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Introduction

Low-level Laser Therapy (LLLT), also referred to as photobio-
modulation, employs low-intensity laser light to stimulate cel-
lular activities and enhance healing mechanisms. Specifically, 
it is used to promote tissue regeneration, alleviate inflamma-
tion, and provide pain relief1,2. 

LLLT primarily works by activating cytochrome c oxidase, 
an essential enzyme in the mitochondrial respiratory chain. 
This activation boosts cellular respiration and ATP produc-
tion, thus supplying more energy for cellular repair and re-
generation. The laser light is absorbed by cellular photorecep-
tors, initiating photochemical reactions that stimulate cellular 
functions3. This process aligns with the Grotthuss-Draper 
law, which posits that light must be absorbed by a chemical 

substance to trigger a photochemical reaction4,5. According to 
Posten et al.,6 the characteristics of low-level lasers include: 
a) Power output ranging from 0.001 to 0.1 Watts; b) Wave-
lengths spanning from 300 to 10,600 nm; c) Pulse rates vary-
ing from continuous (0) up to 5000 Hertz (cycles per second); 
d) Intensity levels of 0.15 to 10 mW/cm², and dosages between 
0.01 to 100 J/cm2 1,6.

Effective LLLT dosing relies on several critical parameters. 
The wavelength determines the specific depth of tissue pen-
etration and interaction type, directly impacting therapeutic 
efficacy. Power density or energy density refers to the amount 
of laser power delivered per unit area, significantly influenc-
ing cellular stimulation (Chow et al., 2009)2,7. Exposure time, 
which is the duration of laser exposure, dictates the overall 
energy delivered to the tissue and is crucial for optimizing 
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therapeutic outcomes (Hamblin, 2016)8. Finally, the frequency 
of treatment, referring to the number of treatment sessions 
and their intervals, can profoundly affect the effectiveness of 
LLLT in various medical applications9,10. Although extensive 
research has been conducted on the efficacy of low-energy la-
sers, there remains a significant gap in establishing optimal 
treatment parameters and a lack of information, particularly 
regarding dose determination. The inconsistent findings across 
various studies have limited the broader adoption of low-level 
laser therapy. However, LLLT continues to be utilized in clini-
cal practice across various fields to treat numerous conditions. 
The critical challenge is identifying the precise dosages needed 
to enhance its efficiency6,11-13.

Finite Element Method (FEM) software, like COMSOL Mul-
tiphysics, is essential for simulating the interaction of laser light 
with biological tissues and optimizing dosages to enhance thera-
peutic outcomes14. FEM tools model laser energy distribution 
and absorption within tissues, predicting temperature changes 
to ensure thermal effects remain safe while maximizing the 
benefits of LLLT15. By simulating various scenarios, research-
ers can determine the optimal combination of laser power, 
exposure time, and treatment frequency for different medical 
applications. For example, COMSOL Multiphysics can model 
how laser light penetrates tissue layers, allowing for adjustments 
in treatment protocols based on specific patient needs16. This 
research is crucial in understanding photon distribution and 
absorption, as well as examining potential thermal effects dur-
ing stimulation, to optimize treatment parameters such as wave-
length, power, power density, energy, energy density, and ex-
posure time. This optimization improves dosage and enhances 
healing. Lasers with wavelengths of 660, 780, and 808 nm were 
selected for their widespread use in stimulation. This study is 
a valuable reference for researchers investigating low-level laser 
technology, as these parameters have not been explored previ-
ously due to their absence or lack in most studies.

Materials and Method

This study aimed to analyze the temperature distribution in 
human tissue under varying red to near-infrared laser irra-
diation to estimate the thermal range and dose distribution 
associated with cellular activation during Low-Level Laser 
Therapy. The research focused on identifying the optimal pa-
rameters for treatment, specifically examining factors such 
as power, power density, energy, energy density, and treat-
ment duration. The study utilized lasers with wavelengths of 
660 nm, 780 nm, and 808 nm and had an effective laser area of 
32 cm², commonly used in LLLT. To conduct the simulations, 
a model was developed based on the Finite Element Method 
(FEM) using COMSOL Multiphysics 6.1 software, incorporat-
ing Pennes’ bio-heat transfer equation

Bioheat transfer Equation
The bio-heat equation, commonly referred to as Pennes’ bio-
heat transfer equation, is utilized to calculate the propaga-

tion of laser dose through biological tissue in low-level laser 
therapy (LLLT). This equation models heat transfer within 
tissues by considering various factors, including laser energy 
absorption, blood perfusion, and metabolic heat generation. 
By solving this equation, researchers can predict temperature 
distributions and thermal effects, which helps inform the dose 
distribution within tissues. This understanding is essential for 
optimizing the parameters of laser therapy, ensuring that treat-
ments are both safe and effective17-19:

    ( ) ( ).  ts b b b b met Laser
TC K T C T T Q Q
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δ ρ ρ ω∂
+∇ − ∇ = − + +

∂
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Where δts represents the time ratio (the default value is 1), 
ρ is a density of tissue (kg/m3), C signifies the specific heat 
capacity of the tissue (J/(kg∙K)), T is a temperature (°C), K is 
a thermal conductivity of tissue (W/(m∙K)), ρb is a density of 
blood (kg/m3), Cb is a specific heat of blood (J/(kg∙K)), ωb is 
a volumetric perfusion rate (s-1), Tb is a temperature of arterial 
blood (°C), Qmet is a metabolic heat source (W/m3), QLaser is 
a laser heat source (W/m3).

LLLT Propagation Calculation
While the tissue absorbs a fraction of the incident laser light, 
the remaining light will be scattered, reflected, or refracted. 
Here, we suppose that the light source is a Gaussian beam, and 
we can define QLaser in Eq. 1 as follows20,21:
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where:
μa is the absorption coefficient (1/mm), R is the reflectance at 
normal incidence, P is the laser power (mW), ω0 is the beam 
radius at the irradiation surface (mm), and μt = μa + μs repre-
sents the total attenuation coefficient including both absorp-
tion and scattering (μs,1/mm). and term f(t) denotes a time 
dependent function described later (see Eq. 4). 

The exponential term exp(–μtz) accounts for the attenua-
tion of light with penetration depth (z), accounting for both 
absorption and scattering effects for each layer. As laser light 
penetrates the layers of skin, energy decreases due to both scat-
tering and absorption. The extent of this attenuation depends 
strongly on wavelength; for instance, longer wavelengths (e.g., 
808 nm) penetrate deeper than shorter ones (e.g., 660 nm), 
consistent with optical properties reported in Table 1.

Human skin is composed of three layers: epidermis, dermis, 
and subcutaneous tissue, each with distinct thicknesses and 
optical characteristics. Due to variations in reported literature 
values22-25, average values are used for modeling. The depths of 
the epidermis, dermis, and subcutaneous tissue are denoted as 
z₁, z₂, and z₃, respectively (see Figure 1 and Table 1). 

The heat source terms for the epidermis and dermis layers 
can be written as:
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As the heat source varies over time, it should be multiplied 
by a time dependent function.

	 ( ) ( )2exp ( / )  f t t τ= − 	 (5)

Where t represents the calculation time (s), while τ is the 
total irradiation duration (s). This time-dependent function 
modulates all heat source expressions to reflect pulsed or con-
tinuous exposure

Simulation Model
The simulation employs a 2D model that represents skin lay-
ers and is implemented using the FEM software COMSOL 
Multiphysics 6.1. To improve computational efficiency, a 2D 
axisymmetric model was created, with the r-axis indicating 
the cylinder radius and the z-axis representing depth in the 
multilayer skin tissue. Figure 1 illustrates the geometric model 
comprising three layers: z1 epidermis, z2 dermis, and z3 subcu-
taneous tissue. The bioheat equation, shown 
in Eq. 1, is employed to calculate heat trans-
fer from a continuous-wave laser, Gaussian 
beam with wavelengths of 660, 780, and 808 
nm (Konftec Laser, emLas®-650, for LLLT), 
and laser effective area is 32 cm². The thick-
ness of each layer and its refractive index (n), 
thermal properties, and optical parameters 
are summarized in Table 124-27.

The density of blood is 1060 kg/m³, its heat 
capacity is 3770 J/(kg∙K), and its Blood per-
fusion rate is 0.5 s-1 [26]. The arterial blood 
temperature is assumed to be 37°C. In Eq. 2, 

the reflectance ( )
( )

2

2

1
R

1

n

n

−
=

+
 28 ,29

In this simulation model, the initial con-
ditions and four boundary conditions are 
defined as follows:
1.	 The line of axial symmetry is set to be 

thermally insulated.
2.	 The initial temperature of the tissue is typ-

ically set to the normal body temperature, 
approximately 37°C, while the external 
temperature is set at 28°C.

3.	 A laser flux boundary condition is applied 
at the laser irradiation surface to simulate 
the entry of laser energy into the skin.

4.	 A convective heat transfer boundary con-
dition is applied at the outer surface of the 
tissue to account for heat loss to the sur-
rounding environment.

5.	 The boundaries between the inner layers 
are defined to maintain continuity, and we 

assume the initial temperature of the other boundaries is 
37.2°C19,30.
It is important to note that we assigned an internal tissue 

temperature of approximately 37°C and an ambient external 
temperature of 28°C. These values are commonly used in nu-
merical simulations for standardization and comparability19,30. 
However, the actual skin surface temperature varies based on 
anatomical location and environmental factors. Some stud-
ies indicate that surface temperatures are generally lower than 
core temperatures, ranging from 28°C to 36°C, depending 
on the body region, humidity, airflow, vascularity, and cloth-
ing31,32. For instance, distal areas, such as the feet and hands, 
often exhibit temperatures as low as 28-32°C, while central 
regions, like the abdomen, may maintain higher values, ap-
proaching 36°C.

To calculate the dose of laser energy in joules per square 
centimeter (J/cm²), we can use the following formula33,34:
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Table 1. The thermal properties and optical parameters.

Wavelength  
(nm)

Epidermis Dermis Subcutaneous 
tissue

μa  
(1/mm)

μs  
(1/mm)

μa  
(1/mm)

μs  
(1/mm)

μa  
(1/mm)

μs  
(1/mm)

66025 0.94 5.55 0.07 3.06 0.07 1.72

78025 0.68 5.18 0.06 2.63 0.06 1.65

80825 0.49 3.98 0.06 2.30 0.06 1.37

Thickness (mm)26 0.04-0.16 (0.08) 1.6-2.8 (2.0) 10

Refractive index n27 1.45 – 1.55 1.38 – 1.42 1.34 – 1.36

Thermal conductivity (W/m·°C)26 0.21-0.26 (0.24) 0.37-0.52 (0.45) 0.16-021 (0.19)

Specific heat (Jkg−1k−1)26 3578-3600 (3590) 3200-3400 (3330) 2300-3060 (2500)

Density (kg/m3)26 1200 1200 1000

Water content (%)26 70 70 20

Laser Irradiation 

z1

z2

z3

Figure 1. Schematic of the three layers-skin model: z1 is an epidermis, z2 is a dermis,  
z3 is a subcutaneous tissue.
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Where Power (W) is the laser power in W or mW, Area (cm²) 
is the area over which the laser is applied in square centimeters, 
and time (s) is the duration of laser application in seconds.

Results and Discussions

In this article, we performed finite element simulations to ana-
lyze how laser dose is distributed and varies within skin tis-
sue during stimulation at different levels of laser power, power 
density, and exposure times. We also investigated the potential 
temperature distribution in the tissue during stimulation us-
ing various wavelengths that are commonly used in photobio-
modulation. The results are presented in Table 2, Figure 2, 
Figure 3, and Figure 4. 

Table 2 demonstrates that as power and energy density in-
crease alongside longer irradiation durations, the maximum 
temperature of the treated tissue also rises. The temperatures 
listed represent the maximum surface tissue temperatures 
recorded at the end of each corresponding irradiation time. 
These durations, specifically 2, 4, 6, 8, and 10 minutes, were 
selected based on their frequent use in clinical protocols re-
ported in the literature. This temporal framework allows for 
direct comparison with therapeutic norms and ensures that 
simulation outputs remain relevant to practice.

Table 2. The surface dose values at different wavelengths.

Power (mW) 100 250 500 700 1000
Laser effective area (cm2) 32 32 32 32 32

660 Wavelength (nm)
Power density (mW/cm2) 3.10 7.81 15.62
*Tissue Temperature (°C) 38 38.8 40

Therapy time (min) Joule density (J/cm2)
2 0.38 0.93 1.87
4 0.75 1.87 3.75
6 1.12 2.81 5.63
8 1.50 3.75 7.50

10 1.88 4.69 9.37
780 Wavelength (nm)

Power density (mW/cm2) 3.10 7.81 15.62 21.87 31.25
*Tissue Temperature (°C) 38 38.8 40 41.2 42.9

Therapy time (min) Joule density (J/cm2)
2 0.37 0.93 1.87 2.63 3.75
4 0.75 1.87 3.75 5.25 7.50
6 1.12 2.81 5.63 7.87 11.25
8 1.50 3.75 7.50 10.50 15

10 1.88 4.69 9.37 13.13 18.75
808 Wavelength (nm)

Power density (mW/cm2) 3.10 7.81 15.62 21.87 31.25
*Tissue Temperature (°C) 38 38.8 40.1 41.3 42.9

Therapy time (min) Joule density (J/cm2)
2 0.37 0.93 1.87 2.63 3.75
4 0.75 1.87 3.75 5.25 7.50
6 1.12 2.81 5.63 7.87 11.25
8 1.50 3.75 7.5 10.50 15

10 1.87 4.69 9.37 13.13 18.75

*Temperature values represent the maximum tissue surface temperature at the end of 
each therapy duration.

Highlighting the endpoint temperatures at each time inter-
val is critical for evaluating the thermal safety of each dosage, 
particularly in ensuring that tissue temperatures remain below 
the threshold of 40°C during photobiomodulation treatments. 

For a  wavelength of 660 nm, as power increases from 
100 mW to 500 mW, the power density increases from 
3.10 mW/cm² to 15.62 mW/cm², resulting in a  tissue tem-
perature rise from 38°C to 40°C. 

At 780 nm, power densities vary from 3.10 mW/cm² to 
31.25 mW/cm² as power reaches up to 1000 mW, leading to 
tissue temperatures that range from 38°C to 42.9°C. Similarly, 
for an 808 nm wavelength, power densities also range from 
3.10 mW/cm² to 31.25 mW/cm², with tissue temperatures 
reaching from 38°C to 43°C. 

It is important to note that tissue temperature can exceed 
40°C during extended stimulation periods, so caution is neces-
sary even with Low-Level Laser Therapy (LLLT). The recom-
mended stimulation time for the skin should not exceed six 
minutes (480 seconds) at a power density of 15.62 mW/cm². 
However, when using a power density of 3.10 mW/cm², the 
stimulation time can be extended to 10 minutes (600 seconds) 
without causing undesirable heat effects, as shown in Figure 2.

Furthermore, when power density is increased while keep-
ing irradiation time constant, the skin temperature rises lin-
early. This observation corresponds with the simulation out-
comes reported by Vitkaya35.

Figure 3 illustrates the influence of penetration depth in 
LLLT. The crucial point is that the dose of laser stimulation 
decreases as it penetrates deeper into the tissue, resulting in 
lower energy density at greater depths. It demonstrates how 
the dose distribution varies with different energy densities: 
(a)  3.10 mW/cm², (b) 7.81 mW/cm², (c) 15.62 mW/cm², 
(d) 21.87 mW/cm², and (e) 31.25 mW/cm², all based on an ir-
radiation time of 480 s. While a higher power density results in 
a greater initial dose at the surface, it also leads to a more rapid 
decline in dose as it penetrates deeper into the tissue. This 
observation underscores the necessity of carefully calibrat-
ing power density to achieve the desired therapeutic effect at 
specific tissue depths while ensuring both safety and efficacy. 
Interestingly, lower doses are often more effective in stimu-
lating deeper tissue layers compared to higher doses. This is 
especially noticeable at a power level of 100 mW and a power 
density of 3.10 mW/cm², where the dose penetrates deeper 
into the tissue, as illustrated by the red color in Figure 3a. In 
contrast, higher doses show less penetration when measured 
at the same time and wavelength. 

At lower power densities, the photon fluence rate is re-
duced, which promotes more uniform light distribution and 
allows photons to penetrate deeper into tissue before under-
going significant absorption or scattering. In this context, 
although the dermis has a lower absorption coefficient com-
pared to the melanin-rich epidermis, its reduced attenuation 
enables a greater number of photons to reach deeper layers. 
As a result, chromophores located within the dermis, such as 
hemoglobin and water, can still effectively absorb the trans-
mitted light. This interplay between scattering and residual ab-
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(b) 

(c) (d) 

(e) (f)

(a) (a) 
(b) 

(c) (d) 

(e) (f)

(b)

(c) (d)

(e) (f)
Figure 2. The 2D temperature distribution within the skin for power density a) 3.10 mW/cm2, b) 7.81 mW/cm2 at t = 600 s,  

and c) 15.62 mW/cm2 at 480 s; and temperature versus depth of tissue (d) at 600 s, e) at 600 s, and (f) 480 s.

sorption may lead to the emergence of a secondary subsurface 
peak in energy deposition, particularly in regions where these 
interactions are optimally balanced.

This observation supports the Arndt-Schulz Law, which 
suggests that lower doses can be more effective than higher 
doses in eliciting a physiological response, a finding that is 
consistent with numerous other studies. This confirms the va-
lidity of our simulation33,36-38.

Additionally, as shown in Figure 4, we observed that the loss 
of energy density and power density ranges between 9% and 
14% per millimeter across different tissue layers. This variation 
is primarily influenced by the optical absorption and scattering 
coefficients of each layer, with superficial layers (such as the epi-
dermis) exhibiting higher attenuation, while deeper dermal and 
subcutaneous tissues exhibit lower relative losses38,39. This results 

in an average attenuation of approximately 11% per millimeter 
of tissue depth. The observed behavior follows an exponential 
decay model, which can be expressed as:

	  (1 0.011)xLoss Factor = − 	 (7)

Where x represents the depth of the tissue in mm, measured 
from the interior of the tissue (z = 0 cm) toward the skin sur-
face (z = 1.1 cm), where LLLT is applied.

It has been observed that changing the duration of irra-
diation does not impact the power density, which remains 
constant. Therefore, measuring the dose in joules per square 
centimeter is essential, and calculating the dose in joules is 
the most effective approach. This approach helps explain the 
discrepancies found in previous studies, as one contributing 
factor is the omission of dose measurements in joules36,40.
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(e)Figure 3. 2D Power density distribution within skin tissue at 780 nm, and t =480 s for different power density (a) 3.10 mW/cm2,  
(b) 7.81 mW/cm2, (c) 15.62 mW/cm2, (d) 21.87 mW/cm2, and (e) 31.25 mW/cm2.
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Figure 4. Power density as a function of tissue depth, 
from the skin surface (z = 1.1 cm) to the interior  
(z = 0 cm) during LLLT. An exponential decrease in 
power density is observed, with average attenuation 
of approximately 11% per millimeter. The figure 
illustrates the decrease at different power values.
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This is significant clinically as the J/cm2 is confused when 
comparing dosages between protocols, where the resultant 
dose in J/cm2 could result from several different treatment 
options. 

For example, the energy density of 1.12 J/cm² from Table 2 
can be delivered in different ways:
1)	Using 100 mW for 6 minutes with a laser effective area of 

32 cm², this results in a total of 36 J.
2)	Using 50 mW for 6 minutes with a laser effective area of 

16 cm², this totals 18 J.
This means that one patient received twice the total amount 

of energy compared to the other patient.
It is recommended that therapists using LLLT provide all 

dosage parameters in Joules, Watts, W/cm², and J/cm². This 
standardization will enhance dosage consistency and allow for 
comparison across different treatment regimes.

The maximum dose for Low-Level Laser Therapy LLLT 
varies by treatment protocol and condition. According to the 
World Association for Laser Therapy (WALT), recommended 
dosages range from 2 J/cm² to 10 J/cm², with 4 J/cm² to 8 J/cm² 
being the most common33,34. Our simulations support this, 
showing doses from 0.38 J/cm² to 9.37 J/cm², while ensur-
ing tissue temperature should not exceed 40°C for extended 
stimulation.

Limitations 
While this simulation offers valuable insights into thermal 
dose behavior in LLLT, several limitations must be acknowl-
edged. First, the optical and thermal properties of skin tis-
sues can vary widely among individuals due to factors such as 
pigmentation, hydration, and age. Our model employs aver-
age values from the literature, which may not capture the full 
range of biological variability.

Second, although Pennes’ bioheat equation incorporates 
blood perfusion, our simulation assumes constant perfusion 
rates and arterial temperature. In vivo, perfusion can change 

dynamically in response to heat or tissue activation, poten-
tially influencing temperature distribution during therapy.

Third, the model uses simplified, uniform boundary condi-
tions to ensure computational efficiency. While this improves 
consistency, it does not fully replicate real-world conditions 
such as environmental heat exchange or patient-specific skin 
geometry.

Despite these limitations, our approach provides a robust 
and transparent simulation of LLLT dose parameters and ther-
mal safety, forming a foundation for future work that incorpo-
rates more personalized and dynamic physiological variables.

Conclusion

Low-Level Laser Therapy (LLLT) demonstrates strong poten-
tial across medical fields, with computational simulations of-
fering valuable insight into optimizing dose parameters. Our 
findings suggest that maintaining energy densities between 
0.38 – 9.37 J/cm², without exceeding tissue temperatures of 
40°C, ensures therapeutic safety and efficacy. Optimal stimu-
lation spans 480 s at 7.50 J/cm² or up to 600 s at 1.88 J/cm². 
Energy attenuation with tissue depth follows an exponential 
trend, averaging 11% per millimeter. Standardizing these pa-
rameters will enhance treatment consistency and guide future 
research toward more effective clinical applications.
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