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Fiber-Optic Evaporation Sensing: Monitoring
Environmental Conditions and Urinalysis

Eyal Preter, Moshe Katzman, Ziv Oren, Maria Ronen, Doron Gerber, and Avi Zadok, Member, OSA

Abstract—The evaporation dynamics of subnanoliter chained
droplets from the cleaved facet of a standard fiber are monitored
by reflectivity measurements of incident light. The rate of evapo-
ration of doubly distilled water droplets is calibrated as a function
of temperature and relative humidity (RH). The experimental
uncertainty in the rate of evaporation corresponds to measurement
errors of ±0.5 °C in temperature or ±1.5% in RH. The evapo-
ration analysis distinguishes between binary mixtures of gasoline
and methanol, used as alternative fuel blends, with mixing ratios
that differ by 5%. Finally, the analysis properly estimates the
concentration of synthetic samples, designed to replicate human
urine. Knowledge of sample concentration is central to the correct
interpretation of urinary sodium measurements and to provide
accurate estimates of sodium intake by hypertension patients. This
last result may form the basis for a potential consumer application
of the sensor, in mobile point-of-care diagnostics.

Index Terms—Evaporation monitoring, fiber-optic sensors, hu-
midity measurement, liquid analysis, temperature measurement,
urinalysis.

I. INTRODUCTION

EVAPORATION occurs when fluid molecules near the
boundary with surrounding air are moving in the proper

direction and have enough thermal energy to escape from the
liquid [1]. Evaporation is related to the ambient environment,
the fluid itself and the surface on which the fluid is applied.
In general, we can distinguish between: a) evaporation from
a reservoir; and b) evaporation of droplets [2]. In the case of
droplets evaporation an additional subdivision is suggested, be-
tween “chained droplets” and “free droplets” (or sprays). A
“chained droplet” is a droplet that is in contact with a solid sur-
face. Monitoring the dynamics of chained droplets evaporation
has diverse potential applications, such as in inkjet printing [3],
development of monolayer films [4] and drawing of nanofibers
[5].

Optical fibers constitute an exceptional sensing platform [6].
They provide remote access, and since they do not conduct
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electricity, they can be implemented and employed in proximity
to flammable materials. Fiber-optic sensors are readily embed-
ded within structures, and may serve as minimally-intrusive,
bio-compatible probes. Several works had employed optical
fiber sensors in the analysis of liquids droplets [7]–[10], relying
primarily on measurements of refractive index and/or absorp-
tion spectra. In an earlier work [9], we proposed the use of
all-fiber micro machined micro-cells for the evaporation moni-
toring of sub-nano-liter volume droplets, and demonstrated the
recognition of few organic solvents based on their evaporation
dynamics. Recently, we have proposed a new fiber-optic sensor
for the monitoring and analysis of liquids, based on the dynam-
ics of chained droplets evaporation from the facet of a standard
fiber. The sensor was used in identifying the ethanol contents
in binary ethanol-water mixtures with 1% certainty, and in the
classification of organic solvents [10]. The analysis of volatil-
ity and evaporation dynamics adds another dimension to the
fiber-optic sensing of liquids.

In this work we first study the evaporation dynamics of a
pendent droplet of double distilled water (DDW) as a func-
tion of temperature and relative humidity (RH). The rate of
evaporation was mapped as a function of both quantities. The
experimental uncertainty in the evaporation rate corresponds to
a residual error in RH of 1.5%, or to a residual temperature
error of 0.5 °C. Calibration of RH and temperature was a pre-
requisite for the subsequent analysis of more complex samples.
The results demonstrate the potential use of the sensor in the
remote monitoring of one of these parameters, in case the other
is known [11].

Next, we examine the potential application of the sensor in
the assessment of relative concentrations of methanol and gaso-
line in alternative fuel blends of different ratios. Such mixtures
are of high potential impotence, as they are widely considered as
means to reduce dependence on fossil fuels [12], [13]. The fiber-
optic evaporation analysis is able to distinguish between sam-
ples with relative methanol concentrations that were different by
5%.

Lastly, we present a candidate application of the fiber tip
sensor in mobile-point-of-care measurement of urine samples
concentration. The primary objective of such tests is the estimate
of sodium intake of patients suffering from hypertension. Re-
ducing dietary sodium has been included in many guidelines for
the treatment of hypertension and prevention of cardiovascular
disease. Measuring urinary sodium has been the best validated
method to monitor sodium intake and to counsel patients about
necessary dietary modification. The lack of an easy, inexpensive,
point-of-care or home-based method for rapid measurement of
urinary sodium has limited the ability of utilizing this approach
for ongoing dietary feedback for individuals with hypertension.
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Fig. 1. Reflected optical power as a function of time, obtained during evapo-
ration of DDW at temperature of 22.6 °C and RH of 74%. Red dots: maximum
points. The distance between two adjacent dots corresponds to a thickness
change by half the wavelength in the medium.

Monitoring sodium in inpatient and outpatient core laborato-
ries usually relies on potentiometric measurements across ion-
selective electrodes (ISEs) [14], [15]. ISE instruments provide
good measurement accuracy, however they are not suitable for
home-based monitoring. Further, the concentration of sodium in
a “spot” urine, (i.e., a random urine sample as opposed to a 24-h
urine collection), depends for the most part on how diluted the
specific sample is [16], [17]. Therefore, in order to estimate the
degree of sodium excretion one must normalize the calculated
urinary sodium to the overall concentration of solutes (osmolar-
ity) measured in the same sample [16], [17]. Urine concentration
is also a useful guide to hydration state [18], and can assist in
the interpretation of other tests performed on the same sample
[19].

In this work we measure the concentration of synthetic urine
(SU) samples, based on droplets evaporation dynamics, using
the fiber-optic sensor. SU samples are broadly used in urinalysis
as a control group and for calibration purposes. The evaporation
dynamics of different binary mixtures of high-concentration
SU and DDW, at several dilution rations, were examined using
the fiber-tip sensor. Data were analyzed using cross-correlation
statistics, and correct classification of the samples according to
their concentrations was obtained in 88% of the cases. The fiber
sensor may well complement other urinalysis methods, such
as spectroscopy, and provide the osmolarity estimates that are
necessary for the proper interpretation of urinary sodium data
in mobile point-of-care diagnostics.

II. PRINCIPLE OF OPERATION

A. Measurement Procedures

The cleaved, bare facet of a standard optical fiber is highly hy-
drophilic [20], and therefore supports the formation of chained
droplets of water [21], [22]. In our measurements, light from a
1 mW laser diode source at 1543 nm wavelength is transmitted
towards the fiber tip. Incident light is partially reflected back-
wards at the fiber-liquid interface, and again at the liquid-air
interface. The two reflected fields interfere upon detection, ac-
cording to the instantaneous thickness L of the intermediate
liquid droplet.

As the droplet evaporates L decreases, the reflected power dis-
plays a temporal fringe pattern (see Fig. 1). Each single cycle

Fig. 2. (a) Side-view microscope image of an optical fiber tip and a pendent
droplet of water. (b) Top-view of the fiber facet following the evaporation of
DDW. (c) Top-view of the fiber facet following the evaporation of SU. (d) Side-
view of the fiber tip following evaporation of DDW. (e) Same as (d), following
the evaporation of SU. (f) Same as (d), following the evaporation of concentrated
SU. (g) Through (i). Same as (d) to (f), with the fiber tip placed 180 μm above
the surface of a vessel filled with DDW. Scale bars denote 25 μm in panels
(b) and (c), and 50 μm in all other panels.

of power variations, from maximum to minimum and back, cor-
responds to a change of δL = λ/ (2n) in the droplet thickness,
where λ is the wavelength of incident light and n is the refractive
index of the fluid under test. Simple fringe analysis can there-
fore reconstruct the instantaneous thickness L (t) of the droplet,
where t denotes time, and its rate of evaporation μ ≡ dL/dt.
The proposed sensor was validated against direct observation of
evaporating droplets size, with excellent agreement [10].

Fig. 2(a) shows a side view microscope image of a pendent
DDW droplet on the cleaved facet of a standard optical fiber
at the beginning of the evaporation process. In order to form a
droplet, the sensing fiber is help perpendicularly above a cuvette
filled with liquid, which is fixed to a linear stage. The stage is
first raised so that the tip of the fiber is dipped 1 mm into the
liquid. The stage is then lowered, leaving a chained droplet on
the fiber facet. The analysis of droplets images, such as that of
Fig. 2(a), shows that droplets form in the shape of a spherical
cap, in agreement with known models [23]. The initial thickness
of the droplet is L = 37.2 μm.

B. Observation of Residues Following Evaporation

The evaporation of the final, sub-micron thick layer of the
droplet is difficult to characterize, especially for non-pure liq-
uids, and the accuracy of published experimental results and
their interpretation is still under discussion [24]. Inconsisten-
cies in the final phase of evaporation may be attributed to the
anchoring of thin liquid layers onto local heterogeneous zones
on the substrate [25]. The shape of the droplet in the final stages
of evaporation may be asymmetric and deviate from the spheri-
cal cap.

When the evaporating liquid contains solutes, the solids dis-
persed in the droplet migrate to its edges, and salts deposits form
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on the substrate surface [26]. The process was observed in our
experiments: Fig. 2(b) and (c) shows top-view microscope im-
ages of the fiber facet following the evaporation of DDW and SU
droplets, respectively. Solid residues remain on the fiber surface
following the evaporation of SU, whereas the surface remains
clean following the evaporation of DDW. Fig. 2(d)–(f) shows
side-view images of the sensing fiber following the evaporation
of DDW, SU, and an SU sample in which the concentration of
solutes was increased by a factor of 2.35, respectively. More
residues can be seen in Fig. 2(f) than in Fig. 2(e), while none
appear in Fig. 2(d).

Most of the residues from the evaporation of the SU are
sodium chloride and potassium chloride. Both compounds
are known to be hygroscopic [27]. Fig. 2(g)–(i) shows side-
view microscope images of the cleaved fiber following the
evaporation of DDW (see Fig. 2(g)), SU (see Fig. 2(h)) and
concentrated SU (see Fig. 2(i)), when the fiber tip is brought
to a distance of 180 μm above a vessel filled with DDW.
Water vapors in the immediate surroundings of the surface
of the fluid in the vessel are drawn to hygroscopic residues
which remain on the fiber facet following the evaporation of
SU, and reform pendent droplets. A larger droplet is observed
following the evaporation of the concentrated sample. The new
droplets formed are in equilibrium, and do not evaporate as
long as the there are no environmental changes. No droplet
is formed following the evaporation of DDW. Note that the
images in panels Fig. 2(e) through Fig. 2(i) do not represent
the shapes of droplets whose evaporation is monitored by the
sensor.

III. EXPERIMENT AND RESULTS

A. Analysis of Environmental Parameters

All the experiments reported below were carried in a closed
hood, to ensure a constant air flow. Temperature and RH in
the immediate surroundings of the sensor were monitored and
recorded for each test. Temperature varied between 17 and
24.2 °C, and the RH changed from 34.6% to 74.7%. In a first set
of experiments, the sensor was used in studying the effects of
temperature and RH on the evaporation dynamics of sub-nano-
liter pendent DDW droplets. Overall, 74 sequential evaporation
experiments were conducted. In all measurements, the temporal
profiles L (t) were linear, and could therefore be characterized
by a single evaporation rate μ in units of μm/s.

Fig. 3 shows examples of the change in the droplet thickness
evaluated during evaporation of DDW at 23 °C, 40.7% RH
conditions (dashed line), and at 17.5 °C, 55.3% RH conditions
(solid line). The rate of evaporation changes significantly with
environmental parameters, from μ = 13.3 μm/s (solid line) to μ
= 5.7 μm/s (dashed line).

Fig. 4 shows the scatter diagram of μ as a function of temper-
ature (see Fig. 4(a)) and RH (see Fig 4(b), accumulated over all
tests. The evaporation rate decreases with higher RH and with
a lower temperature, as expected [21]. The results suggest that
the evaporation rate cannot be related unambiguously to tem-
perature or RH alone, and both environmental parameters must
be taken into consideration. The evaporation rate may be well

Fig. 3. Examples of DDW droplet thickness as a function of time, for two
different sets of environmental parameters. Dashed line: 23 °C, 40.7% RH. Solid
line: 17.5 °C, 55.3% RH.

Fig. 4. Evaporation rates of DDW droplets, as measured by the fiber-tip sensor,
as a function of temperature (a) and of RH (b).

Fig. 5. Evaporation rates as a function of temperature and RH, and a fitted
plane approximation for the evaporation rates. Inset: representative results from
in-plane view point. Marker’s color specifies relative temperature: from low
(blue) to high (red).

approximated by a plane, using both temperature and RH data:

μ (T,RH) = α · RH + β · T + γ. (1)

In (1), α = − 0.215 μm/(s·%RH), β = 0.725 μm/(s·°C)
and γ = 5.33 μm/s. The coefficients α, β and γ were best-fitted
using principle component analyses (R2 = 0.9992). The standard
deviation between the plane prediction for μ and the measured
rates was σ = 0.317 μm/sec, corresponding to an uncertainty of
1.5% in the measurement of RH, or 0.4 °C in the measurement
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Fig. 6. (a) Reflected optical power (A.U) versus time, collected during the first two seconds of evaporation of gasoline-methanol binary mixtures. Percentage
values indicate the relative volume contents of gasoline; (b) Reconstructed accumulative changes in the lengths of the methanol-gasoline mixtures droplets, as a
function of evaporation time [26].

of temperature. Fig. 5 shows the rates of evaporation at both
temperature and RH, and the fitted plane approximation.

B. Initial Droplet Geometry

The initial thickness of pendent droplets of DDW was found
based on the fiber sensor data to be 37.7 ± 0.7 μm. The initial
radius of the droplets is set by the fiber radius of 62.5 μm [22],
[28]. Using the spherical cap model [21], the initial volume
of the droplet was estimated as 259 ± 6 pl. No connection
was found between the initial length of the droplet and the
values of temperature or RH, within the ranges measured in the
experiments.

C. Analysis of Methanol-Gasoline Blends

In this set of experiments, we monitored the evaporation of
droplets of methanol-gasoline fuel blends. Fig. 6(a) shows ex-
amples of the fringe patterns recorded during the evaporation
of 95-octane gasoline, and three methanol-gasoline blends with
5%, 10% and 15% volume of methanol. All traces are character-
ized by an initial rapid fringe pattern, which gradually becomes
slower. The reconstructed, accumulative changes ΔL in droplets
thicknesses as a function of time are presented in Fig 6(b). The
rate of evaporation during the first second of the process is
seen to increase with the relative contents of methanol in the
blend. The fiber-optic monitoring of the rate of evaporation is
therefore applicable for the identification of methanol-gasoline
blends [29].

D. Analysis of SU Samples

In this set of experiments we used the fiber tip sensor for
analyzing SU samples. Standard samples of SU (Surine neg-
ative urine control solution, by Sigma Aldrich) were used as
a reference. The aqueous solution is made to mimic human
urine: it consists of more than 95% water, with 9.3 g/L of urea,
1.87 g/L of chloride, 1.17 g/L of sodium, 0.750 g/L of potas-
sium, 0.670 g/L of creatinine and other dissolved ions, inorganic
and organic compounds [27]. The SU was diluted with DDW at
different volume mixing ratios to achieve low solutes concen-
tration. In addition, a rotary evaporator was applied to increase
the solutes concentration in different sets of samples. Each sam-
ple was labeled with a relative concentration value C, defined

as:

C ≡ ρ/ρ0 . (2)

Here, ρ is the ratio between the mass of the total dissolved
solids (TDS) to the total mass of the sample, and ρ0 is ρ for
the standard SU. Using a freeze-drying (lyophilization) pro-
cess [30], it was found that the TDS in the standard SU is
36.3 grams per 1 kg of solution, in agreement with values of non-
concentrated, non-pretreated urine of male subjects [27]. Overall
69 measurements were taken, with C values of 0, 0.1, 0.25, 0.5,
0.65, 0.75, 0.9, 1, 1.25, 1.8 and 2.35 (uncertainly in C: ±0.01).
We empathize that C > 1 represents concentrated SU, diluted
SU samples have C values smaller than 1, and C = 0 for DDW.

The evaporation dynamics of multiple samples for each C
value were recorded. The raw reflectivity data was used to re-
construct the instantaneous thickness L (t) of each droplet. Vari-
ations in evaporation dynamics due to changes in environmental
conditions between successive tests were compensated based on
the relations obtained in Eq. (1): the time axis of instantaneous
thickness traces L (t) was scaled to account for changes in the
average evaporation rate μ with temperature and RH.

The reconstructed L (t) trace of each test was cross-correlated
with those of all others. Fig. 7 shows the matrix of cross-
correlation coefficients among the samples. The different tests
are grouped according to the solution C value. Higher corre-
lation is observed between instantaneous thickness traces of
samples taken from the same group. In order to quantify the
clustering capabilities of the analysis, each test was categorized
according to the C value of the (different) sample with which
the highest correlation was obtained.

The classification of samples is shown in Fig. 8, in the form
of a confusion matrix: the columns show the “true” classes of
samples and the rows show the classes they were assigned into
by the sensor. The assigned classes match the true ones along
the diagonal, whereas off-diagonal cells represent classification
errors. The values noted in each cell are the number of samples
assigned to given row, and the overall number of samples tested
in the particular column. For instance, one out of six samples
prepared with C = 1.8 was wrongly classified as C = 1.25
(noted as 1/6), and the remaining five were correctly classified
as C = 1.8 (labeled 5/6). Overall, 61 out of 69 samples (88%)
are correctly categorized.
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Fig. 7. Matrix of cross-correlation coefficients between the instantaneous
thickness traces of 69 pendent droplets evaporation experiments. The samples
were taken from solutions with different concentrations of SU, at eleven different
C values.

Fig. 8. Classification of the tested droplets, according to the C values of
the experiment with which the highest cross-correlation is obtained. 88% of
the experiments are correctly categorized. Numbers inside the blocks are the
number of samples that were classified to a given row, and the total number
samples tested in the corresponding column. Blank blocks have zero samples
assigned to them. Colors serve for illustration purpose only.

IV. DISCUSSION

The temporal dynamics of pendant droplets evaporation were
reconstructed using a simple and economic sensor, which con-
sists of no more than the cleaved facet of a standard fiber. The
sensor is straightforward to employ, robust, and applicable to any
volatile liquid. It was shown that the evaporation rate of DDW
can be approximated using a linear function of the temperature
and RH. Based on those results, either of the two environmen-
tal parameters may be monitored by the fiber-optic sensor, in
case the other is known. Surface treatments can make the fiber
surface less hydrophilic, reduce the initial thickness of DDW
droplets and change their evaporation behavior [10]. Future

research would examine the use of multiple fibers, with specific
surface treatments [10], in attempt to disambiguate between the
effects of temperature and RH.

Experiments demonstrated the applicability of evaporation
analysis to binary mixtures of non-pure substances: measure-
ments successfully distinguished between four different blends
of gasoline and methanol. The method may find numerous appli-
cations in quality control and authentication of gasoline, motor
oils, beverages etc. Moreover, samples of SU at different con-
centrations were correctly categorized using correlation analysis
of the evaporation dynamics.

The dynamics of droplet evaporation are non-specific and de-
pend on environmental parameters. These properties represent
drawbacks of the proposed sensor in comparison to currently
available urinary sodium measurements using ISE potentiom-
etry, or to the possible alternative of spectrometry. ISE mea-
surements are not sensitive to shapes and sizes of samples.
Nevertheless, our results show that influences of environmen-
tal conditions variations among different measurements can be
eliminated based on proper pre-calibration. Specificity may be
improved with the activation of the fiber facet using mono-
layer treatments or other coatings, as demonstrated in [10].
The measurements may be carried out in parallel over mul-
tiple fibers in compact bundles, each with a different surface
activation.

ISE-based instruments are currently unsuitable to mobile-
point-of-care diagnostics. Even more significantly, the clini-
cal interpretation of sodium intake requires continuous urinary
sodium measurements over 24 h, or some form of calibration of
the level of urine dilution [16], [17]. Calibration is often based on
the monitoring of creatinine, which is excreted by the kidneys at
a constant rate for most patients. However, creatinine-based cali-
bration may lead to significant uncertainties [16]. Other methods
of estimating the concentration of dissolved solids in urine sam-
ples include refractometry and reagent strips. Although those
methods provide good reproducibility, they may be influenced
by parameters such as temperature, pH level, patient age, etc.
[19].

The clinically required accuracy in urine sample dilution es-
timate is between 10%–20% of the nominal concentration. In
the present study we were able to measure the concentration
of SU samples with the clinically-relevant precision. The pro-
posed sensor, therefore, may complement other techniques and
provide the necessary estimate of urine concentration. For ex-
ample, the fiber arrangement may support spectroscopic and
evaporation analyses on a single, low-cost platform. Given the
large potential impact of sodium intake monitoring on cardio-
vascular disease, the further development of such a platform
could be very significant. Although tests of biological samples
from real patients are beyond the scope of the present research,
the quantitative study of SU samples provides a substantial and
necessary step towards application.

In addition to urinary sodium, evaporation measurements are
also used in the assessment of other conditions. In one example,
a connection was established between the concentration of the
potentially toxic chemical acrolein and the evaporation of urine
specimen [31]. Urinalysis is also invaluable in the diagnosis of
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urologic conditions such as calculi, urinary tract infection, and
malignancy [32].

In conclusion, the proposed evaporation sensor might provide
an additional dimension to the fiber-optic sensing and analysis
of pure liquids, binary mixtures and complex solutions, beyond
absorption and refractive index spectrometry.
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