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Abstract A Nd:YAG laser photodisruption is a well-

established tool for intraocular surgery, such as treatment

of posterior capsule opacification that affects the visual

function. During the intraocular procedure, called laser

capsulotomy, the excitation pulse is focused several times

just behind the posterior capsule and intraocular lens to

create the central opening in the opacified capsule. We

built an in vitro experiment to (1) clarify the influence of

the distance between the intraocular lens and the posterior

capsule on the total pulse energy required for the capsu-

lotomy, and (2) investigate the main mechanisms respon-

sible for the posterior capsule opening. In our in vitro

model, different distances between the solid boundary

(imitating an intraocular lens) and the membrane (imitating

the posterior capsule) simulate different types of posterior

capsule opacification. Our results show that procedure

efficiency decreases by decreasing distance between the

lens and the capsule. We also explain that for smaller

distances between the pulse focus and the membrane,

plasma and shock wave are responsible for the capsule

disruption. Here, a risk of collateral damage significantly

increases. On contrary, the membrane and the bubble jet

disrupt the membrane, when pulse focus is moved away

and the risk of intraocular lens damage decreases. How-

ever, the membrane disruption is not very effective, if it is

placed near the solid boundary that inhibits the membrane

jet.

1 Introduction

Effective Nd:YAG laser photodisruption with nanosecond

laser pulses and energies of few millijoules is a well-

established tool for intraocular surgery, such as Nd:YAG

capsulotomy for the treatment of posterior capsule opaci-

fication (PCO) or late-postoperative capsular bag disten-

sion syndrome (CBDS) [1, 2]. The PCO and CBDS are the

most common postoperative complications of modern

cataract surgery that affect the visual function [3, 4].

During Nd:YAG laser capsulotomy, the excitation pulse is

focused just behind the intraocular lens and posterior

capsule (typically 100–200 lm), as schematically shown in

Fig. 1. Here, a high-intensity laser pulse induces an optical

breakdown resulting in a microexplosion initiated by

plasma formation [5–7]. The plasma expansion is followed

by different laser-induced phenomena [8, 9], such as a

shock wave and the cavitation bubble, which are respon-

sible for posterior capsule disruption. When a cavitation

bubble expands to its maximum volume, it starts to col-

lapse due to the liquid pressure. Under suitable conditions

[10, 11], the collapsing bubble develops a liquid jet which

can be responsible for the posterior capsule disruption [6,

12]. In such a way, by a single pulse, the posterior capsule

is disrupted in a small area around the focal point. In order

to clear the visual axis and improve patient’s vision, a

central opening in the opacified posterior capsule is per-

formed by several pulses that are focused at different

positions most commonly forming a cross [2, 13]. On the

other hand, the laser-induced phenomena are also respon-

sible for unwanted collateral effects such as intraocular
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lens damages [14] or damages of many delicate structures

which are located very close to the breakdown region [15–

17].

The PCO develops due to the lens epithelial cells

remaining in the capsular bag after the cataract surgery [3].

Clinically, there are two basic morphological types of

PCO: the fibrosis type and the pearl type, which have

different cellular origins [18]. On the other hand, the visual

function can also be affected by CBDS due to the accu-

mulation of liquefied material in a closed space between

the posterior capsule and the intraocular lens optic [4].

Various distances between intraocular lens and posterior

capsule were recognized in different PCO types and CBDS,

which could affect the total pulse energy needed to create

capsulotomy of certain size [2]. We believe that this is

related to bubbles’ dynamics that depends on (1) the dis-

tance between the bubble’s center and the boundary and (2)

the boundary conditions. In the case of the laser capsulo-

tomy, the boundary conditions depend on the PCO types—

fibrosis and pearl type—or on CBDS, which differ by the

mechanical properties (firmness) as well as by the distance

between the posterior capsule (a thin membrane) and the

intraocular lens (a solid boundary).

In our previous in vivo study [2], we have shown that

both the PCO type and the distance between the

intraocular lens and the posterior capsule significantly

affect the total pulse energy needed to perform the cap-

sulotomy. Since lower total pulse energy means fewer

side effects, it is important to understand physical

mechanisms that are responsible for these effects. How-

ever, we have found out that an in vitro experiment under

more reproducible and controllable conditions should be

designed to clarify the main mechanisms that are

responsible for the posterior capsule disruption. Moreover,

such an in vitro investigation would enable also to

observe the isolated impact of different distances between

the posterior capsule and the intraocular lens in different

PCO types and CBDS. So, the main aim of this paper is a

systematic study of the photodisruption of a thin elastic

membrane near a solid boundary. We use a shadowgraphy

and a laser-beam-transmission probe (LBTP) [19] for the

investigation of membrane and solid boundary photodis-

ruption at different distances between the boundary and

the membrane. In such a way, we designed an in vitro

model of an intraocular laser surgery, where the distance

between the posterior capsule (a thin membrane) and an

intraocular lens (a solid boundary) varies from full contact

(i.e., 0 lm), as in the case of the fibrosis PCO type, to

several hundreds of micrometers, as in the case of CBDS.

The perforation of the membrane simulates the wanted

effect of the posterior capsule disruption, which we

observed and quantified by the size of the opening. On the

other hand, the damages of the solid boundary represent

the side effect that should be avoided during the laser

capsulotomy and was, therefore, also recorded during our

experimentation.

2 Materials and Methods

Figure 2 shows a sketch of the experimental setup. As an

excitation source, we used a Q-switched Nd:YAG laser

(Optotek, d.o.o., Slovenia), designed for intraocular pho-

todisruption. The excitation laser has a wavelength of

1064 nm, pulse duration of 6 ns, and pulse energy up to

12 mJ. Its beam was focused into a vessel with distilled

water. The focus position was placed above of an in vitro

model that was placed in a two-dimensional (2D)

Fig. 1 a A schematic presentation of Nd:YAG laser capsulotomy.

The laser pulse enters the eye through the cornea and is focused just

behind the posterior capsule. b In the focus, the laser-induced

breakdown is formed, causing a plasma, cavitation bubble, and shock

wave. c When the bubble expands to its maximum volume, it starts to

collapse, and under suitable conditions, it forms d a liquid jet, which

hits the solid boundary (e.g., the intraocular lens)
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positioning system. An in vitro model of an intraocular

laser surgery is schematically shown in the rectangle in

Fig. 1. Here, we varied the distance between the bubble’s

center and the membrane (dBM), as well as the distance

between the membrane and the solid surface (dMS). As a

membrane, imitating the posterior capsule, we used an

anterior capsule film from Kitaro Dry Lab cataract surgery

training system (FCI Ophthalmics, Massachusetts, USA),

while a polymethyl methacrylate (PMMA) rectangular

cuboid of 1.5 mm thickness was used as an imitation of

intraocular lens. The membrane and PMMA plate were

located 35 mm under the water level to eliminate the free

surface effects on the dynamics of the bubble.

A shadow photography [20, 21] was used to determine

the distance between the bubble’s center and the mem-

brane. The experimental setup for shadowgraphy is quite

straightforward: As an illumination source, we used a

30-ps, green laser (Ekspla, Lithuania, PL2250-SH-TH) led

through a beam expander (BE), while the shadowgraph

image was captured by a charge-coupled device (CCD)

camera (Basler AG, Germany, scA1400-17fm, 1.4 Mpx).

To acquire the whole bubble’s dynamics from a single shot,

we employed a LBTP [19] in our experiments. Here, a He–

Ne is used as a CW illumination source. Its beam is cou-

pled into the same path as for the shadowgraphic illumi-

nation by using a semi-transparent mirror (STM1), and it is

led through the same BE as the illuminating pulse. Another

semi-transparent mirror (STM2) is placed in a microscope

to deflect the He–Ne beam on a lens (L2). After L2, the

transmitted light is collected into an 1-GHz Si photodiode

(PD-LBTP). A band-pass filter centered at 633 ± 10 nm

(BPF-633) is placed in front of L2 to block green light, and

vice versa, another band-pass filter centered at

532 ± 10 nm (BPF-532) is placed in front of CCD to block

the light from He–Ne laser.

Figure 3 shows typical shadowgraphic images (a) and

typical LBTP signal (b). Here, the illuminating rays (from

illuminating pulse or from a probe beam) that reach the

bubble refract due to the refractive index gradients on its

wall. This casts a shadow that can be visible on the screen

[22]. Instead of the screen, we used a microscope equipped

by a CCD camera and photodiode PD-LBTP. Immediately

after the breakdown, a shock wave is visible in the shad-

owgraphic image (e.g., see the first image in Fig. 3a). A

shock wave is emitted again at the end of the bubble’s

collapse [21] and is visible in fifth image in Fig. 3a. Typ-

ical events, captured by shadowgraphy, are marked by

numbers on a typical LBTP signal (see Fig. 3b). Here, the

transmitted probe power decreases by increasing bubble’s

radius and it reaches a minimum value at bubble’s maxi-

mum volume (e.g., see mark 3 in Fig. 3a, b). In such a way,

we were able to determine the maximum bubble’s radius

Rmax by simultaneous use of a shadowgraphy and LBTP

technique. The shadowgraphy was additionally used also

Fig. 2 Experimental setup

Fig. 3 a Typical shadowgraphic images. b Typical LBTP signal

Photodisruption of a thin membrane near a solid boundary: an in vitro study of laser… Page 3 of 7  118 

123



for measuring the distance dBM between the bubble’s

center and the membrane.

We performed different series of the experiments with

the following distances dMS between the membrane and a

PMMA plate: 0, 300 lm, and infinite (i.e., only a mem-

brane was used). The distance between the membrane and

a solid surface was achieved by using 100-lm-thick metal

spacers. In such a way, we simulate different PCO types:

fibrotic and pearl type, and CBDS, which we observed in

our previous in vivo study [2]. At each dMS distance, we

performed three series of measurements. Here, in each

series we changed the distance between dBM the membrane

and the bubble’s center by moving the in vitro model.

After the disruption, the membrane and the PMMA plate

were inspected under an optical microscope to recognize

damages. The damages of the PMMA plate simulate the

unwanted effect on an intraocular lens. On the other hand,

the membrane damages represent the wanted effect at laser

capsulotomy. Therefore, we acquired images of the dam-

aged membrane by DSLR camera (Nikon, Japan, D90), and

afterward, we measured their area and length by using

ImageJ 1.50a program (Wayne Rasband, National Insti-

tutes of Health, USA).

3 Results and Discussion

Previous investigations [10, 11] have shown that the

dynamical behavior of a bubble strongly depends on the

dimensionless distance c

c ¼ dBM=Rmax; ð1Þ

defined as the ratio between the distance dBM and a max-

imum bubble’s radius Rmax. Therefore, all our results were

analyzed and are presented as a function of dimensionless

distance c. In our case, we obtained an average maximum

bubble’s radius Rmax = 1.4 mm for pulse energy of 12 mJ.

To simulate different PCO types, i.e., pearl and fibrotic

type, and CBDS [2], we performed three series of experi-

ments with different distances dMS between the membrane

and a solid surface. In the first series of our experiments,

where we simulated CBDS, we used only a membrane,

since in case of CBDS a large gap between the intraocular

lens and a membrane occurs. Typical results are presented

in Fig. 4. Here, the top images show the distances between

the bubble’s center (at its maximum radius) and the

membrane. To acquire the bubble at its maximum radius,

an appropriate time delay between the excitation and illu-

mination pulses should be used. This delay was determined

by a simultaneous use of a LBTP. The damages of the

membrane for each particular dimensionless distance c
(given at the bottom of each image) are shown under the

shadowgraphic images.

In the case of a membrane without a solid boundary

(simulating CBDS), the size of the membrane damage

decreases by moving a bubble from c = -0.10 to 0.20 and

there is no damage at c = 0.29 (see sixth image in Fig. 4).

However, the membrane is damaged again for

c = 0.42–0.68. For c C 0.79, we did not observe any

damage, which is in a concordance with the results

obtained by other authors [12, 23, 24] who studied the

effects of a cavitation bubble on an elastic membrane.

Different regions of membrane damages reveal that several

mechanisms are responsible for membrane perforation. We

believe that for the dimensionless distances between -0.1

and 0.2, laser-induced plasma and shock wave create the

hole in a membrane. Moreover, we observed a significantly

larger damage for negative c, as is clearly visible from the

first three images in Fig. 4. The main reason for this may

lie in the fact that in this case the plasma is induced ‘‘in-

side’’ the membrane and its expansion causes a significant

damage. On the other hand, when laser focus moves away

from the membrane, only small effect of plasma damage is

obtained and the plasma-induced damage completely dis-

appears for c[ 0.20.

Brujan et al. [24, 25] have shown that in the case of a

bubble that oscillates near an elastic membrane, two jets

can develop: (1) the jet caused by the bubble’s collapse and

(2) the jet that is created by the rebound of the deformed

membrane. Their results show that the jet, induced by

membrane deformation, appears for c\ 0.5 and it

Fig. 4 Second row shows typical damages on a thin membrane, when

the solid boundary is placed in infinite distance from the membrane.

First row shows cavitation bubbles at its maximum volume for

different distances dBM. Dimensionless distance c [e.g., see Eq. (1)] is
shown on the bottom of each image
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increases by decreasing c. However, they have observed no

penetration of the jet through the membrane for c\ 0.2

[22]. Additionally, they observed also a region, where the

bubble’s jet and the membrane’s jet interfere with one

another. Due to this reason, the jet induced by the mem-

brane rebound inhibits the bubble’s jet. A small region

without a membrane damage that we observed around

c = 0.29 corresponds to a region where the laser focus is

too far away from a membrane for plasma-induced dam-

age. On the other hand, at this distance, the both jets

interfere with one another and, consequently, no membrane

damage appears or only a very small damage in a mem-

brane is generated. On the contrary, for c = 0.42–0.68,

liquid jets that develop due to the bubble’s collapse and the

membrane deformation are responsible for the membrane

disruption.

Typical images simulating the pearl type of the PCO are

presented in Fig. 5. In this case, the membrane is 300 lm
above the PMMA plate that simulates an intraocular lens.

Here, we varied dimensionless distance c from -0.07 to 2.

However, we have not observed any damage on the PMMA

plate within these distances. The main reason is that

PMMA plate was too far away from a membrane (300 lm
equals c = 0.21 in our experiments) and plasma was not

able to reach it. In this case, we observed a hole in a

membrane only for c = -0.07–0.26. Here, the plasma,

shock wave, and the membrane jet represent the main

mechanisms that open the capsule in the case of the pearl

PCO type. For 0.38 B c B 1.1 only a fold, without any

hole, is observed on the membrane. The fold is probably

caused by a liquid jet that develops during the bubble’s

collapse. However, in this case the boundary conditions are

different as in the case, when the bubble oscillates near a

membrane without any solid boundary. Since the mem-

brane deformation is limited by the presence of a solid

boundary, the membrane jet is less pronounced as in the

case of a membrane without a solid boundary. Therefore, it

is not able to disrupt the membrane placed 300 lm above

the solid surface. For c C 1.3, we have not observed any

damages on a membrane. From these results, it can be

concluded that in the case of the pearl type of PCO, the

focus of the excitation pulse should be precisely positioned

just behind the posterior capsule to open the capsule

without damaging an intraocular lens.

We simulated the fibrotic type of the PCO by a mem-

brane that was in a full contact with a PMMA plate.

Typical images for this case are presented in Fig. 6. We

observed the hole in a membrane for c B 0.29. However,

Fig. 5 Typical damages on a thin membrane (the second row) for the case when the membrane is placed 300 lm above a PMMA plate (solid

boundary) as a function of dimensionless distance c. The cavitation bubbles at its maximum volume are shown in the first row

Fig. 6 Typical damages on a thin membrane (the second row) for the

case when the membrane is in full contact with PMMA plate (solid

boundary). The first row shows the cavitation bubbles at its maximum

volume, while the dimensionless distance c is presented on the bottom

of each image
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for negative c we observed also damages of PMMA plate.

In clinical practice, these damages should be avoided, since

damaged intraocular lens can cause glare and worsen visual

acuity after procedure [26]. So, in clinical practice, exci-

tation pulse focus must be placed around c = 0. However,

in this position the size of the membrane damage for

fibrosis PCO type is significantly smaller than at the same

position in case of the CBDS and pearl PCO type. This

explains our previous results obtained in an in vivo study

[2] showing that a higher total pulse energy is required to

perform capsulotomy in the case of fibrosis type, as in the

case of CBDS or a pearl type. From the presented in vitro

results, it can be concluded that the distance between the

intraocular lens and the posterior capsule influences the

total pulse energy that is required to perform the laser

capsulotomy. The main reason lies in the fact that the

presence of the solid boundary inhibits the jet that is

developed due to the membrane deformation.

To obtain quantitative results of our experiments, we

measured the length and the area of the damages, presented

in Figs. 4, 5, and 6. The results of quantitative analysis are

presented in Figs. 7 and 8. Figure 7 shows damage length

as a function of dimensionless distance, while damaged

area as a function of c is shown in Fig. 8. Both, length and

area are clinically important, since larger area in

combination with longer damage means smaller amount of

laser pulses (and consequently lower total pulse energy)

that are needed to perform the laser capsulotomy. Lower

total pulse energy decreases the probability for the

unwanted side effects and makes ophthalmological proce-

dure more effective and safer.

From the results in Figs. 7 and 8, it can be concluded

that four specific regions of dimensionless distance appear.

In the first region defined by c\ 0.2, the damage dimen-

sions exponentially decrease by increasing distance. In this

region, the main mechanisms of membrane disruption are

plasma and shock wave. They significantly disrupt the

membrane. The second region occurs for 0.2\ c\ 0.4.

Here, the membrane is perforated in a very small area or its

damage completely disappears. The reason lies in the fact

that in this (second) region, the plasma is not able to per-

forate the membrane, since the focus is to far away; on the

other hand, in this region the membrane jet inhibits the jet

developed during the bubble’s collapse. In the third region,

limited by 0.4\ c\ 0.7, the main damage mechanisms

are liquid jets that develop due to the membrane defor-

mation and the bubbles collapse. However, the third region

exists only in the case when a membrane is not placed near

a solid boundary (the circles in Figs. 7, 8). In the opposite

case, if the membrane is around 300 lm above the solid

boundary, only folds (without any hole) appear on the

membrane or, if this distance is even smaller, the third

region does not exist at all, as is visible from the squares

and the triangles in Figs. 7 and 8. This leads to conclusion

that the jet developed by the membrane deformation is the

main mechanism of the membrane perforation. In the case

of the presence of a solid boundary, the membrane defor-

mation is limited, resulting in disappearing damages of the

capsule. These findings are in consistence with our previ-

ous in vivo results [2], where we found out that lower total

pulse energy is expected for a larger distance between

intraocular lens and posterior capsule. The fourth region,

i.e., a region without membrane damage, begins at c[ 0.7,

which is consistent with results presented elsewhere [12,

23, 24].

4 Conclusions

We built an experimental setup that simultaneously

employs a shadowgraphy and a laser-beam-transmission

probe for in vitro investigations of the photodisruption of a

thin elastic membrane with Nd:YAG laser-induced phe-

nomena. In our in vitro model of an intraocular surgery,

different distances between the solid boundary (imitating

an intraocular lens) and the membrane (imitating the pos-

terior capsule) simulate different PCO types and CBDS. To

observe and analyze membrane damage length and area,

Fig. 7 Length of membrane damage as a function of dimensionless

distance

Fig. 8 Area of membrane damage as a function of dimensionless

distance
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we used laser pulses that were focused at different dis-

tances from the membrane.

Our study revealed that several mechanisms are

responsible for the membrane disruption. When the pulse

focus is located near the membrane (i.e., c\ 0.2), plasma

and shock wave are responsible for the capsule perforation.

In this region, significant damages are obtained resulting in

more effective treatment. However, a special care must be

taken during the ophthalmic procedure in this region, since

there is a risk of unwanted intraocular lens damage. The

risk of collateral damage increases by decreasing distance

between the posterior capsule and the intraocular lens. On

the other hand, for distances 0.4\ c\ 0.7 liquid jets that

develop during the membrane rebound or the bubble’s

collapse are responsible for the membrane photodisruption.

In this region, there is no risk of intraocular lens damage.

Nevertheless, this region is not very effective for the case,

when the posterior capsule is placed near the intraocular

lens (i.e., if the distance between the membrane and the

lens is\300 lm), since the lens inhibits the development

of the membrane jet.

Our results explain that the distance between the pos-

terior capsule and an intraocular lens is probably one of the

most important factors that affect the total pulse energy

needed to create capsulotomy in different PCO types in

clinical practice. The size of the membrane damage is more

pronounced at higher distances between the solid boundary

and the membrane. Therefore, it can be concluded that the

lower number of pulses is expected to create capsulotomy

of a certain size for a larger distance between the posterior

capsule and the intraocular lens.
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2014, 14 (2014)
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