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ABSTRACT  

The development of smart materials have promoted a rapid increase of interest in ambient energy harvesting. 
Piezoelectric material is one of the common smart materials utilized for harvesting vibration energy. This paper presents an 
experimental study of a rain energy harvester using a piezoelectric beam tested under different rain conditions. A spray-
type rain simulator is developed to simulate actual rain by using three nozzles. The rain simulator is able to generate rain 
with different rain intensities and drop size distributions (DSD) to simulate different raining conditions. Experiment results 
show that a total energy of 38.89 µJ, 52.05 µJ, and 114.68 µJ are harvested when tested under light, moderate, and heavy 
rain respectively for a period of five minutes. 
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INTRODUCTION 

The rapid development of technology have 
improved the standard of living and increased the demand 
for electricity. In order to cater the demand, sustainable 
energy system has been integrated into our daily devices 
[1]. Piezoelectric material is a common component of a 
sustainable energy system. Energy harvesting using 
piezoelectric is achieved due to its unique property, which 
is the direct piezoelectric effect. Through direct 
piezoelectric effect, piezoelectric material is able to 
convert strain or vibrational energy to electrical energy, 
which is sufficient to power a microelectromechanical 
systems (MEMS).  

This paper focuses on rainfall energy harvesting 
using a PZT (Lead zirconate titanate) bimorph 
piezoelectric beam. Rainfall energy harvester is a good 
alternative as a sustainable power system, where the 
device is installed in tropical region with abundance of 
rainfall [2]. A rainfall energy harvester enables a low-
powered system to operate in a remote area without the 
need of maintenance. Various piezoelectric rain energy 
harvesters have been developed and tested under 
laboratory conditions and they show promising results. A 
theoretical [3] and experimental [4] study of a single 
droplet impinging a Polyvinylidene fluoride (PVDF) 
membrane show that a 3 mm diameter water droplet 
falling at 4.5 m/s is able to generate power of 17 µW. A 
recent simulation study [5] that explores various rain type 
shows that a maximum power of 2.231x10-9 W can be 
harvested during a heavy thundershower. In actual rainfall, 
rain droplets will impact different positions of the 
piezoelectric beam. A parametric study [6] on different 
piezoelectric beam material and dimension, water droplet, 
and drop height has showed that the energy generated 
from piezoelectric beams is able to be utilized in low 

power electronics devices. Another experimental study 
carried out had demonstrated that a PZT piezoelectric is 
able to produce power of 23 μW when a 0.23 g of water 
droplet with mass of 0.23 g impacts the tip of the beam 
[7]. The effect of different rain rate and effect of water 
droplet impinging six different position of the beam has 
been investigated [8]. The experiment was carried out by 
fixing the drop height, droplet diameter, and drop 
positions. Results from this experimental study revealed 
that a 4.5 mm diameter water droplet falling from a height 
of 0.82 m, when impacting the tip of the piezoelectric 
beam is able to produce a peak power of 0.16 mW.  

To date, the conducted studies on rain energy 
harvester are based in laboratory environment, which 
consider fixed water droplet diameter. However, actual 
rain is stochastic in nature and it is normally characterized 
by rain intensity and drop size distribution (DSD) [9]. 
Rain intensity measures the amount of rain water 
generated by the rain, which is measured in mm/hr. Rain 
droplets have a range of sizes measured in diameter, which 
is normally represented by a rain DSD graph. The aim of 
this paper is to study the effect of rain intensity and DSD 
on the energy generation of a piezoelectric energy 
harvester experimentally. To further understand how 
piezoelectric beams perform under different raining 
environment, a rain simulator with different nozzle sizes is 
developed to simulate different rain conditions. 
 
METHODOLOGY 

There are two types of rain simulator in general, 
which are drip-type and spray-type [10]. A drip-type rain 
simulator allows the water droplet to form from the nozzle 
tip and dripped from the nozzle tip without any initial 
velocity. The drip-type rain simulator is able to simulate a 
free-falling rain drop accurately, however the nozzle tips 
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have to be very high from the impact surface in order for 
the raindrop to reach terminal velocity. A spray-type rain 
simulator uses pressurized water and it is sprayed from a 
nozzle. Such rain simulator is able to simulate rainfall with 
a lower drop height however the velocity of the falling 
raindrop may be higher than the terminal velocity. In this 
study, a spray-type rain simulator is developed due to 
height constraint of the research facility. The overview of 
the experimental setup is depicted in Figure-1.   

The rain simulator is developed using three 
nozzles, QPHA-15, QPHA-10, and QPHA-6.5, to simulate 
light, moderate and heavy rain respectively. The nozzles 
are elevated 2.5 m above the impact plane. Since the 
pressure from the commercial pipeline provides sufficient 
pressure to operate the nozzles, no water pump is used in 
this setup. The nozzles are controlled by three solenoid 
valves. The solenoid valves are controlled by the switches 
on the control box. To measure the intensity and DSD of 
the simulated rainfall, a laser precipitation monitor (Thies 
CLIMA - model 5.4110.10.000) is used. 
 

 
 

Figure-1.  Overview of rain simulator: (1) rain nozzles; 
(2) control box; (3) laptop; (4) data logger; (5) laser 

precipitation monitor; (6) piezoelectric beam. 
 

The piezoelectric beam used in this study is an 
off-the-shelf PZT bimorph cantilever beam (Mide 
Technology - v25w). The piezoelectric beam consists of 
seven distinct layers as illustrated in Figure-2. The 
piezoelectric beam (Mide Technology - v25w) is 
positioned right below the laser precipitation monitor. The 
piezoelectric beam consists of two lead zirconate titanate 
(PZT) piezoelectric layers and they are connected in 
parallel in this study. The voltage generated by the 
piezoelectric beam is measured across a 15 kΩ load 
resistor by using a data logger (NI - USB6008). 
 
 
 

 
 

Figure-2.  Schematics of piezoelectric energy 
harvester v25w. 

 
RESULTS AND DISCUSSIONS  

The developed rain simulator is able to simulate 
three different rainfalls with low, medium and high rain 
intensity. The experiment is carried out by changing the 
rain types via the control box and an experiment time 
duration of five minutes is carried out for each rain type. 
The rain parameters (rain intensity and DSD) are 
measured using the laser precipitation monitor. The rain 
intensity for light rain, moderate rain and heavy rain are 
15.4 mm/h, 93.0 mm/h, and 189.3 mm/h respectively, 
which are simulated via three different nozzles, QPHA-15, 
QPHA-6.5, and QPHA-10 respectively.  

The DSD of the three rain types is shown in 
Figure-3. The laser precipitation monitor computation for 
rainfall DSD is given as: 
 

    ii
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          (1) 

 
where, N(Di) is the number of drops per unit volume per 
unit interval of drop diameter D of the i-th bin; ni is the 
number of drops in the i-th bin; v is the velocity of the 
droplet; A is the sampling area ( A = 0.0046 m2);  T is the 
time duration (T = 300 s); ΔD is the bin width of each drop 
size class.  

According to the DSD graphs in Figure-3, the 
raindrop diameter for all the rain types is concentrated at 
droplet size of 0.25 mm. It is also found that the DSD 
value increases as the rain intensity increases. 
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(a) 

 
(b) 

 
(c) 

 

Figure-3.  Rain drop size distribution (DSD) of (a) light 
rain; (b) moderate rain; (c) heavy rain. 

 
The voltage time response and energy 

accumulation graphs for the three rain types are depicted 
in Figure-4 and Figure-5 respectively. The voltage 
generated by the piezoelectric beam is recorded for a 
duration of five minutes (T = 300 s), and they are 
measured across a load resistor of 15 kΩ. To obtain a 
quantitative analysis, root mean square (rms) voltage is 
computed for the three voltage time response graphs. The 
root mean square (rms) voltages (Vrms) for light, moderate, 
and heavy rain are calculated as 44.1 mV, 50.7 mV, and 
75.6 mV respectively by using Eqn. (2). 
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       (2) 

 
where, V(t) is the instantaneous voltage at time t. 

 
(a) 

 
(b) 

 
(c) 

 

Figure-4.  Voltage time response graph for (a) light rain; 
(b) moderate rain; (c) heavy rain. 

 
In Figure-4, the voltage generated by the 

piezoelectric energy harvester exhibits response due to 
random excitation. The DSD graphs in Figure-3 have 
demonstrated the variability of the raindrop sizes, which 
can be fitted by a lognormal distribution model [9]. In 
actual rainfall, raindrop will impact on random positions 
on the piezoelectric beam. According to Wong et. al. [8], 
when the raindrop impacts nearer to the clamp of the 
piezoelectric beam, less voltage is generated. This is due 
to smaller strain generated by the impinging raindrop at 
the clamp end compared to the tip of the piezoelectric 
beam. 

The total energy harvested over a period of five 
minutes for light, moderate, and heavy rain are 38.89 µJ, 
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52.05 µJ, and 114.68 µJ respectively. The graphs in 
Figure-5 are fitted with a linear equation, y = mx + c, 
where ‘y’ is the energy accumulated after a period of time, 
‘x’; ‘m’ is the gradient of the equation, which is also the 
rate of energy accumulation; ‘c’ is the zero intersection 
point of the linear equation. 
 

 
(a) 

 
(b) 

 
(c) 

 

Figure-5.  Energy accumulation graph for (a) light rain; 
(b) moderate rain; (c) heavy rain. 

 
The fitted curves in Figure-5 have a high R-

squared value, which are 0.9791, 0.9995, and 0.9992 for 
light, moderate and heavy rain respectively. The rate of 
energy accumulation is also known as power generated by 
the piezoelectric energy harvester. The power generated 
by light, moderate, and heavy rain is 0.1448 µW, 0.1731 

µW, and 0.3946 µW respectively. The increase in power 
generated when the rain intensity increases show that 
higher rain intensity will output higher power. 

In actual rainfall, the intensity and DSD of the 
rainfall is expected to vary from time to time. As a result, 
the power generated by the energy harvester is very likely 
to oscillate as the intensity and DSD vary. Therefore it is 
interesting to study the effect of the rain parameters on the 
performance of the energy harvester in order to optimize 
the design of the energy harvesting circuits.   
 
CONSLUSIONS 

Rain energy harvesting using a commercial PZT 
bimorph cantilever beam is studied in this paper under 
laboratory conditions. The developed spray-type rain 
simulator is able to generate rain with different rain 
conditions. Three rain conditions are tested in this paper, 
which are identified as light, moderate, and heavy rain, 
with rain intensity of 15.4 mm/h, 93.0 mm/h, and 189.3 
mm/h respectively. Besides this, the experiment results 
exhibit an increase in energy harvested and output power 
when the rain intensity increases. From experiment results, 
a total energy of 38.89 µJ, 52.05 µJ, and 114.68 µJ are 
obtained for light, moderate, and heavy rain respectively 
after a period of five minutes. Future extension for this 
work includes field test under real rain condition and 
optimization on the energy harvesting circuits. 
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