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ABSTRACT:  

The list of indications for which Variable Square 
Pulse (VSP) Er:YAG laser systems can be used is 
continuously expanding.  For example, ablative 
fractional resurfacing treatments performed with the 
VSP Er:YAG laser have good clinical outcomes and 
significantly shorter recovery times and adverse effects 
compared with traditional ablative laser skin 
resurfacing. Recently, an Er:YAG laser operating in 
variable pulse length, non-ablative, SMOOTH mode, 
for use in new collagen synthesis, has been introduced. 
The broad range of available Er:YAG modes of 
operation call for a more systematic understanding of 
the thermal and ablative effects this laser has on skin 
tissue. In this study, a theoretical micro-explosions 
computer (MEC) model is developed that explicitly 
links laser and tissue parameters with the clinical end 
effects of ablation and residual heat deposition. The 
computed results are then compared with experimental 
measurements of ablation rates and heat deposition in 
skin. The MEC model is found to be in good 
agreement with experiment, and has already been 
implemented in the latest VSP Er:YAG laser systems 
as a software tool for automatic calculation of the 
expected ablation and thermal depths in clinical 
procedures.
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I. INTRODUCTION 

In the last decade, cutaneous laser resurfacing has 
gained popularity among laser surgeons and the public. 
[1] Removing the outer skin layers to the papillary 

dermis level induces re-epithelialisation and new 
collagen formation, which can create a smoother, 
even-toned, and more youthful appearance. Lasers 
currently available for cutaneous resurfacing include 
high-energy pulsed or scanned carbon dioxide lasers, 
short-pulsed Er:YAG or Er:YSGG lasers, [2-5]  and 
Variable Square Pulse (VSP) Er:YAG laser systems.[6] 
Carbon dioxide laser skin resurfacing can achieve 
excellent clinical improvement of photodamage, 
rhytides, and atrophic scars. However, this resurfacing 
is associated with an extended reepithelialization 
period and, in some cases, prolonged erythema that 
may persist for several months. Of greater concern is 
the potential for delayed permanent hypopigmentation 
seen in as many as 20% of patients when multiple-pass 
carbon dioxide resurfacing is performed. The demand 
for less aggressive modalities for skin rejuvenation led 
to the development of the Er:YAG laser. [1,2] 

The cutaneous absorption of the Er:YAG laser 
energy by water is 10-times more efficient then the 
absorption of carbon dioxide laser, allowing for more 
superficial tissue ablation and finer control. Because of 
these advantages, the pulsed Er:YAG laser superseded 
the carbon dioxide laser as a superlative ablative 
modality. In addition, the latest Variable Square Pulse 
(VSP) technology Er:YAG lasers have variable pulse 
widths and pulse sequences, allowing the practitioner 
to select the effect of the laser from “cold” ablation 
peeling to deeper thermal thermal. [7-9] Indications 
include mildly photo-damaged skin lesions (e.g. solar 
keratoses), mildly atrophic facial scars (e.g. from acne 
or varicella), dyschromias (e.g. melasma, lentigines), 
and mild-to-moderate facial wrinkles in the perioral, 
periocular, and cheek areas.[10-13] Newer Er:YAG 
lasers with longer and variable pulses allow patients 
with deeper wrinkles and scars to be successfully 
treated. In addition, Scanner Optimized Efficacy 
(SOE) [14] technology eliminates the need for 
manually aiming a small to medium spot size laser 
beam hundreds of times to cover a large skin area. 
SOE utilizes computer-controlled scanner mirrors to 
automatically place a laser beam in a perfect non-
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sequential or controlled random pattern.  
Many other skin lesions have been successfully 

treated with the VSP Er:YAG laser, including 
compound nevi, sebaceous hyperplasia, 
trichoepitheliomas, miliary osteomas, syringoma, 
telangiectasia, rhinophyma, adenoma sebaceum, 
hidradenoma, xanthelasma, and the cutaneous 
manifestations of Hailey-Hailey disease and Darier 
disease.[10-13]

Appropriate laser parameters depend on the type of 
Er:YAG laser system used and the specific resurfacing 
indication. There is no consensus regarding the 
optimal laser parameters to use in every clinical setting. 
Laser surgeons commonly rely on their own 
experience to determine the most appropriate laser 
parameters to use in each case.  

In this study, we apply the principles of laser-tissue 
interaction to develop a systematic understanding of 
the thermal and ablative effects of Variable Square 
Pulse (VSP) Er:YAG lasers under many different 
clinical resurfacing parameter combinations. A 
theoretical, tissue micro-explosions computer (MEC) 
model is used that links laser and tissue parameters 
with the clinical end effects of ablation and residual 
heat deposition in both non-ablative and ablative 
regimes.

A novel experimental method for determining 
residual, thermally affected skin layers is presented. 
The method is based on thermal camera measurements 
of the skin surface temperature decay following 
irradiation by a laser pulse.  

The predictions of the theoretical MEC model are 
compared with measurements of ablation and heat 
deposition. The MEC model is found to be in good 
agreement with experiment, and thus suitable for 
implementation in VSP Er:YAG laser systems as a 
software tool for automatic calculation of the expected 
ablation and thermal depths. 

II. MATERIALS AND METHODS 

a) General 
Wavelength is a key factor in the suitability of any 

laser for ablative skin procedures.  There are currently 
three medical laser technologies, ( Er:YAG, Er:YSGG 
(or Er,Cr:YSGG) and CO2), whose laser wavelengths 
operate in the same regions as the major absorption 
peaks for water (see Fig. 1). [1, 15] Since the skin 
consists of 70% water, these three laser types can be 
effectively used for skin tissue ablation treatments.  

Er:YSGG laser

Er:YAG laser CO2 laser

Er:YSGG laser

Er:YAG laser CO2 laser

Fig. 1: The Er:YAG (2.9 µm) laser has the highest 
absorption in water and consequently in human skin. The 
Er:YSGG (2.7 µm) wavelength is located slightly below the 
water absorption peak, and absorbs only 3 times as well. An 
alternative laser that emits in the high absorption region is 
the CO2 laser (9.6 µm), however this laser is absorbed at  
1/10 the absorption of Er:YAG in water, and is thus least 
suitable for laser resurfacing. 

There are three steps in tissue heating upon laser 
irradiation. [16] The tissue is first heated directly within 
the optical absorption depth (direct heating) (Fig. 2).

3 m 10 m 30 m3 m 10 m 30 m

Fig. 2: The optical penetration depths in skin for the three 
ablative laser types. Depending on the laser type, different 
volumes of the illuminated tissue are directly heated by the 
laser light.

Closer study of the absorption peaks associated 
with Erbium lasers shows a 300% difference between 
the absorption coefficients in human skin of 
Er,Cr:YSGG (100 mm-1) and Er:YAG (300 mm-1).
Similarly, the absorption coefficient,  of the CO2 laser 
is approximately 1000% smaller compared to that of 
the Er:YAG laser. As shown in Fig. 2, the Er:YAG 
laser wavelength thus penetrates approximately 1/  = 
3 m in the skin, while the Er:YSGG laser and CO2
laser wavelengths respectively penetrate 10 m and 30 

m into the skin.  

Direct heating is followed by thermal diffusion that 
indirectly heats the deeper lying tissues (indirect heating)
(Fig. 3).  For shorter pulses, the time span for thermal 
diffusion is short, and the heat energy does not reach 
very deep into the tissue. For longer pulses, the heat 
has sufficient time to spread deeper into the tissue.  
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I. INTRODUCTION 

In the last decade, cutaneous laser resurfacing has 
gained popularity among laser surgeons and the public. 
[1] Removing the outer skin layers to the papillary 

dermis level induces re-epithelialisation and new 
collagen formation, which can create a smoother, 
even-toned, and more youthful appearance. Lasers 
currently available for cutaneous resurfacing include 
high-energy pulsed or scanned carbon dioxide lasers, 
short-pulsed Er:YAG or Er:YSGG lasers, [2-5]  and 
Variable Square Pulse (VSP) Er:YAG laser systems.[6] 
Carbon dioxide laser skin resurfacing can achieve 
excellent clinical improvement of photodamage, 
rhytides, and atrophic scars. However, this resurfacing 
is associated with an extended reepithelialization 
period and, in some cases, prolonged erythema that 
may persist for several months. Of greater concern is 
the potential for delayed permanent hypopigmentation 
seen in as many as 20% of patients when multiple-pass 
carbon dioxide resurfacing is performed. The demand 
for less aggressive modalities for skin rejuvenation led 
to the development of the Er:YAG laser. [1,2] 

The cutaneous absorption of the Er:YAG laser 
energy by water is 10-times more efficient then the 
absorption of carbon dioxide laser, allowing for more 
superficial tissue ablation and finer control. Because of 
these advantages, the pulsed Er:YAG laser superseded 
the carbon dioxide laser as a superlative ablative 
modality. In addition, the latest Variable Square Pulse 
(VSP) technology Er:YAG lasers have variable pulse 
widths and pulse sequences, allowing the practitioner 
to select the effect of the laser from “cold” ablation 
peeling to deeper thermal thermal. [7-9] Indications 
include mildly photo-damaged skin lesions (e.g. solar 
keratoses), mildly atrophic facial scars (e.g. from acne 
or varicella), dyschromias (e.g. melasma, lentigines), 
and mild-to-moderate facial wrinkles in the perioral, 
periocular, and cheek areas.[10-13] Newer Er:YAG 
lasers with longer and variable pulses allow patients 
with deeper wrinkles and scars to be successfully 
treated. In addition, Scanner Optimized Efficacy 
(SOE) [14] technology eliminates the need for 
manually aiming a small to medium spot size laser 
beam hundreds of times to cover a large skin area. 
SOE utilizes computer-controlled scanner mirrors to 
automatically place a laser beam in a perfect non-

Ablation and Thermal Depths in VSP Er:YAG Laser Skin Resurfacing 

2

sequential or controlled random pattern.  
Many other skin lesions have been successfully 

treated with the VSP Er:YAG laser, including 
compound nevi, sebaceous hyperplasia, 
trichoepitheliomas, miliary osteomas, syringoma, 
telangiectasia, rhinophyma, adenoma sebaceum, 
hidradenoma, xanthelasma, and the cutaneous 
manifestations of Hailey-Hailey disease and Darier 
disease.[10-13]

Appropriate laser parameters depend on the type of 
Er:YAG laser system used and the specific resurfacing 
indication. There is no consensus regarding the 
optimal laser parameters to use in every clinical setting. 
Laser surgeons commonly rely on their own 
experience to determine the most appropriate laser 
parameters to use in each case.  

In this study, we apply the principles of laser-tissue 
interaction to develop a systematic understanding of 
the thermal and ablative effects of Variable Square 
Pulse (VSP) Er:YAG lasers under many different 
clinical resurfacing parameter combinations. A 
theoretical, tissue micro-explosions computer (MEC) 
model is used that links laser and tissue parameters 
with the clinical end effects of ablation and residual 
heat deposition in both non-ablative and ablative 
regimes.

A novel experimental method for determining 
residual, thermally affected skin layers is presented. 
The method is based on thermal camera measurements 
of the skin surface temperature decay following 
irradiation by a laser pulse.  

The predictions of the theoretical MEC model are 
compared with measurements of ablation and heat 
deposition. The MEC model is found to be in good 
agreement with experiment, and thus suitable for 
implementation in VSP Er:YAG laser systems as a 
software tool for automatic calculation of the expected 
ablation and thermal depths. 

II. MATERIALS AND METHODS 

a) General 
Wavelength is a key factor in the suitability of any 

laser for ablative skin procedures.  There are currently 
three medical laser technologies, ( Er:YAG, Er:YSGG 
(or Er,Cr:YSGG) and CO2), whose laser wavelengths 
operate in the same regions as the major absorption 
peaks for water (see Fig. 1). [1, 15] Since the skin 
consists of 70% water, these three laser types can be 
effectively used for skin tissue ablation treatments.  

Er:YSGG laser

Er:YAG laser CO2 laser

Er:YSGG laser

Er:YAG laser CO2 laser

Fig. 1: The Er:YAG (2.9 µm) laser has the highest 
absorption in water and consequently in human skin. The 
Er:YSGG (2.7 µm) wavelength is located slightly below the 
water absorption peak, and absorbs only 3 times as well. An 
alternative laser that emits in the high absorption region is 
the CO2 laser (9.6 µm), however this laser is absorbed at  
1/10 the absorption of Er:YAG in water, and is thus least 
suitable for laser resurfacing. 

There are three steps in tissue heating upon laser 
irradiation. [16] The tissue is first heated directly within 
the optical absorption depth (direct heating) (Fig. 2).

3 m 10 m 30 m3 m 10 m 30 m

Fig. 2: The optical penetration depths in skin for the three 
ablative laser types. Depending on the laser type, different 
volumes of the illuminated tissue are directly heated by the 
laser light.

Closer study of the absorption peaks associated 
with Erbium lasers shows a 300% difference between 
the absorption coefficients in human skin of 
Er,Cr:YSGG (100 mm-1) and Er:YAG (300 mm-1).
Similarly, the absorption coefficient,  of the CO2 laser 
is approximately 1000% smaller compared to that of 
the Er:YAG laser. As shown in Fig. 2, the Er:YAG 
laser wavelength thus penetrates approximately 1/  = 
3 m in the skin, while the Er:YSGG laser and CO2
laser wavelengths respectively penetrate 10 m and 30 

m into the skin.  

Direct heating is followed by thermal diffusion that 
indirectly heats the deeper lying tissues (indirect heating)
(Fig. 3).  For shorter pulses, the time span for thermal 
diffusion is short, and the heat energy does not reach 
very deep into the tissue. For longer pulses, the heat 
has sufficient time to spread deeper into the tissue.  
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Fig. 3: Direct and indirect heating upon laser irradiation. The 
tissue is first heated directly within the optical absorption 
depth. This is followed by thermal diffusion that indirectly 
heats deeper lying tissue. The directly heated optical 
absorption depth layer is the smallest achievable thermal 
layer in the skin. 

In the third step, the hottest part of the tissue close 
to the surface is evaporated, in effect reducing the 
depth of the thermally affected skin layer.   

The difference in absorption properties of different 
types of lasers influences the volume of tissue directly 
heated to ablative temperatures, before the energy is 
diffused into the surrounding tissue. The optical 
penetration depth thus determines the smallest 
possible depth of thermally modified skin. While the 
thermal depth can be increased through indirect 
heating (Fig. 3), it cannot be reduced below the optical 
penetration depth (Fig. 2).  Here, the Er:YAG laser is 
at an advantage as it allows the largest range of thermal 
depth control, and therefore the most complete range 
of treatments. By adjusting laser parameters, the 
Er:YAG laser can be used to perform “Er:YAG” type, 
as well as “Er:YSGG” and “CO2” type laser 
treatments. Similarly, the Er:YSGG laser can be made 
to emulate the effects of the CO2 laser, while the CO2
laser is limited to the “CO2” type treatments alone.   

A key factor that determines the indirect heating 
depth, and therefore the laser treatment regime, is the 
laser pulse width. If the energy is delivered to the 
target in a very short time, ablation occurs before 
significant heat diffusion can take place. This results in 
less heat being distributed to the surrounding tissue. 
On the other hand, a long pulse width will allow more 
heat transfer before ablation takes place resulting in a 
greater thermal effect on the surrounding tissue (Fig. 
4).
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Fig. 4:  Influence of laser pulse duration on heat dynamics. 
At longer pulse durations, heat has sufficient time to spread 
into the tissue. This results in deeper thermally modified 
skin tissue layers. 

As an example, Figure 5 shows the thermal depth 
dT at which the skin is indirectly heated to above 650 C, 
when laser fluences close to the ablation threshold are 
used (i.e. in a hot ablation regime). The thermal depth 
was calculated from the characteristic diffusion depth 
xd = (4D tp)1/2, in which tp is the laser pulsewidth, and 
the diffusion constant D for the skin is taken to be 1,1 
x 10-7 m2/s [15].  
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Fig. 5: The dependence of the thermally modified skin  
depth on the laser pulse width.   

As can be concluded from Fig. 5, the laser light’s 
ablative energy must be delivered to the skin in a 
temporal pulse of appropriate duration to control skin 
heating and ensure the efficacy, efficiency and safety of 
treatments. In the case of a long laser pulse or 
continuous irradiation, the heat that is generated by the 
laser light has sufficient time to diffuse deeper into the 
tissue from the irradiated surface area. This results in 
higher thermal effects inside the skin. 

b) Measurements of VSP Er:YAG Laser Thermal 
and Ablation Depths  

There have been numerous studies in which 
investigators have simulated the temperature rise in 
tissues, or used thermal cameras and thermocouples to 
measure temperature increase during laser irradiation. 
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[17-22] However, there are only a few studies of the 
residual heat following each ablative laser pulse.  
Radiological measurements of temperatures during and 
immediately following the laser pulse, in particular, are 
obscured by the high temperatures of the re-irradiated 
ejected tissue and plasma formation, limiting the 
accuracy of the method to predominantly sub-ablative 
regimes. In one of the studies, the residual heat 
deposition was determined by measuring the ratio of 
temperature rise on the backside of bovine block 
“calorimeters” induced by ablative and non-ablative 
laser pulses. [22] 

In this study, the residual heat is determined 
directly by observing the characteristics of the 
temporal development of the surface temperature 
following pulsed laser irradiation, after the ablation 
plume has already decayed.[23-24]This method is 
particularly suited for studying residual heat in the 
ablative regime.   

The skin surface temperature decay depends on the 
thickness of the heated tissue, and therefore on the 
deposited heat during the pulse. The thicker the heated 
layer, the longer the skin surface temperature rise will 
persist in time. The amount of heat that remains in the 
tissue after each laser pulse can be determined 
indirectly from the measured rate of the skin surface 
temperature decay (Fig. 6).  
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Fig. 6: Influence of pulse duration on the thickness of the 
heated layer at the end of a pulse, and on the subsequent 
skin surface cooling dynamics. 

It can be assumed that the tissue surface 
temperature at the end of each pulse is always at the 
same approximate tissue-explosion temperature. The 
surface temperature decay following each pulse, 
depends on the thickness of the heated tissue, and 
therefore on the deposited heat during the pulse. The 
amount of heat that remains in the tissue after each 
laser pulse can thus be determined from the measured 
rate of the surface temperature decay. 

A thermal camera (Flir ThermaCAM P45) was used 
to measure the skin surface temperature. Human skin 
obtained during abdominal surgery was used in the 
experiments. The camera was fixed in position above 
the skin surface and focused on the ablation site (Fig. 
7). Since the imager software assumes a uniform body 
temperature the measured temperatures represent a 
weighted average of the skin temperature within the 
penetration depth of the detected thermal radiation (
= 8-10 m).

Er:YAG 
Laser Skin

Er:YAG 
Laser Skin

Fig. 7: Experimental set-up for thermal measurements. 

The Er:YAG laser (XS Dynamis, Fotona) used in 
the study (Fig.  8) was fitted with a R11 non-contact 
handpiece with spotsizes from 2 to 10 mm. 

Fig. 8: The Er:YAG laser (Fotona XS Dynamis) used in the 
experiment. [25] 
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Fig. 3: Direct and indirect heating upon laser irradiation. The 
tissue is first heated directly within the optical absorption 
depth. This is followed by thermal diffusion that indirectly 
heats deeper lying tissue. The directly heated optical 
absorption depth layer is the smallest achievable thermal 
layer in the skin. 

In the third step, the hottest part of the tissue close 
to the surface is evaporated, in effect reducing the 
depth of the thermally affected skin layer.   

The difference in absorption properties of different 
types of lasers influences the volume of tissue directly 
heated to ablative temperatures, before the energy is 
diffused into the surrounding tissue. The optical 
penetration depth thus determines the smallest 
possible depth of thermally modified skin. While the 
thermal depth can be increased through indirect 
heating (Fig. 3), it cannot be reduced below the optical 
penetration depth (Fig. 2).  Here, the Er:YAG laser is 
at an advantage as it allows the largest range of thermal 
depth control, and therefore the most complete range 
of treatments. By adjusting laser parameters, the 
Er:YAG laser can be used to perform “Er:YAG” type, 
as well as “Er:YSGG” and “CO2” type laser 
treatments. Similarly, the Er:YSGG laser can be made 
to emulate the effects of the CO2 laser, while the CO2
laser is limited to the “CO2” type treatments alone.   

A key factor that determines the indirect heating 
depth, and therefore the laser treatment regime, is the 
laser pulse width. If the energy is delivered to the 
target in a very short time, ablation occurs before 
significant heat diffusion can take place. This results in 
less heat being distributed to the surrounding tissue. 
On the other hand, a long pulse width will allow more 
heat transfer before ablation takes place resulting in a 
greater thermal effect on the surrounding tissue (Fig. 
4).
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At longer pulse durations, heat has sufficient time to spread 
into the tissue. This results in deeper thermally modified 
skin tissue layers. 

As an example, Figure 5 shows the thermal depth 
dT at which the skin is indirectly heated to above 650 C, 
when laser fluences close to the ablation threshold are 
used (i.e. in a hot ablation regime). The thermal depth 
was calculated from the characteristic diffusion depth 
xd = (4D tp)1/2, in which tp is the laser pulsewidth, and 
the diffusion constant D for the skin is taken to be 1,1 
x 10-7 m2/s [15].  
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Fig. 5: The dependence of the thermally modified skin  
depth on the laser pulse width.   

As can be concluded from Fig. 5, the laser light’s 
ablative energy must be delivered to the skin in a 
temporal pulse of appropriate duration to control skin 
heating and ensure the efficacy, efficiency and safety of 
treatments. In the case of a long laser pulse or 
continuous irradiation, the heat that is generated by the 
laser light has sufficient time to diffuse deeper into the 
tissue from the irradiated surface area. This results in 
higher thermal effects inside the skin. 

b) Measurements of VSP Er:YAG Laser Thermal 
and Ablation Depths  

There have been numerous studies in which 
investigators have simulated the temperature rise in 
tissues, or used thermal cameras and thermocouples to 
measure temperature increase during laser irradiation. 
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[17-22] However, there are only a few studies of the 
residual heat following each ablative laser pulse.  
Radiological measurements of temperatures during and 
immediately following the laser pulse, in particular, are 
obscured by the high temperatures of the re-irradiated 
ejected tissue and plasma formation, limiting the 
accuracy of the method to predominantly sub-ablative 
regimes. In one of the studies, the residual heat 
deposition was determined by measuring the ratio of 
temperature rise on the backside of bovine block 
“calorimeters” induced by ablative and non-ablative 
laser pulses. [22] 

In this study, the residual heat is determined 
directly by observing the characteristics of the 
temporal development of the surface temperature 
following pulsed laser irradiation, after the ablation 
plume has already decayed.[23-24]This method is 
particularly suited for studying residual heat in the 
ablative regime.   

The skin surface temperature decay depends on the 
thickness of the heated tissue, and therefore on the 
deposited heat during the pulse. The thicker the heated 
layer, the longer the skin surface temperature rise will 
persist in time. The amount of heat that remains in the 
tissue after each laser pulse can be determined 
indirectly from the measured rate of the skin surface 
temperature decay (Fig. 6).  
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Fig. 6: Influence of pulse duration on the thickness of the 
heated layer at the end of a pulse, and on the subsequent 
skin surface cooling dynamics. 

It can be assumed that the tissue surface 
temperature at the end of each pulse is always at the 
same approximate tissue-explosion temperature. The 
surface temperature decay following each pulse, 
depends on the thickness of the heated tissue, and 
therefore on the deposited heat during the pulse. The 
amount of heat that remains in the tissue after each 
laser pulse can thus be determined from the measured 
rate of the surface temperature decay. 

A thermal camera (Flir ThermaCAM P45) was used 
to measure the skin surface temperature. Human skin 
obtained during abdominal surgery was used in the 
experiments. The camera was fixed in position above 
the skin surface and focused on the ablation site (Fig. 
7). Since the imager software assumes a uniform body 
temperature the measured temperatures represent a 
weighted average of the skin temperature within the 
penetration depth of the detected thermal radiation (
= 8-10 m).

Er:YAG 
Laser Skin

Er:YAG 
Laser Skin

Fig. 7: Experimental set-up for thermal measurements. 

The Er:YAG laser (XS Dynamis, Fotona) used in 
the study (Fig.  8) was fitted with a R11 non-contact 
handpiece with spotsizes from 2 to 10 mm. 

Fig. 8: The Er:YAG laser (Fotona XS Dynamis) used in the 
experiment. [25] 
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Table 1: Parameters used in the diffusion model. 

Property Value 
 [kg/m3] 1100 
 [W/mK] 0.42 

cp [ J/kgK] 1700 
D = / cp [m2/s] 2.24·10-7

For measuring ablation depths we used the recently 
introduced laser triangulation method that allows a fast 
and accurate determination of ablated volumes and 
depths. [29-31] 

c) Theoretical Micro-Explosions Model 
  Most researchers agree that the erbium lasers’ high 

ablation efficiency results from micro-explosions of 
overheated tissue water.[32,33] Such thermo-
mechanical ablation mechanism has to be 
distinguished from mechanisms involving strong 
acoustic transients, plasma formation, or transient 
bubble formation, which can be encountered at higher 
laser intensities. Here, we apply a previously developed 
microscopic physical model of the micro-explosions. 
[28] The previously published model examined only 
the initiation of explosive material removal.   In this 
paper, we improve upon this model by considering the 
ablation process above the ablation threshold.  In the 
model, the process of confined boiling is modeled by 
considering the thermodynamic behavior of tissue 
water when it is heated within an elastic tissue.[28]  
The thermodynamic behavior of tissue water, which is 
the major absorber of Er:YAG (2.94 mm) laser 
irradiation, is combined with the elastic response of 
the surrounding solid medium. This is complemented 
by one-dimensional treatment of heat diffusion using a 
finite-difference scheme, and modeling protein 
denaturation kinetics with the Arrhenius integral. [34]  
The developed model explicitly links laser and tissue 
parameters with the end effects of ablation and 
residual heat deposition. We used this model to 
determine the influence of laser parameters on the 
desired surgical end effects in the treated tissue. 

III. RESULTS 
a) Ablation Depth 

The fluence (F) is one of the main settings for skin 
resurfacing.  It is defined as energy density:  

F = E/A   (6)

Where E is the energy of the laser pulse,  A = 
s2/4 is the spot size area,  and s is the spotsize  of the 
laser beam at the skin surface. Usually it is calculated in 
J/cm2. Typical Er: YAG fluences for skin resurfacing  
are between 0.5  to 50 J/cm2 . [7, 8, 16] 

Figure 9 shows the ablation depths, as calculated 
using the MEC micro-explosions computer model, for 
different pulse durations, as a function of laser fluence. 
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Fig. 9: Dependence of ablation depth on laser pulse fluence 
and pulse duration, as calculated from the MEC micro-
explosions computer model.  

The above calculated results are in a very good 
agreement with the measured ablation depths (Fig.  
10).

Fig. 10: Experimentally measured dependence of ablation 
depth on laser pulse fluence and pulse duration.  

The MEC model and the experiment show that 
there is a threshold fluence under which there is no 
ablation (non-ablative regime). Ablation threshold 
fluence depends slightly on the pulse duration (it is 
higher for longer pulse durations), and ranges from 1.6 
to 2.2 J/cm2.  Note that clinically a slight ablation may 
be observed already at lower fluences.  This is 
attributed to skin surface inhomogeneities and surface 
sweat that facilitate earlier ablation.  

Above the ablation threshold, the ablation depth 
grows approximately linearly with the fluence. Note 
that the dependence of the ablation depth on the pulse 
duration is relatively weak.  The major parameter is the 
laser pulse fluence. Note also, that the exact values of 
the ablation threshold and of the linear ablation slope 
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The thermal camera was able to capture 50 images 
per second (one image every 20 ms) in quarter VGA 
resolution of 320x240 pixels. The image exposure time 
was approximately 5 milliseconds. The delay between 
the camera rate and the laser pulses was adjusted so 
that the maximum measured temperature would fall 
within the first measurement image following a laser 
pulse. By doing so the first measurement images were 
taken approximately 5 ms following a laser pulse.  No 
alteration to the commercial laser device was made. 
The laser was fired as in a normal operation by 
pressing the footswitch, and the camera image was 
recorded following an emitted laser pulse.  In each 
measurement, single laser pulses were delivered to 
different areas on the skin to avoid cumulative tissue 
desiccation. Sufficient time was taken between 
measurements in order to allow the skin to cool down 
to ambient temperature prior to each recording. The 
energy of the laser pulses was measured with an 
energymeter (Ophir Smarthead) at the R11 handpiece 
output. 

The temperature distribution within the skin was 
calculated from the temporal decay of the skin surface 
temperature using a model that is described below.   

The amount of heat that is deposited by a laser 
pulse  decreases with distance within the tissue. This is 
partially due to the exponential decrease of laser light 
intensity within tissue, as provided by 

)exp(0 xII   ,     (1) 

where I0 is the incident laser intensity and µ is the 
optical absorption coefficient of the tissue for the 
particular incident laser wavelength. 

The heat distribution within the tissue is 
additionally effected by the conduction of heat, i.e. 
heat diffusion into the surrounding tissue. In the limit 
of a negligible optical absorption depth, the thermal 
distribution which results from the uniform 
illumination of the surface, is approximated by the 
Gaussian function [26, 27]:  

T  = K exp (-x2/4Dt) ,    (2) 

where t is the duration of illumination, D is the 
thermal diffusivity of the tissue, and K is a constant 
that depends on the laser and tissue parameters. The 
longer the pulse duration and larger the thermal tissue 
diffusivity, the deeper the heat will spread away from 
the surface.  

Ablation starts when the surface tissue is heated to 
the ablation temperature Ta. After that, and assuming a 

confined boiling model of laser ablation, [28] surface 
temperature stops increasing and remains fixed at the 
“boiling” temperature Ta throughout the ablation 
process. However, the temperature distribution away 
from the surface continues to change during the laser 
pulse because the diffusion does not stop after the 
ablation threshold has been reached. 

In what follows, we assume that the diffusion 
penetration depth, d = Dt4 , is larger than the 
optical penetration depth, 1/ , and that the thermal 
distribution at the end of an ablative pulse can be 
approximated by: 

T  = (Ta –T0 )exp (-x2/dR2)     (3) 

Here the residual depth, dR, represents the final 
depth of the heated layer, exactly at the end of a laser 
pulse and represents a measure of the residual heat 
deposition. The thinner the layer, the smaller the 
amount of the deposited residual heat Qres will be: 

Qres= A cp

0

(Ta – T0) exp (-x2/ dR2) dx,   (4) 

where A is the laser spot area,  the tissue density, and 
cp the tissue heat capacity. 

Heat continues to diffuse into the tissue and 
surface temperature starts decreasing below Ta, after 
the laser pulse has ended. Here, we ignore the much 
slower convective surface cooling into the surrounding 
air.

Assuming a thermal distribution at the end of a 
laser pulse to be as described in (3), the temporal 
surface temperature evolution, T, following a laser 
pulse can be calculated using a one dimensional 
diffusion equation [26, 27]: 

2

2

x
T

t
Tc   . (5) 

The one dimensional diffusion equation is taken to 
be a good approximation since the laser spot diameter 
is much larger than the diffusion depth. Alternatively, 
the initial Ta and dR can be determined from the 
measured surface temperature decay by fitting the 
calculated temperature decay curves to the measured 
results.

The parameters as shown in Table 1 were used in 
the diffusion model.[28] 
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Table 1: Parameters used in the diffusion model. 

Property Value 
 [kg/m3] 1100 
 [W/mK] 0.42 

cp [ J/kgK] 1700 
D = / cp [m2/s] 2.24·10-7

For measuring ablation depths we used the recently 
introduced laser triangulation method that allows a fast 
and accurate determination of ablated volumes and 
depths. [29-31] 

c) Theoretical Micro-Explosions Model 
  Most researchers agree that the erbium lasers’ high 

ablation efficiency results from micro-explosions of 
overheated tissue water.[32,33] Such thermo-
mechanical ablation mechanism has to be 
distinguished from mechanisms involving strong 
acoustic transients, plasma formation, or transient 
bubble formation, which can be encountered at higher 
laser intensities. Here, we apply a previously developed 
microscopic physical model of the micro-explosions. 
[28] The previously published model examined only 
the initiation of explosive material removal.   In this 
paper, we improve upon this model by considering the 
ablation process above the ablation threshold.  In the 
model, the process of confined boiling is modeled by 
considering the thermodynamic behavior of tissue 
water when it is heated within an elastic tissue.[28]  
The thermodynamic behavior of tissue water, which is 
the major absorber of Er:YAG (2.94 mm) laser 
irradiation, is combined with the elastic response of 
the surrounding solid medium. This is complemented 
by one-dimensional treatment of heat diffusion using a 
finite-difference scheme, and modeling protein 
denaturation kinetics with the Arrhenius integral. [34]  
The developed model explicitly links laser and tissue 
parameters with the end effects of ablation and 
residual heat deposition. We used this model to 
determine the influence of laser parameters on the 
desired surgical end effects in the treated tissue. 

III. RESULTS 
a) Ablation Depth 

The fluence (F) is one of the main settings for skin 
resurfacing.  It is defined as energy density:  

F = E/A   (6)

Where E is the energy of the laser pulse,  A = 
s2/4 is the spot size area,  and s is the spotsize  of the 
laser beam at the skin surface. Usually it is calculated in 
J/cm2. Typical Er: YAG fluences for skin resurfacing  
are between 0.5  to 50 J/cm2 . [7, 8, 16] 

Figure 9 shows the ablation depths, as calculated 
using the MEC micro-explosions computer model, for 
different pulse durations, as a function of laser fluence. 
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Fig. 9: Dependence of ablation depth on laser pulse fluence 
and pulse duration, as calculated from the MEC micro-
explosions computer model.  

The above calculated results are in a very good 
agreement with the measured ablation depths (Fig.  
10).

Fig. 10: Experimentally measured dependence of ablation 
depth on laser pulse fluence and pulse duration.  

The MEC model and the experiment show that 
there is a threshold fluence under which there is no 
ablation (non-ablative regime). Ablation threshold 
fluence depends slightly on the pulse duration (it is 
higher for longer pulse durations), and ranges from 1.6 
to 2.2 J/cm2.  Note that clinically a slight ablation may 
be observed already at lower fluences.  This is 
attributed to skin surface inhomogeneities and surface 
sweat that facilitate earlier ablation.  

Above the ablation threshold, the ablation depth 
grows approximately linearly with the fluence. Note 
that the dependence of the ablation depth on the pulse 
duration is relatively weak.  The major parameter is the 
laser pulse fluence. Note also, that the exact values of 
the ablation threshold and of the linear ablation slope 
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The thermal camera was able to capture 50 images 
per second (one image every 20 ms) in quarter VGA 
resolution of 320x240 pixels. The image exposure time 
was approximately 5 milliseconds. The delay between 
the camera rate and the laser pulses was adjusted so 
that the maximum measured temperature would fall 
within the first measurement image following a laser 
pulse. By doing so the first measurement images were 
taken approximately 5 ms following a laser pulse.  No 
alteration to the commercial laser device was made. 
The laser was fired as in a normal operation by 
pressing the footswitch, and the camera image was 
recorded following an emitted laser pulse.  In each 
measurement, single laser pulses were delivered to 
different areas on the skin to avoid cumulative tissue 
desiccation. Sufficient time was taken between 
measurements in order to allow the skin to cool down 
to ambient temperature prior to each recording. The 
energy of the laser pulses was measured with an 
energymeter (Ophir Smarthead) at the R11 handpiece 
output. 

The temperature distribution within the skin was 
calculated from the temporal decay of the skin surface 
temperature using a model that is described below.   

The amount of heat that is deposited by a laser 
pulse  decreases with distance within the tissue. This is 
partially due to the exponential decrease of laser light 
intensity within tissue, as provided by 

)exp(0 xII   ,     (1) 

where I0 is the incident laser intensity and µ is the 
optical absorption coefficient of the tissue for the 
particular incident laser wavelength. 

The heat distribution within the tissue is 
additionally effected by the conduction of heat, i.e. 
heat diffusion into the surrounding tissue. In the limit 
of a negligible optical absorption depth, the thermal 
distribution which results from the uniform 
illumination of the surface, is approximated by the 
Gaussian function [26, 27]:  

T  = K exp (-x2/4Dt) ,    (2) 

where t is the duration of illumination, D is the 
thermal diffusivity of the tissue, and K is a constant 
that depends on the laser and tissue parameters. The 
longer the pulse duration and larger the thermal tissue 
diffusivity, the deeper the heat will spread away from 
the surface.  

Ablation starts when the surface tissue is heated to 
the ablation temperature Ta. After that, and assuming a 

confined boiling model of laser ablation, [28] surface 
temperature stops increasing and remains fixed at the 
“boiling” temperature Ta throughout the ablation 
process. However, the temperature distribution away 
from the surface continues to change during the laser 
pulse because the diffusion does not stop after the 
ablation threshold has been reached. 

In what follows, we assume that the diffusion 
penetration depth, d = Dt4 , is larger than the 
optical penetration depth, 1/ , and that the thermal 
distribution at the end of an ablative pulse can be 
approximated by: 

T  = (Ta –T0 )exp (-x2/dR2)     (3) 

Here the residual depth, dR, represents the final 
depth of the heated layer, exactly at the end of a laser 
pulse and represents a measure of the residual heat 
deposition. The thinner the layer, the smaller the 
amount of the deposited residual heat Qres will be: 

Qres= A cp

0

(Ta – T0) exp (-x2/ dR2) dx,   (4) 

where A is the laser spot area,  the tissue density, and 
cp the tissue heat capacity. 

Heat continues to diffuse into the tissue and 
surface temperature starts decreasing below Ta, after 
the laser pulse has ended. Here, we ignore the much 
slower convective surface cooling into the surrounding 
air.

Assuming a thermal distribution at the end of a 
laser pulse to be as described in (3), the temporal 
surface temperature evolution, T, following a laser 
pulse can be calculated using a one dimensional 
diffusion equation [26, 27]: 

2

2

x
T

t
Tc   . (5) 

The one dimensional diffusion equation is taken to 
be a good approximation since the laser spot diameter 
is much larger than the diffusion depth. Alternatively, 
the initial Ta and dR can be determined from the 
measured surface temperature decay by fitting the 
calculated temperature decay curves to the measured 
results.

The parameters as shown in Table 1 were used in 
the diffusion model.[28] 
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depend on the patient skin type, treatment location, 
skin hydration level and pulse duration.  

b) Thermal Depth 

Figure 11 shows measured temporal evolution of 
the skin surface temperature following Er:YAG laser 
pulses of different pulse duration modes in the hot 
ablation regime.  
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Fig. 11: Typical thermal images of the irradiated skin at 5, 
25, 45, 65 and 85 msec following an Er:YAG laser pulse of 
2J/cm2. The temperature difference, T, shown for 
different pulse duration modes, represents the temperature 
increase above the initial average room temperature within a 
central 1mm illuminated spot area.

After a pulse has ended, the temperature starts to 
decrease from the “boiling” temperature reached 
during the pulse. As expected, the observed thermal 
decay in Fig. 11 is fastest at the shortest, 175 s (MSP) 
pulse where the heated skin layer is most shallow, and 
the slowest at the longest, 250.000 s (250 ms; 
SMOOTH) pulse where the heated layer is thickest.   

The influence of pulse duration can be clearly seen 
also by observing the skin temperatures at 5 ms and 85 
ms delays following a laser pulse (Fig. 12). 
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Fig. 12: Skin surface temperatures difference, T, for 
different pulse durations modes at a 5 and 85 ms delay 
following a 2J/cm2 laser pulse. 

After 5 ms, the temperature difference, T, drops 
to 36 0C (0.175 ms, MSP mode), 39 0C (0.3 ms, SP 
mode), 48 0C (0.8 ms, VLP mode) and to 60 0C (250 

ms, SMOOTH mode). Similarly, at the  85 ms delay, 
the temperature increase, T, drops to 17 0C (MSP 
mode), 19 0C (SP mode), 22 0C (VLP mode) and to 38 
0C (SMOOTH mode). 

As expected, the temperature increase, T, depends 
strongly on the delivered laser pulse fluence. Figure 13 
shows the skin surface temperature at a 25 ms delay as 
a function of laser pulse fluence. 
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Fig. 13: Skin surface temperature 25 ms after an MSP mode 
laser pulse, as a function of laser pulse fluence.  

Initially, the temperature increases with the fluence. 
At fluences below the ablation threshold there is NO 
ABLATION (see Fig. 14) and all the energy is released 
as heat, irrespective of the laser fluence. Above the 
ablation threshold, the ablation starts, while the 
remaining heated tissue layer remains thick (HOT 
ABLATION).  At intermediate fluences the thermally 
effected layer becomes smaller (WARM ABLATION). 
At even higher fluences (not shown in Fig. 13), the 
ablation speed is higher than the rate at which heat 
diffuses into the tissue. All laser energy is thus used up 
for COLD ABLATION. The thermally affected tissue 
layer is confined to the directly heated tissue volume 
within the optical penetration depth.  

Fig. 14: In laser ablation we generally talk about one non-
ablative and three ablative treatment regimes 
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Figure 15 shows the residual heat depth, dR, for the 
MSP (175 s) and VLP (800 s) pulse duration mode, 
as obtained from experimentally measured skin surface 
temperature decays.   
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Fig. 15: Residual depth, dR, of the thermal layer within the 
skin, as obtained from the thermal decay measurements for 
the VLP (800 s) and MSP (175 s) laser pulse durations. 

Similarly, Fig. 16 shows the residual depth, dR, for 
the MSP (175 s) pulse duration mode, as calculated 
from the MEC micro-explosions numerical model.  
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Fig. 16: Residual depth, dR in skin for the MSP (175 s)
pulse duration mode, as obtained from the micro-explosions 
model.

The experiment and the theoretical MEC model are 
in good agreement, confirming the accuracy of the 
model. Both, measurements and the micro-explosion 
model show that the depth of the residual heated skin 
layer starts to decrease for fluences above the ablation 
threshold. The residual depth is also observed to be 
larger for longer pulse durations (see also Fig. 4).    

Clinically, the more relevant information is the 
depth of the thermally modified skin tissue layer 
(thermal depth, dT). We modeled the protein 

denaturation process at each point in space and time 
by calculating the damage parameter  according to 
the Arrhenius equation of protein denaturation 
kinetics:

 (z,t) = A
t

0

exp (-E/RT(z,t’)) dt’ ,              (7)

with parameter values A=3.1x1098 s-1 and E = 6.28 
x 108 J/kmol.[27, 28] The parameter z measures the 
distance of a point from the skin surface. Tissue is 
assumed to be irreversibly modified when exceeds 
0.5. Figure 17 shows the calculated depth of the 
thermally modified layer, dT, as a function of laser 
fluence for the MSP pulse duration mode.  
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Fig. 17: Depth of thermally modified layer, dT, as a function 
of laser fluence for MSP (175 s) pulse duration mode.  

In the non-ablative region, the thermal depth dT
increases with fluence up to the maximum thermal  
depth, DT, when the ablation threshold is reached. The 
thermal depth then starts to decrease towards higher 
fluences: from hot to warm, and finally to the cold 
ablation regime. Similar dependences apply for all VSP 
Er:YAG pulse mode durations.  

IV. DISCUSSION 

a) Nine Treatment Regimes 
As shown above, the thermal and ablation depths 

of VSP Er:YAG lasers depend on the combination of 
two parameters; pulsewidth and fluence. The VSP 
technology-supported Er:YAG laser is an extremely 
versatile and precise skin resurfacing tool. The control 
of pulsewidth and laser fluences provides a wide range 
of treatment options that can be depicted as a simple 
matrix (see Fig. 18). [16] 
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depend on the patient skin type, treatment location, 
skin hydration level and pulse duration.  

b) Thermal Depth 

Figure 11 shows measured temporal evolution of 
the skin surface temperature following Er:YAG laser 
pulses of different pulse duration modes in the hot 
ablation regime.  
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300 sec

800 sec

250.000 sec

10 m thermal layer

100 m thermal layer

175 sec

300 sec

800 sec

250.000 sec

10 m thermal layer

100 m thermal layer

Fig. 11: Typical thermal images of the irradiated skin at 5, 
25, 45, 65 and 85 msec following an Er:YAG laser pulse of 
2J/cm2. The temperature difference, T, shown for 
different pulse duration modes, represents the temperature 
increase above the initial average room temperature within a 
central 1mm illuminated spot area.

After a pulse has ended, the temperature starts to 
decrease from the “boiling” temperature reached 
during the pulse. As expected, the observed thermal 
decay in Fig. 11 is fastest at the shortest, 175 s (MSP) 
pulse where the heated skin layer is most shallow, and 
the slowest at the longest, 250.000 s (250 ms; 
SMOOTH) pulse where the heated layer is thickest.   

The influence of pulse duration can be clearly seen 
also by observing the skin temperatures at 5 ms and 85 
ms delays following a laser pulse (Fig. 12). 
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Fig. 12: Skin surface temperatures difference, T, for 
different pulse durations modes at a 5 and 85 ms delay 
following a 2J/cm2 laser pulse. 

After 5 ms, the temperature difference, T, drops 
to 36 0C (0.175 ms, MSP mode), 39 0C (0.3 ms, SP 
mode), 48 0C (0.8 ms, VLP mode) and to 60 0C (250 

ms, SMOOTH mode). Similarly, at the  85 ms delay, 
the temperature increase, T, drops to 17 0C (MSP 
mode), 19 0C (SP mode), 22 0C (VLP mode) and to 38 
0C (SMOOTH mode). 

As expected, the temperature increase, T, depends 
strongly on the delivered laser pulse fluence. Figure 13 
shows the skin surface temperature at a 25 ms delay as 
a function of laser pulse fluence. 
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Fig. 13: Skin surface temperature 25 ms after an MSP mode 
laser pulse, as a function of laser pulse fluence.  

Initially, the temperature increases with the fluence. 
At fluences below the ablation threshold there is NO 
ABLATION (see Fig. 14) and all the energy is released 
as heat, irrespective of the laser fluence. Above the 
ablation threshold, the ablation starts, while the 
remaining heated tissue layer remains thick (HOT 
ABLATION).  At intermediate fluences the thermally 
effected layer becomes smaller (WARM ABLATION). 
At even higher fluences (not shown in Fig. 13), the 
ablation speed is higher than the rate at which heat 
diffuses into the tissue. All laser energy is thus used up 
for COLD ABLATION. The thermally affected tissue 
layer is confined to the directly heated tissue volume 
within the optical penetration depth.  

Fig. 14: In laser ablation we generally talk about one non-
ablative and three ablative treatment regimes 
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Figure 15 shows the residual heat depth, dR, for the 
MSP (175 s) and VLP (800 s) pulse duration mode, 
as obtained from experimentally measured skin surface 
temperature decays.   
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Fig. 15: Residual depth, dR, of the thermal layer within the 
skin, as obtained from the thermal decay measurements for 
the VLP (800 s) and MSP (175 s) laser pulse durations. 

Similarly, Fig. 16 shows the residual depth, dR, for 
the MSP (175 s) pulse duration mode, as calculated 
from the MEC micro-explosions numerical model.  
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Fig. 16: Residual depth, dR in skin for the MSP (175 s)
pulse duration mode, as obtained from the micro-explosions 
model.

The experiment and the theoretical MEC model are 
in good agreement, confirming the accuracy of the 
model. Both, measurements and the micro-explosion 
model show that the depth of the residual heated skin 
layer starts to decrease for fluences above the ablation 
threshold. The residual depth is also observed to be 
larger for longer pulse durations (see also Fig. 4).    

Clinically, the more relevant information is the 
depth of the thermally modified skin tissue layer 
(thermal depth, dT). We modeled the protein 

denaturation process at each point in space and time 
by calculating the damage parameter  according to 
the Arrhenius equation of protein denaturation 
kinetics:

 (z,t) = A
t

0

exp (-E/RT(z,t’)) dt’ ,              (7)

with parameter values A=3.1x1098 s-1 and E = 6.28 
x 108 J/kmol.[27, 28] The parameter z measures the 
distance of a point from the skin surface. Tissue is 
assumed to be irreversibly modified when exceeds 
0.5. Figure 17 shows the calculated depth of the 
thermally modified layer, dT, as a function of laser 
fluence for the MSP pulse duration mode.  
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Fig. 17: Depth of thermally modified layer, dT, as a function 
of laser fluence for MSP (175 s) pulse duration mode.  

In the non-ablative region, the thermal depth dT
increases with fluence up to the maximum thermal  
depth, DT, when the ablation threshold is reached. The 
thermal depth then starts to decrease towards higher 
fluences: from hot to warm, and finally to the cold 
ablation regime. Similar dependences apply for all VSP 
Er:YAG pulse mode durations.  

IV. DISCUSSION 

a) Nine Treatment Regimes 
As shown above, the thermal and ablation depths 

of VSP Er:YAG lasers depend on the combination of 
two parameters; pulsewidth and fluence. The VSP 
technology-supported Er:YAG laser is an extremely 
versatile and precise skin resurfacing tool. The control 
of pulsewidth and laser fluences provides a wide range 
of treatment options that can be depicted as a simple 
matrix (see Fig. 18). [16] 
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Fig. 18: Approximate ablative and thermal depths for the 
nine VSP treatment regimes. [16] 

VSP Er:YAG laser treatment regimes are thus defined 
as follows (Table 2):
a) Cold regime with thermal depths of approximately 
3-7 m;
b) Warm regime with thermal depths of 
approximately 8-15 m;
c) Hot regime with thermal depths above 
approximately 15 m.

Table 2: Three VSP Er:YAG laser thermal treatment 
regimes. [16] 

Er:YAG Thermal Regime Thermal Depth (µm) 

COLD 3 – 7 

WARM 5 – 15 

HOT above 15 

Note that the VSP Er:YAG cold, warm and hot 
regimes correspond approximately with the thermal 
depth limits of the Er:YAG (cold), Er:YSGG (warm) 
and  CO2 (hot) lasers. By selecting VSP Er:YAG laser 
regimes, the practitioner tunes the laser effect from a 
purely “Er:YAG type” laser treatment, to an 
“Er:YSGG type” laser treatment, and at the longest 
pulsewidths to a “CO2 type” laser treatment. 

There are also three VSP Er:YAG laser treatment 
regimes (Light, Medium, and Deep) in terms of their 
ablative depth (see Table 3):  

Table 3: Three Er:YAG ablation regimes in terms of 
ablation depth. [16] 

Er:YAG Ablative Regime Ablation Depth (µm) 

LIGHT 0 – 5 

MEDIUM 6 – 20 

DEEP above 20 

The combination of Er:YAG thermal treatment 
regimes with the treatment regimes based on ablation 
depth provides a matrix of nine VSP treatment regime 
options, as shown in Figure 18, together with the 
corresponding ablative thermal depths. The 
recommended treatment parameters for the nine 
regimes are shown in Figure 19.

Fig. 19: Recommended treatment parameters for the nine 
VSP Er:YAG treatment regimes. [16] 

Note that the recommended values are only 
approximated, as the exact values depend on skin type, 
treatment location, skin hydration levels and other 
parameters. The ablation threshold fluence can thus 
vary in real patient situations. Also note that the 
indicated boundaries between the regions of cold, 
warm and hot ablation are only approximate. In reality 
more gradual transitions exist between these treatment 
regimes.

The correct therapeutic ablation depth is the 
minimum depth needed to achieve the desired clinical 
result, whether it is for the effacement of rhytids, 
removal of photo-damage and/or collagen tightening. 
Generally, laser resurfacing is performed by treating 
the area completely, until the to-be-removed lesions 
have been ablated or until punctate bleeding appears, 
which indicates the papillary dermis has been reached. 
At the papillary dermis level a maximum therapeutic 
effect is achieved with a minimum risk of side effects. 
Continuing to treat deeper than the papillary dermis 
has minimal clinical benefits, while the potential of 
complications and side effects may even exponentially 
increase. With clinical experience it is advisable to 
select laser treatment settings that will give the desired 
result in 2-4 passes. Visual clinical end-points for the 
three ablative regimes are shown in Figures 20a to 20c.  
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Light PeelLight Peel

Fig. 20a: Light Peel. Whitish coloring of the skin after 
administering laser pulses generally indicates the Er:YAG 
laser treatment has reached the intra-epidermal level. [16] 

Medium PeelMedium Peel

Fig. 20b: Medium peel. Yellowish coloring of the skin after 
administering laser pulses generally indicates the Er:YAG 
laser treatment has reached the deep epidermal level. [16] 

Deep PeelDeep Peel

Fig. 20c: Deep peel. Punctate bleeding suggests that the 
papillary dermis has been reached. Generally this indicates 
that the clinical end-point has been reached in Er:YAG laser 
resurfacing treatments.  [16] 

As a general rule, the final treatment outcome is 
more pronounced when more aggressive treatment 
parameters are used. More aggressive treatments are 
achieved with deeper ablation and thermal parameters 
while patient downtime and risk of complications 
increase. An approximate relation of the nine 
treatment regimes with regards to the efficacy and 
downtime is shown in Figure 21. Clinically obtained 
downtimes for cold, warm and hot light peels are 
respectively 12-48 hours, 12-72 hours, and 4-5 days. 
The downtime for a cold medium peel (papillary dermis) is 
7-10 days.

Fig. 21: Approximate relation of the nine VSP Er:YAG laser 
ablative treatment regimes with regard to the efficacy and 
downtime. [16] 

Examples of full field ablative Er:YAG treatments 
are depicted in Figs. 22-24.  

Before AfterBefore After
Fig. 22: Ablative skin lesion removal. Courtesy of R. Sult. 

40 days afterBefore 40 days afterBefore
Fig. 23: Perio-oral skin resurfacing. Courtesy of dr. G. 
Lupino.

Before 3 months afterBefore 3 months after
Fig. 24: Removal of Xanthelasma Palpebrarum. Courtesy of 
dr. Drnovsek. 
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Fig. 18: Approximate ablative and thermal depths for the 
nine VSP treatment regimes. [16] 

VSP Er:YAG laser treatment regimes are thus defined 
as follows (Table 2):
a) Cold regime with thermal depths of approximately 
3-7 m;
b) Warm regime with thermal depths of 
approximately 8-15 m;
c) Hot regime with thermal depths above 
approximately 15 m.

Table 2: Three VSP Er:YAG laser thermal treatment 
regimes. [16] 

Er:YAG Thermal Regime Thermal Depth (µm) 

COLD 3 – 7 

WARM 5 – 15 

HOT above 15 

Note that the VSP Er:YAG cold, warm and hot 
regimes correspond approximately with the thermal 
depth limits of the Er:YAG (cold), Er:YSGG (warm) 
and  CO2 (hot) lasers. By selecting VSP Er:YAG laser 
regimes, the practitioner tunes the laser effect from a 
purely “Er:YAG type” laser treatment, to an 
“Er:YSGG type” laser treatment, and at the longest 
pulsewidths to a “CO2 type” laser treatment. 

There are also three VSP Er:YAG laser treatment 
regimes (Light, Medium, and Deep) in terms of their 
ablative depth (see Table 3):  

Table 3: Three Er:YAG ablation regimes in terms of 
ablation depth. [16] 

Er:YAG Ablative Regime Ablation Depth (µm) 

LIGHT 0 – 5 

MEDIUM 6 – 20 

DEEP above 20 

The combination of Er:YAG thermal treatment 
regimes with the treatment regimes based on ablation 
depth provides a matrix of nine VSP treatment regime 
options, as shown in Figure 18, together with the 
corresponding ablative thermal depths. The 
recommended treatment parameters for the nine 
regimes are shown in Figure 19.

Fig. 19: Recommended treatment parameters for the nine 
VSP Er:YAG treatment regimes. [16] 

Note that the recommended values are only 
approximated, as the exact values depend on skin type, 
treatment location, skin hydration levels and other 
parameters. The ablation threshold fluence can thus 
vary in real patient situations. Also note that the 
indicated boundaries between the regions of cold, 
warm and hot ablation are only approximate. In reality 
more gradual transitions exist between these treatment 
regimes.

The correct therapeutic ablation depth is the 
minimum depth needed to achieve the desired clinical 
result, whether it is for the effacement of rhytids, 
removal of photo-damage and/or collagen tightening. 
Generally, laser resurfacing is performed by treating 
the area completely, until the to-be-removed lesions 
have been ablated or until punctate bleeding appears, 
which indicates the papillary dermis has been reached. 
At the papillary dermis level a maximum therapeutic 
effect is achieved with a minimum risk of side effects. 
Continuing to treat deeper than the papillary dermis 
has minimal clinical benefits, while the potential of 
complications and side effects may even exponentially 
increase. With clinical experience it is advisable to 
select laser treatment settings that will give the desired 
result in 2-4 passes. Visual clinical end-points for the 
three ablative regimes are shown in Figures 20a to 20c.  
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Light PeelLight Peel

Fig. 20a: Light Peel. Whitish coloring of the skin after 
administering laser pulses generally indicates the Er:YAG 
laser treatment has reached the intra-epidermal level. [16] 

Medium PeelMedium Peel

Fig. 20b: Medium peel. Yellowish coloring of the skin after 
administering laser pulses generally indicates the Er:YAG 
laser treatment has reached the deep epidermal level. [16] 

Deep PeelDeep Peel

Fig. 20c: Deep peel. Punctate bleeding suggests that the 
papillary dermis has been reached. Generally this indicates 
that the clinical end-point has been reached in Er:YAG laser 
resurfacing treatments.  [16] 

As a general rule, the final treatment outcome is 
more pronounced when more aggressive treatment 
parameters are used. More aggressive treatments are 
achieved with deeper ablation and thermal parameters 
while patient downtime and risk of complications 
increase. An approximate relation of the nine 
treatment regimes with regards to the efficacy and 
downtime is shown in Figure 21. Clinically obtained 
downtimes for cold, warm and hot light peels are 
respectively 12-48 hours, 12-72 hours, and 4-5 days. 
The downtime for a cold medium peel (papillary dermis) is 
7-10 days.

Fig. 21: Approximate relation of the nine VSP Er:YAG laser 
ablative treatment regimes with regard to the efficacy and 
downtime. [16] 

Examples of full field ablative Er:YAG treatments 
are depicted in Figs. 22-24.  

Before AfterBefore After
Fig. 22: Ablative skin lesion removal. Courtesy of R. Sult. 

40 days afterBefore 40 days afterBefore
Fig. 23: Perio-oral skin resurfacing. Courtesy of dr. G. 
Lupino.

Before 3 months afterBefore 3 months after
Fig. 24: Removal of Xanthelasma Palpebrarum. Courtesy of 
dr. Drnovsek. 
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b) Super Long SMOOTH and V-SMOOTH 
Modes

In addition to the nine basic VSP Er:YAG 
treatment regimes, there is also a unique additional 
tenth treatment regime; the non-ablative SMOOTH (tp

=20 ms), [35-48] and more recently variable, V-
SMOOTH (tp = 100-500 ms) mode.[34]

In the SMOOTH mode, [35] laser energy is 
transmitted as heat onto the skin surface, without any 
resulting ablation, and is then dissipated into the 
deeper tissue layers. If laser energy is delivered to the 
skin surface in a time period longer than the Thermal 
Relaxation Time (TRT) of the epidermis (estimated to 
be around between 10 and 100 msec depending on the 
thickness), the epidermis has sufficient time to cool by 
dissipating the heat into the deeper skin layers. Thus 
temperatures required for ablation are reached at much 
higher fluences. The TRT is the time required for the 
tissue temperature to decrease by approximately 63%. 
And if at the same time laser energy is delivered in a 
time period that is shorter than the combined skin 
TRT (estimated to be in the range of 500 msec) then 
the skin does not have time to cool off during the laser 
pulse. The delivered laser energy thus results in an 
overall build-up of heat and creates a temperature 
increase deep in the papillary dermis. 

The above principle is employed when the super-
long pulses of SMOOTH  mode are used. SMOOTH 
and V-SMOOTH pulses deliver laser energy onto the 
skin in a fast sequence of low fluence laser pulses 
inside an overall variable length super-long pulse of 
100-500 msec.

Because the super-long SMOOTH pulses are 
longer than the epidermal TRT, the threshold ablation 
fluence is much higher than 2 J/cm2 and the 
conditions for ablation are more difficult to reach. The 
effect of SMOOTH mode is mainly thermal 
modification of the skin, without any significant 
ablation of the epidermis. The thermal depths dT in the 
V-SMOOTH (tp = 100 ms) mode as a function of laser 
fluence, are shown in Figure 26. For comparison, the 
thermal depths for the short, MSP (tp = 0.175 ms) 
pulse are also shown. 
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 Fig. 26: Large thermal depths without skin ablation can be 
achieved with the Fotona V-SMOOTH mode. 

Since in the super long SMOOTH mode the 
ablation threshold is high the maximal thermal depth, 
DT, which is always reached at the threshold fluence is 
also high. Table 4 shows the maximal thermal depths, 
DT, calculated using the MEC theoretical model for all 
currently available VSP Er:YAG pulse duration modes.  

Table 4: The ablation threshold fluences, and the 
corresponding maximum thermal depths, for the 
currently available VSP Er:YAG pulse duration modes. 
V-SMOOTH mode pulses are generated in a slightly 
different manner than the SMOOTH mode pulses. For 
this reason, the ablation thresholds and thermal depths 
of the V-SMOOTH pulses follow a different 
dependency on pulse duration than the SMOOTH 
mode.
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Histological investigations show that SMOOTH 
and V-SMOOTH mode treatments result in collagen 
thermal that extends deeper than 100 µm below the 
epidermal-dermal junction. [12, 36-40, 46] Clinically, 
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this collagen thermal results in visible and long-lasting 
reduction of wrinkles and scars (see Fig. 27). [41-42] 

Before AfterBefore After

Fig. 27: SMOOTH mode treatment of the flaccidity in arms. 
Courtesy of dr. C. Pidal. 

c) Fractional Treatments 
Fractional laser photothermolysis is the latest in the 

broad range of VSP Er:YAG laser techniques. [49-51] 
This technique promises a novel means of providing 
treatments that would be as effective as traditional 
Er:YAG approaches while further reducing their 
downtime and risk.[52-57] The fractional technique is 
based on a concept of producing an array of 
microscopic wounds on the skin surface that are 
rapidly reepithelialized by the surrounding, undamaged 
tissue, sparing the epidermis in the untreated areas 
(Fig. 28).

Full Field FractionalFull Field FractionalFractional

Fig. 28: As opposed to the traditional, full field resurfacing, 
the fractional resurfacing is based on a concept of producing 
an array of microscopic wounds.  

With the fractional handpieces, the practitioner can 
perform all nine basic VSP ablative and SMOOTH 
treatments at fully clinically tested laser parameters (see 
Fig. 29). The only difference is that the skin is treated 
with pixelated Er:YAG laser beams (see Fig. 30).  

Light Fractional Medium Fractional Deep Fractional
Peel Peel Peel

Cold

Warm

Hot

Smooth mode

No peel Light Fractional Medium Fractional Deep Fractional
Peel Peel Peel

Cold

Warm

Hot

Light Fractional Medium Fractional Deep Fractional
Peel Peel Peel

Cold

Warm

Hot

Cold

Warm

Hot

Smooth mode

No peel

Fig. 29: The fractional  treatment regimes are in principle the 
same as the basic VSP Er:YAG treatment regimes, but 
through pixelation they are less invasive and have shorter 
downtimes  

Fig. 30: Fractional skin resurfacing.   

There are two types of fractional handpiece 
technologies, stamping and scanning (Fig. 31).  

a) STAMPING b) SCANNINGa) STAMPING b) SCANNING

Fig. 31: Two types of fractional handpiece technologies.

With stamping fractional handpieces, the full laser 
beam (spot) is divided into many small beams (micro 
dots or pixels), and the pixel fluence is comparable to 
the total laser beam fluence. The pixel energy is a 
fractional part of the total pulse energy.  A typical 
stamping fractional handpiece is shown in Fig. 32. 
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b) Super Long SMOOTH and V-SMOOTH 
Modes

In addition to the nine basic VSP Er:YAG 
treatment regimes, there is also a unique additional 
tenth treatment regime; the non-ablative SMOOTH (tp

=20 ms), [35-48] and more recently variable, V-
SMOOTH (tp = 100-500 ms) mode.[34]

In the SMOOTH mode, [35] laser energy is 
transmitted as heat onto the skin surface, without any 
resulting ablation, and is then dissipated into the 
deeper tissue layers. If laser energy is delivered to the 
skin surface in a time period longer than the Thermal 
Relaxation Time (TRT) of the epidermis (estimated to 
be around between 10 and 100 msec depending on the 
thickness), the epidermis has sufficient time to cool by 
dissipating the heat into the deeper skin layers. Thus 
temperatures required for ablation are reached at much 
higher fluences. The TRT is the time required for the 
tissue temperature to decrease by approximately 63%. 
And if at the same time laser energy is delivered in a 
time period that is shorter than the combined skin 
TRT (estimated to be in the range of 500 msec) then 
the skin does not have time to cool off during the laser 
pulse. The delivered laser energy thus results in an 
overall build-up of heat and creates a temperature 
increase deep in the papillary dermis. 

The above principle is employed when the super-
long pulses of SMOOTH  mode are used. SMOOTH 
and V-SMOOTH pulses deliver laser energy onto the 
skin in a fast sequence of low fluence laser pulses 
inside an overall variable length super-long pulse of 
100-500 msec.

Because the super-long SMOOTH pulses are 
longer than the epidermal TRT, the threshold ablation 
fluence is much higher than 2 J/cm2 and the 
conditions for ablation are more difficult to reach. The 
effect of SMOOTH mode is mainly thermal 
modification of the skin, without any significant 
ablation of the epidermis. The thermal depths dT in the 
V-SMOOTH (tp = 100 ms) mode as a function of laser 
fluence, are shown in Figure 26. For comparison, the 
thermal depths for the short, MSP (tp = 0.175 ms) 
pulse are also shown. 
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 Fig. 26: Large thermal depths without skin ablation can be 
achieved with the Fotona V-SMOOTH mode. 

Since in the super long SMOOTH mode the 
ablation threshold is high the maximal thermal depth, 
DT, which is always reached at the threshold fluence is 
also high. Table 4 shows the maximal thermal depths, 
DT, calculated using the MEC theoretical model for all 
currently available VSP Er:YAG pulse duration modes.  

Table 4: The ablation threshold fluences, and the 
corresponding maximum thermal depths, for the 
currently available VSP Er:YAG pulse duration modes. 
V-SMOOTH mode pulses are generated in a slightly 
different manner than the SMOOTH mode pulses. For 
this reason, the ablation thresholds and thermal depths 
of the V-SMOOTH pulses follow a different 
dependency on pulse duration than the SMOOTH 
mode.
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Histological investigations show that SMOOTH 
and V-SMOOTH mode treatments result in collagen 
thermal that extends deeper than 100 µm below the 
epidermal-dermal junction. [12, 36-40, 46] Clinically, 
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this collagen thermal results in visible and long-lasting 
reduction of wrinkles and scars (see Fig. 27). [41-42] 

Before AfterBefore After

Fig. 27: SMOOTH mode treatment of the flaccidity in arms. 
Courtesy of dr. C. Pidal. 

c) Fractional Treatments 
Fractional laser photothermolysis is the latest in the 

broad range of VSP Er:YAG laser techniques. [49-51] 
This technique promises a novel means of providing 
treatments that would be as effective as traditional 
Er:YAG approaches while further reducing their 
downtime and risk.[52-57] The fractional technique is 
based on a concept of producing an array of 
microscopic wounds on the skin surface that are 
rapidly reepithelialized by the surrounding, undamaged 
tissue, sparing the epidermis in the untreated areas 
(Fig. 28).

Full Field FractionalFull Field FractionalFractional

Fig. 28: As opposed to the traditional, full field resurfacing, 
the fractional resurfacing is based on a concept of producing 
an array of microscopic wounds.  

With the fractional handpieces, the practitioner can 
perform all nine basic VSP ablative and SMOOTH 
treatments at fully clinically tested laser parameters (see 
Fig. 29). The only difference is that the skin is treated 
with pixelated Er:YAG laser beams (see Fig. 30).  

Light Fractional Medium Fractional Deep Fractional
Peel Peel Peel

Cold

Warm

Hot

Smooth mode

No peel Light Fractional Medium Fractional Deep Fractional
Peel Peel Peel

Cold

Warm

Hot

Light Fractional Medium Fractional Deep Fractional
Peel Peel Peel

Cold

Warm

Hot

Cold

Warm

Hot

Smooth mode

No peel

Fig. 29: The fractional  treatment regimes are in principle the 
same as the basic VSP Er:YAG treatment regimes, but 
through pixelation they are less invasive and have shorter 
downtimes  

Fig. 30: Fractional skin resurfacing.   

There are two types of fractional handpiece 
technologies, stamping and scanning (Fig. 31).  

a) STAMPING b) SCANNINGa) STAMPING b) SCANNING

Fig. 31: Two types of fractional handpiece technologies.

With stamping fractional handpieces, the full laser 
beam (spot) is divided into many small beams (micro 
dots or pixels), and the pixel fluence is comparable to 
the total laser beam fluence. The pixel energy is a 
fractional part of the total pulse energy.  A typical 
stamping fractional handpiece is shown in Fig. 32. 
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Different  spacers                                             

 for 7,10,12mm spot size                 Pixel level from 1 to 5 

Fig. 32: Stamping fractional handpiece (PS01, Fotona d.d.). 
[25]

A typical stamping fractional beam profile is shown 
in Figure 33.

Fig. 33: A typical PS01 handpiece pixel beam profile. Note 
the soft laser intensity transition between the pixels.  

With scanning fractional handpieces, the laser beam 
is concentrated and focused into a  very small spot that 
is scanned over a treated area. The micro dot energy is 
the same as the full field pulse energy which enables 
higher fluences and deeper treatments. Also, the 
treatment areas and the dot density can be easily 
changed via the keyboard. A typical scanning fractional 
handpiece is shown in Fig. 34. 

Fig. 34: A typical scanning fractional handpiece (F22 F-
Runner, Fotona d.d.). [25]

Scanning fractional handpieces enable an 
additional, extremely deep ablative modality (above 
100 m). In addition, the scanning fractional 
handpieces allow more control and variation in the 
treated area pattern (Fig. 35).  

Extreme Patterns Possible

Pixel size
250 m

Extreme Patterns PossibleExtreme Patterns Possible

Pixel size
250 m

Fig. 35: A wide range of patterns is available with the 
scanning fractional handpieces (shown is an example of the 
F22 scanner patterns).  

d) TURBO Mode 

When very large ablation depths are desired, the 
ablation depth can be increased also by using the so-
called TURBO mode.[58] This mode allows the 
practitioner to determine the treatment depth by 
selecting the fluence and the number of pulses to be 
stacked on the same treatment area (see Fig. 36). As 
always in ablative mode, the thermal depth is 
determined mainly by the pulsewidth. 

Deep Turbo 2 Turbo 3.....Turbo n

1x 2x x n

Deep Turbo 2 Turbo 3.....Turbo n

1x 2x x nx nx n

Fig. 36: The TURBO enhancement mode provides 
increased ablative action. 

When, for example, a cold deep peel treatment regime 
is selected with the addition of the TURBO 3 
modality, the ablative depth (but not the thermal 
depth) will be three times larger compared to the basic 
cold deep peel treatment regime.  

Our measurements also show that when the 
TURBO mode is used in highly ablative fractional 
treatments, the contours of the micro-channels created 
by fractional ablation are more pronounced and 
sharper, if compared to equivalent energy single pulses 
(see Fig. 37). 
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Fig. 37:  TURBO mode produces sharper edges compared 
to a standard single giant laser pulse. 

The images above clearly show the distinct 
differences in micro-channel contour sharpness 
between equivalent energy standard single pulses (left) 
and TURBO pulses (right). Both scans were conducted 
using the F-Runner scanner with equivalent settings 

We attribute the difference in micro-channel 
sharpness to the scattering of high energy single pulses 
due to the formation and screening effect of tissue 
debris as illustrated in Fig. 38 below. 

Fig. 38:  The laser beam scattering effect is induced by 
ablated particles.  

In single, high energy pulses the scattered laser 
beam irradiates the tissue surrounding the micro-
channel. Although the scattered beam is sub-ablative, it 
will create thermal effects in the micro-channel 
surroundings, the therapeutic effects or benefits of 
which cannot be defined or controlled. The scattering 
effect and loss of sharp micro-channel contour 
definition become more pronounced with more 
aggressive ablation settings since the debris will be 
bigger.

By stacking, lower energy pulses in extremely short 
intervals in one TURBO pulse, the aforementioned 
ablation-limiting effects are avoided, and more defined 
and precise micro-channels are created. 

The TURBO mode provides VSP Er:YAG laser 
fractional treatments greater flexibility. It allows 
fractional treatments to be accomplished from the 
keratinous layer to depths the practitioner deems 
necessary for the clinical application at hand. TURBO 
mode can be used to reach deeper into the dermis than 

traditional (non-fractional) resurfacing techniques (see 
Fig. 39).

Depth
3,0 m

m

Depth
3,0 m

m

Fig. 39: A histological picture of a deeply ablated pixel, using 
a TURBO mode (F-22, Fotona d.d.) 

 V. CONCLUSION 

Dependences of skin ablation and thermal depths 
on VSP Er:YAG laser parameters were determined 
experimentally and theoretically. A micro-explosions 
computer (MEC) theoretical model was developed, 
that explicitly links laser and tissue parameters with the 
end effects of ablation and residual heat deposition. 
The predictions of the MEC model were found to be 
in a good agreement with the experiment.  

Thermal depths, and to some degree also ablation 
depths, are a relatively complex function of the laser 
pulse width and pulse fluence. Nevertheless, the 
practitioner does not need to be preoccupied with 
these dependencies; the latest VSP Er:YAG laser 
systems already have a software solution implemented 
that is based on the MEC model.[59]  The MEC 
software automatically calculates the expected ablation 
and thermal depths for the selected parameters and 
shows them on the laser system screen. 

The advanced VSP Er:YAG technology thus enables 
the practitioner to easily adjust the laser treatment 
modality to the patient type and the treated indication.  
There is no other laser wavelength, nor technology 
that allows similar levels of treatment control and 
precision, while providing the extent of treatment 
modalities presented in this paper.  
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Different  spacers                                             

 for 7,10,12mm spot size                 Pixel level from 1 to 5 

Fig. 32: Stamping fractional handpiece (PS01, Fotona d.d.). 
[25]

A typical stamping fractional beam profile is shown 
in Figure 33.

Fig. 33: A typical PS01 handpiece pixel beam profile. Note 
the soft laser intensity transition between the pixels.  

With scanning fractional handpieces, the laser beam 
is concentrated and focused into a  very small spot that 
is scanned over a treated area. The micro dot energy is 
the same as the full field pulse energy which enables 
higher fluences and deeper treatments. Also, the 
treatment areas and the dot density can be easily 
changed via the keyboard. A typical scanning fractional 
handpiece is shown in Fig. 34. 

Fig. 34: A typical scanning fractional handpiece (F22 F-
Runner, Fotona d.d.). [25]

Scanning fractional handpieces enable an 
additional, extremely deep ablative modality (above 
100 m). In addition, the scanning fractional 
handpieces allow more control and variation in the 
treated area pattern (Fig. 35).  

Extreme Patterns Possible

Pixel size
250 m

Extreme Patterns PossibleExtreme Patterns Possible

Pixel size
250 m

Fig. 35: A wide range of patterns is available with the 
scanning fractional handpieces (shown is an example of the 
F22 scanner patterns).  

d) TURBO Mode 

When very large ablation depths are desired, the 
ablation depth can be increased also by using the so-
called TURBO mode.[58] This mode allows the 
practitioner to determine the treatment depth by 
selecting the fluence and the number of pulses to be 
stacked on the same treatment area (see Fig. 36). As 
always in ablative mode, the thermal depth is 
determined mainly by the pulsewidth. 

Deep Turbo 2 Turbo 3.....Turbo n

1x 2x x n

Deep Turbo 2 Turbo 3.....Turbo n

1x 2x x nx nx n

Fig. 36: The TURBO enhancement mode provides 
increased ablative action. 

When, for example, a cold deep peel treatment regime 
is selected with the addition of the TURBO 3 
modality, the ablative depth (but not the thermal 
depth) will be three times larger compared to the basic 
cold deep peel treatment regime.  

Our measurements also show that when the 
TURBO mode is used in highly ablative fractional 
treatments, the contours of the micro-channels created 
by fractional ablation are more pronounced and 
sharper, if compared to equivalent energy single pulses 
(see Fig. 37). 
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Fig. 37:  TURBO mode produces sharper edges compared 
to a standard single giant laser pulse. 

The images above clearly show the distinct 
differences in micro-channel contour sharpness 
between equivalent energy standard single pulses (left) 
and TURBO pulses (right). Both scans were conducted 
using the F-Runner scanner with equivalent settings 

We attribute the difference in micro-channel 
sharpness to the scattering of high energy single pulses 
due to the formation and screening effect of tissue 
debris as illustrated in Fig. 38 below. 

Fig. 38:  The laser beam scattering effect is induced by 
ablated particles.  

In single, high energy pulses the scattered laser 
beam irradiates the tissue surrounding the micro-
channel. Although the scattered beam is sub-ablative, it 
will create thermal effects in the micro-channel 
surroundings, the therapeutic effects or benefits of 
which cannot be defined or controlled. The scattering 
effect and loss of sharp micro-channel contour 
definition become more pronounced with more 
aggressive ablation settings since the debris will be 
bigger.

By stacking, lower energy pulses in extremely short 
intervals in one TURBO pulse, the aforementioned 
ablation-limiting effects are avoided, and more defined 
and precise micro-channels are created. 

The TURBO mode provides VSP Er:YAG laser 
fractional treatments greater flexibility. It allows 
fractional treatments to be accomplished from the 
keratinous layer to depths the practitioner deems 
necessary for the clinical application at hand. TURBO 
mode can be used to reach deeper into the dermis than 

traditional (non-fractional) resurfacing techniques (see 
Fig. 39).
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Fig. 39: A histological picture of a deeply ablated pixel, using 
a TURBO mode (F-22, Fotona d.d.) 

 V. CONCLUSION 

Dependences of skin ablation and thermal depths 
on VSP Er:YAG laser parameters were determined 
experimentally and theoretically. A micro-explosions 
computer (MEC) theoretical model was developed, 
that explicitly links laser and tissue parameters with the 
end effects of ablation and residual heat deposition. 
The predictions of the MEC model were found to be 
in a good agreement with the experiment.  

Thermal depths, and to some degree also ablation 
depths, are a relatively complex function of the laser 
pulse width and pulse fluence. Nevertheless, the 
practitioner does not need to be preoccupied with 
these dependencies; the latest VSP Er:YAG laser 
systems already have a software solution implemented 
that is based on the MEC model.[59]  The MEC 
software automatically calculates the expected ablation 
and thermal depths for the selected parameters and 
shows them on the laser system screen. 

The advanced VSP Er:YAG technology thus enables 
the practitioner to easily adjust the laser treatment 
modality to the patient type and the treated indication.  
There is no other laser wavelength, nor technology 
that allows similar levels of treatment control and 
precision, while providing the extent of treatment 
modalities presented in this paper.  
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