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Abstract— A novel sensing system based on single mode optical 

fiber in reflective configuration has been developed to measure the 

critical meniscus height (CMH) of low volumes of liquids, which is 

then used to calculate the contact angle. The sensing system has 

been designed especially for very low volumes of liquids (e.g. bio-

liquids) and the work has demonstrated that measurements are 

possible with a minimum liquid volume of 5 µL. The sensing 

system is based on monitoring the spectral variation induced by 

the difference in the refractive index regions surrounding the fiber 

tip, at the air-liquid or liquid-liquid interfaces. From the 

experiments performed in water, (by immersing and extracting 

the fiber sensor in the liquid sample), it can be concluded that the 

CMH forming on the fiber decreases as the temperature increases. 

The change of temperature (in this experiment from 22 to 60 ℃) 

does not influence the CMH of the sample used in the evaluation 

(P3 mineral oil), giving an indication of its thermal stability. In 

addition, a fixed fiber was used to measure the variation in the 

liquid level when another fiber is immersed in the liquid. The error 

in the liquid level obtained in the work was small, at 0.34 ± 0.04 %. 

Such a sensor, allowing accurate measurements with very small 

quantities is especially useful where liquid sample volumes are 

limited e.g. biologically sourced liquids or specialized, expensive 

industrial material in the liquid phase. 

 
Index Terms— Contact angle, critical meniscus height, liquid 

level variation, meniscus at the interface, optic fiber sensor. 

 

I. INTRODUCTION 

GOOD knowledge of the spreading of a liquid on a solid 

is extremely important in many aspects of the use of liquid 

in industry or in studying biologically sourced liquids (bio-

liquids). For example, it is important to have a controlled 

coverage of a substrate while painting, writing with ink or 

spraying aerosols onto a surface, to maximize quality and 

minimize waste. Unfortunately, liquid spreading can often be a 

complicated process where the presence of impurities can 

significantly influence the wettability and the spreading of a 

liquid, if these had previously been adsorbed on the surface. It 

is well known that when a liquid is at the interface with a solid, 

it forms a meniscus with a finite contact angle (CA) at the three-

phase contact line (solid, liquid and air) [1]. In medical 

diagnostics, changes in the surface tension (ST) and the CA of 

biological fluids can be correlated with a range of diseases [2]. 
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Conventional methods often require significant amounts of 

sample liquid (which may not always be available in the case of 

specific biological products). Consequently, the ability to 

analyze the sample and/or the accuracy of results obtained may 

be limited. In addition, the associated labor costs for obtaining 

and analyzing the sample can become prohibitively high (e.g. 

insulin and human blood) in associated biomedical 

applications. Thus, reducing the required sample size and waste 

in this process is extremely important [3]-[5]. Many techniques 

have been used to measure the height of the meniscus of a liquid 

formed, this bearing a direct relationship on the ST and the CA. 

Different examples are expensive subpixel resolution cameras, 

ImageJ software [6] or cathetometers. Moreover, the 

combination of a charged coupled device (CCD) camera with a 

horizontal microscope mounted together on an axial translation 

stage (for improved focusing) has been applied to improve the 

measurement of the location of the contact point of the liquid 

meniscus with the solid substrate. In previous experiments, 

complex shape probes have been immersed in the liquid to 

make such measurements and often the use of further 

theoretical analysis and/or numerical simulation is required in 

the accurate determination of the above-mentioned parameters 

from the data obtained [6]-[8]. 

The critical meniscus height (CMH), which is measured at 

the appropriate conjuncture after the meniscus breaks, has been 

measured in a study by Extrand et al. [8] and used to calculate 

the CA on the edge of rods attached to the beaker containing the 

fluid under study (thereby avoiding their floating in the liquid), 

of dimensions varying from 3.2 to 12.8 mm in diameter. As a 

result, they were able to measure the CMH just before the top 

of the rod was covered by the level of the liquid, as it increased. 

In this case, the direct measurement of the CMH was difficult 

to make and the result given for the CA had to be approximated 

[8]. One of the most used, available techniques to measure the 

CA is the Delta-8 Kibron multichannel tension-meter, which is 

based on the Wilhelmy method [9]. It uses the maximum pull 

force method to calculate the CA, when the ST of the liquid is 

known. This technique uses a 0.5 mm diameter probe and needs 

a sample volume of only 50 µL [10]. 

Optical fiber sensors have also been demonstrated to be 

extremely attractive for a wide range of measurements because 

of features such as their immunity to electromagnetic 

interference, resistance to corrosive or biohazardous chemicals 
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and their small size [11], [12]. This small size feature, taking 

advantage of the diameter of a standard single mode fiber 

(SMF) being typically 125 µm, is especially attractive in 

chemical detection applications where, as will be shown, a 

much smaller sample volume can be used due to the small size 

optical fiber. Optical fiber methods are very effective when 

measuring refractive index (RI), a measurement which is 

important in many chemical and biological applications [13]. 

Further, different techniques have been used to measure the CA 

of a liquid by immersing an optical fiber in a sample of the 

liquid. For example, Zhou et al. [14] and Márquez-Cruz et al. 

[15] have measured the dynamic and the static CA, 

respectively, using a fiber probe when it was (vertically) 

immersed in the test liquid. Shen et al. [16], and Liu et al. [17] 

have described an alternative technique where a tilted fiber 

Bragg grating was immersed horizontally into the liquid. In that 

approach, the length of the liquid film was set to be 18 mm so 

that the fiber was completely wet, allowing the detection of the 

variation in signal when the fiber was in air. By placing the fiber 

perpendicular to the surface of the liquid, only the 125 μm 

diameter of the fiber tip is made to wet and thus the liquid 

sample size needed is reduced. This is more convenient to use 

in practical applications, since it functions as an immersion 

probe. In the above-mentioned methods, a CCD camera or a 

telescope-goniometer were used to capture the profile of the 

liquid surface around the interface with the fiber. The main 

drawbacks of these techniques is that the camera/telescope is 

tilted down (at 1-2 degrees from the horizon of the liquid 

sample), there is the need for a strong background light and 

there is an increase in the complexity of the approach to make 

the reading, due to the cylindrical shape and small size of the 

optical fiber used. In addition, particular skill is needed by the 

experimentalist to use the technique well and thus create 

reproducible and accurate results [18], [19].  

However, from a review of the literature undertaken, it would 

appear that creating a sensor based on monitoring the CMH by 

using an optical fiber sensor emerging vertically from the 

air/liquid and from the liquid/liquid interfaces and then 

calculating the CA (all without the use of cameras), is 

innovative and this approach has not been investigated in any 

detail. Thus, the background work done by the authors suggests 

that a simple and precise optical fiber-based sensor to measure 

the CMH of a liquid by detecting the variation in the 

surrounding RI at the tip of a bare fiber could be developed. As 

a result, a small diameter probe, based on using a 125 µm 

diameter optical fiber has been used in this work. The reason 

for that is due to the fact that Sauer et al. [20] demonstrated that 

the small diameter fiber used facilitates the rapid equilibration 

of the meniscus on a stationary fiber, resulting in a high level of 

measurement of accuracy and reproducibility. In addition, the 

silica glass optical fiber that forms the basis of the sensor has 

the advantage of chemical inertness compared to the use of 

polymeric fibers (which are more easily damaged by aggressive 

fluids) for similar applications, e.g. for monitoring caustic or 

acidic liquids. An important feature of the sensor is that the 

required volume of the liquid sample needed (into which the 

fiber tip is immersed) can be small and thus limited volume 

sample sizes can be used, which is important, for example, 

when expensive or scarce samples require analysis. A further 

advantage is that the sensor approach is non-destructive: 

samples can be reclaimed after the measurement has been made 

and used for other types of analysis as the optical fiber probe 

does not contaminate the sample.  

II. Methodology 

A. Chemicals  

The following chemicals used were of analytical grade and 

used as supplied, with no other purifications being carried out. 

Isopropanol at 70% in water (IPA) was purchased from Sigma 

Aldrich UK. Extra pure, deionized water was obtained from 

Acros Organics. P3 mineral oil (used as an exemplar fluid for 

the measurements made in this work) with a density of 870 

kg/m3 at 20 °C, and a high operating temperature up to 95 °C, 

was purchased from Pfeiffer Vacuum. The ITU G.652.D pigtail 

optical fiber with standard connector type SC has core and 

cladding diameters of 9 μm and 125 μm, respectively. 

B. Experimental setup for CMH sensor 

The fiber sensor system developed in this work is comprised 

of an optical sensor interrogator unit (Micron Optic sm125 – 

with a low noise feature with fiber Fabry-Perot tunable filter 

technology), which is connected to a computer to read out the 

variations observed in the reflected optical spectrum. The 

benefits of using the interrogator unit include allowing the 

continuous monitoring of the optical power variation, together 

with the variation of the amplitude of the interference signal. To 

address any measurement inaccuracies that could occur from 

the variation on the light source optical power [21], the 

detection of the reflected optical power was conducted three 

hours after turning on the interrogator, to guarantee the stability 

of the source and optical power transmitted to the fiber. One 

end of the SMF was connected to the interrogator, while the 

other was stripped of its polymeric dual acrylate coating and 

cleaved at 90°. This cleaved end was then placed in a test 

chamber and attached to a tensile machine (Lloyd Instruments 

QA LRX 05), as shown in Fig. 1, to apply a known, and a 

reproducible motion. A major advantage of using this tensile 

machine is that its speed can easily be controlled, and it has 

been configured to operate at very low speeds (down to 0.1 

mm/min) so that any vibrations reaching the test chamber 

would be minimized. 

The test chamber includes a plastic shield, which provides 

protection to the fiber from stray air currents, as is shown in Fig. 

2. In addition, the cleaved end of the fiber was attached to a 

PVC support, which was then connected to a metallic bridge to 

minimize any vibration reaching the fiber. In addition, the 

liquid solution was put into a cylindrical Pyrex glass beaker that 

was mounted on a neoprene rubber base, to avoid any vibration 

from the movable arm of the tensile machine interfering with 

the measurement. The cylindrical fiber and the cylindrical 

beaker were positioned coaxially, to create an axisymmetric 

system. The liquid solution was allowed to move upwards and 

downwards so that the cleaved fiber could be submerged in and 

then extracted from the liquid sample, as required. In addition, 

vibrations on the fiber and thus potential errors in the 

measurement were reduced by moving the solution instead of 

the fiber, a technique demonstrated by Champmartin et al. [6]. 

 In order to measure the CMH, the following procedure was 

undertaken. Prior to making a measurement with a liquid 
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sample, the fiber was first cleaned with IPA and deionized 

water and then dried. Then, the power reflected from the optical 

fiber tip, surrounded by air (which has a RI, nair, of ~1.0) in the 

wavelength range from 1520 to1580 nm, was recorded. The 

cleaved end of the optical fiber was then submerged in the 

liquid, which was allowed to move upwards (at a speed of 0.1 

mm/min) and then stopped when a variation in the reflected 

power of the fiber was detected, this being due to the contact of 

the cleaved fiber with the liquid. The optical fiber has, at this 

stage, reached the undisturbed surface of the liquid and the 

meniscus forms around the fiber, wetting the fiber tip. 

Following this, the reflected power was recorded, and the 

solution was then further made to move downwards with the 

same controlled speed. The reflected power remains unchanged 

until the meniscus breaks – here the fiber is in contact with the 

liquid until the meniscus rupture occurred. The process, as a 

series of steps is illustrated in Fig. 3. The height of the meniscus 

was then observed from the recording of the time needed for the 

fiber to register a different reflected power, comparing that with 

the value obtained when the fiber was in contact with the liquid 

(i.e. the time it takes to transit from the stage shown in Fig. 3(b) 

to that in Fig. 3(d)). Each measurement of the CMH was 

repeated three times, to evaluate the repeatability of the 

measurement and the above process was then monitored with 

changing speeds and temperatures, in order to create a full 

characterization of the measurement system. The critical height 

of the meniscus after which it breaks (h), the receding CA (ϑ) 

and angle φ (given by π/2 – ϑ), are represented in Fig. 3(e). The 

two liquid samples selected here – oil and water – have different 

values of ST (approximately 28 mN/m [22] and 72 mN/m [23], 

respectively): this being a range typical of most liquids that 

would be studied [24]. 

 

 

 
Fig. 1.  The measurement setup with the optical interrogator and the tensile 

machine arm used to move the liquid solution. 
 

 

Fig. 2.  Illustration of the liquid being moved up and down while the fiber is 
attached to the metallic bridge via a PVC support. 

 

 
 

Fig. 3.  Fiber immersion and extraction stages: (a) in air, (b) in the liquid while 
the meniscus forms, (c) when the maximum pull is reached, (d) fiber out of the 

solution, (e) closer examination of the CMH (h) and the receding CA ϑ. 

Measurements were taken when fiber is held in place while the beaker is moved 
up and down. 

C. Selection of the diameter of the beaker. 

Next, the CMH measurement of the liquid was performed to 

investigate the effect of the different diameters of the beakers 

used, in order to determine the optimum diameter (following 

which the measurement of the CMH remains constant). The 

reason for this is that the wettability of the liquid increases as 

the diameter of the container decreases, which leads to capillary 

pressure (through the Young-Laplace equation). It is the 

difference between the ambient pressure and the pressure of the 

column of liquid which is directly proportional to the liquid ST 

[25]. For this reason, Pyrex™ glass beakers of different 

diameters, ranging between 5.4 to 56.6 mm were used in the 

experiments.  

White et al. [26] have derived the equation for the CMH for 

a rod, as follows:  

              ℎ =  [2 (
𝛾

𝜌𝑔
) (1 − 𝑠𝑖𝑛𝜑)]

1

2
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where γ is the ST of the liquid, R is the radius of the fiber, ρ the 

density of the liquid and g the acceleration due to gravity. In 

this case, the angle monitored is the receding CA (ϑ), given by 

(π/2 – φ) from Fig. 3(e). For a small diameter fiber, the equation 

describing ϑ can be given as follows: 

 

                       𝜃 = cos−1 (1 −
ℎ2(1+
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D. Investigation of the CMH with different liquid volumes. 

Once the appropriate diameter of the beaker has been 

selected, using the approach described above in Section C, the 

CMH measurement was conducted with different volumes of 

liquid, with the aim of understanding better what volume of 

liquid sample presents a constant value of CMH. The volumes 

of the liquid sample under analysis ranged from 5 µL to 1 mL 

and, as demonstrated later in the results section, it was shown 

that the CMH decreased as the volume decreased.  

E. Experimental setup for measuring CMH at the interface 

between two liquids. 

The CMH at the interface between two liquids can be 

determined readily by using water and oil as the test liquid 

samples, as these two liquids possess significantly different 

density and RI values. The RI of oil (noil) and water (nwater) were 

calibrated for the experiment by using a 30GS refractometer 

(from Mettler Toledo Inc.), operating at a wavelength of 589.3 

nm. The results obtained for the RI were 1.477 and 1.333, 

respectively. In view of the difference in the RI of the two 

liquids, the reflected power of the optical fiber was recorded 

individually for both the oil and the water samples. In addition, 

the CMH at the interface was determined by measuring the time 

needed to break the meniscus at the interface, by monitoring the 

changes in the reflected power, as shown in Fig 4. 

 

 
 

Fig. 4.  Illustration of fiber immersion and extraction stages for two liquids: (a) 

in oil, (b) in water while the meniscus forms, (c) the maximum pull is reached, 
(d) again in oil. During measurements, the fiber is held in place with the beaker 

moving up and downwards. 

 

F. Experimental setup for interface thickness measurement 

The measurement of the interface thickness between the oil 

and the water liquid samples was determined by recording the 

increase in the mean value of the reflected power observed, up 

to the point where the reflected power achieves the expected 

value for the water sample. The interface thickness was 

calculated by recording the reflected power when moving the 

beaker at a constant speed of 0.1 mm/min and noting that the 

measurement was complete once the fiber reached the water 

level point. The experiment was performed both before and 

after a centrifugation process was carried out to remove any air 

trapped between the two liquids, at 10000 rpm for 5 min using 

a Sorvall RC 6+ centrifuge. 

G. Correction of liquid level 

The liquid level is affected when a solid is placed in contact 

with a liquid solution and a decrease in the liquid level would 

be expected when the meniscus has formed [6]. Therefore, the 

height of the liquid surface that is monitored must be corrected 

accordingly. In order to correct this problem, the liquid level 

variation was measured using two fibers. Thus one of the fibers 

was fixed to the glass beaker at 0.2 mm distance from the liquid 

surface to record the reflected power variation before and after 

the other fiber comes in contact with the liquid, which was 

achieved by moving the beaker (containing the liquid) upwards, 

as illustrated schematically in Fig. 5.  

 

Fig. 5.  Optical fiber fixed to the beaker registers the variation of the liquid level 

while the beaker moves upward allowing the other fiber to be immersed in the 

liquid. 

III. RESULTS AND DISCUSSION 

A. Investigation of beaker diameter. 

As stated in Section II, in order to select the most appropriate 

beaker dimension, the CMH measurement was conducted with 

a wide variety of different beaker sizes, these ranging from 5.4 

to 56.6 mm, and allowing the two properties of the two different 

liquids to be measured with the same set-up and beaker size. 

Repeated measurements were carried out for two different 

liquid samples –water and oil – at 22 ℃ and a fixed speed of 

0.1 mm/min. Each beaker was filled with the liquid, up to 75 % 

of its full capacity. Prior to any test being undertaken, the 

reflected power values in air, water and oil were recorded, as 

shown in Fig. 6. Fig. 7 shows the results and represents the 

variation of the CMH for water (when in contact with the 

optical fiber) with different diameters of the beaker being used. 

The value of the CMH was approximately constant when the 

diameter of the beaker used exceeded 20 mm, which 

demonstrates that the capillary pressure does not change any 

further, in agreement with the observations of Selley [25]. In 

addition, no appreciable variation was seen when water was 

substituted for oil in measurements made using the range of 

beaker diameters selected. This is explained by the fact that the 

oil has a lower ST than water at this room temperature. Hence, 

a relatively smaller beaker diameter chosen from the selected 

range should be used for oil and further investigation of this 

effect is beyond the scope of this paper.  

(a) (b) 

(c) 
(d) 
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Fig. 6.  Representation of the different reflection spectra from the optical fiber 

tip for air, water, and oil. 

 
Fig. 7.  Variation of CMH (at a fixed movement speed) for water contained in 

different diameters of beakers (at a fixed temperature). 

 

As a result, the smallest beaker diameter, with a size of ~20 

mm, was chosen for further analysis to be undertaken, with the 

aim of evaluating the extent to which the amount of liquid 

sample needed could be decreased. This value chosen was the 

first diameter of beaker available, after which the CMH 

remained constant. The value of the CA calculated for water, 

using (2) was 37.86 ± 0.42° at a CMH of 0.264 ± 0.003 mm. 

The literature data available to undertake a comparison are 

limited but Sklodowaka et al. measured the CA of silica to be 

38.9 ± 0.84° [27] which is in good agreement. A further 

important conclusion is that it was possible to measure the 

CMH of the liquid with the use of a very small beaker diameter, 

which then supports the use of small volume liquid samples in 

the measurement. 

B. CMH and volume of liquid.  

Once the beaker diameter was selected (based on the above 

results), the measurement of the CMH as a function of the liquid 

volume was conducted, using both water and oil (at 22 ℃) as 

the sample media. Results obtained from these tests are shown 

in Fig. 8, showing that an effective measurement of the CMH 

of water could be performed with the use of a very small volume 

of the liquid, i.e. 5 µL and taking advantage of the small 

diameter of the fiber used. The importance of this result is that 

the volume of liquid required is much less than is needed for 

typical commercially available techniques, such as the Delta-8 

(Kibron), which requires 50 µL – this giving a reduction in the 

liquid sample size by an order of magnitude.  

The second important result, represented by the black line 

(left hand side) in Fig. 8, is that the value of the CMH remains 

stable when a droplet of 100 µL, or above, is evaluated. This 

means that the droplet diameter has become sufficiently large 

and the fiber tip sees the droplet as a flat surface. Thus, at this 

stage the CMH is not primarily influenced by the radius of the 

droplet but by the radius of curvature of the meniscus forming 

on the fiber, as described by the Young-Laplace equation. This 

equation gives a result for the capillary pressure which is 

inversely proportional to the surface curvature of liquid [28], 

which also depends on the sample volume and the surface area 

[29]. A figure similar to Fig. 8 could be obtained for an oil 

sample, but it is not shown since no variation of the CMH was 

detected for the liquid volume range selected. In this case, the 

meniscus height had a constant value of 0.24 ± 0.01 mm 

throughout the liquid volume range selected, which was from 5 

to 1000 μL. The reason for this is that the oil was totally spread 

out on the Pyrex beaker glass surface, so that the droplet is seen 

as ‘flat’.  

A variation of the CMH in the liquid volume region between 

the black and red lines is present, as illustrated in Fig. 8. In this 

case, the liquid has either a concave (right hand side of the 

figure) or a convex shape (left hand side), depending 

respectively on whether or not the liquid makes contact with the 

beaker wall. The CMH variation between the black and red line, 

at the plateau (ΔCMH shown on the figure), is 14.1 ± 4.1 µm. 

This variation arises due to the fact that the CA of the liquid 

droplet (with respect to the surface of the beaker) is not π/2 (in 

the convex shape case, CA convex), and also the CA between 

the liquid and the wall of the beaker is not π/2[19] (in the 

concave case CA concave), represented in Fig. 8. 

In light of these results, a 0.5 mL solution was poured into a 

20 mm diameter beaker, since it is the minimum beyond which 

the value of the CMH does not change (for water) and this 

arrangement is used for the next set of experiments carried out 

and discussed below.  

 
Fig. 8.  Variation of CMH at a fixed speed for different volumes of water. 

C.  CMH measurement of water and oil 

In light of the previous results, repeated measurements were 

carried out in water and in oil, at different temperatures, using 

a beaker of ~20 mm diameter and a 0.5 mL solution, in order to 

characterize the CMH measurement. The variations in the CMH 

of water, as shown in Fig. 9, obtained when the fiber withdrawal 

speed was 0.1 mm/min and the temperature changed from 22 

°C to 60 °C. It was clearly demonstrated through this that the 

ΔCMH 

CA concave 

CA convex 
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CMH varied with temperature, which is due to the state of the 

hydrogen bonding in water, which consequently becomes 

weaker [30]. Different speeds of extracting the fiber from the 

liquid were investigated (up to 2 mm/min) and no appreciable 

CMH changes were detected, a similar result to that 

demonstrated by Extrand et al. [8]. Hence, it is possible to 

conclude that the CMH decreases with the increase of 

temperature over the range shown, a result that is important for 

monitoring of low volume sample bio-liquids.  

 
Fig. 9.  Variation of the CMH with temperature, at a fixed fiber withdrawal 

speed, for both water (black) and oil (red) samples. 

 

Investigating this situation further, the CMH of the oil 

sample was measured over the range between room temperature 

and 60 °C. As can be seen from Fig. 9, the CMH (for oil) does 

not change (within experimental error) with temperature, 

confirming that these properties for oil are stable over this 

temperature range. 

 

D. Interface CMH measurement 

    The measurement of the CMH at the interface between oil 

and water sample was performed, with a fiber withdrawal speed 

of 0.1 mm/min, carrying out the tests at different temperatures, 

with the results as shown in Fig. 10. It can be seen that the CMH 

at the interface decreases as the temperature increases, this 

being mainly due to the fact that the CMH of water decreases 

with an increase in temperature, as shown in Fig. 9. It is also 

interesting to observe that the rate of decrease is lower than that 

for pure water, possibly due to the presence of oil. 

 
Fig. 10.  Variation of the CMH at the interface between the two liquids (oil and 

water) as a function of temperature variation, at a fixed speed fiber withdrawal 

speed, compared to water. 

E. Presence of air layer at the interface 

    In the next experiment carried out, when the beaker 

containing the two liquids was moved upwards toward the fiber 

(as shown in Fig. 4(a)), the power reflected by the fiber initially 

experiences a variation due to the presence of the oil layer. Just 

before the fiber reaches the water, the average value of the 

reflected power increases (blue and magenta lines in Fig. 11(a)). 

The opposite case (reflected power decreases) occurs when the 

fiber reaches the water or oil from the ‘air side’ (black and red 

lines). The reason for this occurring is due to the fact that, 

contrary to the situation for air, noil is higher than nwater.  

    A further investigation showed that the value of the average 

reflected power measured when the fiber was in contact with 

water is ~ -36.8 dBm illustrated in Fig. 11(a) at 0.00 µm 

distance. At 0.01 μm distance from water, the average reflected 

power, the blue curve in Fig. 11(a), increases up to ~-35.6 dBm. 

However, after the sample is centrifuged, the average reflected 

power (magenta curve) was ~ -40 dBm, at a position of 0.01 

μm. This value does not exceed the average reflected power for 

the water sample, which is possibly due to the fact that some 

small air bubbles are likely present between the oil and water 

(possibly due to the high absolute viscosity of the oil used (82.6 

mPa·s), trapping small air bubbles between the oil and water 

samples [31]) – this effect was then removed following the 

centrifugation which was carried out. In addition, the statistical 

error bar for the points on Fig. 11(a) is small, (~0.2 dBm) hence 

it is not shown. The spectrum of the reflected power is shown 

in Fig. 11(b) for several different situations: when the fiber is in 

air, in water, in oil and at the interface between oil and water, 

at 0.01 mm distance from the water, both before and after 

centrifugation. The variation of the air layer thickness at the 

interface between the oil and water, for a situation where the 

temperature is varying and at a fixed fiber immersion speed of 

0.1 mm/min, is represented in Fig. 12. It is clear from this figure 

that the thickness of the layer decreases with the increase in 

temperature, which provides thermal energy to the small air 

bubbles to allow them to escape from this region, a result which 

implies that an air gap is present at the interface if the sample is 

not centrifuged.  
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Fig. 11. Representation of (a) the average reflected power from air-water, air-

oil, and oil-water, before and after centrifugation and (b) the different reflection 
spectra for air, water, oil and the interface between oil and water (before and 

after centrifugation, at 0.01 mm distance from the water surface).  

 
Fig. 12 Variation of the air layer thickness at the interface between oil and 

water, for varying temperatures, at a fixed fiber immersion speed of 0.1 

mm/min.  

F. Correction liquid level 

As discussed in the Section II (subsection G), in order to 

measure the liquid correction level, two cleaved fibers were 

used: a fiber that will be immersed in water and a fiber fixed to 

the beaker, using the set up shown in Fig. 5. Water was chosen 

for this experiment since it presents a CMH that is higher than 

that of oil, at the temperature of the experiment, thus it shows 

the highest variation of the liquid level. It could be noted that 

the amplitude of the interference pattern observed in the 

reflected spectrum increased as the liquid surface became closer 

to the first fiber, moving from 0.38 to 0.03 mm, as shown in 

Fig. 13. The spectrum was then recorded once the liquid 

stopped moving, at different distances from the tip of the first 

fiber. The reflection spectra observed and shown in Fig. 13 give 

evidence of these oscillations occurring due to the 

interferometric cavity created by the air gap between the water 

surface and the fiber tip. The amplitude of these oscillations can 

be seen in Fig. 14, where an exponential increase can be 

observed at distances close to the surface of the water. The same 

behavior is present for oil, showing a clearer exponential curve 

performance than for water because of the higher refractive 

index of oil (compared to water), which increases the effect 

seen in the interferometer. However, the behavior is quite 

different at the interface between oil and water. In this case, 

contrary to the situation with the air cavity, an oil cavity (which 

has a refractive index lower than the silica optical fiber, but 

higher than that of water) is now formed between the silica 

optical fiber and the water. Moving from long to short 

distances, the increase in the amplitude of these oscillations 

reached a maximum, and after that there is a progressive 

decrease of the amplitude, to a point where the fiber reaches the 

water. This position of this maximum is not an indication of the 

fiber entering the air cavity which is analyzed in Fig. 12, 

because at 22 ºC the thickness of this cavity is around 50 μm, 

far from the 200 μm and the 600 μm maxima observed in Fig. 

14, for the centrifuged and non-centrifuged cases respectively. 

It is, rather, a consequence of the effect of the air bubbles at the 

oil-water interface [31], which induces a different scattering of 

light at the surface and hence a different amplitude in the 

oscillations.  The statistical error seen is negligible (and thus not 

indicated on the graph). The point at distance ‘zero’ is that point 

where the liquid surface reaches the fiber and the meniscus 

forms. 

 
Fig. 13.  Increase of the amplitude of the oscillations in the reflection spectra, 

as the distance between the fiber tip and the water surface decreases from 0.38 

to 0.03 mm.  

Water 

Oil 

(a) 

(b) 
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Fig. 14.  Increase of the amplitude of the oscillation in the reflection spectrum 

as the liquid surface (water and oil) reaching the fiber. Decrease of the 

amplitude in oil-water before and after centrifugation. Liquid level at 0.0 mm. 
 

One fiber was fixed at 0.2 mm from the water level to register 

the variation of the interference amplitude both before and after 

the liquid surface reached the other fiber, as shown in Fig. 5. In 

this case, the amplitude of the interference pattern seen before 

and after the liquid reached the fiber is shown in Fig. 15. The 

variation in interference amplitude is 0.34 ± 0.04 %, which 

indicates that the contribution of the liquid level variation was 

very small and has a negligible effect on the results shown. 

 
Fig. 15.  Variation of the amplitude of the oscillations measured by the fixed 
fiber before and after the liquid reaches the first fiber, forming the meniscus. 

 

IV. CONCLUSION 

The results presented in this paper demonstrates that a single 

mode silica optical fiber-based sensor system can be used to 

measure the CMH of a liquid, with high precision and that it is 

possible to decrease the volume of liquid needed for the 

analysis, i.e. to 5 µL. The CMH of water decreases with 

temperature and further, the stability of the mineral oil P3 used 

has also been investigated as a function of temperature, to 

characterize the process discussed. The presence of an air 

bubble layer is likely to be between the oil and the water 

samples used. Finally, the work has shown that the single mode 

silica fiber does not influence the reading of the CMH since it 

does not require a correction of the liquid level. The study has 

shown that the system can be used as an accurate and easy-to-

implement tool for measuring the properties of liquids. 

Furthermore, and most importantly, the proposed system allows 

a very small volume to be used for the measurement of 

wettability in medical diagnostics, while changes in the surface 

tension (ST) and the CA of biological fluids can, as has been 

discussed in the literature, be correlated with a range of 

diseases. This approach shows advantages over conventional 

methods in not requiring significant amounts of sample liquid, 

which often are not available or convenient to extract from the 

patient, where otherwise the accuracy of results obtained would 

be limited. Work is currently ongoing to examine a wider range 

of fluids using this technique. 
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