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Introduction

The introduction of short-pulse lasers has had breakthrough 
effects on the treatment of eye problems as it enables non-
invasive surgical operations. Laser-assisted in situ keratomi-
leusis for the correction of optical defects such as myopia, 
hyperopia and astigmatism [1], and Nd:YAG laser treatments 
to remove clouding in lenses (cataracts) are the two examples 
of short-pulse lasers applications in ophthalmology. However, 

the laser-based approaches have some disadvantages for 
patients. After the laser surgery, the patient’s cornea becomes 
very fragile to external impacts due to the energy exposed on 
it [2, 3]. Thus, some of the routine examination procedures 
such as intraocular pressure (IOP) measurements become 
inapplicable for those patients. For instance, IOP measure-
ment devices (ocular tonometers) apply direct physical force 
or air pressure to the cornea in taking measurements. Even for 
outpatients, these IOP measurement approaches are extremely 
uncomfortable [4–6]. In addition, the available methods for 
measuring IOP may not give accurate results, due to the vari-
ant structure of the cornea in terms of thickness and stiffness. 
Eyes with thick corneas tend to have pressure values that are 
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Abstract
This work investigates the feasibility of a novel approach for measuring intraocular pressure 
(IOP) by analyzing micron-level laser-induced bubble characteristics in the intraocular 
fluid. We believe that this concept may be used as a non-invasive alternative for measuring 
a patient’s IOP by analyzing the laser-induced bubble volume in the intraocular fluid in the 
anterior chamber of the eye. The behavior of laser-induced bubbles was examined under 
differing fluid pressure levels and at differing laser pulse energy levels. An intraocular 
medium-like environment was imitated and an imaging system was designed in order to 
capture laser-induced bubbles with their movements. The video recordings of the bubbles were 
processed using custom software, and the volume of the bubbles was estimated using three 
different approaches. The bubble volumes were estimated more accurately by using the rising 
velocity of the bubble rather than its direct radii appearances on the images. An inversely 
proportional relationship was observed between the laser-induced bubble volume and the 
fluid pressure. IOP can be measured with a non-invasive technique using laser-induced bubble 
volume. Deeper and detailed studies, including clinical studies, may lead to the use of lasers 
for measuring IOP.
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over-estimated by ocular tonometry, whereas eyes with thin 
corneas may result in under-estimated values. While short-
pulse laser technology is a method of choice in many areas of 
ocular operations and surgeries [3, 7], it has not been used to 
measure IOP.

Nd:YAG lasers are able to create micro-sized cavitation 
bubbles and they are used to examine cavitation bubble phys-
ics in many studies. This is accomplished by focusing the laser 
beam into a fluid and applying high energy to a small portion 
of the fluid to induce evaporation. This vaporized gas is spe-
cifically referred to as a ‘cavitation bubble’ or ‘laser-induced 
bubble’, and its behavior has been investigated in many stud-
ies [8–15]. None of these studies focused on the relationship 
between the cavitation bubble and fluid pressure after it starts 
rising in the fluid.

In this study we investigated the feasibility of a novel 
approach to IOP measurement, using laser-induced bubbles. 
For this purpose, we examined the behavior of laser-induced 
bubbles under different conditions, which are laser beam 
energy and fluid pressure level. Increases and decreases in 
fluid pressure change the laser-induced bubble’s volumes 
that are created with the same energy level of a laser beam. 
Even though the bubble’s volumes are micro-sized, ideally, 
the change in the bubble volume can be observable and can 
be used as a basis for measuring the fluid pressure. The laser-
induced bubble can be created in the intraocular fluid of the 
anterior chamber of the eye, and bubbles can be tracked with 
an imaging system. The volume change of these bubbles can 
be used to measure the IOP of the eye. To demonstrate the 
fluid pressure effects on laser-induced bubbles, we prepared 
an intraocular medium-like environment, and then designed 
an imaging system in order to record laser-induced bubbles 
and their movements. Laser-induced bubbles were created 
for varying fluid pressure levels and recorded with the cus-
tom-designed imaging system. The videos were processed 
frame by frame with a custom-developed image processing 
algorithm, and the volumes of the bubbles were computed 
using three different approaches. The relationship was found 
between fluid pressure in the intraocular-like environment and 
the bubble volume, and the results are presented in the follow-
ing sections.

Materials and methods

Laser system

Clinical laser devices include a laser source, guide light, slit 
illumination unit, and optical microscope. The laser system 
used in this study (LightMed, LIGHTLas YAG, San Clemente, 
CA, USA) has been used mostly for capsulotomy and mem-
branectomy at Maya Ophthalmology Hospital in Kayseri, 
Turkey. Figure 1 shows the laser system, which has a crystal-
Q laser cavity technology and a 1064 nm wavelength with 4 ns 
pulse width. The laser pulse energy range can be tuned from 
0.2 mJ to 10 mJ and the pulses can be formed with up to a 45° 
angle from the center to the left or right. The microscope has 
magnification options from 5×  to 40×. The illumination unit 

on the device provides slit light on the focus of the laser in 
order to brighten the application area.

Intraocular-like environment

The aim of this proof-of-concept study was to show the sys-
tematic relationship between the volume of laser-induced 
bubbles and intraocular-like fluid pressure. Therefore, a 
leak-proof and transparent intraocular-like environment was 
designed, with adjustable fluid pressure. For this design, a 
leak-proof glass cuvette was chosen as the fluid container. 
It was made of thin transparent glass that did not alter the 
laser power significantly. The dimensions of the cuvette were 
48  ×  14  ×  14 mm (figure 2).

Figure 1.  Side view of the laser system used in this study.

Figure 2.  Leak-proof cuvette used as an intraocular-like 
environment.

Laser Phys. Lett. 16 (2019) 015601
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The cuvette was filled with paraffinum liquidum-based oil 
that was pure and sterilized from foreign particles. We know 
that the bubbles rise more slowly in low-density fluids than 
high-density fluids. Thus, the paraffinum liquidum based oil 
provided better conditions than water for capturing bubble 
images, since it has a density of 0.89 gr cm−3. As shown in fig-
ure 3, the pressure of the fluid inside the cuvette was adjusted 
by varying the height difference between the fluid level in the 
cuvette and the fluid container, as proposed in Pascal’s Law.

Imaging system

The imaging system was one of the most important comp
onents of this study, as further work relied on images of laser-
induced bubbles (LIBs). The imaging system was designed 
to be stable, fast, and reliable enough to capture micro-sized 
bubbles. In order to track and capture LIBs accurately, without 
any blur due to motion or resolution, the digital camera should 
have a high shutter speed and a high rate of frames per second. 
The rear camera on an iPhone 7 smartphone was used, with an 
optical magnifier lens attached to it in order to zoom into LIBs 
and record them, as shown in figure 4.

The magnification lens was disassembled from another 
digital microscope camera (TD brand digital industrial micro-
scope with 50  ×  optic zoom) and attached to the smartphone. 
The shutter speed of the rear camera was 0.002 s. The LIB 
images were recorded in the slow motion video recording 
option that was available on the smartphone. Using this option, 
it was possible to record videos at 240 frames per second, with 
which it was possible to capture any volume changes of LIBs 
while they were rising in the fluid. The videos obtained dur-
ing our experiments depicted the spherical-shaped bubbles 

clearly, as shown in figure 5. In this figure, one can also see 
the rising of a bubble.

Image processing

LIB images were processed by following the steps shown in 
figure  6. A custom image-processing approach was imple-
mented to automatically detect the presence of a bubble, its 
approximate circumference, and its center coordinates. These 
detected parameters were used to investigate bubble volume 
characteristics at differing fluid pressure levels.

First, a reference frame was chosen from the recording in 
order to exclude all irrelevant objects and illumination which 
were fixed across all frames. The video recording was ana-
lyzed frame by frame; each frame was analyzed individually. 

Figure 3.  According to Pascal’s law, the height difference between the fluid level in the glass cuvette and the fluid container determines the 
pressure in the fluid.

Figure 4.  An iPhone 7 and a magnification lens attached via a 
plastic cover constituted our imaging system.

Laser Phys. Lett. 16 (2019) 015601
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At each iteration, the initially chosen reference frame was 
subtracted from the current frame. This operation resulted 
in a single gray image, which included only the difference 
between the current frame and the reference frame. The 
selected reference frame, one sample frame including a laser-
induced bubble, and the subtraction result of these two images 
are demonstrated in figure 7.

When there was a bubble in the predetermined region of 
interest, the algorithm started applying a series of morphologi-
cal operations to determine the exact boundaries of the bub-
ble. First, the image was thresholded to highlight faded pixels 
of the bubble. A circular filter was then applied on the image 
that emphasized circular objects (the bubble). However, the 
circular filter also blurred the boundaries of the object. The 
filtered frame was converted from the gray-scale image to a 
binary image, and the bubble boundaries were deblurred. Only 
those pixels where the bubble was present were given a value 
of 1, and the rest were given a value of zero in this new binary 
image. If there was a hole in the bubble, it was filled by mor-
phological dilation. This new binary image was taken into the 
circle detection algorithm, which was a built-in function in 

MATLAB. This function used the binary image as the input, 
applied the Hough transform-based circle detection algorithm, 
and fitted the smallest circle that would cover the white region 
in the image. The output was then given as the detected circle’s 
center coordinates and radius as a pixel-wise value, if any were 
detected. When it did not detect any circular objects, it yielded 
an empty matrix as the output. The last step of the bubble detec-
tion algorithm, before it moved to the next frame, was to record 
the center coordinate values and radius value of the bubble in 
a matrix. This helped us to look at each bubble’s behavior for 
a certain amount of time. It was also possible to analyze how 
bubble volume changed while it was rising, and how it was ris-
ing in the fluid. Figure 8 shows visual results of each stage of 
the image processing algorithm for a single frame.

Bubble volume estimation

Laser-induced bubble volumes were computed using two 
parameters that are extracted during the circle detection pro-
cess (the radius and coordinates of the circle center). They 
were used in two different approaches.

Figure 5.  Video images indicating the rising of a bubble in the fluid.

Figure 6.  Flow of image processing algorithm for the captured images of laser-induced bubbles.

Laser Phys. Lett. 16 (2019) 015601
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Figure 7.  Subtraction result of the frame, with a bubble (b) from the reference frame (a) shown in the right-most panel (c). In the difference 
frame, the bubble is marked with a red square.

Figure 8.  The circle detection steps for a sample frame (1). They depict the difference from the reference (2), its black-and-white version 
(3), hole-filling result (4), circle-detection in the image (5), and zoomed version of the bubble (6) and the fitted circle in red.

Laser Phys. Lett. 16 (2019) 015601
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The detected radius of the bubble was used to estimate its 
volume. Since it was a rough estimation based on a 2D pro-
jection of the bubble from the camera view, bubble volumes 
estimated by this method might cause incorrect results for 
the same fluid pressure level. Bubbles follow different paths, 
depending on their Reynolds numbers. The Reynolds number 
of the bubble can be calculated using the following formula, 
where vb is the bubble velocity and μf is the fluid viscosity [16]:

Re =
vb2r
µf

.

If the Reynolds number (Re) of the bubble is less than 1 
(Re  <  1), then it follows a rectilinear path [17–19]. All-
laser induced bubbles followed a rectilinear path as they rose 
because their Re values were all less than 1, but also they 
presented on different x-y planes from the view of the imag-
ing system, as shown in figure 9. This is the reason behind 
incorrect bubble volume estimations calculated using detected 
radius values. When they were on planes relatively close to the 
imaging system, their radii were measured larger than their 
actual sizes. The exact opposite case also occurred: when they 
were relatively far away from the imaging system, their radii 
were measured smaller than their actual sizes. This caused a 
variation between estimated bubble volumes with the radii-
based approach.

Despite the detected radius values being ineffective in esti-
mating bubble volumes accurately enough to quantify fluid 
pressure changes, an alternative and more challenging method 

was developed in order to perform more accurate bubble vol-
ume estimations from the captured images. Since the center 
coordinates of the detected bubbles were known, position–
time data of the bubble was known as well. The velocity and 
acceleration of the laser-induced bubbles can be derived by 
using their position data. Moreover, velocity and acceleration 
are directly related to the net force that is applied to the bubble, 
according to Newton’s second law of motion (F  =  m · a). The 
initial velocity of a bubble is zero; hence, its measured veloc-
ity depends only on the net force that is effective on the bub-
ble. The net force is equal to the sum of the different potential 
forces that are effective on the motion of a bubble in a fluid, 
which are the buoyancy force (FB), quasi-steady force (FQS), 
history (Basset) force (FH), added-mass force (FAM), force due 
to free-stream acceleration (FFS), and drag force (FD) [17, 20]. 
Archimedes’ equation (F  =  ρf · g · V) gives us the buoyancy 
force, where V = 4

3 · π · r3 and the magnitude of the buoy-
ancy force is related to volume of the bubble, because fluid 
density and gravity were constant [21–24]. The quasi-steady 
force, history force, and added-mass force also depend on the 
volume of the bubble [20, 23]. The equation that consists of 
the sum of these forces is equal to the net force equation men-
tioned above. Since we were dealing with bubbles that have 
very small Reynolds numbers (Re � 1) [25], the quasi-steady 
force and history force are negligibly small and were ignored. 
Also, there is no fluid flow, so the free-stream force becomes 
zero. The remaining forces are used to express the net force 
that is effective on the bubbles (FAM  =  FB  +  FD) [26].

V · (pf · Cm + pb) ·
dUb

dt
=

4
3
· π · r3 · (pf − pb) · g − πr2

2
· pf · CD · U2

b .

In this equation, Cm is the added mass coefficient which is 
0.5 for spherical bubbles, and CD is the drag coefficient and 
is calculated using Re. There are many proposed methods for 
the CD coefficient [27–30]; we used Luo’s proposal, where 

CD = 16
Re

·
[
1 + 0.15

(
R0.687

e

)]
, because it is a closer approach 

for LIBs than others. If bubble density (pb) is neglected 
because it is negligibly small compared to fluid density (pf), 
the formula can be rearranged in order to calculate the radii of 
the bubbles, and it becomes; 

r = − 3 · CD · U2
b

4 ·
( dUb

dt − 2g
) .

This formula approximates the radius by using the simulta-
neous velocity and acceleration of the bubble. In addition to 
using the total sum of these forces for radius calculation, it is 
possible to calculate the radius of the bubble using Stokes’ 
law [31], or the Hadamard [32] and Rybczynski [33] studies 
as it was discussed in Aybers and Tapucu [18]. According to 
Stokes’ law, the terminal velocity of a bubble is:

Ub(ST) =
2r2 (ρf − ρb) g

9µ
.

Hadamard and Rybczynski described the terminal velocity of 
the bubble as:

Figure 9.  Laser-induced bubbles might rise in different directions 
even though the laser was aimed at the same focal point. This 
affected the radius computations of the image-processing algorithm.

Laser Phys. Lett. 16 (2019) 015601
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Ub(H−R) =
2r2 (ρf − ρb) g

3µ
· µ+ µ′

2µ+ 3µ′ ,

where Ub is the bubble velocity, µ is the fluid viscosity, and 
µ′ is the internal viscosity. This formula can be rearranged by 
neglecting µ′ for our case, since µ′ � µ [25, 34, 35]. The rear-
ranged version of the Hadamard and Rybczynski equation is

Ub(H−R) =
r2 (ρf − ρb) g

3µ
=

3
2

Ub(ST).

The bubble speed is already known, and if we rearrange this 
formula in order to calculate the radius of the bubble from the 
measured velocity, it becomes:

r =

Å
Ub · 3µ

(ρf − ρb) g

ã 1
2

.

The main difference of this formula from the previous one 
is that it is assumed that the bubble speed reached a terminal 
constant speed, where acceleration is zero. It means that the 
net force is zero (0  =  FB  +  FD).

There is another rough radius estimation method which 
uses only the buoyancy force. It is assumed that net force is 
equal to the buoyancy force. In this case, two formulas are 
arranged together to find the radius of the bubble:

r =

Å
3 · m · a

4π · ρf ro · g

ã1/3

.

It is known that acceleration is the second derivative of the 
position with respect to time, and the bubble position was 
known since the coordinates of the bubble centers were 
recorded. Therefore, by using the second derivative of the 
position of the bubble, the acceleration of the bubble was 
computed. Since the fluid density and gravitational accelera-
tion were the same for all laser-induced bubbles formed in 
our experiments, only the acceleration value could give infor-
mation about the volume of the bubble. This approach was 
used in order to obtain more accurate results by decreasing the 
variation in the bubble volume estimation.

It is known that laser-induced bubbles that are formed 
using the same laser beam energy level are repeatable [36, 37]. 
Therefore it is expected that under the same fluid pressure, 
laser-induced bubbles should have equal volumes. However, 
our measurements revealed that it was nearly impossible to 
deliver the same amount of energy to laser beams for every 
single laser shot in our medical laser system, and a small vari-
ance of laser beam energy occurs between laser shots due to 
aged laser cores. This problem was overcome by taking multi-
ple laser shots for each pressure level, and stable records were 
taken.

Laser pulse energy effect

Laser energy focused on a point causes the formation of 
plasma and vaporization of the fluid, resulting in a bubble. 
Thus, the experiment set-up was prepared to investigate the 
effect of laser energy on LIBs. In order to understand the effect 
of laser energy, varying energy levels were used to generate 

the laser-induced bubbles. To perform this analysis, an initial 
energy level of 0.8 mJ was selected, and it was increased by 
0.2 mJ at each step. Four energy levels were used in this part 
of the study, of 0.8, 1.0, 1.2 and 1.4 mJ. At each energy level, 
multiple shots (up to 40) were applied, most of which resulted 
in bubble formation. The 1.0 mJ laser energy level provided 
the most stable and successful laser shots in terms of generat-
ing single bubbles. This allowed us to keep the laser beam 
energy constant and stable for fluid pressure effect measure-
ments. For each bubble, the video recordings were processed 
and bubble volumes were computed using a velocity-based 
estimation approach.

Fluid pressure effect

The most important part of this study was the observation that 
the laser-induced bubble volumes systematically changed with 
respect to the fluid pressure inside a container. Theoretically, 
it was proposed that the bubble volume would decrease with 
increasing fluid pressure, since the laser-induced bubble radius 
is dependent on the fluid pressure [24]. In order to prove this 
theory for the laser-induced bubbles, an experimental set-up 
was prepared. Experiments were performed under varying 
levels of zero, 2, 4, and 6 mmHg relative to the atmospheric 
pressure (760 mmHg). Fluid pressures were obtained by 
changing the fluid height levels, as shown in figure 3. At each 
pressure level more than 70 single laser-induced bubbles were 
formed with 1 mJ laser beam energy, and each recorded bub-
ble was tracked for more than 180 frames (500 ms). We should 
note that each laser shot generated only one bubble, and that 
laser shots that generated multiple bubbles were not taken into 
account. Then, the video recordings processed using the tech-
niques proposed in the bubble volume estimation section. The 
volumes of each bubble were computed individually, and the 
values were averaged for every individual pressure level.

Results

In the methods section  we mentioned that there were two 
parameters that affected the bubble volume: laser energy and 
fluid pressure in the container. Therefore, their effects on the 
bubble volumes were investigated separately. Also, the perfor-
mances of the three volume estimation approaches explained 
above were compared.

First, we investigated the effect of volume estimation 
approaches, because it is important to know the estimation dif-
ferences between applied volume estimation approaches. For 
this purpose, 75 bubbles were created with 1 mJ laser beam 
energy under the same fluid pressure, and each bubble’s vol-
ume was estimated by the three approaches. Estimated bub-
ble radius histograms are shown in figure 10. The distribution 
of estimated bubble volumes shows that all three approaches 
have different estimation errors, and velocity and force-based 
approaches yielded more robust (lower variance) results com-
pared to the radii-based approach.

Laser beam energy effects are shown in figure  11; the 
measured bubble volumes changed for different energy levels. 

Laser Phys. Lett. 16 (2019) 015601
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Our experiments indicated that the minimum energy required 
to form a bubble was about 0.6 mJ per optical pulse. However, 
we also noticed that it was better to apply a slightly higher 
energy level to obtain identical bubbles, because the laser core 
might not deliver the same energy level every time, due to the 
conditions discussed. This deviation might have prevented the 
formation of identical bubbles at the minimum energy level 
(0.6 mJ). As expected, a higher laser beam energy resulted in 
larger bubble volumes. Higher laser energy causes more fluid 
evaporation and eventually results in larger bubble volumes. 
Additionally, identical bubbles were created at higher energy 
levels, which was important in eliminating the laser beam 
energy effect and investigating the fluid pressure effect on 
LIBs. However, the increased laser energy also caused some 
of the laser bubbles to fragment into smaller bubbles. The rea-
son for this behavior can be explained with the shockwaves 
emitted after the first collapse. Larger bubbles emitted more 
powerful shockwaves, which were able to split a bubble into 
a couple of smaller bubbles. The optimum laser energy for 
creating a single laser-induced bubble per optical pulse was 
determined to be 1 mJ, as mentioned above.

The radius estimations of laser-induced bubbles with the 
three techniques and with respect to the fluid pressure are 
shown in figure  12. The estimations from force and veloc-
ity-based approaches showed that the radii of the bubbles 

gradually decreased when the fluid pressure increased. The 
only difference between these two approaches was a differ-
ence of 1 μm in the estimated radii values. However, the radii-
based approach showed slightly different results. As discussed 
in the image processing section above, the estimated radius of 
this approach may vary due to the view of the digital camera, 
but the force and velocity-based approaches were affected less 
by the view of the camera, because these approaches estimate 
the bubble radius from the motion of the bubble rather than 
its appearance on the images. The results of the radii estima-
tions in figures 10 and 12 proved that force and velocity-based 
estimations provided more accurate results than radii-based 
estimations. The most important point from figure 12 is that 
systematic fluid pressure changes have an observable and 
quantifiable effect on micro-sized laser-induced bubbles.

Discussion

In this proof of concept study, we aimed to perform prelimi-
nary research into solving the problem of measuring intra-
ocular pressure that ophthalmology clinicians have been 
encountering frequently. This new technique aims to measure 
intraocular pressure by using laser-induced bubbles, which 
are formed in the anterior chamber of the eye. This study was 

Figure 10.  The distribution of the estimated bubble radius for each approach.

Figure 11.  Estimation of laser-induced bubble radius at the same pressure level with four energy levels.

Laser Phys. Lett. 16 (2019) 015601
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inspired by previous studies in which the researchers investi-
gated the behaviors and characteristics of both air bubbles and 
laser-induced bubbles in various fluids [13, 31, 36–44].

Available intraocular pressure measurement devices 
(tonometers) measure the change of resilience of the cor-
nea or sclera. However, it is known that resilience depends 
on thickness and corrosion, besides the intraocular pressure. 
Thus, these tonometers cannot measure intraocular pressure 
precisely, and the measured values must be corrected using a 
table that takes account of the corneal thickness. Besides that, 
laser surgeries alter the physical structure of the eye, and this 
alteration causes failure of intraocular pressure measurement 
with a tonometer.

In this study, it is proposed that laser-induced bubble vol-
umes depend on the fluid internal pressure and laser beam 
energy. Laser-induced bubbles that are created with the same 
energy level but under different fluid pressure levels have dif-
ferent volumes. The bubble volume or the change in bubble 
volume might provide information about the internal fluid 
pressure. In order to prove this concept, we have performed 
experimental studies. Two parameters (laser beam energy and 
fluid pressure) that affect the volume of a LIB were varied, 
in order to observe how these parameters affected the laser-
induced bubbles’ volume and movement characteristics.

In order to understand the effect of internal fluid pressure, 
the other parameter (laser beam energy) was fixed, and only 
the internal fluid pressure was changed during the measure-
ments. The results showed that the fluid pressure had a note-
worthy effect on laser-induced bubble volumes, and this 
volume–pressure relationship could be measured with the 
laser system and the imaging set-up. The cornerstone of the 
study was to measure the bubble radii as accurately as pos-
sible. For this purpose, bubble motion was observed and 
bubble radii were estimated using the motion of the bubble 
inside the fluid. Even though for simplicity the estimations 
ignored some of the parameters, such as bubble gas density, 
history force, diffusion, and condensation of the vapor bub-
ble, the results showed that the bubble estimation approaches 
performed well enough to differentiate a gradual increase or 
decrease of fluid pressure. Despite the ignored parameters, 2 
mmHg fluid pressure resolutions had an observable effect on 

bubble radius estimations, and these measurements were not 
affected by any parameter other than the fluid pressure. This 
outcome is the most important result of the study, since the 
proposal of this study was proved under experimental condi-
tions, and quantitative fluid pressure changes can be estimated 
from the radii of the laser induced-bubbles.

Laser-induced bubbles were created by a Nd:YAG laser 
device that was already available for capsulotomy operations. 
Thus, any concerns or side effects of the laser on cornea tis-
sues can be predicted from previous studies in this area [2, 
3, 45–47]. But it is certain that vivo experiments should be 
undertaken in order to understand any possible side effects 
of this method on cornea tissue. Additionally, due to the dis-
cussed technical limitations of the laser device (aged laser 
core), we were not able to take more precise and more sensi-
tive measurements. But it is possible to obtain more sensi-
tive measurements with better laser systems. At this point, the 
results in figure 12 show that the internal fluid pressure could 
be determined by measuring the volume of the laser-induced 
bubbles that were formed in the fluid.

In addition, one of the important findings of this study was 
that while small changes in a roughly estimated radius value 
dramatically affected volume computations, due to variations 
in rising planes, radius estimations using the center coordi-
nates of the detected bubble did not vary greatly, even if they 
moved closer to or further away from the imaging system. 
Thus, the radius values derived from the rising speed of the 
bubbles provided more accurate results.

Previous studies mostly focused on the first occurrence of 
laser-induced bubbles and their maximum size after the first 
occurrence [10, 13]. One of the factors that affects the maxi-
mum size of a bubble during its enlargement phase is the fluid 
pressure. Fluid pressure is used to calculate the maximum size 
that the laser-induced bubbles can reach, but in this study this 
parameter was investigated by observing the bubble volume 
after it stopped collapsing and enlarging. Our results showed 
even after the first enlargement and collapse of the bubble, 
its volume depends on the fluid pressure, and LIB volumes 
decreased as the fluid pressure increased.

The findings of this study will be the basis for further stud-
ies about developing a LIB-based measurement method for 

Figure 12.  Estimation of laser-induced bubble volumes at the same pressure level, with four pressure levels.
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intraocular pressure. Further studies will reveal more about 
whether this method can substitute the current methods of 
measuring IOP, but the results of this study strongly promise 
that the use of LIBs to measure intraocular pressure is feasible.
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