and bottom
tattooed dermis layer are under no flux boundary conditions as follows:

—ne (Dinkvcink) =0 (18)

For the initial condition, the initial temperature was set to 37 °C, the
initial intensity was 0 W/m?, and initial ink concentration (V) was set
to 10% and 20% of tattoo density.

3. Numerical procedure

The computational model was implemented in COMSOL Multi-
physics using a one-dimensional geometry to represent multilayered
skin consisting of the epidermis, tattooed dermis, and dermis. The heat
transfer analysis was performed using the Heat Transfer in Solids
module, while the light transport and ink degradation analyses were
implemented through the coefficient form PDE interfaces. A time-
dependent study was conducted to simulate a single laser pulse with a
duration of 450 ps at a wavelength of 1064 nm and fluence levels of 0.3,
4, and 6 J/cm?. All material properties used in the present study are
listed in Table 1. A non-uniform mesh was employed based on the mesh

1200+

1000+

800

Ink density (kg/m?)

600

0 200 400 600 800 1000
Temperature (°C)

Fig. 2. Temperature-dependent ink density used in ink degradation
modeling. [24].
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Table 1

Thermal, mechanical and optical properties used in this study.

International Communications in Heat and Mass Transfer 175 (2026) 111192

Properties Epidermis Dermis Ink tattoo Tattooed dermis Tattooed dermis
(Vink = 0.1) (Vink = 0.2)
Density, p (kg/m3) 1200 [14] 1090 [14] 1220 [24] 1103 1116
Specific heat of tissue, C (J/Kg K) 3950 [14] 3350 [14] 1800 [24] 3179 3011
Thermal conductivity, k (W/m K) 0.24 [14] 0.42 [14] 46.19 [24] 0.47 0.52
Blood perfusion, @y, (1/5) — 0.0031 [20] — 0.0031 [20] 0.0031 [20]
Metabolic heat generation, Qe (W/m?) - 368 [20] - 368 [20] 368 [20]
Absorption coefficient, y, (1/m), 1064 nm 571.16 [33] 25.24 [33] 525,300 [23] 52,553 105,080
Scattering coefficient, y; (1/m), 1064 nm 19,073 [33] 11,383 [33] 11,500 [23] 11,395 11,407
Anisotropy, g, 1064 nm 0.85 [22] 0.85 [22] 0.85 [22] 0.85 [22] 0.85 [22]
Refractive index, n 1.37 [29]
Ratio of reflected light, 1064 nm 0.05 [13]

convergence analysis, as shown in Fig. 4. Specifically, local mesh
refinement was applied in the epidermis and tattooed dermis, with an
element size of 5 x 10~® mm, while a coarser mesh with an element size
of 2 x 1072 mm was used in the dermis. The total number of elements in
the computational domain was approximately 20,000. To enhance
computational stability, the physics interfaces for light transport, heat
transfer, and ink concentration were solved sequentially using a segre-
gated solver. The maximum number of nonlinear iterations per segre-
gated step was set to 20. Adaptive time stepping with a relative tolerance
of 1 x 10~* was employed, and the initial and maximum time steps were
set to 0.001 and 1 ps, respectively. The key simulation outputs included
temperature distribution, maximum temperature, ink concentration
reduction, and the estimated number of treatment sessions.

4. Validation of the model

The experimental and numerical results reported by Paul and Paul
[34] were used to evaluate the accuracy of the present numerical model
under identical testing conditions. In their experiment, an agar-based
tissue phantom was irradiated using a continuous-wave laser with a
wavelength of 800 nm. The incident laser power was assumed to follow
a Gaussian distribution [17,30], with an average beam intensity of
32,000 W/m? and a beam radius of 2.5 mm. The optical and physical
properties of the tissue phantom used in the simulation are summarized
in Table 2, based on data obtained from the literature [34]. In addition,
numerical results from Preechaphonkul et al. [21] were employed to
further validate the accuracy of the proposed model under similar
simulation conditions. The light intensity distribution at a wavelength of
500 nm was selected for comparison.

5. Results and discussion
5.1. Validation of simulation results

The validity of the present model was evaluated by comparing the
predicted temperature evolution in a tissue phantom with existing
experimental data. The simulation results showed close agreement with
the experimental measurements reported by Paul and Paul [34], as
presented in Fig. 3(b), confirming that the model accurately reproduces
the thermal response under laser irradiation. Furthermore, the light
intensity distribution obtained from the light transport model in the
present study exhibited strong consistency with the numerical results of

Table 2
Properties of tissue phantom [34].

Properties Phantom Tissue (agar)
Tissue density,p (kg/m?®) 1050

Specific heat of tissue, C (J/(Kg K)) 4219

Thermal conductivity, k (W/(m K)) 0.66

Absorption coefficient, p, (1/m) 530

Scattering coefficient, p; (1/m) 40

Preechaphonkul et al. [21], as illustrated in Fig. 3(c). These validations
confirm the reliability of the proposed numerical framework for tattoo
removal simulations.

5.2. The light transport though skin

Fig. 5 presents the spatial distribution of laser intensity across the
skin layers for fluences of 0.3, 4, and 6 J/cm?, with ink volume fractions
(Vi) of 0.1 and 0.2. In all cases, the laser intensity decreases gradually
within the epidermis and drops sharply upon entering the tattooed
dermis. This discontinuity at the epidermis-tattooed dermis interface
results from the pronounced difference in optical absorption and scat-
tering between pigmented and non-pigmented tissues, corresponding to
the variation in the optical diffusion coefficient of each layer, as sum-
marized in Fig. 6. This behavior demonstrates the limited light pene-
tration in regions with significantly different optical properties, such as
the epidermis, dermis, and tattooed dermis. Moreover, the initial ink
concentration strongly influences light transport. At lower ink concen-
trations (Vi = 0.1), the laser penetrates more deeply into the tattooed
dermis, whereas higher ink concentrations (Vi = 0.2) lead to stronger
attenuation and shallower penetration. This trend is consistent across all
fluence levels considered (0.3, 4, and 6 J/cmz) and has practical im-
plications for the treatment of pigments located deeper within the
dermis. These results highlight that both laser fluence and ink concen-
tration play a critical role in determining energy deposition and pene-
tration depth.

5.3. The temperature distribution

Figs. 7 and 8 present the temperature distributions across the skin
layers for fluences of 0.3, 4, and 6 J/em?, with ink volume fractions
(Vi) of 0.1 and 0.2. In all cases, a sharp temperature peak is observed at
the beginning of the tattooed dermis layer (x = 0.05 mm), corresponding
to the region of maximum optical absorption due to the high pigment
concentration. This localized heating arises from the higher absorption
coefficient of the tattooed dermis compared to other layers. Increasing
the laser fluence from 0.3 to 6 J/cm? markedly elevates the peak tem-
perature. The maximum temperatures under all conditions are sum-
marized in Fig. 9, which reveals that higher initial ink concentrations
lead to greater peak temperatures, reflecting enhanced optical absorp-
tion. For a tattooed dermis thickness of 0.05 mm, the maximum tem-
peratures are 97.1 °C (Vyx = 0.1) and 101.2 °C (Vyx = 0.2) at 0.3 J/cm?%;
875.2 °C (Vi = 0.1) and 2188.4 °C (Vig= 0.2) at 4 J/cm? and
1516.9 °C (Vi = 0.1) and 3499.8 °C (Ve = 0.2) at 6 J/cm?. A similar
trend is observed for the 0.07 mm tattooed dermis The high temperature
predicted in Figs. 7 and 8 is consistent with previous simulation findings.
Humphries et al. [23] also reported markedly elevated temperatures
under laser irradiation, in the range of approximately 200-4300 °C, with
the temperature strongly dependent on the applied fluence. A similar
trend was observed in the present study, where the temperature
decreased across the tattooed dermis with increasing distance from the
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Fig. 3. (a) The computational workflow, and (b) comparison of temperature rise between the present study and experimental data from Paul and Paul [34] and (c)
comparison of intensity between the present study and numerical result obtained Preechaphonkul et al. [21].
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Fig. 5. The spatial distribution of laser intensity within the skin layers for
fluences of 0.3, 4, and 6 J/cm? and ink volume fractions of 0.1 and 0.2.
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Fig. 8. Temperature distribution along the skin depth under different laser
fluences and ink volume fractions for tattooed dermis of 0.07 mm.

International Communications in Heat and Mass Transfer 175 (2026) 111192

heat source. This further supports that the maximum temperature is
highly localized and occurs only within a limited region during laser
irradiation. The elevated temperature in the present study occurs only
momentarily during laser irradiation and represents a highly transient
local response after the pigment absorbs laser energy. Such a rapid and
intense temperature rise may be sufficient to induce plasma-related
phenomena, which have been suggested to contribute to pigment frag-
mentation and redistribution during tattoo removal [23,26]. Therefore,
the predicted high temperature in the present study is physically plau-
sible under localized laser—pigment interaction conditions. These results
demonstrate the significant influence of laser fluence on the thermal
response during tattoo removal. Increasing the laser fluence leads to a
pronounced temperature rise, particularly within ink-pigment-rich re-
gions such as the tattooed dermis. Moreover, the lower temperature
regime at 0.3 J/cm? appears insufficient for pigment fragmentation. The
steep temperature gradient at the tattooed dermis interface further in-
dicates limited thermal diffusion during the 450 ps pulse, thereby
minimizing collateral thermal damage to adjacent tissues. The simula-
tions highlight the critical interplay between laser fluence and ink
concentration in determining the efficiency and safety of the tattoo
removal process. While high fluence levels generate the intense local-
ized heating necessary for effective pigment fragmentation, excessive
energy delivery may induce overheating and potential damage to ther-
mally sensitive skin structures.

5.4. The ink concentration

Fig. 10(a) and 10(b) illustrate the spatial distribution of residual ink
concentration within the tattooed dermis for two layer thicknesses (0.05
mm and 0.07 mm) under laser fluences of 0.3, 4, and 6 J/cm?, with ink
volume fractions (Vi = 0.1 and 0.2). In all cases, the ink concentration
remains nearly constant in regions beyond the primary absorption zone,
while a sharp decrease occurs near the surface of the tattooed dermis,
corresponding to the region of maximum optical absorption and highest
temperature rise. These results indicate that pigment removal occurs in
regions where laser energy deposition is highest and the temperature is
sufficiently elevated to induce pigment fragmentation. At higher flu-
ences of 4 and 6 J/cm?, the steep decline in ink concentration near the
surface becomes more pronounced compared with 0.3 J/cm?, indicating
enhanced pigment decomposition. The initial ink concentration also
influences the reduction pattern: higher concentrations (Vi = 0.2)
result in more localized and abrupt decreases near the absorption peak
due to concentrated heat absorption, whereas lower concentrations
(V= 0.1) allow deeper light penetration and lead to a broader, more
distributed reduction profile. When comparing the two dermal thick-
nesses, the thicker tattooed layer (0.07 mm) exhibits a localized
degradation pattern concentrated near the upper interface, suggesting
that the effective depth of photothermal interaction is confined to the
region of highest absorption. Overall, these results demonstrate that the
efficiency of laser tattoo removal is governed primarily by laser fluence
and initial ink concentration. An optimal combination of high fluence
and moderate-to-low pigment concentration enhances localized
pigment removal.

5.5. The estimation of laser tattoo removal session

In this section, the estimation of the number of laser tattoo removal
treatment sessions was approximated using the simulation results
derived from the ink concentration profiles. The percentage of ink
removal per session was evaluated using Eq. (19), as expressed below:

Co,ink — Cink)

The ink removal (%) = 100 x /( dx 19)

Co,inkDea

Where Dy, is the thickness of tattooed dermis (0.05 and 0.07 mm), Cinx
is current ink concentration (kg/m3), and coix is the initial
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Table 3

Reports obtained from literature of laser tattoo removal by picosecond laser
tattoo removal treatment.

Table 4

0.12

Estimated number of treatment sessions required for laser tattoo removal based
on laser fluence levels and different tattooed layer thickness.

Author Wavelength ~ Energy Pulse No. Ink type
setting duration sessions
(J/cm?) (ps)
Lorgeou 1064 2-8.4 450 2—4 Black
et al. [35]
Bernstien 1064 0.65 450 7 Black
et al. [36]
Ross et al. 1064 0.4 35 4 Black, Blue,
[371 Green,
Purple

concentration (kg/m3).

The clinical data reported in the literature were summarized in
Table 3 and serve as benchmark references to assess the reliability of the
present model. The simulated percentage of ink removal per session and
the estimated number of treatment sessions are presented in Table 4. For
all cases, the results confirm that the laser parameters strongly influence
treatment outcomes. High-fluence irradiation (4-6 J /cm?) provides
more efficient tattoo removal compared to low fluence (0.3 J/cm?), as
the latter requires a greater number of treatment sessions (12-28 ses-
sions) to achieve comparable ink clearance. In addition, a higher initial

Fluence Vink Pulse Tattooed Ink removed per Estimated
J/em?) () width dermis session Session
(ps) thickness, D (%),Removed% N =
(mm) 100

Removed%

0.3 0.1 450 0.05 8.51 11.75 =12

0.3 0.2 450 0.05 3.67 27.24 ~28

4 0.1 450 0.05 39.49 2.53 =3

4 0.2 450 0.05 20.31 4.92 =5

6 0.1 450 0.05 47.36 2.11 =2

6 0.2 450 0.05 24.70 4.05~5

0.3 0.1 450 0.07 6.17 16.21 =17

0.3 0.2 450 0.07 2.62 38.13 =39

4 0.1 450 0.07 29.41 3.40 =4

4 0.2 450 0.07 14.49 6.90 ~ 7

6 0.1 450 0.07 35.57 281 ~3

6 0.2 450 0.07 17.65 5.66 ~ 6

0.65 0.1 450 0.05 14.65 6.82~7

0.65 0.2 450 0.05 5.46 18.30 ~ 19

0.4 0.1 35 0.05 10.59 9.44 ~10

0.4 0.2 35 0.05 4.27 23.39 ~ 24
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ink concentration (Vi = 0.2) slightly reduces the percentage of ink
removed per session; consequently, more sessions are required
compared to lower ink concentrations (V= 0.1).

Furthermore, the thickness of the tattooed dermis also influences the
treatment outcome. Thicker layers require more sessions due to deeper
pigment distribution and reduced light penetration, which result in a
larger amount of residual ink pigment initially retained within the skin
tissue. It should be noted that the thickness of the tattooed dermis rep-
resents the degree of pigment deposition, where a thicker layer typically
indicates a denser and more concentrated ink distribution. The esti-
mated number of sessions (N) ranges from 3 to 5 sessions for fluences of
4-6 J/cm? with a tattooed dermis thickness of 0.05 mm, showing strong
agreement with clinical observations reported by Lorgeou et al. [35],
who documented 2-4 sessions under comparable conditions. At a flu-
ence of 0.65 J/cm? and a dermis thickness of 0.05 mm, the model pre-
dicts approximately 7 sessions, which matches the 7 sessions reported by
Bernstein et al. [36]. In contrast, the model slightly overpredicts the
required number of sessions, estimating 10 sessions compared with 4
sessions reported by Ross et al. [37] at a fluence of 0.4 J/ cm?. However,
it should be noted that the present model does not explicitly account for
microbubble or cavitation effects around heated pigment particles.
Previous studies have shown that rapid laser heating can induce cavi-
tation bubble formation in the surrounding tissue, which may affect
local thermal diffusion, tissue response, and pigment fragmentation
behavior [26,27,44]. In addition, cavitation bubble expansion may
generate local mechanical stress and contribute to tissue damage near
the pigment particles [22]. Therefore, the present model should be
interpreted as a simplified representation focused on light transport,
heat transfer, and mass transport, while bubble-related effects remain a
limitation to be addressed in future studies. Consequently, the proposed
model showed good predictive performance by capturing the relation-
ship between fluence, pigment characteristics, and treatment efficiency.
These findings support the capability of the model to estimate the
required number of treatment sessions and to identify suitable fluence
ranges for different clinical scenarios, thereby providing a useful
computational framework for treatment planning and optimization in
laser tattoo removal.

6. Conclusion

This study presents a comprehensive Multiphysics model for simu-
lating laser tattoo removal, focusing on the coupled effects of laser flu-
ence, initial ink concentration, and tattooed dermis thickness on
treatment efficiency. The model integrates light transport, heat transfer,
and mass diffusion phenomena to accurately describe the photothermal
response and pigment-removal dynamics within tattooed skin under
laser irradiation. Model validation against both experimental data (Paul
and Paul [34]) and numerical results (Preechaphonkul et al. [21]) at a
wavelength of 500 nm confirms its accuracy and reliability in predicting
temperature rise, ink reduction, and spatial energy absorption.

The principal findings are summarized as follows:

(1) Higher fluence levels (4-6 J/cm?) yield significantly greater
tattoo-removal efficiency compared with 0.3 J/cm?, due to enhanced
pigment fragmentation and increased optical energy absorption within
the tattooed dermis.

(2) The initial ink concentration strongly influences treatment per-
formance; higher pigment densities require a greater number of sessions
to achieve complete clearance.

(3) Increasing tattooed-dermis thickness proportionally raises the
number of sessions needed for complete removal, owing to deeper
pigment embedding and reduced light penetration, which limit the
effective energy reaching the deeper pigment regions.

(4) The predicted number of sessions (3-7) shows strong agreement
with clinical observations reported by Lorgeou et al. [35], Bernstein
et al. [36], validating the model's predictive capability.

The present modeling framework provides an effective
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computational tool for personalized treatment planning, enabling cli-
nicians to select optimal laser parameters, minimize the number of
treatment sessions, and improve both treatment safety and patient
satisfaction. Despite its strong predictive capability, several limitations
should be acknowledged. The model assumes homogeneous optical and
thermal properties across all skin layers, which may not fully capture the
inherent heterogeneity of biological tissue. Moreover, the pigment dis-
tribution was considered uniform, while in reality, particle size, density,
and spatial distribution vary, affecting local light absorption and heat
transfer. In addition, the present model could inspire future studies on
other thermal therapy modeling applications, particularly those
involving complex coupled phenomena.

Future work should focus on extending the model to incorporate
multi-wavelength laser simulations for more accurate representation of
multicolored tattoos and on including patient-specific parameters—such
as pigment type, particle size distribution, and dermal geometry—to
enhance clinical realism and predictive accuracy. Such developments
will further advance personalized and efficient planning for laser tattoo
removal.
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