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Abstract
To evaluate the local temperature at corneal tissue after applying single laser pulse from six commercial devices; Medilex™, 
Katana laser-soft, MEL90, Technolas-Teneo317, Alcon EX500, and  PulzarTMZ1. The temperature distribution is simulated 
using finite element solution of the Penne’s bio-heat transfer equation on a 3-D model of human cornea using the manu-
facturer’s assigning parameters. The obtained results showed that the heating effect of Katana laser soft is 40% lower than 
MEL90 and Pulzar™ Z1, while the broad beam Medilex™ showed the minimum temperature rise especially at 248-nm laser 
radiation. The change in laser parameters selected for ablation has significant effect on the corneal local temperature. The 
broad beam-based device produces lower local corneal temperature than other flying spot types.

Keywords LASIK · Cornea · UV laser · Penne’s bio-heat transfer equation

Introduction

Among different complicated optical elements of the eye, 
the cornea represents almost 75% of the focusing power; 
therefore, any small change in its curvature may cause sig-
nificant refraction error [1]. Consequently, reshaping of the 
cornea is the principal of various vision correction proce-
dures including LASIK eye surgery [2, 3]. This process is 
performed via the photo-ablation effect of UV laser pulses 
on a specific depth of corneal stroma [4, 5]. The employed 
laser must be in the ultraviolet range to break the peptide 
bonds between amino acids in stromal collagen which is the 
main chromophore in the cornea [6, 7]. Using UV lasers, 
this process has a very small thermal effect with peak laser 
intensity in the range of MW/cm2 and pulse duration in the 
nanosecond range [8, 9].

To adjust the spatial ablation and fluence profiles on the 
corneal tissue, two methods of laser beam delivery are uti-
lized. The first technique is called “broad beam” which uses 
a wide spot high power laser source to produce stationary or 
circular beam with different sizes and fluences. The second 
method is named “scanning lasers,” which have two types 
slit scanning and spot scanning (flying spot) [10]. The later 
devices use smaller beam size and less power to scan differ-
ent locations of the cornea and make uniform ablation. The 
slit scanning uses rectangular slit to scan the cornea, while 
flying spot utilizes circular or elliptical spot that is computer 
controlled through Galvo scanners which improves the scan-
ning profile [11].

ArF excimer laser at 193 nm has been widely used in 
corneal reshaping procedures, due to its high absorption in 
corneal tissue [12, 13]. UV solid-state lasers have been also 
conducted in that area with significant results [14–16]. Com-
mercially, many devices with different specifications have 
been developed to achieve this purpose [17, 18]. To achieve 
the required ablation effect, the LASIK device delivers mul-
tiple laser pulses to the cornea. However, each pulse has a 
thermal load on the corneal tissue and causes relative tem-
perature rise which should not exceed the acceptable range 
(40 °C) to avoid postoperative complications [19–23], espe-
cially in the devices equipped with smaller spot sizes and 
higher repetition rates [24].
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Therefore, several numerical and experimental studies 
have been conducted to investigate the temperature distri-
bution and predict intraocular tissues damage after applying 
laser radiation such as excimer at 193 nm, Ruby at 694.3 nm, 
Ho:YAG at 2090 nm, and Nd:YAG laser at 1064 nm and 
532 nm [25–29].

However, measuring the temperature distribution in cor-
nea experimentaly is an invasive process and can cause seri-
ous damage to the corneal tissue [26]. Therefore, the compu-
tational techniques are relatively safe alternative [30]. In the 
present study, the cornea’s local temperature after exposed to 
a single laser pulse according to the specifications of some 
commercial eye-surgery devices has been numerically inves-
tigated using a finite element solution of the Penne’s bioheat 
equation.

Methods

Because of blood perfusion in some parts of human body, 
the conventional Fourier heat model cannot be applied. How-
ever, the human cornea has no blood flow, so it is treated as 
solid or stagnant fluid [31]. Therefore, conventional Fourier 

heat equation like Penne’s bio-heat equation can be signifi-
cantly used in studying the corneal thermal load [32]. Con-
ventional Penne’s bio-heat transfer equation is written as:

where �t is the blood density, �b is the tissue density, cb is 
the blood thermal coefficient, and ct is tissue thermal coef-
ficient. K is the tissue transfer coefficient,Tb is the blood 
temperature, Tt is the tissue temperature, t is the time in 
seconds, wb is the blood flow rate, and Qm is external heat 
source. As the cornea has no blood vessels, the blood flow 
in Penne’s bio-heat equation can be ignored. Then, Eq. (1) 
can be reduced to;

The laser spot on the cornea is presented by Gaussian 
source;
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Fig. 1  The 3-D implemented 
model of the human cornea, a 
model’s geometry, b finite-
element mesh
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where IO is laser initial intensity, w is laser beam diameter, � 
is laser pulse duration � is the absorption coefficient, and the 
temporal profile of the laser intensity/power is presented by 
the term exp(− (8t^2)/τ). The laser intensity on the cornea 
is represented by:

where P is the laser power and dc is the beam diameter. 
Then, the energy density absorbed by cornea is defined by:

The wavelength-dependent cornea’s absorption coeffi-
cient � is related to the absorbance A as:

(4)I0=
4P

�dc
2

(5)Q(r, z, t) = �I(r, z, t)

(6)� =
2.303A

d

where d is the sample’s thickness. Using (5), the linear 
absorption coefficient of the cornea has been calculated at 
the selected wavelengths (193, 210, 213, 222, and 248 nm). 
For human cornea, thermal conductivity is 0.580w/m °C, the 
specific heat is 4178 J/Kg °C, and the density is 1050 kg/
m3; there is no rate of blood perfusion or metabolic flux [6].

The temperature distribution during corneal reshaping 
can be affected by ambient temperature and tear evapora-
tion rate as presented in the following equation [26, 27];

where T1 is the cornea’s temperature in Kelvin, K is heat 
transfer coefficient, hamb is the heat transfer coefficient 
(10 W/m2K), Tamb is surrounding temperature ( 298.2 K 
or 25 °C), �S is the constant of Boltzmann (5.67 ×  10−8 W/
m2K4), ε is the emission of the heat by the eye (0.975), and 
E is ocular surface evaporation (40 W/m2).

In the present study, the finite element method has been 
implemented to solve the bioheat Eq. 3-D cornea simulating 
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Table 1  The technical specifications of the studied devices [33–38]

Device Wave-
length 
(nm)

Active medium Pulse 
duration 
(ns)

Beam type Energy (mJ) Spot size (mm) Absorption 
coefficient 
 (m−1)

Zeiss Mel 90 193 Arf 4–7 Flying spot
Gaussian

1 0.7 270,000

Pulzar™ Z1 213 Nd:YAG fifth harmonic 10 -12 Flying spot
Gaussian

1 0.6 230,300

Katana laser soft 210 Titi sapphire fourth harmonic  > 5 Flying spot
Near Gaussian

 < 0.45 0.2 232,000

Technolas Teneo 317 193 Arf 12 Flying spot
Gaussian

1.2 1 270,000

Alcon EX500 193 Arf 5–11 Flying spot
Gaussian

1.5 0.68 270,000

Medilex™ 222
248
193

KrCl
KrF
Arf

15 Broad beam
Gaussian

250 0.2–5 208,366
48,277
270,000

Fig. 2  Temperature distribution on the cornea model with the param-
eters of [28]

Table 2  Summary of the obtained results

Device Wave-
length, nm

Minimum tem-
perature, °C

Maximum 
temperature, 
°C

Zeiss Mel 90 193 70.1 71.2
Pulzar™ Z1 213 77.5 77.6
Katana laser soft 210 45.7 45.8
Alcon EX500 193 88 95.5
Technolas Teneo 317 193 51 53
Medilex™ 193 47.1 60.5

223 42.5 52.8
248 30.5 32.9



 Lasers in Medical Science

1 3

model with dimensions 7.7-mm radius of anterior layer of 
the cornea and 0.55 mm thickness (Fig. 1(a)) has been cre-
ated using the COMSOL multiphysics-5.4 software. Fig-
ure 1(b) shows the created mesh with 0.258 and 0.00258 
maximum and minimum element size, respectively; the laser 
spot is exposed to the center of the model where the mesh 
becomes finer.

Based on the predefined model, the thermal effect on the 
corneal tissue produced using some commercial laser oph-
thalmic devices for eye microsurgery has been investigated. 
Table 1 illustrates the main technical specifications of each 
equipment [33–36].

Results and discussion

For result verification, our created model was implemented 
with parameters from literature [28] and the obtained 
results were compared assuming the initial temperature of 
the cornea is 26.9. The employed parameters were 450-µJ 
pulse energy, 15-ns pulse duration, 193-nm laser wave-
length, and 0.2-mm diameter on the cornea. Our obtained 
temperature on the surface of the cornea was 259  °C 

compared to 263 °C determined by Rahbar et al. [28] using 
the same optical parameters. The determined temperature 
distribution based on our model is presented in Fig. 2.

Furthermore, the parameters presented in Table 2 have 
been introduced to the stimulation model to obtain the 
maximum temperature on the corneal surface resulting from 
each device after the predefined laser pulse duration. The 
specifications of each device were applied and the resultant 
temperature distribution of the flying spot Gaussian based 
devices is presented in Fig. 3.

Medilex™ system uses a range of spot sizes varies from 
0.2 to 5 mm with fluence rate varies from 120 to 200 mJ/
cm2. In our simulation, we utilized the spot size 0.2 mm 
with fluence rate 120 mJ/cm2 and the spot size 5 mm with 
fluence rate 200 mJ/cm2 to obtain the same ablation rate on 
the cornea. This device can also work with Arf, KrCl, and 
KrF excimer laser to emit 193, 222, and 248-nm radiation. 
Thus, the three wavelengths were investigated (Fig. 4). The 
obtained results obtained using each device are summarized 
in Table 2.

Comparing the five flying spot devices, Zeiss and 
Pulzar™ Z1 provide very close temperature due to the 
almost similar optical parameters especially the energy 
per pulse and absorption coefficients, while Katana 

Fig. 3  Temperature distribution of Zeiss Mel 90 at a 4 ns and b 7 ns, Pulzar Z1 at c 10 ns and d 12 ns, Katana laser soft at e 5 ns and f 7 ns, 
Alcon EX500 at g 6 ns and h 12 ns, and Technolas Teneo 317 at i 11 ns and j 5 ns
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system shows less thermal effect due to the relatively 
lower energy per pulse. Moreover, Technolas Teneo 317 
shows low temperature due to laser large spot size. The 
maximum temperature was recorded by Alcon EX500 
due to high pulse energy. On the other hand, the Medi-
lexTM as a broad beam-based device shows the minimum 
thermal effect regardless the spot size and/or energy per 
pulse especially with 248 nm. The utilized laser param-
eters and the tissue wavelength-dependent absorption 
coefficient are the main factors that control the thermal 
effect [30, 39]. Therefore, Medilex at 248 nm provided 

the lowest temperature because of the relatively small 
absorption coefficient of the corneal tissue at that wave-
length [40].

Conclusion

In conclusion, the thermal distribution of human cornea 
model exposed to of different eye-surgery commercial 
devices (broad beam and flying spot) has been evaluated 
numerically based on the finite element of Penne’s bio heat 

Fig. 3  (continued)
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equation. Results indicate that the local corneal tempera-
ture increases to 70 °C using MEL90 parameters and 77 °C 
 PulzarTMZ1 and the maximum temperature recorded by 
Alcon EX 500 95.5 °C while Technolas Teneo 317 shows 
temperature around 53 °C and the katana laser soft produced 
temperature around 45 °C which is the relatively lowest 
value Finally, the broad beam-based device “Medilex™” 
shows 60.5, 52.8 °C, and 32.9 °C at 193 nm, 223 nm, and 
248 nm respectively.
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