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Abstract: We demonstrate a new technique for analyzing surface tension
of liquids. This is done upon examining the interference signals reflected
from a remnant drop pending at the cleaved end of a single mode optical
fiber. The resulting interference patterns are fitted to a multimirror Fabry-
Perot model yielding information of the drop size. We show that the
wetting process of the fiber plays an important role in drop formation; in
particular, the drop size can be correlated to the surface tension of the
liquid sample. The proposed configuration may render useful for liquids
analysis using small sample volume.
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1. Introduction

The formal study of interfaces started with T. Young and P. S. Laplace in the early 19th
century [1-3]. Since then, surface tension and wetting phenomena have been closely
observed. These physical properties of liquids are of interest in many fields, such as the
characterization of red blood cells [4], hydrogels drugs delivery or the study of rheology at
micro or nanoscales, where surface effects dominate the volume properties [5]. Numerous
measurement techniques have been developed to measure surface tension [1, 6]; some of
them involve the study of drops, in different configurations, such as the pendant drop
methods [7], or the measurement of contact angle of sessile drops, based on the Young-
Laplace equation [8]. Optical techniques in particular have shown to be useful in the study of
surface phenomena; for instance, characterization of colloidal suspensions [9, 10] and
measurement of surface tension have been carried out using intensity based techniques,
dynamic scattering analysis or optical coherence tomography [11-16]. In general, optical
techniques are attractive owing to their non-contact capabilities and the small volume
samples involved in the measurements.

The interest in surface tension measurements arises from the fact that changes at the
molecular level will alter the physical properties of a liquid at the macroscopic level.
Chemicals such as surfactants will induce changes in the surface tension and this may be
used as a means for analyzing the concentration of surfactant in a liquid or in binary solutions
[17]. Simple methods for monitoring surface tension variations are thus of interest for these
kind of applications. In this paper, we propose a new and simple technique for measuring
surface tension of a small drop using optical interferometry. By dipping the cleaved end of a
single-mode optical fiber into a liquid, a tiny drop is formed whose dimensions are mainly
determined by the surface tension of the liquid. The height of the drop is measured by means
of the back-reflected signal from the drop to an optical interrogator. Analysis of the optical
signal is carried out upon fitting the experimental data to a Fabry-Perot interferometer model,
yielding information related to the drop height. The resulting drop heights for different
liquids show to have a close relation mainly with the surface tension of the tested fluids.

2. Drop formation at the tip of an optical fiber

Drop formation at the tip of an optical fiber probe has been used for applications ranging
from refractive index measurement of binary solutions to fiber device fabrication [11, 18]. In
general, drops are readily formed upon immersing the tip of the optical fiber probe into the
fluid of interest or by depositing the liquid on the cleaved surface of the optical fiber. While
the measurement of refractive index does not require a strict analysis of the drop formation,
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fabrication of polymer lenses in fiber tips involves important features of the polymer such as
the viscosity and the initial volume [18]. Surface tension measurements, however, require a
closer look to the drop formation on a finite solid surface. It is customarily assumed that
relevant features in a wetting problem such as contact angle and drop geometry can be
modeled following the Young-Laplace formulation [1, 6, 17]. However, optical fiber wetting
processes and subsequent drop formation at the tip of the waveguide will not necessarily
follow this classical approach, as shown in Fig. 1. This is particularly important if surface
tension measurements are sought, because the dimensions of the drop formed with these
arrangements are typically in the micron range.

Optical fiber

90\_____.-—_____

Glass substrate 100 pm

100 um

(a) (b)

Fig. 1. (a) Contact angle of a sessile drop where Young-Laplace methods are frequently used;
6 ca is the contact angle. (b) Geometry of the remnant-pendant drop at the fiber end, where 6
ca’ 1s the contact angle, hy and R are respectively the height and the radius of curvature of the
drop, and Dy is the diameter of the optical fiber.

Figure 1 illustrates two cases for drop formation on solid surfaces: while Fig. 1(a) shows
a drop of a liquid formed on a flat glass surface, Fig. 1(b) depicts the case for a drop formed
at the tip of an optical fiber. Notice that in spite of being the same liquid, and in principle, the
same kind of solid surface, drop features such as size and contact angle are noticeably
different. This is due to the finite size of the fiber end face, constraining the drop formation
to a given volume, which as we will demonstrate, depends mostly on the surface tension of
the liquid. It is worthwhile noticing that drop formation under these conditions is still an
unsolved problem. The geometries that are traditionally analyzed (e. g., in the drop weight
method or the sessile drop for contact angle measurement [1, 17, 19]) do not consider
relevant effects for the proposed configuration. In particular, the work of adhesion on the
cross section of the fiber, or the effect of a confined substrate on the drop dimensions, are
still to be considered in complete analysis of this wetting problem. Although these conditions
are related to the surface energy of the liquid, there is not a straightforward manner for
calculating the surface tension from the drop features. Nonetheless, the drop dimensions may
be obtained through interferometric measurements and thus a mathematical relationship
might be established in the future.

The basis for our measurements is the analysis of the interferometric signal generated at
the tip of an optical fiber with a drop of liquid. A schematic of the optical arrangement used
in our experiments is shown in Fig. 1(b). After dipping the cleaved end of an optical fiber
into a liquid, a remnant-pendant drop is formed. The drop size and the refractive index of the
liquid will generate an interferometric signal that may be monitored via the back-reflected
light. Although the signal will mainly provide information regarding the refractive index and
the drop size, the process of drop formation is closely related to physical characteristics of
the liquid, namely, surface tension and viscosity (see Fig. 2). Thus, the final volume of the
drop will contain information about these features.
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Fig. 2. A set of pictures of the wetting process: the optical fiber is initially in close proximity
to the liquid (a) and subsequently immersed into it and extracted at regular intervals (b-e).
Once the fiber is out of the liquid sample, a remnant-pendant drop is formed at the fiber end
face (f). The wetting process with a DMS liquid (Media 1) is different than that of glycerin
(Media 2).

For a static stress analysis, the contact angle (CA) of a sessile drop is typically related to
the surface properties of the liquid and the solid [1, 6, 17]. However, the CA for a remnant
drop formed at the tip of an optical fiber is always larger than that of a typical sessile drop
(see Fig. 1). This is important since there is not a straightforward manner for estimating the
size of the drop. For our experimental condition, the radii of curvature of the drops are
smaller than their corresponding capillary lengths, thus droplets take the shape of spherical
caps and the effects of gravity can be neglected; under these conditions, the main role in drop
formation may be attributed to capillary forces [1]. Since the capillary forces define the drop
shape, the surface tension of the liquid may be determined upon measuring the height of the
drop.

3. Experimental setup

The experimental procedure for drop formation consists on dipping the cleaved end of an
optical fiber into a liquid sample to form a remnant-pendant drop. One end of a standard
single-mode optical fiber (Corning SMF-28e + ) is connected to a spectral interrogator (FBG
interrogator, Micron Optics sm125); the polymer coating at the other end is removed, then
the fiber is cleaved and positioned vertically facing downwards to the liquid sample. The
latter is placed on a microscope slide —to form a sessile drop-, whose position and
displacement are controlled by means of a mechanical actuator (Zaber T-LA60A). To wet the
fiber, the sample is raised until the fiber end is completely immersed; subsequently, the
sample goes down to take the fiber out from the sample and a drop is formed at the fiber tip
(see Fig. 2).

Several things are to be considered during the drop formation process. In contrast to
previous reports [18], the liquid sample volume is much larger than that of the final drop
formed at the tip of the fiber. For all the experiments, the initial volume on the microscope
slide for the tested liquids (see bottom part of the pictures in Fig. 2) was around 4 pL. Upon
comparing this volume with the typical drop volumes obtained with our setup (200-300 pL),
we obtain a volume ratio (Vgmpie/Varop) in the order of 10*. We verified experimentally that
this volume ratio, and under the withdrawal speeds used in our setup (see below), consistent
results are obtained for the drop sizes formed at the tip of the fiber.
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The speed at which the optical fiber is withdrawn from the liquid is also an important
parameter: features such as viscosity, density and surface tension of the liquid play an
important role in determining this characteristic speed [1], which may be estimated as:

=L (1)

This expression relates the surface tension (y) with the dynamic viscosity of the liquid (#);
relevant data for estimating the characteristic speed for the liquids used in our experiments is
given in Table 1. Simple calculations yield a maximum withdrawal speed of about 2.2 mm/s,
which corresponds to the most viscous liquid used in our experiments. The withdrawal speed
of the fiber was controlled via software and the mechanical actuator displacing the liquid
sample in steps of 1 pm; at each step, the sample was left to rest for 10 s. Under these
conditions, the drop formation at the tip of the optical fiber should not depend on the
viscosity of the liquid. Thus, the drop features can be mostly attributed to the surface tension
of the liquid sample.

The remnant-pendant drop at the tip of the fiber generates an interferometric signal due to
the refractive index difference between the fiber and the liquid. Monitoring of the
interference pattern for each liquid can be readily performed with the FBG interrogator and,
with proper signal analysis, the drop features (e.g., height) can be obtained. During the
wetting process and while acquiring the interferometric signals, a CCD camera is also used to
record side view images of the fiber-drop arrangement. Additionally, temperature and
humidity are also recorded for each experiment by means of a resistance temperature detector
(RTD) and a hygrometer, respectively. The experimental arrangement is fully enclosed
within an acrylic box to prevent perturbations from environmental fluctuations. Finally,
control and data acquisition are conveniently done via a virtual instrument programmed in
LabView.

4. Theoretical analysis

The fiber-liquid and liquid-air interfaces formed at the optical fiber tip can be considered as
the reflecting surfaces in a two-mirror Fabry-Perot interferometer (2MFPI). However, the
optical arrangement is often prone to have a third reflecting surface, far from the drop, to
form a three-mirror arrangement (3MFPI). The drop features are thus obtained by means of a
multi-mirror Fabry-Perot (MMFPI) model using the refractive indices of the corresponding
media [20, 21].

Our analysis of the MMFPI follows the usual matrix formalism of multilayer films,
neglecting losses due to absorption, scattering, misalignment, and diffraction [20, 21].
Consider N partially transmitting, plane parallel mirrors of zero thickness, and sequentially
numbered i = 1, 2, ... N. The mirrors can be analyzed as pairs of consecutive mirrors and
subsequently may be used to form stacks, as shown in Fig. 3. Following the notation given in
the figure, E;" is the amplitude of the electric-field vector on the left hand side of mirror i for
a wave front propagating to the right; E; is the amplitude of the left hand side of mirror i for
a wave front traveling to the left. 7; and # are the amplitude reflection and transmission
coefficients for mirror i; the distance from mirror i to mirror (i + /) is L;, contained in the
expression for the optical phase length ¢; = 2z L; /4.
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Fig. 3. Amplitudes at mirrors i and i + / out of a stack of N mirrors.

For two mirrors i and (i + 1) we find that

Ei++]e_iwl =tE/ +Eijr]};eiﬂ )
and
E; =—E1,+E_t,e". 3)
From Eq. (2) we obtain
1 . , .
El = Ele" —E L, @
and substituting in (3)
. | .
E = _:_[ R (5)

i i

Equations (4) and (5) can be expressed in matrix form as

E') 1] &% —re” |(E
= O T ©)
E; t,|-re™” ¥ E_,

For a series of N mirrors, the corresponding matrix equation reads:

Ef 1 e —re” o e —re” o
E- | tt, ...t —re™ —re’ "
1 12 *"N-1 i i
e*f%ul _},}e’lfﬂ.\ul E;r/
X _ )
—r e‘WN—l el(p.v—l E-
i N

E’ A BI|E?
) E—_—— v, ®)
E) tt,..t,,|C D|E,

where 4, B, C, and D are the coefficients of the resulting matrix; Ey" and Ey are the
amplitudes of the electric field vector on the left side of mirror N propagating to the right and
the left, respectively. Using these expressions, the reflectance of N parallel, partially
transmitting plane mirrors without absorption can be calculated as the ratio r = E; / E;".
Using (8) and considering consecutive mirrors i and i + / we obtain:

(7

or equivalently:
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The reflection intensity coefficient is then given by the product R = r r*, where r* is the
complex conjugate of . Thus, for a two mirror Fabry-Perot interferometer (2MFPI), the
intensity reflection is given by

R +n +2nr cos[2¢,]
a 1+ 77, (rr, +2c0s[2¢,])

(10)

2M

And, for a three mirror Fabry-Perot interferometer (3MFPI), the intensity reflection is

B 1”22+r32+r12 (1+r22r32)+Q

)

3M 1-&-;’22;’32+r12 (r22+r32)+Q’

where
0=2r, (rl (1+ s )cos[2¢)] |+ 77,7 cos[2¢, 20, ] +(1+ rlz)r3 cos[2(p2])

(12)
4251, cos [2((/)1 + o, )]

At the drop-air interface, the mirror is a curved reflecting surface, and several assumptions
are made in the model. The divergence of the beam crossing the fiber-liquid interface is small
due to the refractive indices of the liquids used in our experiments, which are close to the
fiber core refractive index (1.4682). Considering a small index difference, the numerical
aperture for this interface is also small and the spot diameter at the edge of the drop would be
about two times the size of the fiber core. Thus, as a first approximation, if the drops have at
least a radius of curvature close to radius of the optical fiber, the distant edge of the drop can
be considered as a plane surface. In our experiments, the height of the drop (%) is obtained
upon fitting the FBG interrogator data either to the two-mirror (2M) or three-mirror (3M)
reflectivities (Egs. (10) and (11), respectively). The nonlinear fitting thus yields the values
for the reflectivities at each interface together with the height of the drop.

5. Results and discussion

The liquids used in our experiments were three different dimethylsiloxanes (Gelest, DMS-
T23, DMS-T31 and DMS-T41) [22] and glycerin [23, 24]. The selected liquids are stable,
non-volatile liquids and with well-known physical properties, some of which are listed in
Table 1.

Table 1. Physical Properties of the Liquids

Liquid Surface Specific Refractive Viscosity
tension gravity index [cSt]
[mN/m]

DMS-T23 21.1 0.970 1.4031 350

DMS-T31 21.2 0.971 1.4034 1000

DMS-T41 21.5 0.974 1.4035 10000

Glycerin 62.5 1.25 1.474 934

The wetting process and drop formation were evaluated following two different
procedures: cleaving the fiber for every wetting event and using the same fiber for each
subsequent test after proper cleaning. For each liquid the wetting process was repeated twice
and data were collected for two interferometric configurations: a two-mirror (2M) and a
three-mirror (3M) arrangement. For the 2M configuration, after the remnant drop is formed, a
non-reflecting wedged black anodized aluminum piece was placed below the drop to avoid
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any additional back reflection. For the 3M arrangement, the third reflecting surface was an
infrared mirror (Thorlabs, BB05-E04, R>99%) placed underneath the drop.

Figure 4 illustrates the two drops configurations analyzed as interferometric arrangements
with two (a) and three (b) reflective surfaces. Figure 4(c) shows an example of the
experimental signals acquired for the DMS-T41 liquid. While the signal showing a larger
period (blue) corresponds to the 2M configuration, the signal with the shorter period (red)
corresponds to the 3M interferometric arrangement.

Optical Optical

fiber fiber
Drop : -+—Mirror 1 Drop 3 ~s—Mirror 1
height -+—— Mirror 2 height -+—— Mirror 2

‘ Non-reflecting Highlyreflective | < Mirror 3

surface surface

(a) (b)

Ml

e

1530 1540 1550 1560 1570

BR[a.u]
0.oov

0.008

0.005

0.004

0.003

0.002

0.00

A ————
R ——
S ——
_—_—-

(e)

Fig. 4. Schematic representation of: (a) 2MFPI arrangement, (b) 3MFPI arrangement and (c)
typical back-reflected (BR) interference signals obtained for each case.

The drop height is obtained from the phase of the Fabry-Perot theoretical model (¢; = 2z
L; /2), after fitting the experimental data to Eq. (10) or Eq. (11). For both cases, the drop
height corresponds to L;, which can be readily obtained after fitting the remaining parameters
used in the model.

Table 2 summarizes some results; one of the main characteristics of the three
dimethylsiloxanes (DMSs) is their similarity in surface tension, refractive index, and specific
weight (see Table 1). Notice that for these three liquids, the values of drop height obtained
after data analysis is very similar. This is consistent with the assumption that the drop height
for the wetting procedure is mostly determined by the surface tension of the liquid, which in
some way is balanced with the drop weight. In contrast, for glycerin the average values of
drop heights are noticeably larger than those of the DMSs. Note that glycerin has a larger
value of surface tension compared to the DMSs.
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Table 2. Drop Height for Two Mirrors (2M) and Three Mirrors (3M) Interferometric

Configurations*

Drop 1 Drop 2 Cleaved Drop 1 Drop 2

Cleaved [pm] Cleaned Cleaned
[um] [um] [um]

Liquid 2M 3M 2M 3M M M
DMS-T23 38.29 38.35 39.07  39.08 36.35 36.93
DMS-T31 38.85 39.48 38.57 38.73 37.17 37.10
DMS-T41 38.88 38.89 3893  38.38 38.20 38.93
Glycerin 42.95 41.86 42.19  41.92 43.19 41.19

*The first two columns show results for two different wetting processes using different cleaved sections for each
measurement. Drop heights for two wetting processes after cleaning the same fiber are shown in the last two
columns.

While the DMSs liquids have very similar values of the surface tension and their
viscosities differ significantly, glycerin has a higher surface tension value. The backreflected
signals were acquired and the data were fitted to the 2M and 3M models. A plot with the
resulting drop heights for all the liquids is shown in Fig. 5; both models provide very similar
results for the same wetting events. Remarkably, the results suggest that the contribution to
the height of the drop due to viscosity is almost negligible, since the DMSs samples possess
very different viscosities.

44 A m Drop 1,2M
® Drop1,3M
43 A Drop2,2M ]
1 v Drop 2, 3M
42 1 s
T 414
fE] j
S 40+
o 1 [ J
S 39 * -
5 [ ] 2 v
2 38
374
36 4
T T T T
DMS-T23 DMS-T31 DMS-T41 Glycerin

Fig. 5. Drop heights for different liquids obtained with 2M and 3M models; the fibers were
cleaved before each dipping event.

The wetting process of the fiber can be affected by the presence of surfactants —which is
very difficult to control in common liquids— and possible surface and edge imperfections at
the fiber end-face due to cleaving. These effects were evaluated performing drop height
measurements using the same optical fiber following a cleaning procedure before each test.
The fiber was carefully cleaned by immersing it subsequently in acetone, methylene chloride
and finally, in deionized water. A final inspection of the fiber tip was also made using the
CCD camera. Since data fitting yields similar results for the 2M and 3M configurations, only
the 2M model was used for drop height calculations. Figure 6 shows the values of drop
heights obtained for this set of experiments.
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Fig. 6. Drop height for different liquids using the same fiber.

Upon comparing the drop heights obtained with both methods (i.e., cleaving and cleaning
the fiber tip), the calculated drop heights seem to yield slightly different results. Solid
substrates always present some degree of adsorption of gas or vapor at the solid-gas
interface; for vapors close to the saturation pressure, the amount of adsorption can be quite
large and may reach or exceed the point of monolayer formation thereby changing the solid-
gas interfacial energy [17]. In general, the materials used in surface tension measurements
are not affected by the acids, bases and organic solvents used in the cleaning process [19].
However, the drop heights measured when using the cleaned optical fiber yielded smaller
drops. This systematic deviation is caused by the different surface wetting properties after the
cleaning process. Even though both procedures result in different drop heights for the same
liquid, the results from both cases show to be consistent for detecting liquids with different
surface tensions. The surface tension sensitivity of the proposed technique may provide
relevant information to derive a theoretical model for the drop shape, including
considerations of the wetting properties of the optical fiber.

In our experiments, glycerin was used due to its high surface tension compared to the
DMSs liquids. As seen in Figs. 5 and 6, this surface tension difference yields different drop
heights thereby validating the proposed measurement technique. However, although it has an
apparent stable behavior for this purpose, glycerin is highly hygroscopic and its physical
properties are prone to changes due to water absorption. This condition changes the surface
tension since the liquid becomes a solution —glycerin and water—, whose surface tension
would fall somewhere between that of water (72.7 mN/m) and glycerin. This is evident in
Fig. 6, showing different drop height measurements for glycerin obtained for the wetting of
the same cleaned fiber.

In general, surface tension measurements can lead to different results depending on the
measuring methods, and mainly due to mathematical analysis of complex phenomena;
however, surface tension of a pure liquid must always be the same [17]. In practice, the goal
is oftentimes to determine changes in surface tension rather than obtaining absolute values.
With the proposed technique detection of variations or differences in the surface tension of
liquids is feasible and thus can be useful for this purpose. As a first approximation, these
preliminary results confirm that surface tension is the main contributor to the size of a
remnant drop formed by dipping an optical fiber into a liquid sample. This will hold for
controlled wetting conditions such as those followed in our experiments. To the best of our
knowledge, there is no evidence of a detailed study of this particular wetting arrangement
(i.e., a remnant-pendant drop constrained by a finite surface). As such, a direct relation
between drop height and surface tension for our configuration is not yet available. The
geometry constrains and the scales of the drop and fiber cross-section seem to impose
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wetting conditions for which conventional analysis cannot be applied (e.g., the Young-
Laplace model). In addition, other contributions to drop formation might also be relevant,
such as the effects of the contact line and the adhesion at the fiber-liquid interface [1, 6, 17,
25, 26]. In spite of these limitations for data analysis, we believe that the proposed technique
offers attractive features for liquid analysis such as small volume sample, which is key for
small-scale chemical analysis systems.

6. Conclusions

We have demonstrated a technique to evaluate surface tension differences in liquid samples.
Our results show that the height of a drop formed at the tip of an optical fiber under
controlled wetting conditions is directly correlated to the surface tension of the liquid. The
proposed configuration may provide relevant information of physical properties of liquids
using volumes within the picoliters range. In general the setup is simpler than other
techniques based on pendant drop analysis and is based on the analysis of a steady drop.
Further studies of the wetting process may lead to the simultaneous determination of other
physical properties of the liquids (e.g., viscosity, refractive index, volatility), as well as the
characterization of solutions or indirect detection of contaminants in liquids from the
measurement of physical properties. This might be of interest for developing label-free
chemical or biological sensors, as well as opto- and microfluidics systems.
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