friried applied
e sciences

Article

Vibration Energy Harvesting from Raindrops Impacts:
Experimental Tests and Interpretative Models

Ilaria Palomba *

check for
updates

Citation: Palomba, I.; Doria, A.;
Marconi, E.; Bottin, M.; Rosati, G.
Vibration Energy Harvesting from
Raindrops Impacts: Experimental
Tests and Interpretative Models. Appl.
Sci. 2022, 12, 3249. https:/ /doi.org/
10.3390/app12073249

Academic Editor: César M. A.

Vasques

Received: 28 February 2022
Accepted: 22 March 2022
Published: 23 March 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Alberto Doria

, Edoardo Marconi '/, Matteo Bottin " and Giulio Rosati

Department of Industrial Engineering, University of Padova, 35131 Padova, Italy; alberto.doria@unipd.it (A.D.);
edoardo.marconi@unipd.it (E.M.); matteo.bottin@unipd.it (M.B.) ; giulio.rosati@unipd.it (G.R.)
* Correspondence: ilaria.palomba@unipd.it; Tel.: +39-049-8276805

Abstract: The kinetic energy of raindrops is a large and renewable source of energy that nowadays can
be exploited by means of piezoelectric harvesters. This study focuses on a new cantilever harvester
that uses the impact of a drop on a liquid surface created on the harvester in order to improve the
conversion from kinetic energy to electric energy. Experimental tests, carried out both outdoors and
indoors, were performed to assess the validity of the proposed design. The voltage obtained with the
impact on the liquid surface was about four times larger than the one obtained with the impact on a
dry surface. The phenomena that lead to the increased performance of the harvester were analyzed
both experimentally, by means of a high-speed camera, and analytically, by means of a mathematical
model. The camera footage showed a clear relationship between the waveform of the generated
voltage and the various phases of the impact (crown formation, crown collapse, and sloshing). The
mathematical model developed herein, which was based on the oscillation of the liquid mass caused
by the impact and on the linear momentum equation, is simple and can be used to estimate the
measured voltage within a good approximation.

Keywords: raindrop harvester; piezoelectric; impulse vibrations

1. Introduction

The possibility of exploiting the kinetic energy of raindrops by means of piezoelectric
vibration energy harvesters has been analyzed since 2008 [1-3]. Some studies have focused
on the possibility of feeding sensor nodes and small electronic equipment using the mild
rainfall that occurs in countries with temperate climates [4,5]. Other studies have focused
on the possibility of harvesting large amounts of energy from tropical raindrops [6,7].

Most of the proposed raindrop harvesters directly exploit the bending strain of beams
or membranes hit by the raindrops in order to generate electric energy via the piezoelectric
effect [5,7]. However, there are some interesting examples of rotational piezoelectric
harvesters [8,9]. In this case, the raindrops cause the rotation of a small rain-mill that in
turn bends a series of piezoelectric cantilevers that generate electrical energy. Regardless
of the typology, these rain harvesters generate an AC power that has to be converted into
DC power to be stored and exploited by electronic equipment. For this reason several
researchers have focused on the development of conditioning circuits [10-12]. Moreover,
rain generates a series of random impacts, causing transient peaks in AC power. To cope
with this effect, specific electronic [5] and mechanical [13] solutions have been developed.

The analysis of a raindrop harvester is a fully multi-physical problem. As in other
piezoelectric harvesters, there is a coupling between the mechanical domain and the
electrical domain, through the direct and inverse piezoelectric effects [14,15], but the impact
of the raindrop on the wet surface of the harvester also generates a coupling between
the fluid-dynamic domain and the mechanical domain (the vibrating harvester). Some
researchers have highlighted the effects of the accumulation of water on the harvester
surface, with the formation of a water layer [16-18]. The presence of the water layer not only
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modifies the natural frequency and the damping ratio of the harvester [18] but also modifies
impact dynamics. The impact of a raindrop on a dry solid surface generates spreading
and splashing phenomena, which dissipate a significant part of the raindrops’ kinetic
energy. Conversely, when a raindrop impacts a water layer of sufficient thickness, different
phenomena take place [19]: the formation of a crater, the rising of water surrounding the
crater with the formation of a crown, the collapse of the crown, and the formation of water
ripples. As a result of the above-mentioned phenomena, the presence of the water layer
increases the amount of energy transferred to the harvester. This positive effect ends when
the water layer reaches the borders of the harvester and a significant spill phenomenon
takes place.

A novel harvester design was proposed by a research group from Padova University
in [20] in order to exploit these phenomena. In the new device, a square-based spoon
was fixed to the free end of a cantilever harvester and exposed to rain. A small pool of
water was generated in the spoon; hence, after the initial transient stage, the raindrops
impacted on a liquid surface. A series of experimental tests carried out in the laboratory
using simulated rain showed the following differences when the spoon was empty and
when the spoon was filled with water:

*  The resonance frequency of the harvester strongly decreased due to the presence of
the added mass of water in the spoon; this effect is rather intuitive and predictable.

¢  The damping ratio increased due to the presence of water; this effect is predictable
as well.

*  When the impact takes place on the liquid surface, the maximum voltage amplitude is
not reached in the first period, but it is reached later.

*  The impact on the liquid surface leads to a large increase in the generated voltage,
with a significant improvement in the performance of the harvester.

The latter two effects cannot be explained by means of a linear model excited by an
impulsive force and are not related to the presence of higher-order modes of the cantilever
harvester, as discussed in [20]. To the best of authors” knowledge, there are no models
explaining the increase in generated voltage and the measured waveform. Therefore, this
paper focuses on the development of an interpretative model of the interaction between
the falling drop and the water surface.

A systematic experimental analysis was carried out in a laboratory environment [21]
in order to analyze the effect of water depth on the resonance frequency, generated voltage,
and damping ratio. The results confirmed the findings reported in [20] and showed a
saturation phenomenon in the trend of generated voltage. Voltage increased with water
depth but reached a maximum value for a certain depth since larger quantities of water
in the spoon led to large spills after the impact. It is worth noting that the tests reported
in [21] were carried out with artificial rain and no test with actual rain was carried out.

This paper is organized as follows. The next section deals with the harvester and the
equipment used for experimental tests. In Section 3 novel experimental results obtained
with actual rain are compared with the ones obtained with simulated rain, and the effect
of impact position is discussed. In Section 4 a video analysis is presented and correlated
with the measured voltage. The mathematical model of the harvester is developed in
Section 5, including a harvester model and an impact model. The impact model is novel,
since the complex fluid motion generated by the raindrop impact is represented by the one-
dimensional motion of two concentric water cylinders. The sizes of the oscillating cylinders
are derived from the recorded motion of water inside the spoon. A good agreement between
the experimental and numerical values of the generated voltage is found. Finally, after a
discussion (Section 6), conclusions are drawn in Section 7.

2. Experimental Set-Up

The response of the harvester excited by the impact of raindrops was experimentally
measured. The unimorph piezoelectric harvester (Midé PPA-1001), shown in Figure 1,
was constrained in a cantilever configuration using a steel clamp. The geometrical and
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material parameters of the harvester are summarized in Appendix A. A square spoon
(27.2 mm inside, with 3 mm high walls) was attached at the free end of the cantilever using
cyanoacrylate glue. The presence of the spoon allows for a small pool of water in which
raindrops can fall: this modifies the impact dynamics as the drop hits a liquid surface
instead of a solid one. The clamped end of the harvester — where the electrical contacts are
present — is placed inside a plastic box, which provides protection against water splashes.

Electrodes and connections
Harvester

Spoon

Clamping system

Protective box

Figure 1. Prototype of the raindrop harvester with spoon in an outdoor test with ‘empty spoon’.

The response of the harvester consists in the generated voltage, measured by means
of an acquisition module for sound and vibration (National Instruments NI19234) and the
software SignalExpress. The trigger was set to start the measurements when the absolute
value of the generated voltage exceeded 0.05 V. The voltage was measured for 3 s from the
trigger, with a sampling frequency of 2 kHz.

The piezoelectric device was tested in both indoor and outdoor conditions. Indoor
tests exploited an intravenous drip set to generate water drops of consistent size; the drop
hit the harvester after a 1 m fall. These tests provide repeatable water impacts thanks
to the controlled testing environment. Outdoor tests were performed by exposing the
harvester to actual raindrops and offering the necessary benchmark for the indoor tests
with artificial raindrops. In general, the voltage generated by the impact of a water drop
on the harvester qualitatively resembles a damped sinusoidal signal. For this reason,
the following three main parameters were selected in order to characterize the time-domain
response of the device. The first relevant parameter is the peak-to-peak voltage, i.e., the
difference between the maximum and the minimum values of the voltage signal caused by
one drop impact. The second parameter is the viscous damping ratio, calculated using the
well-known logarithmic decrement method [22] (which rigorously applies to second-order
linear systems). The damping ratio is computed from positive or negative peaks i and
i+nas:
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li=—F——m, 1)
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Vi is the amplitude of the i-th peak and n is the number of periods considered in the
calculation (in the following n = 10). The damping ratio is computed for every peak in the
time record, and the mean value of the whole signal is also obtained. The third parameter is
the dominant frequency, computed by averaging multiple period measurements obtained
from the identified positive and negative peaks.

3. Experimental Results

This section describes the results obtained in indoor and outdoor tests, exploiting
artificial and real rain, respectively. The tests involve the impact of a drop on the spoon
in two conditions: ‘empty spoon’, when the spoon does not contain any water before the
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impact occurs, and ‘full spoon’, when the spoon contains 2.5 mL of water. Previous studies
involving the same harvester prototype showed that this volume of water corresponds
to the maximum peak-to-peak voltage generated in indoor tests [21]. In both tests, some
drops of water were collected on a plastic sheet (see Figure 2), then a picture was taken
and the diameter was derived from the picture with a resolution of 10 pixel/mm. Since
the drops on the sheet had a hemispherical shape, the diameter of the “flying” drops
was calculated considering a spherical drop with the same volume. The drops generated
by the intravenous drip set had a mean diameter of 2.03 mm, with a standard deviation
of 0.10 mm.

Figure 2. Raindrops collected on a rainy day (outdoor tests). The ruler on the bottom is used only to
give an order of magnitude.

The raindrops collected in the outdoor scenario (about 40 drops) had a mean diameter
of 1.93 mm, with a standard deviation of 0.28 mm. Clearly, the size of the artificially-
generated raindrops employed in the indoor tests presented a lower dispersion. The
outdoor tests were performed in Padova (Italy), with a temperature of 22 °C, 75% humidity,
and a 2.3 mm /h rain rate. The tests took a relative short time (1 h) and the rain rate was
roughly constant (data from [23]). In the following, some general features of the harvester
responses are discussed first (Section 3.1), whereas a statistical analysis of the results is
provided later (Section 3.2).

3.1. Time-Domain Analysis

Figure 3 shows examples of the voltage signals measured in the two sets of tests,
both with an empty and full spoon. The data selected to represent the indoor scenario
correspond to signals with a peak-to-peak voltage close to the mean of all recorded impacts;
conversely, the tests selected to represent the outdoor scenario are the ones with the highest
peak-to-peak voltage. The reason for this choice resides in the different dispersion of the
indoor and outdoor results (see the Statistical Analysis section below).

Artificial rain Real rain
T T T 25 T T T T

T T
—— Empty spoon —— Empty spoon
ok Full spoon || b Full spoon ||

Voltage [V]
Voltage [V]
o

) 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Time [s] Time [s]

(a) (b)

Figure 3. Typical voltage signals obtained from the impact of a drop on the empty and full spoon.

(a) Indoor tests, (b) outdoor tests. The voltage was measured for 3 s from the trigger (0.05 V), with a
sampling frequency of 2 kHz.
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Indoor and outdoor tests share some common qualitative features. In both testing
scenarios, when the drop impacts on the empty spoon the first voltage peaks (positive
and negative) are the largest peaks (in absolute value) recorded in the entire response.
Conversely, when the drop impacts on the full spoon, the second peaks (positive and
negative) are the largest (in absolute value) peaks in the recorded voltage. Additionally,
in both indoor and outdoor tests the presence of the pool of water in the spoon allows
the generation of a higher voltage. All these effects can be justified by the modified
impact dynamics. Finally, all signals are dominated by a single harmonic component:
for this reason, the dominant frequency is one of the parameters used to characterize the
harvester response.

Figure 4 shows an in-depth analysis of the signals of Figure 3, according to the
methodology described in Section 2. In particular, three parameters are computed from the
response to each drop impact: the peak-to-peak voltage, the dominant frequency, and the
damping ratio. In addition to the qualitative characteristics discussed previously, it can
be noted that the additional mass consisting of the water contained in the spoon causes
a lower dominant frequency in the case of the full spoon compared to the case of the
empty spoon. The dominant frequency was consistent between indoor and outdoor tests.
Moreover, the full spoon caused a higher damping ratio (+43% in the indoor tests, +30% in
the outdoor tests). Both indoor and outdoor tests with the empty spoon showed damping
ratios that were roughly constant in time. Conversely, owing to the specific waveform, the
tests with the full spoon exhibited a roughly constant damping ratio only if the first cycles
of vibration were neglected.
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Figure 4. Analysis of the voltage signals. (a) Indoor tests, empty spoon; (b) outdoor tests, empty

spoon; (c) indoor tests, full spoon; (d) outdoor tests, full spoon.
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3.2. Statistical Analysis

Figure 5 displays a statistical analysis of the experimental results through box plots
representing the four quartiles and the median of the three characteristic parameters of the
harvester response, obtained from 10 tests for each configuration. It is straightforward to
observe that the dominant frequency had a low dispersion and there was high compatibility
between the frequency computed from indoor and outdoor test results. Damping ratios
and peak-to-peak voltages showed a higher dispersion. The outdoor tests showed higher
damping ratios than the indoor tests, with both the empty and full spoon. Nonetheless,
the distributions of indoor and outdoor tests in the same conditions (empty or full spoon)
did overlap. Conversely, the peak-to-peak values of indoor and outdoor tests significantly
differed and the indoor values were larger. The distribution of the indoor and outdoor
values of the peak-to-peak voltage did not overlap. However, it is interesting to note that,
in both the indoor and outdoor tests, the observed mean peak-to-peak voltage obtained
with the full spoon was larger (by about four times) than the mean peak-to-peak voltage
obtained with the empty spon. This result confirms the validity of the harvester with the
spoon shown in previous studies [21] and suggests that the water layer is effective even if
the operating conditions are slightly different.
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Figure 5. Box plots representing the four quartiles and the median (in red) of the frequency, damping
ratio, and peak-to-peak voltage registered in indoor (with artificial rain) and outdoor (with real rain)
tests. (a) empty spoon, (b) full spoon.

The difference between indoor and outdoor tests can be explained considering that in
indoor tests the diameter of the drop was more repeatable and that the impact point of the
drop on the harvester was carefully set in the middle of the spoon. The impact point cannot
be controlled in outdoor tests. In order to investigate the effect of different impact positions,
the response to impacts on various locations of the harvester device was measured using
the indoor set-up. Figure 6 shows the four impact locations selected:

* position 1, on the edge of the spoon farthest from the piezoelectric harvester;

*  position 2, on the center of the spoon;

* position 3, on the edge of the spoon closest to the piezo;

*  position 4, outside of the spoon, on the piezo itself (roughly 10 mm from the glued
joint between the harvester and the spoon).

Figure 7 compares the effect of the four different impact positions on the characteristic
parameters of the response of the harvester with the full spoon. Again, 10 tests were
considered in each configuration. The dominant frequency presented a low dispersion and
was marginally affected by the different impact locations. Indeed, the dominant frequency
corresponded to the frequency of the first mode of vibration of the device (harvester, spoon,
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and water pool), which is an intrinsic characteristic of the system. Damping ratio and
peak-to-peak voltage showed particularly high dispersion when the impact occurred on
the edges of the spoon. In fact, when the impact is set to take place close to the edges,
small perturbations can cause a displacement of the falling drop. As a consequence, some
impacts may occur slightly inward with respect to the edge of the spoon (hence involving
the water pool) and others may take place on the spoon sidewalls (resulting in a ‘dry’
impact, with a worse energy transfer). In general, impacts in position 3 generated lower
voltages compared to impacts in position 1, which can be traced back to the lower arm
of the impact force. It is particularly interesting to note that, when the impact occurred
outside of the spoon, the generated voltage was particularly low, comparable to the lowest
values obtained in outdoor tests; additionally, the same was true for some of the tests with
the impact on one of the spoon edges. In this experimental study, only impacts in the
mid-line of the spoon were considered, because the focus was the development of a 2D
harvester model. Nevertheless, it is reasonable to suppose that impacts close to the side
edges of the spoon may also lead to a worse energy transfer. Summing up, the discrepancy
in generated voltage between indoor and outdoor tests can be only partially attributed to
the difference in drop size in the two testing scenarios, since the position of the impact can
play an important role. It is reasonable to say that the high dispersion of the peak-to-peak
values and the asymmetry of the corresponding distribution obtained in outdoor tests can
be caused by a small number of drops leading to ‘optimal” impacts in the center of the
spoon, whereas the majority of impacts occur on ‘sub-optimal” locations.

Figure 6. Four impact positions on the harvester.
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Figure 7. Box plots of the frequency, damping ratio, and peak-to-peak voltage registered in indoor
tests with different drops” impact positions and a full spoon.
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4. Video Analysis

During indoor tests, in parallel with voltage measurements, a video analysis of the
impact of the drops was performed. The objective of the analysis was to find any cor-
relations between the movement of the water and the voltage peaks. For this analysis,
only position 2 of Figure 6 was considered. Both empty and full spoons were studied,
with multiple tests. Camera footage was recorded by means of a Teledyne Dalsa Genie
Nano G3-GM10-M0640 camera, with an acquisition rate of 400 fps full-frame, an exposure
time of 1000 ms, and Turbo Transfer Mode enabled. The camera was equipped with a
telecentric lens Computar TEC-55. To reduce external disturbances, a light source of 625 nm
was projected onto the camera sensor by means of a Phlox-LedR-BL-LLUB-Q-1R-24V, a
device designed to emit a uniform beam of parallel light rays at a specific wavelength,
and the corresponding red filter BP635-43 was installed on the camera lens.

The bending of the harvester, due to the impact of the drop with the dry spoon,
was so small as to be nearly imperceptible in the footage (see Figure 8). Such a small
bending directly reflects on the amplitude of the output voltage as found in Section 3. Since
with the empty spoon the drop has no other water to interact with, the collision can be
considered inelastic. As a consequence, the voltage rapidly reaches its maximum value
and then the damping of the system slowly reduces the amplitude of the response in the
subsequent milliseconds.

0.6 [

0.4

o
)

Voltage [V]
o
1

02

-04

-0.6

. . .
50 100 150 200
time [ms]

Figure 8. Drop impact on a dry spoon. The displacement due to the bending of the harvester is
negligible with respect to the size of the spoon, even in the first vibration cycle.

Figure 9 shows the footage of the full spoon, which is much more interesting: the
movement of the water and the bending of the harvester are much more noticeable, as well
as the output voltage amplitude. Before the water hits the spoon, the harvester is slightly
bent under the gravitational force of the 2.5 mL of water. The timeframe for both the footage
and the output voltage has been reset at the impact of the drop with the water. When the
drop hits the water (0 ms in Figure 9), at first the impact force moves the spoon downwards,
since also the water reacts in a similar manner to a rigid mass. However, in the subsequent
milliseconds, the water that interacts with the drop starts moving upwards, whereas a
crater is left under the free surface. The movement of the water upwards continues until
it reaches its maximum height, and a full crown surrounds the impact site (4.1-8.3 ms in
Figure 9). Then, the crown collapses (from 12.5 to 25 ms in Figure 9). After the crown
collapse, the water mass keeps moving before returning to its initial state. However, at this
stage, the water motion is essentially a sloshing motion (see Figure 9 from 66.7 to 86.4 ms),
i.e., the water moves in a direction that is no longer perpendicular to the harvester but
parallel. Therefore, the water dynamics no longer affect the dynamics of the harvester,
which continues vibrating according to its free response.
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Figure 9. Drop impact on a full spoon. Time evolution of voltage and camera pictures at selected
instants, showing the main phases of water motion.

5. Interpretative Mathematical Model

The cantilever harvester used in this experimental study was modeled according to
the system schematic shown in Figure 10. This schematic depicts a composite cross section,
including the active piezoelectric layer made of PZT 5H and the structural layer made
of steel. The harvester was modeled with the distributed parameter approach of [24], as
modified in [20] in order to take into account the impulsive force and moment caused
by raindrop impact on the spoon. The mechanical problem is described by means of the
following partial derivative equation:

o*w(x,t)
ox?

dw(x,t) %w(x,t) ow(x,t)

EI
axtar Mo Ay

+csl

+0o(t) = Fi(t) ®)

where:

e w(x,t) is the transverse displacement of any point along the cantilever.

* [isthe equivalent area moment of inertia of the composite section.

e EI= g {Es (p:;b — p§b> +YE (p:;t — pib)} is the bending stiffness of the composite
cross section [25], with Es and Y, denoting the Young’s modulus of the substructure
and of the PZT layers, respectively, and ppt, p,p, and pg, indicating the positions from
the neutral axis of the PZT layer top, of the PZT layer bottom, and of the substructure
layer bottom, respectively (see Figure 10b).

*  bis the width of the beam.

¢ Lis the cantilever length.

* ¢s and c; are the strain rate and air damping coefficients, respectively, which are
assumed to satisfy the proportional damping criterion.

Ylld?)lb (
2hy,
chanical problem with the electrical problem; with d3; piezoelectric constant, and
thickness of piezoceramic layer.

° 0 =—

—-p pb> is the backward piezoelectric coefficient that couples the me-
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e o(t) is the voltage.

PZT Steel beam  wmRigid link == Tjp mass Empty @ ~Foin drop
y spoon Spoon
W t)T lF(t) <—Ld—N—Ld—>
_m
L Lg o
Pl 1
spoon Lg Lg
(a)
h P
vz pt , — 1
7 Ppb Neutral i(©) <T> —_— é v(t)
hg 1 axis Cpu R
Psb
(b) (c)

Figure 10. Harvester model: (a) equivalent mechanical schematic; (b) composite cross section;
(c) electrical schematic.

The impact of the drop on the harvester is modeled as a concentrated force F(t) acting
on the system at distance L 4 L; from the fixed base (see Figure 10a), which corresponds to
the middle point of the spoon. Such a force can be transported at the cantilever end (x = L)
by using an equivalent bending moment, represented by a pair of opposite forces located at
distance h and with a magnitude F'(t) = F(t)L;/h. Therefore, the equivalent force acting
on the harvester tip F;(t), at the right-hand side of Equation (3), is:

Fi(t) = (F(t) + F(1))6(x — L) — F(1)5(x — (L — 1)) @

where 6(x) represent Dirac’s delta.

The electrical problem is described by the first-order ordinary differential equation of
the circuit shown in Figure 10c. The charge generation caused by the piezoelectric effect is
represented by an equivalent current source i(t), whereas the capacitive effect related to
the electric field in the PZT layer is simulated by a capacitance Cp,. The external electrical
load is schematized by a simple resistance R:

Cpud() + o(t) = (1) ®)

Equations (3) and (5) are solved by means of the modal expansion method [25],
by setting:

M

I
—

w(x, t) =

¢i(x)7i(t) ©6)
1

The absolutely and uniform convergent series of the mass-normalized eigenfunctions
(¢i(x)), representing the vibratory motion of the harvester (w(x, t)), has been truncated
at the first term, i.e., w(x,t) = Y21 ¢i(x)y;i(t) = ¢1(x)n1(¢), since this approximation is
sufficient in most harvesting applications [20]. The eigenfunctions, ¢;(x), are determined
by solving the eigenvalue problem of a cantilever beam with a concentrated mass, 1, and a
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rotary inertia, I;, at the tip [24]. Therefore, the dynamics of the harvester are represented by
means of a single-mode coupled (electro-mechanical) model [20,21] as follows:

{ i1 (t) + 201171 (1) + wim (1) + x1o(t) = fi(t) -

Cpud(t) + o(t) = 1 (1)

where:

e 71(t) is the modal coordinate of the harvester for the first vibrational mode.

e (.) and (.) are the first and second derivative of the corresponding variables with
respect to time ¢.

* [ is the modal damping.

*  wj is the undamped natural angular frequency.

e x1=190 ‘M’;iix) is the modal electromechanical coupling coefficient.
x=L
e f1(#) is the modal force given by:
fi(t) = F@)@r (L) + F'(8) (@1 (L) — @1 (L — 1)) ®)

The harvester motion equations in (7), as well as the force representation in
Equations (4) and (8), are general models, suitable for describing the harvester dynamics
in both the cases analyzed in this study, i.e., a harvester provided with an ’empty spoon’
and with a "full spoon’. Depending on the condition to be modeled, the following model
parameters take different values:

*  my, the tip mass is set to be equal to the mass of the spoon if it is empty; otherwise it is
equal to the sum of the spoon and the water masses;

* (3, the modal damping, as discussed in Section 3.2, increases in the presence of water;

e F(t), the equivalent force that excites the system must take into account whether the
drop impacts on a dry or on a wet surface. The force models for both the cases are
described in the following sections.

5.1. Force Model for the Dry Spoon

The force model for a water drop impacting on a dry surface is well known in the
literature [17,20,21]. It is represented trough the following impact force:

1—¢)myo
Pty = LM% (1) (e ) ©)
where m, is the drop mass, H(t) is the Heaviside step function, and ¢ is the coefficient of
restitution. In Equation (9), v, is the impact velocity of the drop, which can be computed
according to [17] as a function of the falling height H:

_ |8 (1 _ ,24H}). _ 3carPa
va(Hy) = /& (1 e ) A= (10)
where R; is the drop radius; g is the gravity acceleration; p, and p, are the mass density of
the air and of the water, respectively; and c,, is the drag coefficient of the drop. The impact
duration of the impinging water drop in Equation (9) can be expressed as:

2R
LY

o0 (11)

5.2. Force Model for the Wet Spoon

When the raindrop impinges onto a spoon that is full of water, the harvester vibrates
at the same frequency at which it would vibrate if the spoon were empty and equipped
with a solid mass equal to the water mass. Although the resonance frequency is equal in
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the two cases, the vibration amplitude of the harvester with the wet spoon is much larger,
i.e., the water in the spoon acts as a force amplifier. Although the harvester dynamics are
highly affected by the dynamics of the water in the spoon, the vice-versa does not hold:
the video analysis discussed in Section 4 showed that the motion of the water is scarcely
affected by the vibration of the harvester. Thanks to this experimental evidence, in a first
simplified-modeling attempt, it is reasonable to model the water dynamics neglecting the
harvester motion, i.e., considering the spoon as fixed (see Figure 11).

Free Dd = ZRd
surface <>
water. A
,,,,,,, N\ 9 Vg
3
Fixed base

Figure 11. Full spoon model.

The phenomena related to the impact of a drop on a water surface are affected by the
water film depth, h, significantly [26]. In particular, the impacts can be divided into three
types according to the dimensionless film thickness (h* = I/2R;): drop impacts on shallow
(h* <0.1), medium (0.1 < h* < 2), and deep (h* > 2) films. Regardless of the film depth,
the drop impact on film leads to the formation of a crater below the free surface level of the
water, and a crown above it at the circumference of the crater [27]. If the drop impacts on a
medium film—as in the case analyzed—a cylindrical crater with flat-bottom is formed in
the water film [26].

Starting from these results regarding the impact of a drop on a medium film, the com-
plex fluid dynamics of the splash is here simplified in order to infer an easy and compu-
tationally inexpensive model describing the macroscopic effect that the water movement
has on the harvester. The simplified splashing mechanism is schematically represented in
Figure 12. It is assumed that, as the drop impacts the water, a mass of water included in a
cylinder of diameter D; starts moving downwards, forming the crater, and concurrently the
same amount of water — included in a hollow cylinder of internal diameter D; and external
diameter D, — begins to move upwards, forming the crown. Therefore, this continuity
equation holds:

PwAeye(t) = puAili(t), (12)
where A, = = (D? —D?), and A; = ng are the areas of the crown and of the crater,
respectively, wheres 1. and y; are their velocities.

D,
Free <D% ‘

RN

N
T oL e
T R(t)
(a) (b)

Figure 12. Schematic of the simplified splashing mechanism: (a) 3D view; (b) 2D view.

The linear momentum p(t) of the water after the impact of the drop can be expressed
as:

p(t) = (m; — pwAiyi(£) (=¥i(t)) + (me + pw Acye(£)) (Fe(t)), (13)
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where m, = ppAch and m; = pyAjh are the masses contained in the external and the
internal cylinders, respectively, before the impact, i.e., wheny; = y, = 0 and y; = 7. = 0.
The force R(t) exerted by the spoon on the moving water can be inferred by deriving in
time Equation (13):

R = PU (s py Ai(0) (—3:(0)) + po A (D2 (1) (14)

dt
+ (e + pwAcye (1)) (Fe(t)) + pwAcye()Ve(t)?

In order to simplify the previous equation, it is worthwhile to introduce the relation
between y,(t) and y;(t) that can be inferred from the continuity Equation (12):

A

(1) = GE0e(t) (15)
t A,

wilt) = [ ()t = Fove(t) (16)
d .i Ae ..

(o) = L8 — Leg i a7)

By substituting Equations (15)—(17) in Equation (14), after some mathematical passages,
the following equation is obtained:

R = pue (14 5°) (w0 + 5200)) (18)

For the determination of the force R(t) it is necessary to know the values of the two
areas (A, and A;), as well as the motion of the crown y,(t). The determination of these
parameters is discussed in the following subsections.

5.2.1. Determination of the Cylinder Areas

The dimensions of the two unknown areas representing the cavity and the crown can
be evaluated using an energy conservation approach [26]. In this analysis, the maximum
depth of the cavity y;,, and the maximum height of the crown ye,,,., which occurs when
the cavity depth is maximum, are assumed to be known. The first can be equated within a
good approximation to the water film thickness /, since in medium film the residual film
thickness (i.e., the water layer under the cavity) is small. The latter, ye,,,., can be inferred
from experimental data if available, or can be computed exploiting the models available in
the literature [28-30].

When the maximal values of the crown height and the cavity depth are reached, only
a portion a of the initial total energy of the drop E; ; is converted to the gravity Eg ., and
surface Es;, energy of the cavity and the crown; it holds that:

Eg,w + Es,w = ‘XEt,d (19)

where the total drop energy is the sum of the kinetic energy Ej ; and the surface energy E ;:

1
Eig=FErg+Esy= Epwanvg +onD3 (20)

with ¢ indicating the water surface tension. Based on the work of Zhang et al. [26], who
numerically investigated the energy conversion process during the impact process for
different film depths, for a medium film during the crown stabilization phase (i.e., the one
in which the maximum crown height is reached) the coefficient « in Equation (19) varies
from 0.5 to 0.6.



Appl. Sci. 2022,12, 3249

14 of 22

The gravitational potential energy of the crown and the cavity, i.e., of the displaced
water mass, in Equation (19) is:

y2 Vi
Egoo = $Pu <Ae o Aﬂ;ﬂ*) e

where as the surface energy E; , is given by:

Eszw = an(Dﬁygmax + Di (yemax + yimax)) (22)

By taking advantage of Equation (16) and of the areas’ definitions, it is possible to
derive the following relations:

2 2
Aﬁ’ — H(DE — Dl) — 23 —1= yimax D, = Dg / Yemax (23)
Ai 7TD,2 DIZ Yenax l Yemax + Yimax ’

The cavity and crown energies can be rewritten as:

2
A T
ngw = gprE yemax 1 + = = 7gpwyﬁ’mnxyimax DZ (24)
2 A 8

Evww = O7Ye,., <1+,/1+;W>De (25)
Cmax

When Equations (20), (24) and (25) are substituted into Equation (19), a quadratic
equation in the only unknown D, is obtained:

T / i 1
ggpwyemaxyimnx DL% + anyemax (1 + 1 + ]'ZZWUIX> De - (npwn’Dlgv?l + UnD(,%) =0 (26)
€max

Once Equation (26) is solved, the other unknown, i.e., D;, can be computed by means
of Equation (23).

5.2.2. Approximation of the Crown Motion

The implementation in Equation (18) of an analytical formulation of the actual crown
motion is practically impossible. It is a very complicated motion, described by nonlinear
dynamic equations involving several interaction phenomena, e.g., water-water, water—
air, and water—solid (the spoon) interactions. The goal of the present paper is to find an
approximation of the crown motion that is able to represent the main crown movements
responsible for harvester excitation, i.e., the maximum elongation and the collapse. To
this end, the crown is modeled through a mass-spring-damper system, of which the free
response to initial conditions (i.e., the drop impact, which means y,(0) = 0 and y.(0) # 0)
can represent the crown evolution. The mass of the system has been set to be equal to the
displaced water mass in Equation (24), i.e.,:

A
m = preyEmax <1 + 146) (27)
1

The other system parameters—i.e., the stiffness k, the viscous damping coefficient c,
and the initial crown velocity 1,9 = .(0)—are determined by imposing three conditions
on the free-vibration response of this equivalent system, so that it can match the known
information about the crown evolution. Let {; and t; indicate the instants at which the
crown reaches its maximum height and at which it collapses, respectively; the imposed
conditions are two for the crown stabilization phase (y.(t1) = Ve, and y.(t;) = 0) and
one for the crown collapse phase (y.(t2) = 0). The time instants #; and t;, similarly to ye,,,.,
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can be inferred from the experimental data if available or using the models available in the
literature (e.g., [29]) for the determination of ¢;, and [19] for the determination of #,.

The parameters of the simplified crown model are found by solving the following
system of non-linear equations:

flx)=0 (28)

where  x={k ¢ y‘eO}T (29)
(ydig sin(wgty)e M — e,

flx) = (— \/16—7(?2 sin(wgty) + cos(wdh)) Yepe St (30)

Jeo sin(wyto )eéwWnt2
wq

with : wn:,/mi;gzz ;{m}wd:a)n\/l_‘:z- (31)
c c

The solution of Equations (28) makes it possible to compute the force R(#) in Equation (18)
that the harvester exerts on the water and hence the force that acts on the harvester, that
is, F(t) = —R(t). Figure 13 schematically summarizes the simplified model adopted for
describing the crown motion, as well as the imposed conditions, and the resulting motion.

DROPlMPACT CROWN STABILIZATION CAVITY COLLAPSE
Vaq \1/
Ye =0 /T\
t=20 t=t; t=t,
.Ye(o) =.0 Ye (1) = Yemax Ye (t2) =0
Ve(0) = Yeo Ye(t1) =0

EQUIVALENT SYSTEM 15 : T
Lo i
= /
S /
S ost/ 1
S /
Ve (t)A of ]
T T T T T
k c 0.15 i
w 01 T
t2)
s 0.05 ‘ .
0 o
- H L 1

1
60 80 100 120
Dimensionless time T = v4t/Dy

Figure 13. Schematic representation of the phases of a water drop impacting on a medium water film
and its time evolution, represented by means of a simplified dynamic model.

5.3. Model Validation

The mathematical model presented in Section 5 was implemented in MATLAB. The
harvester motion equations in Equation (7) were cast as a set of first-order differential
equations and then discretized through the fourth-order Runge-Kutta method with a
time-step of 0.1 ms. The parameters employed for the model implementation are listed
in Table 1. The load resistance value stated in Table 1 corresponds to the the resistance of
the data logger employed for the experimental tests, which was the only resistance in the
electric circuit (R in Figure 10c). Simulations aimed to verify the effectiveness of the model
in approximating the voltage generated by the harvester with either a dry spoon or a wet
spoon. The results for both the cases are shown in the following sections.
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Table 1. Model parameters.

Parameter Symbol Dry Spoon  Wet Spoon
Load resistance R 305 kO
Beam width b 20.3 mm
Beam length L 45.5 mm
Drop impact position L+ Ly 59.5 mm
Force distance h 1 mm
Eigenfunction derivative dpr(x)/dx|x=r 936.00 601.36
Tip mass mi 128 ¢ 4g
Undamped natural angular frequency w1 262.00rad/s 166.46 rad/s
Modal damping 01 0.55% 1.0%

5.3.1. Empty Spoon

The impact force F(t) was modeled according to Equation (9). All the parameters
necessary for the determination of this force are summarized in Table 2. They depend
on the diameter of the impacting drop D,, which was inferred from the footage of the
experimental test (see Figure 14). In the indoor experimental test analyzed here, a drop
with a diameter of 2.01 mm impacts on the harvester, falling from a height of 1 m. With
these values Equation (10) gives a drop impact velocity of 4.04 m/s. Figure 15 shows the
harvester voltage estimated using the model with a blue line and its actual values delivered
by the experimental test with a red line. Both the waveform and the fast Fourier transform
(FFT) of the simulated voltage were in good agreement with the corresponding plots of the
measured voltage.

Table 2. Parameters for the computation of the impact force acting on the dry spoon.

Parameter Symbol Value
Coefficient of restitution € 0
Drop diameter Dy 2.01 mm
Drop mass mg 4.25 ug
Drop impact velocity (7 4.04m/s
Impact duration T 0.497 ms

Figure 14. Footage of the experimental test of a drop impacting on a dry spoon. D; drop diameter.

5.3.2. Full Spoon

The determination of the force exciting the harvester provided with a spoon full of
water requires the knowledge of some system parameters: the maximum crown height and
the instant at which it is reached—the instant at which the cavity collapses. As discussed
in Section 5.2, such parameters can be approximated through the models available in the
literature or inferred from experimental data, as in the present case (see Figure 16).
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Figure 15. Comparison between the experimental (red) and simulated (blue) harvester voltage in the
time (a) and frequency (b) domain for a drop impacting on a dry spoon.
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Figure 16. Footage of the experimental test of a drop impacting on the wet spoon and corresponding
parameters needed for the force model determination.

The same indoor experiment shown in Figure 16 was simulated in MATLAB. There-
fore, a drop with a diameter of 1.9 mm falling from a height of 1 m was considered for the
computation of the energy balance in Equation (19), and hence for the determination of the
crown (A,) and the cavity (A;) areas. The equivalent mass-spring-damper system represent-
ing the motion of the crown (see Section 5.2.2) was found using the data in Figure 16 and by
solving the nonlinear Equation (28) through the fsolve function in MATLAB. The resulting
parameters of the equivalent system, together with all the other parameters involved in the
force computation, are listed in Table 3. The equivalent force that acts on the harvester due
to the impact of a raindrop on the spoon full of water is shown in Figure 17.

Table 3. Parameters for the computation of the force acting on the wet spoon.

Parameter Symbol Value
Drop diameter Dy 1.9 mm
Drop mass mgy 3.59 ug
Drop impact velocity vy 4.01m/s
Film thickness h 3 mm
Water surface tension o 0.0728 N/m
Transformed energy fraction « 0.55
Maximum crown height Yemax 2.2 mm
Crown section A, 62.08 mm?
Cavity section A; 42.98 mm?
Displaced water mass m 0.315 mg
Equivalent crown stiffness k 6.66 Nm
Equivalent crown damping coefficient c 0.0462 Ns/m

Initial crown velocity Veo 0.668 m/s
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Figure 17. Force acting on the harvester due to a drop impacting on a thin water layer.

The voltage generated by the harvester excited by this force is represented with
a blue line in Figure 18. The same figure represents the measured voltage with a red
line. Comparing the FFT diagrams of the two signals (Figure 18b), it is apparent that
the simulated voltage correctly matches the oscillation frequency. The time histories of
the simulated and experimental voltage in Figure 18a are very similar. In particular,
the simulated voltage correctly represents both the amplitude increase with respect to the
dry spoon model and the voltage waveform, i.e., the first peak is smaller than the second,
as in the experimental results.
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Figure 18. Comparison between the experimental (red) and simulated (blue) harvester voltage in the
time (a) and frequency (b) domain for a drop impacting on a spoon full of water.

6. Discussion

The measurement of the voltage generated by the novel harvester hit by actual rain
confirmed the results obtained by means of artificial rain [21]. Outdoor tests showed a wide
dispersion of results, which was related to the variable sizes of actual raindrops, to the pres-
ence of wind, to the variable impact position, and to the non-zero initial conditions related
to previous impacts. These effects have already been highlighted by other researchers that
dealt with cantilever harvesters without spoons [3,4,18].

Video analysis has been extensively used to study the impacts of drops on liquid
surfaces [19] and there are some examples of the use of this technique in the field of
raindrop harvesters [16,17]. In the framework of this research, video analysis proved to be
a powerful tool that made quantitative measurements possible (e.g., of crater height) that
were useful for the development of the mathematical model.

The proposed mathematical model allows one to simulate only one raindrop impact
along the midline of the harvester, but results are in good agreement with the experimental
ones, with a small error in resonance frequency (1.7%) and an acceptable error in peak-
to-peak voltage (6%). It is worth noting that nowadays the impact of drops on liquid
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surfaces can be simulated by means of powerful computational fluid dynamics (CFD)
codes. The proposed interpretative model gives approximated results, but it is much
simpler than CFD codes, can be quickly integrated with existing harvester models and,
hence, is useful for design purposes.

The electrical load that is included in the model is a simple resistance that in the
simulations of Section 5 represents the resistance of the acquisition module (R = 305 k(2).
An estimation of the energy harvested by the device can be made by assuming in the model
a resistive load equal to the optimal resistance R,y [12], i.e., the one that maximizes the
power generated by a harvester with capacitance Cy;, and the natural frequency of the first
vibrational mode wy:

1
Ropt = ——— 2
opt wlcpu (32)
Under such an assumption, the collected energy is:
1 Fmax
E= o [ o0t 33
Rops Jo (t) (33)

where the upper limit of the integral t,,,, is chosen to take into account the fact that
the signal is transient and vanishes after some periods of oscillation. Making use of the
parameters in Appendix A and Table 1, and of Equations (32) and (33), the energy generated
by the impact on the empty spoon is 0.15 yJ; this value is in agreement with the values
reported in the literature [2,31]. Conversely, the energy generated by the raindrop impacting
on the filled spoon is 4.6 pJ. This result confirms the validity of the novel harvester design.

7. Conclusions

The aim of this research was twofold: the confirmation of the validity of the harvester
with a spoon by means of tests with actual rain; and the development of an interpretative
mathematical model that is able to explain the improvement in performance due to the
presence of the water layer. The outdoor tests carried out with actual rain confirmed the
effectiveness of the harvester with a spoon. A drop making an impact at the center of the
filled spoon is able to generate a voltage about four times larger than the one generated by
the same impact on a dry spoon. Outdoor tests showed larger dispersions in terms of of
the damping ratio and peak-to-peak voltage. These phenomena were due to the variability
of the impact position, which is inherent in actual raindrop impacts, and were replicated by
means of specific indoor tests. In order to develop a mathematical model of the impact of
raindrop on the liquid surface of the spoon, a correlation between the generated voltage
and the various phases of the impact (crown formation, crown collapse, sloshing) was
made by means of video analysis. The complex fluid motion generated by the raindrop
impact was modeled considering the uni-dimensional motion of two concentric cylinders
that oscillate after the impact. The inner cylinder represents the cavity formation, whereas
the outer cylinder represents the crown generation. The parameters of this oscillator
were determined from experimental videos by means of an optimization method. The
application of the linear momentum equation to the spoon with oscillating liquid made it
possible to predict the force on the harvester and the generated voltage. The comparison
between simulated results and experimental results in the time and frequency domains
showed good agreement. The error in frequency was about 1.7%, whereas the error in
peak-to-peak voltage was about 6%.
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Appendix A. Harvester Specifications
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Figure Al. Schematic of Midé PPA-1001: (a) dimensions (mm) of the cantilever beam; (b) layer

composition and thickness (mm).

Table Al. Properties of the harvester [32].

Parameter Symbol Value
Mass my, 28¢g
Capacitance Cpu 100 nF
Cantilever length L 45.5 mm
Cantilever width b 20.3 mm
Cantilever thickness Rtot 0.46 mm
PZT 5H thickness hp: 0.15 mm
Steel thickness hg 0.15 mm
Copper thickness hey 0.03 mm
Polyimide thickness hpp, 0.03 mm
Polyester thickness hps 0.05 mm
Table A2. Packaging material properties.
Material Young’s Modulus Poisson’s Ratio Density
(GPa) ) (kg/m®3)
Polyester 3.65 0.480 1380
Copper 110 0.343 8930
Steel 304 193 0.290 8000
Polyimide 4.1 0.340 1410
Table A3. PZT 5H properties.
Parameter Symbol Value
Dielectric constant K3T 3800
Piezoelectric constant ds; —-32x107?C/N
Piezoelectric constant ds3 6.5 %1072 C/N
Elastic Modulus YlE1 6.3 x 1019 [Pa]
Elastic Modulus Y3’.53 5.0 x 1019 [Pa]
Poisson’s ratio v 0.31
Density Ppzt 7800 kg/m3
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