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Abstract

An speckle interferometric technique to monitor the thinning process of vertical soap film before the film rupture is

presented. The interferometric arrangement consists in a double aperture pupil optical system which images an input

diffuser. In a first step, a reference specklegram is stored in the computer buffer memory. Afterwards, the soap film is

located in front of one pupil aperture, an uniform displacement of the diffuser is produced and a new speckle pattern is

stored. The soap film status is characterized in terms of the changes that this dynamic phase object introduces in the

correlation fringes obtained by applying a FFT algorithm to the resulting summed specklegram. This procedure is done

in real time as far as the soap film evolves in the successive status. It is experimentally demonstrated that the soap film

during drawing acts as a variable wedge. The correlation fringes behavior becomes an important tool to establish the

wedge shaped soap film angle and the thickness variations.

� 2003 Elsevier B.V. All rights reserved.
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1. Introduction

The color changes of a soap bubble due to
progressive thinning of the liquid film at the
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surface of the bubble and the changes in the in-

terference condition of the white light reflected by

the film are well known. This phenomenon was
first studied by Newton [1], who also observed

black films. This type of film is reached in the last

state of the thinning process, before the film

rupture. This process is generally formed from

solutions of an ionic surfactant in the presence of

a salt.

Several techniques to study the thinning be-

havior on soap films were proposed [2–5]. The
soap film is formed when pulling a frame out of a
ed.
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reservoir with a surfactant solution. As a conse-

quence of the drainage of the solution from the

inner layer of the film, a thinning process takes

place. The process is produced by the pressure

difference between the film center and borders,

caused by gravity, if the film is vertical and capil-
larity, acting in all cases. Indeed, the borders of the

film are curved to adjust the contact angle re-

quirements with the supporting frame [6]. The

thickness evolution behavior as a function of time

is used to obtain information on the nature and

range of the intermolecular forces that are re-

sponsible for the film formation.

As it is well known, when an optically rough
surface is illuminated by coherent light, speckles

appear in front of the surface. Displacements and

deformations of an input diffuser produce dis-

placements and structural changes in the speckle

patterns, which can be analyzed on the basis of the

double-exposure imaged speckles, before and after

deformation [7]. Some methods have been imple-

mented on the basis of internal modulation of the
speckle grains in the image field, which can be

achieved by locating a double aperture pupil mask

in front of the imaging lens [8]. In some applica-

tions, the number of apertures or the aperture

shape of the optical system are modified between

exposures [9,10].

Recently, we presented a novel speckle inter-

ferometer for phase object detection [11,12]. In
[12], we theoretically analyzed the properties of a

double-exposure specklegram generated through a

double-aperture system, by assuming that a phase

object is located in front of one of the apertures in

one exposure. Besides, the pupil change is ac-

companied by a uniform in-plane displacement of

the diffuser between exposures.

Several optical techniques have been used to
visualize fluid flows and drawing. The phase vari-

ations associated with the fluid changes are dis-

played in the form of fringe patterns [13,14]. In the

present paper, the speckle interferometric tech-

nique described in [12] is employed to characterize

soap films evolution. The arrangement consists in

a double aperture pupil optical system which im-

ages an input diffuser. In a first step, a reference
specklegram is stored in the computer buffer

memory. Afterwards, the soap film is located in
front of one pupil aperture, a uniform displace-

ment of the diffuser is produced and a new speckle

pattern is stored. The soap film to be characterized

is formed when pulling a frame out of a reservoir

with a surfactant solution. A digital sum of a given

status of the speckle pattern and the reference
speckle is done. The soap film status could be de-

termined in real time by applying a FFT algorithm

to the resulting summed images and it is charac-

terized in terms of the changes that this dynamic

phase object introduces in the correlation fringes

observed in the Fourier transform. As it is usual in

optical techniques, the physical soap film param-

eters are encoded in the fringe patterns. Note that
the experimental results confirm that the soap film

behaves as a variable wedge in the drainage pro-

cess and therefore the theoretical analysis of [12],

whose results are presented in Section 2, suits very

well to study this phenomenon. The changes in

the peak position, frequency and orientation of the

correlation fringes are utilized to determine the

soap film behavior. The detailed procedure is done
while the soap film evolves in the successive status.

The correlation fringes behavior becomes an im-

portant tool to establish the wedge shaped soap

film angle, the soap film thickness variation and

whether the thicker part of the wedge is in the

upper or lower region of the aperture. We dem-

onstrate that the technique is very simple and ac-

curate to measure the dynamic drawing of a
surfactant solution.
2. Theoretical analysis

In [12], the properties of a double-exposed

specklegram generated through a double-aperture

pupil are analyzed. The write-in experimental ar-
rangement is schematized in Fig. 1. A diffuser,

which is placed in the input plane x–y, is illumi-

nated by use of a collimated laser beam of wave-

length k and imaged onto the plane X–Y by lens L.

Z0 and ZC denote the distance from the diffuser to

the lens and from the lens to the image plane, re-

spectively. A uniform in-plane displacement of the

diffuser ðDx12;Dy12Þ occurs between exposures.
Each aperture of the double aperture pupil mask is

described by



Fig. 1. Experimental set-up: Z0 ¼ 138 mm; ZC ¼ 382 mm;

D ¼ 3:8 mm; and d ¼ 10 mm.
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a u
�

� uj; v� vj
�

¼
1 inside the jth aperture

0 otherwise

�
j ¼ 1; 2; ð1Þ

where the vector ðuj; vjÞ determines the geometrical

locus of the jth aperture. The function aðu; vÞ de-
scribes the aperture shape.

Let us consider that the double aperture pupil

remains fixed in both exposures, although a

wedge-like phase object is located in front of the
aperture aðu� u2; v� v2Þ in the second exposure.

In this case, the pupil associated to the second

exposure can be written as

P u; vð Þ ¼ a uð � u1; v� v1Þ þ t exp i cð½ þ suÞ�
� a uð � u2; v� v2Þ; ð2Þ

where t and cþ su represent the amplitude trans-

mission and the phase change the wedge intro-

duces to the aperture aðu� u2; v� v2Þ. The

parameters tð06 t6 1Þ, c and s are real constants.

In this case, the u-axis is perpendicular to the thin
edge of the wedge. For square apertures of side D
the aperture shape is aðu; vÞ ¼ rectðu=DÞrectðv=DÞ.

In the conditions described above, the speckle

pattern is stored before and after the phase object

introduction and a Fourier transform operation

on the resulting summed speckle distribution is

done. The theoretical smoothed intensity distri-

butions obtained in the Fourier plane ðU ; V Þ for
the zero and the ð�1Þ lateral diffracted orders re-

sult in [12]
hI0ðU ; V Þi

¼ K D2 T
#U
D

� �
T

#V
D

� �

� 3

�
þ t4 þ 2 1

�
þ t4 þ 2t2 cos #sUð Þ

�1=2

� cos
2p
kf

UDX 12
��

þ V DY 12
�

� tan�1 t2 sin #sUð Þ= 1
��

þ t2 cos #sUð Þ
��	


;

ð3Þ

hI�1ðU ; V Þi

¼ K D2 T
#U � u12

D

� �
T

#V � v12
D

� �

� 1

�
þ t2 þ 2t sinc

sD
2p

�

�
�
1� #U � u12

D
sign #Uð � u12Þ

�	

� cos
2p
kf

U DX 12

���
� kZC

4p
s

�

þ V DY 12

�
� c� u1 þ u2

2
s

	

; ð4Þ

where K is a proportionality factor, # ¼ ZC=f ,
ðu12; v12ÞBðu2 � u1; v2 � v1Þ, T is a triangular func-

tion, k is the laser beam wavelength, f is the focal

length of the Fourier transforming lens and

ðDX 12;DY 12Þ is the relative displacement between
the diffuser images. Note that ðDX 12;DY 12Þ ¼
�ðZC=Z0ÞðDx12;Dy12Þ, where ðDx12;Dy12Þ is the dif-
fuser displacement. The factor �ZC=Z0 represents

the imagingmagnification provided that the speckle

displacement takes place near the optical axis.

A minute discussion of the meaning of Eqs. (3)

and (4) was presented in [12]. It results from the

analysis that if the diffuser in-plane displacement
and the thin edge wedge are parallel, the fringes

rotate when compared with the situation without

the wedge. The fringe rotation increases as the

value of the wedge parameter s increases. It should
be noted that the fringe visibility decreases when s
increases.

The previous analysis corresponds to the situ-

ation where the thin edge wedge and the image in
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plane displacement direction are parallel. Note

that any general diffuser displacement with respect

to the thin edge wedge could be possible. For in-

stance, if the image displacement and the thin edge

wedge are perpendicular the correlation fringes do

not rotate but modify its spatial frequency. Indeed,
as mentioned any relative displacement could be

produced, but in this case the correlation fringes

behavior is more complex.

It should be mentioned that the use of a parallel

plate (s ¼ 0, c 6¼ 0) in the second exposure pro-

duces a uniform phase shift of the interference

fringes with respect to the fringes obtained in the

situation without phase object (s ¼ 0, c ¼ 0) which
does not affect the zero order and takes place in

opposite directions in the lateral orders.

The detailed procedure constitutes the basis for

implementing an alternative technique for phase

object detection. It should be mentioned that

wedge like phase objects with large enough phase

variation could not be measured with the proposed

technique as a consequence of the visibility be-
havior in those cases (see [12]). In summary, the

technique is useful to determine very small angles

concerning phase objects.
3. Soap film analysis set-up

In this section, the interferometer will be uti-
lized to measure the thickness map of a vertical

soap film. The optical set-up depicted in Fig. 1 is

utilized. A diffuser is illuminated by a collimated

He–Ne-laser beam and imaged onto the X–Y
plane. A pupil mask with two square apertures is

located in front of the imaging lens L. The square

aperture has a side D ¼ 3.8 mm and the aperture

centers are separated by a distance d ¼ 10 mm.
The distances from the diffuser to the lens and

from the lens to the image plane ðX–Y plane) are

Z0 ¼ 135 mm and ZC ¼ 485 mm, respectively. In

the X–Y plane a CCD camera equipped with a

zoom microscope is located to capture and after-

wards to digitalize the image. The zoom-micro-

scope provides a lateral magnification of 4.5 X and

is focused on the observation X–Y plane.
As a first step, an image speckle pattern ob-

tained by using the arrangement shown in Fig. 1 is
stored in a computer buffer memory. This is re-

ferred to as the reference speckle image. After-

wards, the soap film is placed in front of one

aperture, a uniform diffuser in-plane displacement

between exposures ðDx12;Dy12Þ¼ (0 mm, 32� 10�3

mm) and a new dynamic speckle pattern is stored
in the buffer memory. Note that the diffuser in-

plane displacement Dy12 is done with a precision

translation stage within 1 lm accuracy. In our

experimental set-up, the soap film is produced by

pulling a frame out of a reservoir solution. In this

case, the drawing process takes place due to the

drainage of the surfactant solution. As it was

mentioned, the speckle images are transferred to
the computer for processing and a sum of a given

status of the speckle pattern and the reference

speckle is done. The status of the soap film is de-

termined by analyzing the correlation fringes ob-

tained in real-time by applying a FFT algorithm to

the resulting summed speckle image. This proce-

dure is repeated as far as the soap film evolves in

the successive status.
In Fig. 2 the diffraction pattern corresponding

to different status of the soap film is displayed.

The experiments have been carried out with

aqueous solutions of sodium dodecyl sulphate. As

mentioned in Section 2, the theoretical model

predicts that if the diffuser in-plane displacement

and the thin edge of the wedge are parallel, the

correlation fringes direction rotates with respect
to the situation without the wedge. The fringes

rotation found in our experimental arrangement

coincides with the behavior detailed. Therefore,

this result allows to confirm that the soap film

behaves as a wedge shaped film whose thin edge

lies in Y -direction and it is parallel to the diffuser

in-plane displacement. This result is reasonable by

taking into account the gravity and capillarity
effects. The thinning process in vertical soap film

is due to the pressure difference between the film

center and borders, caused by gravity and capil-

larity, acting in all cases. The borders of the film

are curved to adjust the contact angle require-

ments with the supporting frame. As a conse-

quence, the film is thicker at the borders and the

pressure is smaller: this produces a sucking effect
onto the liquid from the center to the borders [6].

Besides, note that we are observing only a portion



Fig. 2. Soap film evolution diffraction pattern.
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of the soap film area because the pupil aperture is

smaller than the supporting frame. In this sense,
the observed region of the soap film is wedge

shaped.

As detailed in the theoretical analysis, the phase

changes that the soap film introduces to the aper-

ture can be expressed as cþ su. Besides, by deter-

mining the fringes orientation and position with

respect to the reference correlation fringe image,

the soap film parameters could be obtained. The
reference correlation image corresponds to an in-

plane displacement Dy12 ¼ 32� 10�3 mm and the

absence of the soap film (s ¼ 0, c ¼ 0) resulting in

vertical correlation fringes (Fig. 2(a)). When the
wedge shaped soap film is introduced, a fringes

rotation with respect to the reference correlation

fringes is observed (Fig. 2(b)–(g)). The angle be-

tween the correlation fringes and the verticalU -axis

in the Fourier plane is given by a ¼ tan�1

bkZCs=4pDY 12c [12]. If in the soap film dynamic
evolution a decreasing of the angle that forms the

correlation fringes with the U -axis is observed, it

implies that the parameter s decreases. The exper-

imental measurements of the parameters Z0, ZC,

Dy12 and the angle a allow to determine the soap

film parameter s. The angles obtained from the

experimental successive status of the soap film de-

picted in Fig. 2 are: a ¼ 0 in 2(a); a ¼ 0:168 rad in
2(b); a ¼ 0:158 rad in 2(c); a ¼ 0:138 rad in 2(d);

a ¼ 0:127 rad in 2(e); a ¼ 0:105 rad in 2(f); and

a ¼ 0:085 rad in 2(g). In this case, it results in: (a)

s ¼ 0 cm�1; (b) s ¼ 8 cm�1; (c) s ¼ 7:5 cm�1; (d)

s ¼ 6:5 cm�1; (e) s ¼ 6 cm�1; (f) s ¼ 5 cm�1; and (g)

s ¼ 4 cm�1, respectively. Note that the dihedral

angle that defines the soap film is b ¼ tan�1

ðsk=ðn� 1Þ2pÞ, where n is the soap film refractive
index. Then, by considering n ¼ 1:333, k ¼ 633 nm

and the jsj values determined above, the angle b
results in: 50,37 arcsec in 2(b); 47,22 arcsec in 2(c);

40,93 arcsec in 2(d); 37,78 arcsec in 2(e); 31,48

arcsec in 2(f); and 25,18 arcsec in 2(g), respectively.

Note that additional information can be ob-

tained. Remember that the wedge-like phase object

in the theoretical model is governed by cþ su
where the sign of the parameters must be consid-

ered. In Fig. 3, the diffraction order theoretical

simulations corresponding to: (a) c ¼ 0, s ¼ 6001
m;

(b) c ¼ 0, s ¼ 01
m; and (c) c ¼ 0, s ¼ �6001

m are

displayed. The theoretical simulation is computed

by use of Eqs. (3) and (4) and by considering the

parameters mentioned in Fig. 2. Note that in

Fig. 3(a) the fringes are rotated with respect to the
vertical U -axis in the same magnitude as in

Fig. 3(c) but with different orientation. This dis-

tinct behavior of the fringes indicates whether the

thicker part of the wedge is in the upper or lower

region of the aperture. This feature allows to de-

termine the slope sign (up or down orientation) of

the soap film like wedge simply by observing the

rotation direction. The results of Fig. 2 allow to
assure that the soap film part analyzed is thicker in

the upper region.



Fig. 3. Diffraction orders theoretical simulation which corresponds to: (a) c ¼ 0, s ¼ 6001
m; (b) c ¼ 0; s ¼ 01

m; and (c) c ¼ 0;

s ¼ �6001
m.
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The determination of the parameter s requires

the accurate measurement of: the diffuser in-plane

displacement Dy12, the distances Z0; ZC and the

correlation fringes orientation a. In our case, the

accuracy is eðDy12Þ ¼ 1 lm, eðZ0Þ ¼ 0:5 mm and
eðZCÞ ¼ 0:5 mm. The relative errors are 1% and

0,1%, respectively. Concerning the interference

fringes, an accurate determination of their orien-

tation is required. An extensive review of tech-

niques devoted to evaluate the interference fringes

can be found in [15]. Main errors in fringes eval-

uation arise from speckle noise, which is inherent

to the technique proposed. Computed based al-
gorithms are used to an accurate measurement of
the fringes orientation [16]. Taking into account all

the source errors mentioned, we observed dis-

crepancies below 2% in the determination of the

soap film parameter s.
It should be pointed out that to provide reliable

information, the fringe pattern visibility must be

higher than 0.5, otherwise the fringes analysis

procedure fails. In summary, a correct processing

of the correlation fringes and therefore an accurate

measurement of the angle a will depend on the

visibility behavior. As it was analyzed in [12], the

fringe visibility at the central point of each dif-

fracted order depends on D and s values and is
given by
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V�1ð�d 0Þ ¼ 2t
1þ t2

jsincðDs=2pÞj;

where d 0 B fd=ZC. By considering the parameter of

our experimental arrangement D ¼ 3:8 mm, t ¼ 1
and jsj < 800 m�1, the visibility theoretically ob-

tained is higher than 0.96, as can be confirmed by

observing Fig. 2.

Also, the phase changes the soap film intro-

duces to the aperture depends on the c parameter

values. As mentioned in Section 2, the use of a

parallel plate (s ¼ 0, c 6¼ 0) in the second exposure

produces a uniform phase shift of the interference
fringes with respect to the fringes obtained in the
Fig. 4. ()1) lateral order theoretical simulation which co

(c ¼ 0; c ¼ p=3; c ¼ 2p=3; c ¼ p) and (b) decreasing values of c (c ¼ 0
situation without phase object (s ¼ 0, c ¼ 0) which

does not affect the zero order and takes place in

opposite directions in the lateral orders. Let us

observe in Fig. 4(a) theoretical simulations of the

()1) lateral diffraction order (s ¼ 0; c 6¼ 0) that

corresponds to increasing values of the parameter
c. The theoretical simulation is computed by use of

Eq. (4) and by considering the parameters men-

tioned in Fig. 2. It is clear that the fringes shift to

the left, whereas Fig. 4(b) shows a ()1) lateral

order (s ¼ 0; c 6¼ 0) that corresponds to decreasing

values of the parameter c and the fringes shift to

the right. Then, in successive status of the soap

film that will correspond to successive different
rresponds to s ¼ 0 and: (a) increasing values of c
; c ¼ �p=3; c ¼ �2p=3; c ¼ �p).
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values of c, the lateral fringes shift direction in that

order will establish the thickness variation of the

film between those successive status.

In our experimental condition (wedge shaped

soap film with s 6¼ 0, c 6¼ 0), the mentioned fringes

shift in the lateral order is produced. After the
determination of the parameter s, it is necessary to

measure this shift in for instance the ()1) lateral
order to determine the parameter c. Whereas to

assess the parameter s, the fringes correlation

orientation must be obtained, the precise deter-

mination of the parameter c depends on the suc-

cessful measurement of the interference fringes

profile to determine the mentioned fringes shift. As
in the case of the parameter s, a source error in the

determination of c arises from the speckle noise. It

is clear that the ultimate resolution of the corre-

lation fringes are limited by the speckle size which

implies a limit to the pupil size. Computed based

algorithms are used to measure the peak position

[17,18]. Note that to obtain fringes that can be

further processed by the computer, their thickness
must be several times the diameter of a speckle

grain because the noise that these grains introduce.

In our case, a low pass filtering operation is ap-

plied to reduce the speckle noise. To apply the

mentioned method, the fringes must be in vertical

direction. The technique described in [16] to find

the fringes inclination is utilized. Also, software

procedure is used to rotate the image, so that the
vertical condition can be achieved. Then, the peak

position fringe evaluation allows to determine the

()1) lateral order fringes shift between successive

status of the film and the parameter c corre-

sponding to the images showed in Fig. 2 results in:

(b) c ¼ 1:33p; (c) c ¼ 1:55p; (d) c ¼ 1:91p; (e)

c ¼ 0:19p; (f) c ¼ 0:51p; and (g) c ¼ 0:76p, re-

spectively. In the results of Fig. 2, the fringes
shifting direction, in the ()1) lateral order indi-

cates that during drawing the soap film becomes

thinner (thickness decreasing). Clearly, the same

information can be obtained from the (+1) lateral

order. Discrepancies below 3% in the determina-

tion of the c soap film parameter are observed.

Notice that the quantity gamma is only deter-

mined modulus 2p which implies that the absolute
value of the thickness is not possible to obtain.

Nevertheless, this is not essential to monitor the
evolution of the film thickness. Furthermore, in

our experimental conditions the changes between

successive status are much lesser than 2p.
As mentioned above, in our case the soap film is

produced by pulling a frame out of a reservoir

solution. The soap film during drawing acts as a
variable wedge. The film behavior is due to the

pressure difference between the film center and

borders, caused both by gravity and capillarity.

Indeed, the film is thicker at the borders as it is

confirmed with our experimental results. This fact

is due to a sucking effect onto the liquid from the

center to the borders. The film becomes thinner as

the drying process takes place as can be confirmed
by the behavior of the parameter c. Also, the

wedge shaped film angle decreases while the film

evolves. In this way, in accordance with the suc-

cessive rotations of the fringes, the status of the

film can be assessed.
4. Conclusions

A novel and simple speckle interferometric

technique for characterizing vertical soap film is

presented. The soap film is produced by pulling a

frame out of a reservoir solution. The film thinning

process is due to the pressure difference between the

film center and borders, caused both by gravity and

capillarity. The proposedmethod allows tomonitor
and tomap the soap filmas a function of the changes

in the correlation fringes. In particular, the tilted

fringes behavior observed with the soap film intro-

duction, makes it possible to establish that the film

during the drawing process acts as a variable wedge

shaped film and also that the thin edge of the film

and the diffuser in-plane displacement are parallel.

Moreover, the fringe rotation direction with respect
to the fringes orientation obtained without the in-

troduction of the phase object permits to determine

that the film is thicker at the borders and which

border is thicker. Note that the proposed technique

allows to establish whether the thicker part of the

wedge is in the upper or lower region of the aperture.

This feature is in accordance with the predictable

sucking effect onto the liquid from the center to the
borders. In fact, the technique could be used to de-

termine the slope in the soap film boundary as well
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as to measure the soap film thickness, in particular

at the rupture time. Besides, in successive status of

the soap film that will correspond to successive

variation of the soap film parameters, the lateral

fringes shift direction in the lateral diffraction order

will establish the increasing or decreasing of the film
thickness. In summary, the behavior of the fringes

(direction rotation and shifting) became an impor-

tant tool to determine the slope and the thickness

variation of the soap film.

The fringe visibility depends on the soap film

parameters. In particular, the technique is useful

for characterizing very small angles concerning

phase objects like the soap film analyzed. As it is
usual in interferometric methods, the measured

physical quantities, in our case the soap film pa-

rameters, are encoded in the high visibility fringe

patterns. Afterwards, conventional techniques for

fringe analysis are used to extract the information

from the interferometric pattern.
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