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ABSTRACT

With the development of ink jet printers or spotters for biological applications, the control size and homogeneity of small fluids as well as
their successful deposition on various substrates has gained significant importance. We study the impingement process of such small drop-
lets onto a solid substrate and investigate their evaporation and drying process by means of surface acoustic wave (SAW) transmission exper-
iments. We observe a strong fluid-SAW interaction resulting in an attenuation which toward the end of the evaporation and drying process
exhibits characteristic oscillations being related to temperature, SAW amplitude, and fluid properties such as viscosity and wetting angle. It
is found that oscillations can only be seen in pinned, very flat droplets, while the pinning can be roughly controlled via the SAW amplitude.
The frequency of those characteristic oscillations is superlinear with respect to temperature, rather proportional to the evaporation rate and
can change drastically depending on the liquid used. In our experiments, isopropanol, ethanol, and water with various glycerol concentra-
tions were loaded onto the SAW delay line. Based on the experimental results, simulations using the finite element method were performed.
We find that a standing wave pattern within the droplet is responsible for the transmission oscillations. These findings might lead to new
methods, e.g., sensory systems, being able to examine droplets according to their physical or chemical properties.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0072146

I. INTRODUCTION microfluidics, SAW is often employed on the so-called

lab-on-a-chip, where they can effectively be used for various tasks

Since the development of application involving combustion,
spray cooling, ink jet printing, and others, the physics of evapora-
tion has become of great interest. Numerous studies have examined
the dependence of droplet evaporation on the droplet properties,””
substrate properties,” and environmental influences,” often
focusing on the dynamics of the contact line during evaporation
using optical experiments. Here, the evaporation process is investi-
gated by sampling the droplet with surface acoustic waves.

Surface acoustic waves have become an essential part of many
applications as well and are widely employed in a variety of devices
for telecommunication,”” radio frequency signal processing,” bio-
chemical sensory systems,'’ microfluidics,'*'* and more. The basic
idea behind these devices is that the acoustic energy is mainly
bound to the surface of a piezoelectric substrate on which they
propagate along and can easily be manipulated by changes on the
surface, e.g, by mass loading. Specifically, in the field of

like inducing an acoustic streaming in small amounts of fluids.
This can already be done at low SAW amplitudes and allow an easy
way for acoustic mixing. At higher amplitudes, the acoustic stream-
ing is even able to deform an entire droplet and can lead to a SAW
driven displacement, which has become the basis for SAW driven
actuation. SAW can also be used for droplet heating or, if its power
is high enough, for jetting and atomization."

In the present work, an evaporating nanoliter droplet of water
is monitored via surface acoustic waves by placing the drop on a
SAW delay line and measuring the transmitted SAW signal. At first
glance, evaporation of a liquid seems to be just an everyday process
and maybe even trivial. But in microfluidics, evaporation can often-
times be an unwanted process and become quite a big issue when
working with very small amounts of fluids in open air, leading to a
quick dry out of the fluid reservoir and failure of the device."
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Efforts are therefore usually made to prevent or at least minimize
evaporation and are frequently done by enclosing the reservoir in
mineral oil'”'® to block any open air interface. On the other hand,
evaporation and/or drying of small spotted droplets might also be a
deliberate process, for instance, the preparation of microarrays.'” In
this work, however, the evaporation of the nanoliter droplet
spotted on the SAW delay line leads to a very interesting behavior
in the transmitted signal. Characteristic oscillations are observed in
the signal toward the end of the evaporation process. The exact
cause of these oscillations, though, is largely unknown and to date
no publications explaining or even reporting these oscillations have
been found so far. To analyze this observation and find an explana-
tion, various parameters that can potentially influence these oscilla-
tions were examined. It is assumed that the oscillations strongly
depend on the SAW interaction as well as properties of the fluid
and therefore could become the basis for future applications like a
new sensory system to characterize any liquid droplet by its physi-
cal properties, chemical composition, or surrounding environment.

Il. EXPERIMENTAL SETUP

Surface acoustic waves are generated and detected using a delay
line configuration, consisting of two opposing straight interdigital
transducers (IDTs) on a LiNbOj3 substrate as shown in Fig. 1.

Each of those IDTs consists of two comb-like electrodes and
induces a deformation of the substrate beneath due to the inverse
piezoelectric effect when a voltage is applied. If the voltage is har-
monic, a periodic deformation is induced to the substrate and as a
result leads to the launch of the SAW with the same frequency, the
wavelength being determined by the periodicity of the IDT. For
LiNbO; and the chosen crystal cut (128°Y-Cut), the generated
SAW is of Rayleigh type,'® which has longitudinal as well as trans-
verse vibrations along its propagation, leading the lattice points
close to the surface to move in an elliptical fashion. Similarly, the
whole SAW generation process works also in the opposite direc-
tion, which is known as the inverse piezoelectric effect and is used
at the other IDT to detect the generated, attenuated SAW. The
incoming SAW is then converted back to an electrical signal. In
our case, the resonance frequency of the IDTs was at
fSAW = 158 MHz.

A water droplet of about V' = 0, 8 nl is dispensed by a GeSiM
nanoliter dispenser onto the delay line, causing an attenuation of

FIG. 1. Experimental setup for the sampling of droplets with surface acoustic
waves.

ARTICLE scitation.org/journalljap

the transmitted signal because the SAW is partially leaked into the
droplet. Eventually, the droplet evaporates completely and the
attenuation disappears. To measure the transmitted signal as a
function of time, a spectrum analyzer was used in zero span mode.
Such a transmitted signal is illustrated in Fig. 2 as an example.
After dispensing the fluid, the amplitude of the transmitted signal
is significantly lowered as one would expect due to the impinged
droplet in the SAW path. However, the most interesting and unex-
pected behavior can be seen right before the magnitude of the
transmitted signal goes back up when the droplet is about to
completely evaporate. Characteristic oscillations forming an
up-chirp can be observed toward the end. A finite element method
simulation based on the results as being discussed later was carried
out, which provides a good explanation for the observed
oscillations.

lll. RESULTS AND DISCUSSION

The current presumption is that the characteristic oscillations
arise due to the formation of standing waves inside the droplet by
the SAW. In general, SAW-induced standing waves in nanoliter
droplets for different SAW frequencies and droplet sizes have
already been studied by Shilton et al."’ The characteristic oscilla-
tions, however, have not yet been reported. To unravel the cause of
this phenomenon, various parameters like SAW amplitude, fre-
quency, and temperature were varied; their influence on those oscil-
lations has been studied.

In general, these oscillations were found to only arise in evap-
orating droplets with pinned contact line, meaning that the initial
contact radius remains constant, while the contact angle decreases
over time. In droplets evaporating in constant contact angle mode,
such oscillations could not be distinctively observed. The two
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FIG. 2. Measurement of the time dependent transmitted SAW signal being
attenuated by the nanoliter water droplet in the SAW path. Right before the
droplet completely evaporates and the signal recovers to its initial value, charac-
teristic oscillations can be observed.
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FIG. 3. Demonstration of constant contact radius (left) and constant contact
angle (right) evaporation mode. The black dashed line represents the free
surface decreasing over time.

evaporation modes are demonstrated in Fig. 3. Hence, if not stated
otherwise, the droplets are considered to evaporate in constant
contact radius mode. A video of a real-time measurement is
included in the supplementary material for visualization.

A. Influence of SAW amplitude

The transmitted signal was analyzed for various SAW ampli-
tudes. Measurements done at the input powers of
Pspw = —12dbm and Psaw = +15dbm are exemplary shown in
Fig. 4. The oscillation can only be distinctively measured at low
enough SAW amplitudes as the drop contact line is being pinned
to the substrate, which was observed using a microscope. The
droplet pinning, however, becomes overwhelmed by an increased
SAW amplitude causing the droplet to deform and decreasing its
contact area near the end of the evaporation process. In this case,
such oscillations become more difficult to observe or even cannot
be seen at all like in Fig. 4, bottom. Therefore, in order to repro-
duce those oscillations, a low SAW amplitude is recommended.

Generally, the attenuation of the transmitted signal mainly
depends on the contact area of the droplet rather than the droplet
mass and remains relatively constant over time as long as the
contact area stays constant as well.

B. Influence of temperature

The oscillation frequency was measured at various tempera-
tures as shown in Fig. 5. The cooling of the SAW delay line was
done thermoelectrically using a Peltier element. It is found that the
frequency is superlinear with respect to temperature and most
interestingly, the characteristic oscillation can only be observed
above the dew point, implicating that the evaporation process must
be essential for them to occur. This can easily be proven by carry-
ing out the exact same experiment at different experimental condi-
tions and a lower dew point (roughly 3 °C). It is shown that the
characteristic oscillation frequencies are generally higher compared
to the frequencies for higher dew point and cannot be observed
again once the dew point is reached. Therefore, it is safe to assume
that the oscillation frequency is proportional to the evaporation
rate and less dependent on temperature. However, temperature
does also change physical properties like viscosity or speed of
sound, which surely affect those oscillations. In this case, a mean
evaporation rate is being approximated and represented by invert-
ing the lifetime 7 of the droplet so that the proportionality is
described by
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FIG. 4. Measured transmitted SAW signal for different input powers (top:
Psaw = —12 dbm; bottom: Psaw = +15dbm). The oscillations can be best
observed at lower input powers. At higher input powers, the droplet becomes
depinned from the substrate, causing the contact area to decrease during evap-
oration and making the oscillations difficult to observe.

f== (1)

with o being a dimensionless constant value. For the dew points at
T =12, 5, and 3 °C, o was determined to be o = 120 and a = 106,
respectively. The small variation in the constant is due to small var-
iations in the droplet sizes. In fact, differently sized droplets were
also dispensed in the experiment, but had no effect on the fre-
quency, keeping the contact area constant.
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FIG. 5. Oscillation frequency shown by the solid lines/data points at various
temperatures. The dashed lines represent the calculated frequency based on
Eq. (1).

For now, this leads to a first conclusion that the oscillations
either must be a macroscopic vibration induced by the evaporation
itself, or arise because of the droplet reaching certain phases allow-
ing geometrical vibrational modes to be excited by the SAW.

C. Influence of SAW frequency

To further verify this conclusion, the transmission signal was
measured for two different delay lines with resonance frequencies of
fsaw = 158 MHz and fsaw = 90 MHz, respectively. The oscillation
frequencies of both delay lines were then measured to be
fose = 23 Hz and foc = 9 Hz, respectively (see Fig. 6). This indicates
that the oscillations are not caused by any macroscopic vibrations
due to the evaporation process or initial impact on the substrate, but
rather by vibrational modes inside the droplet excited by the SAW.

The droplet itself can be described as a confined system, in
which acoustic waves originating from the SAW can propagate and
eventually form geometrically standing waves whenever the neces-
sary resonance conditions are fulfilled. This, however, is only true if
the droplet reaches a certain geometry as a result of the evaporation
process, meaning that the observed characteristic oscillations are
caused by alternating conditions for constructive and destructive
interferences. Lower SAW frequencies or longer SAW wavelengths,
while the evaporation rate remains the same, consequently mean
that the droplet needs more time to reach the next geometric state
in which standing waves can form and therefore causes a decrease
in the oscillation frequency as well as in the number of oscillations
since fewer wavelengths can fit in.

D. Influence of different fluids used

Isopropanol and ethanol instead of pure water have also been
dispensed for comparison (see Fig. 7). The oscillation frequency was
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FIG. 6. SAW transmission signal measured for fspaw = 158 MHz (upper curve)
and fsaw = 90 MHz (lower curve). The oscillation frequency was found at
fosc = 23 Hz and f,c = 9 Hz, respectively.

measured at fsaw = 158 MHz to be foc =150Hz and
Jose = 100 Hz, respectively. It is higher for both alcohols than for
water due to their much higher evaporation rate. It should be noted,
however, that both alcohols are weakly bound to the substrate so that
most of the time the signal recovers to its initial value even without
the occurrence of the characteristic oscillations due to missing droplet
pinning in contrast to the more step-like recovery for pinned droplets.
Usually, the alcohol droplet evaporates in a constant contact angle
mode, but sometimes switches to the constant contact area evapora-
tion mode, most probably due to some residual contamination from
previous droplets, forcing the pinning. Hence, to analyze this behavior
further in the future, additional efforts have to be considered to
enable the pinning for different liquids.

To study a possible influence of viscosity, water with various
glycerol concentrations has been used (see Fig. 8) and the results are
shown in Fig. 9. In this case, the oscillation frequency decreases for
higher glycerol concentration as well as becoming a lot harder to
reproduce, similar to the results for the alcohols. In contrast to the
previous pure water, the droplet no longer completely evaporates,
which is shown by the fact that the signal does not recover to its
initial value (see Fig. 8). The main reason is the different evapora-
tion rate for water and glycerol, causing water to be completely
removed from the droplet while glycerol remains as a residue. At
higher glycerol concentrations, the characteristic oscillation could
not be observed, presumably because of the residue droplet having a
constant volume and not reaching the geometric phases of interest.

IV. USING FEM SIMULATION TO SHOW THE
TRANSITION OF FLUID TO PURE SAW DETECTED
EIGENMODES IN A 2D DROPLET SLICE

Based on the results so far and to obtain a better understand-
ing, a combined solid state and pressure acoustic FEM simulation

J. Appl. Phys. 130, 224702 (2021); doi: 10.1063/5.0072146
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FIG. 7. Measured transmission after dispensing an isopropanol (top) and an
ethanol (bottom) droplet for fsaw = 158 MHz. The frequencies of the character-
istic oscillations were fosc = 150 Hz and f,sc = 100 Hz, respectively.

in the frequency domain was set up and carried out, using
COMSOL Multiphysics. Looking at the schematic [Fig. 10,
Multimedia view], the SAW is generated at the left side of the
droplet and propagates linearly to the right, while interacting with
the droplet, just like in the experiment. Every simulation step corre-
sponds to a certain point in time and droplet height B with the
height decreasing with time. The excerpts show a two-dimensional
cross section of an elliptical droplet at two different times. At
t = t;, the center height of the droplet is B; = 0.144saw = 0.5A4id
and roughly 6/7 of the droplet width are dominated by acoustic
eigenmodes inside the fluid (methanol). The time t =t, corre-
sponds to a droplet height of B, = 0.07Asaw = 0.25Aquid, at which
the acoustic fluid eigenmodes in the droplet disappear.
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A. Analytical estimation of the chirped characteristic
oscillations

For an analytical estimate of the chirped signal, the x-positions
of the transition heights H to the left and right sides of the droplet
center must be considered, because the fluid wavelength converts
into the SAW wavelength at these positions and thin film consider-
ations referring to the SAW wavelength become dominant.

If the wavelength of the fluid is smaller than the SAW wave-
length, which is generally the case, the total number of standing
waves inside the droplet in the x-direction decreases with decreas-
ing droplet height. The oscillation signal that presumably shows
constructive and destructive interference of the wave inside the
shrinking droplet stops, when H = B because of the fluid layer
being too thin for standing waves to form inside.

To calculate the x-position x; of the constant height H; for any
fluid i as a function of the central height B of the droplet, the char-
acteristic function of an ellipse is considered,

(x/A) + (y/B)’ = 1. @)

Here, A is the fixed contact radius of the droplet. Solving for x; and
substituting y with H; = constant yields

xi(B) = \/1 — (H;/B)’A. 3)

The constant H; moves from the edge of the droplet to the center
during the shrinking of B from B; to B, as shown in Fig. 10.

The behavior of the corresponding transmitted acoustical
SAW signal P; is specified to be sinusoidal. During the shrinking,
the droplet area in which the fluid eigenmodes can form becomes
smaller toward the center of the droplet, and thus the leaked SAW
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FIG. 9. Frequency of the charactersitic oscillations for various glycerol water
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is subject to alternating constructive and destructive interference
conditions. As a result, the transmitted power oscillates as a func-
tion of time. With an assumed periodicity of the fluid wavelength,
the time dependent sinusoidal behavior of the SAW passing the

ARTICLE scitation.org/journalljap

droplet can be described by
o2
P;(B) o< sin ;xi(B) . (4)

Substituting Eq. (3) in (4) yields

P;(B) o< sin2 @—” \/1—(H; /B)2A>. (5)

i

Because the transition from the standing wave area inside the
droplet to a thin fluid layer without a standing wave area is rela-
tively smooth, the actual disappearance of the function at B = H; is
also not step-like. An idea would be to introduce an additional
Fermi function like step of the form 1/(exp((H; — B)/a) + 1) and
multiply with Eq. (5), resulting in

sin’ (i—ﬂ \/1— (H; /B)2A)
P;(B) oc

exp#ﬂ—l

, (6)

where a is a constant. However, since P;(B) is only valid for
B > H;, the step-function does not really apply.

As described before, the attenuation of the signal is mainly
influenced by the contact area. Assuming that the droplet needs a
minimum height to be able to absorb SAW at all, then there must
be an effective area A at that certain height, which remains cons-
tant during most of the lifetime of the droplet and rapidly decreases

BZZB(tz) =Bo -k t2

FIG. 10. Two excerpts of the simulation in the frequency domain, assuming a constant shrinking rate k of a droplet. The droplet base is pinned to the substrate. At t = t;,
the center height of the droplet is By = 0.544,4 and, in the inner 6/7 of the drop width, acoustic eigenmodes (frequency: 180 MHz) can be clearly seen, the wavelength
being determined by the fluid (methanol). The time ¢ = t, corresponds to a droplet height of B, = 0.2544,i4, at which the fluid eigenmodes disappear and instead the
modes become purely determined by the Rayleigh wave instead. Multimedia view: https:/doi.org/10.1063/5.0072146.1.
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shortly before complete evaporation, causing the overall step-like
recovery and the change in amplitude of the characteristic oscilla-
tions. This can then be described by

. 2
P;i(B) = Py — Pos(B) sin’ (Z \/1— (H; /B)ZA)

— IA«(B), (7)

with Py being the transmitted power without any attenuation, Pos
being the amplitude of characteristic oscillations, and I being the
intensity of the absorbed SAW.

Since the simulation is simplified to a two-dimensional
problem and the step behavior itself is not that interesting as being
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FIG. 11. Simulated transferred electrical SAW energy for different fluids (top)
and SAW frequencies (bottom). The offset between the traces has been intro-
duced for better visibility.
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compared to the chirping of the signal, we omit this discussion at
this point.

B. Numerical solutions

The power of the transmitted signal was calculated and is
plotted as a function of the droplet height in Fig. 11 which shows
the results of the simulation for different fluids (top) and SAW fre-
quencies in water (bottom). All signals indeed show the expected
chirp like signal. The already discussed point in time, where the
eigenmodes of the droplet disappear, is also marked. These points
were all identified at a height of 0.26Agyiq. Therefore, it is most
likely that the signals are—apart from offsets due to, e.g., viscosity
related power dissipation—similar, if plotted as a function of the
fluid wavelength.

Figure 12 shows the simulated transmitted SAW power and
the analytically calculated signal based on Eq. (6) as functions of
height for the methanol droplet. While the direct comparison does
not show a very good match, relatively good agreement between the
numerical solution and the analytical estimation can still be seen
nevertheless.

To compare the simulation and the experiment, the relation
between time and droplet height is of great importance because the
simulation does not explicitly include any time dependence. Hence,
the height was measured experimentally and found to decrease lin-
early with time, which is why the height was defined in the simula-
tion like that as well. Exact height measurements, however, are very
difficult and become actually impossible when the droplet becomes
too small. Still, the negative linear relationship is typical for pinned
droplet evaporation. Various studies on the evaporation process of
droplets on substrates show that the contact angle decreases linearly
with time.””~** Since the central height of a droplet can be
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FIG. 12. Simulated transmitted SAW power compared to the analytically
calculated signal of a 2D simulated methanol droplet slice. For the calculation,
Eq. (6) is used with H; = 0.2544,g, in the case of methanol H; = 1.5um.
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FIG. 13. Simulated transmitted SAW power of a 2D water droplet slice at
fsaw = 160 MHz and experimental transmitted SAW power at fsaw = 158 MHz.

described by h = Rtan (6/2), where R is the contact radius and 6 is
the contact angle, a small angle approximation can be applied to
show the linearity. Alternatively, the height can be measured
directly”” or predicted by FEM simulation.”* Knowing this linear
time dependence of the height, the chirp in the height dependent
signal must also exist in the time dependent one.

For a simple comparison of simulation and experiment, both
the characteristic oscillations and the height of the drop were mea-
sured over time, allowing the oscillation frequency to be plotted as
a function of the height as can be seen in Fig. 13, which shows very
good agreement between the experimental and the simulated trans-
mitted SAW power.

C. Summary of the two-dimensional analytical and
simulational considerations and possible future
approaches

The simulated and calculated transmission signals result from
a 2D simplified model. This corresponds not to the real three-
dimensional droplet shape. To get the whole picture, the droplet
could, for example, be cut in various slices, where each slice is of a
similar elliptic shape as in Fig. 10, but radius and height becoming
smaller and smaller for the outer slices. After this step, a summa-
tion over the transmitted SAW power of every droplet slides would
result in the corresponding three-dimensional signal. Furthermore,
variations of the shrinking factor k and temperature behaviors due
to the evaporation process are not yet considered. Another thing to
note is that an elliptical droplet was used in the simulation for sim-
plification purposes. But, unlike the real droplet, the elliptical
droplet keeps its contact angle constant at 180° at any height. Still,
with the chosen approaches, the main cause of the chirped oscilla-
tory SAW transmission signal shortly before the complete evapora-
tion has most likely been found.

ARTICLE scitation.org/journalljap

V. CONCLUSION

In this study, the evaporation dynamics of small droplets on a
solid substrate were investigated by employing SAW transmission
experiments. We found characteristic oscillations in the SAW trans-
mission shortly before complete evaporation of the droplets.
Influences of various parameters on the properties of those oscilla-
tions were successfully investigated. We found that the oscillations
can only be observed in the droplets with pinned contact lines and
if the temperature is above the dew point. Their frequency is found
to be proportional to the evaporation rate. Varying the SAW fre-
quency showed a strong dependence on the oscillation frequency,
which led to the explanation that vibrational modes are their cause.
As the droplets shrinks, fewer modes can fit in and the conditions
for constructive and destructive interference alternate, being
reflected in the oscillations. Using different fluids reinforces the
proportionality between the oscillations frequency and evaporation
rate. Using water with various glycerol concentrations resulted in a
decrease in the oscillations frequency at higher concentration. We
strongly believe that our experimental findings together with the
simulation based understanding of their origin might serve useful
for the analysis of small complex fluid droplets as being used, for
example, in DNA or protein based microarrays.

SUPPLEMENTARY MATERIAL

See the supplementary material for real-time measurement of
the characteristic oscillations.
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