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ABSTRACT: In this work a novel thin-film device combining piezoelectric and contact electrification 

energy harvesting is created with the aim of investigating how it responds to water droplet impact during 

vibrations. The two energy harvesting principles utilize the same ground electrode, but the electrical signal 

outputs are independent and show entirely different electrical signal characteristics in presence of external 

forcing. While piezoelectricity gives rise to a nearly quadratic increase in harvested energy as a function 

of vibration velocity, the energy due to contact electrification reaches saturation for larger water drop 

velocities. On the other hand, when the water stream transitions from discrete droplets to a continuous 

stream the energy gathered from the piezoelectric mechanism exhibits saturation, whereas the energy due 

to contact electrification decreases. The proposed device may have applications as a self-powered 

environmental sensor that allow one to distinguish between forced oscillations and water droplet impacts. 
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1. Introduction 

Small scale energy harvesting from multiple sources of mechanical energy in the environment is gradually 

playing a more important role in a society aiming for optimal use of localized renewable energy. To date, 

several different physical principles for gathering electrical energy have been considered. Piezoelectric 

materials have been under investigation for more than two decades due to their ability of transforming the 

mechanical energy associated with impact [1] or vibrations [2,3] into electrical energy that drive self-

powered sensors [4,5] stored in supercapacitors or batteries [6]. Flow induced vibrations [7-10] as well as 

impact from water droplets [11] are both sources of mechanical energy that can be transformed into 

electrical energy. Both single [12-15] and multiple harvesting units [16,17] have been considered. The 

performance is influenced by a range of different properties, such as cantilever length [18], wetting 

properties [19] and the fluid layer thickness [20].  

While piezoelectric energy harvesting systems have been studied in detail and found to have considerable 

potential, their impact could be increased further in a combination with other types of energy harvesting. 

It has long been known that electrical charge transfer occurs when liquids come in contact with different 

surfaces [21-25]. The charge transfer efficiency depends on a range of parameters such as surface 

precharge [26], ion type and concentration [23,27-30], surface roughness [31], flow rate [32,33] and 

droplet impact parameters [32,34,35]. Contact electrification has been utilized in sensors [36-39] or for 

energy harvesting [40-47]. In particular, the liquid contact charge transfer allows for design of self-

powered sensors for level-monitoring [48], for applications in microfluidics [49,50], distress signal 

emission [51] and in optical communications [52,53]. The active elements can, in addition to water 

droplets, also be air bubbles [54] or fluid elements [55,56], and self-powered sensors for monitoring 

parameters such as ion concentration [57], liquid leakages [58], turbidity [59] and pH [60] have been 

constructed. In designing a self-powered sensor based on contact electrification, the surface composition 

[61-66], surface structure [67-72] and electrode arrangement [73-76] are of importance. Recent studies 
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have demonstrated that electrodes mounted on the front surface facing the water droplet may provide 

higher power output than back-electrodes that never come in contact with water [77-82].  

Contact electrification has recently also been suggested in combination with piezoelectricity for devices 

harvesting electrical energy from water droplets [83]. When combining energy harvesting systems in a 

single system it is important to create a design that utilizes the strengths of the individual parts [33,84,85]. 

Further development of combined water drop energy harvesting devices requires a profound 

understanding of how the piezoelectric and contact electric power contribute to the total harvested 

electrical power under different situations. For example, piezoelectricity may be used to harvest energy 

from forced oscillations of the entire device, whereas contact electrification relies on impact and 

movement of a dielectric like water across an interface. Therefore, the two energy harvesting modes react 

differently to forced oscillations and impact forces. However, no such studies reporting the combination 

of forced oscillations and impact forces on combined water droplet energy devices have been reported.  

In the current study, a device combining piezoelectricity and contact electrification is studied with the aim 

of investigating its behavior in presence of both impacting water droplets and forced fluctuations. By 

doing such a study, better insight is gained into the strengths of the two principles, for example if one in 

the future aim to employ such energy harvesting structures in environments were both wind and rain is 

present.  

   

2. Experimental setup 

The performance of piezoelectric energy harvesters depends on their geometry and position of proof mass 

[86,87]. For harvesting using water drops, it is most convenient to utilize a flexible and rectangular thin 

film such as that used in in ref. [15] is preferred. The device presented in this work was made by modifying 

a commercially available piezoelectric sensor (DT1-028K/L from Measurement Specialities) consisting 

of a 28 m thick polyvinylidene fluoride (PVDF) film with silver ink screen printed electrodes.  The 

manufacturer reports piezo strain constants of d31=23∙10-12 C/N and d33=-33∙10-12 C/N. The specific 
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piezoelectric device selected here was chosen since it is a thin, flexible film that bends upon impact and 

allows water droplets to easily roll off. Moreover, it is thin enough to allow efficient back-electrode 

coupling and corresponding charge transfer when combined with a contact electric film mounted on top 

of it.  To this end, a 50 m thick fluorinated ethylene propylene (FEP) film (DuPont) of approximately 

the same lateral dimensions as the piezoelectric sensor was glued with a very thin layer of 

polydimethylsiloxane (PDMS) onto the PVDF film. This resulted in an upper surface made of FEP known 

to provide relatively charge transfer upon contact with water [31,32].  

 

 

Figure 1. The figure shows a schematic drawing of a water droplet impinging on the combined device 

consisting of triboelectric and piezoelectric generators (a). Here RL1 and RL2 are the load resistors 

connected to the piezoelectric and triboelectric devices, respectively. The encircled latter A refers to the 

amperemeters used. A more detailed schematic drawing of the energy harvesting device is shown in b), 

while an actual picture of the device is shown in c). 
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The electrodes and the underside were also covered by a thin layer of PDMS to ensure that the entire 

device was waterproof. Next, a 0.1 mm thin film of aluminum was glued on the top of the FEP film as 

shown in fig. 1. The aluminum film was 2 mm in width and its far edge located 5 mm from the edge of 

the FEP. A thin layer of PDMS was dropped on top of the exposed wire connected to aluminum film in 

order to prevent it from getting wet during experiments. 

 

One end of the device shown in figure 1 was glued to an electromagnetic shaker (Smart Materials GmbH) 

which was vibrated at frequencies up to 8 Hz with controllable amplitude, see also ref. [42]. The other 

end of the device was free, giving a 16 mm wide and approximately 40 mm long thin-film ‘beam’ that 

could be vibrated by the electromagnetic shaker. This beam, being a thin film composite moved in a 

flapping manner. The velocity of the vibrating devices was measured using an ultrasonic sensor (Vernier) 

to an accuracy of 0.05 m/s. Water was taken from a Milipore system providing ultrapure water (18.2 

Mcm, Millipore), which upon use had a resistivity of about 1 Mcm due to contact with CO2 in the air 

as well as the walls of the plastic container. Water droplets were released from a variable height at a 

variable rate, using a dropper connected to a water reservoir, see also Refs. [31-33]. A Keithley 6514 

instrument was used to measure the electrical voltage and current. When the currents due to 

piezoelectricity and contact electrification were measured simultaneously, this was done using the 

Keithley 6514 together with a Keithley 6485 picoamperemeter as shown in figure 1 a).  
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Figure 2. The short circuit current due to contact charge transfer (a) and piezoelectricity (b) upon impact 

of a single 50 L water drop impinging from a height h=37 cm. In c) the peak current is shown as a 

function of falling height of the water drop for the contact charge transfer (circles) and the 

piezoelectricity (squares), where the blue dashed line is a fit of equation (6) to the experimental data and 

the red dashed line is a fit of equation (10) to the experimental data. 

 

Figure 2 a) and b) show the short circuit current due to piezoelectricity and contact electrification in 

absence of cantilever oscillations for a single 50 L water drop impinging from a height h=37 cm. The 

signal due to contact charge transfer exhibits a sharp increase to a peak current Ip≈1.5 A, followed by a 

return current, much in the same manner as reported and explained in Ref. [59]. The duration of the pulse 

is about 20 ms. The piezoelectric current was recorded simultaneously and exhibited a sharp increase to 

a peak current Ip≈1.5 A before decaying oscillations set in for about 100 ms. These oscillations are well-

known for other piezoelectric devices mounted on cantilevers as explained in Refs. [11-15]. Here, the 
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oscillations appear slightly irregular compared to the literature since a flexible film, not a stiff beam, act 

as the cantilever. 

 

 

Figure 3. The instantaneous electrical power as a function of time due to contact electrification (a) and 

piezoelectricity (b) with load resistance of 50 M and 2 M, respectively. Both signals have been 

recorded simultaneously for 50 L water droplets impinging from a height of h=57 cm. 

 

A load resistance RL was inserted in the electrical circuits in figure 1 a). Upon measuring the current 

through a resistor for a given load resistance, the instantaneous power can be computed as P(t)=RLI2(t). 

Figure 3 a) shows the instantaneous electrical power as a function of time due to contact electrification 

for a RL=50 M load when water droplets of volume 50 L were released from h=57 cm. It is seen that 

the peak power exceeds 20 W. The average power taken over all the pulses in figure 3 a) is about 0.1 

W. The electrical energy associated with one current pulse can be calculated by integrating over the 

power, ∫ 𝑃(𝑡)𝑑𝑡 , and is found to be of the order of 0.1 J for RL=50 M. Figure 3 b) shows the 

instantaneous electrical power as a function of time from the piezoelectric device connected to a RL=2 
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M load when water droplets of volume 50 L were released from h=57 cm. Here the peak power is 

about 1 W, and the average energy per pulse 0.01 J. 

 

3. The electrical output power depends on impact position 

A factor that very clearly distinguishes the piezoelectric and contact electric devices is the signal response 

as a function of the impact position x of the droplet. The position x is defined as zero when the rim of the 

droplet just barely comes in contact with the FEP-film of the device. For a given time-dependent current 

pulse I(t), the energy generated in the load resistor RL over a time interval T is given by 

   ET =  RL ∫ I2(t)dt
T

0
  ,   (1) 

such that the average power or energy generated per time is EX=ET/T.  

 

3.1 Contact charge power 

Figure 4 shows the energy per second calculated using equation (1) when a 50 L water droplet impacts 

from h = 5 cm and generates electrical energy through contact electrification into a 50 M load resistance 

(a) and simultaneously also generates energy through piezoelectricity into a load resistor of 2 M (b). 

These two load resistance values were selected for consistency with figure 3 and for easier visual 

comparison with data that are to be presented later in the manuscript. However, note that choosing other 

load resistances is not expected to alter the behavior as seen in figure 4. The total energy ET is taken over 

T = 12 s, during which 19 droplets impinge on the surface. It is seen that the energy per second for the 

contact electric device is zero when x=0. It increases only slightly until about x = 5 mm, after which it 

quickly reaches something that appears as saturation. This can be explained by noting that for small x the 

water droplet spreads over the FEP film without contacting the aluminum film comprising the front 

electrode. Therefore, there is only very little or negligible charge transfer due to induction in the back-
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electrode [32], and the energy transferred to the load is small. When x increases, the contact between the 

water and the front electrode is assured, and so the charge transfer increases as well. When x> 5 mm, the 

water impacts directly on top of the narrow front electrode before spreading to the FEP film. The energy 

transfer does not change as x increases further, since the transferred charge depends only on the water 

movement across the metal-dielectric barrier which for x > 5 mm remains the same.  If one imagined that 

charge transfer would initiate only when x = 5 mm, where the impact velocity across the dielectric-metal 

interface is maximum, the energy should display a sharp onset as shown in the dashed line of figure 4 a). 

Clearly, the edge of the water droplets reaches the front electrode even for much smaller x. Moreover, the 

impact and spreading behavior is not identical for every incidence. This causes the observed gradual onset 

with corresponding large fluctuations in energy per time as observed in figure 4 a). A detailed theory to 

account for these observations would require an in-depth study of the droplet hydrodynamics outside the 

scope of this work. 

 

Figure 4. Energy per second due to contact electrification into 50 M load resistance (a) and 

piezoelectricity into 2 M (b). In a) the dashed line corresponds to a ‘hard’ onset at x = 5 mm. In b) the 

dashed line corresponds to a fit of equation (2) to the experimental data. 
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3.2 Piezoelectric power 

The energy per time for the piezoelectric device shown in figure 4 b) clearly differs from that of the 

contact electric device in figure 4 a). While the latter provides a nearly constant energy when x > 5mm, 

the piezoelectric energy gradually decreases with increasing x > 5 mm. The particular geometry of the 

thin layer film system considered render a solution to this piezoelectromechanic problem complex, but a 

simple scaling relationship might provide insight. To this end, assume a small displacement y from 

equilibrium. Then the bending moment on the cantilever is given M=EId2y/dx2, where E is Youngs 

modulus and I is the section moment [88]. Assuming that the water drop applies a constant time-averaged 

force F on the cantilever a distance x from its edge, the bending moment is F(L-x+R), since the distance 

from the fixation to the water-solid interface is given by L-x and it is assumed that the force acts in the 

center of the drop. A simple scaling of the differential equation for the bending moment then suggests that 

the vertical displacement from equilibrium is =F(L-x+R)3/EI [89]. Since the generated charge due to the 

piezoelectric effect is proportional to the displacement, it is reasonable to assume that the charge is 

proportional to , and the gathered energy is proportional to 2. One should also take into account that 

when the impact position x is smaller than the drop size diameter, parts of the droplet will end outside the 

cantilever. The impact dynamics is complex, but a simple approach would be to assume that the energy 

transferred to the piezoelectric cantilever is proportional to the ratio x/xd, where xd ≈ 5 mm is the position 

where the entire droplet (of diameter about 5 mm) is over the FEP surface. The impact is assumed to be 

such that when x=0 no kinetic energy is transferred and when x = xd = 5 mm the entire kinetic energy is 

transferred to the cantilever. The total energy transferred to the load resistor can therefore be approximated 

by  

     Ex =
k

x

xd
(L − x + R)6  ,    0 < x ≤ xd

k(L − x + R)6,                    x ≥ xd

  . (2) 
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The dashed line in figure 4 b) is a fit of equation (2) to the experimental data with L+R=90 mm and 

k=2.5∙104 Jm-6. With these values, the fit is reasonable and may suggest that the model is adequate. 

However, note that the actual value of the beam length is L=40 mm, while R is about 2.3 mm, which 

would suggest that L+R=42.3 mm. Choosing this value of L+R in equation (2) predicts a faster decay for 

x > 5 mm than is observed experimentally, which may suggest that the displacement changes more slowly 

with impact position than suggested by the simple scaling argument giving =F(L-x)3/EI. This is not 

surprising, since the drop spreads to a finite area on the device and therefore does not provide a point 

force as assumed. Moreover, the aluminum front-electrode does stiffen the film in an inhomogeneous 

manner. However, further detailed modelling of the elastic problem is outside the scope of this work. 

 

 

4. Peak current versus droplet fall height 

Based on the considerations in the previous section, the droplets were released to impact at x ≈ 5 mm in 

the following experiments. Experimentally, the droplets were observed not impact in the same manner 

every time, in particular for fall heights larger than 20 cm. However, attempts were made to keep these 

fluctuations well below 1 mm to minimize uncertainty due to lateral position-induced fluctuations in 

electrical signal. It was found that the peak current Ip varies with drop impact height h in different manners 

for the two current generating mechanisms, as shown in figure 2 c). While the peak current due to contact 

charge transfer hardly increased for heights above h = 10 cm, the piezoelectric peak current continued to 

grow monotonously with drop release height which in the current experimental setup was limited to h = 

90 cm. Different mechanisms are responsible for this behavior, since the contact electric device relies on 

water spreading along the dielectric-metal surface whereas the piezoelectric device relies on impact forces 

perpendicular to these.  
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4.1 Contact charge current 

In the case of the contact charge device, the current is determined by the charge density  and surface 

area A, such that the transferred charge is q=A. The corresponding current is therefore  

I = σ
dA

dt
+ A

dσ

dt
   .                (3) 

The relative change in surface charge density is usually smaller than the change in contact area with time 

[31,32], and it is therefore reasonable to assume that I  ≈ dA/dt. If one also assumes volume conservation, 

the droplet volume is constant and approximately scaling as VD ≈ A(t)w(t), where A(t) is the cross-

sectional area and w(t) is the time-dependent the height of the droplet during impact. The change in area 

is therefore dA/dt ≈-(VD/w2)(dw/dt). If one further makes the assumption that the water drop does not 

change too much in extension and shape during impact, one may set dA/dt ≈-weff(dw/dt), where weff is a 

measure of the average extension of the drop during impact. During the first part of a regular, non-

splashing droplet impact it is observed in experimental data that the droplet radius increases roughly 

linearly with time [90]. Furthermore, one may also approximate dw/dt ≈ vfall. Assuming a constant charge 

density during impact, one may obtain a simple scaling for the peak current generated as 

|Ip| = |σ (
dA

dt
)

max
| ≈ σweffvfall  .               (4) 

Thus, the assumptions above suggest that that the current peak scales with the impact velocity. The impact 

velocity has been shown to be related to the height according to  

vfall = √
g

A
(1 − e−2Ah)  ,      (5) 

where g is the gravitational acceleration and A = 3Cdρair/8Rρdrop[91]. Here Cd=0.796, the density of air 

is air=1 kg/m3, the density of water is drop=1000 kg/m3 and the droplet radius is R=2.3 mm. The simple 

model proposed here therefore suggests that the peak current is given by  
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 |Ip| ≈ σweff√
g

A
(1 − e−2Ah)   .   (6) 

The blue dashed line in figure 2 c) shows a fit of equation (6) to the experimental data with the numerical 

values listed above and weff = 5∙10-7 C/m. If one estimates weff = 0.01 m to be the largest possible 

spreading of the droplet of impact, the surface charge density is  = 50 C/m2. The theoretical fit provides 

a reasonable overlap with the experimental data, although the resulting value of the surface charge density 

is higher than in previous publications on the same material [42]. 

 

4.2 Piezoelectric current 

It is seen from figure 2 c) that the piezoelectric peak current initially increases more slowly with droplet 

release height than the contact electric current, but the peak current increases to higher values for larger 

release heights. To understand this, one needs to first determine how the cantilever deflects upon drop 

impact. Previous research has demonstrated that the deflection  of the cantilever beam is proportional to 

the velocity of the drop vfall [89,92,93], consistent with an argument where the kinetic energy of the water 

is transformed into potential spring energy in the cantilever. Let us therefore assume that the charge qpiezo 

developed in the piezoelectric device during impact is proportional to the deflection . The droplet is 

squeezed and obtains a height b<2R, and this process takes an average time interval  

 

tdrop =
R−

b

2

vfall
 .     (7) 

 

One may now balance inertial and capillary forces, i.e. dv/dt≈/b2, where  is the water mass density and 

 is the surface tension. Since dv/dt ≈ vfall/tdrop, one can estimate  
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b = (γ/4ρvfall
2 )(√1 + 8We − 1) ,    (8) 

 

where the Weber number is We=vfall
2D/. For small Weber numbers one obtains b≈D=2R, and the 

droplet is not compressed at all. However, this contradicts observations, since the finite contact angle 

(interfacial tension), among other things, is not accounted for. If the release height is very small (the 

velocity is small), the droplet will sit on the FEP surface and quickly assume equilibrium with a static 

contact angle  ≈ 110◦, which means that b≈R. The cantilever may still bend a small amount, often enough 

for the water drop to gently slide off the FEP. If on the other hand the release height is large (the velocity 

is large), the droplet is compressed upon impact and subsequently bounces away. While experimental 

investigations have revealed a much more complex picture for droplets impacting a cantilever surface 

[89,90], the simple scaling approach used here allows for simple analytical formulas to provide insight 

into the peak current. The balancing of capillary and inertial forces using equation now results in  

 

b = (γ/4ρvfall
2 )(√1 + 8We − 1) ≈ (1/vfall)√γR/ρ  if We>>1 .  (9) 

 

The compression of the water drop increases with velocity. However, it is seen that b<<R when v>0.5 

m/s (corresponding to h > 2 cm)  since √γR/ρ ≈ 4 ∙ 10−4s/m. Thus, it is a reasonable assumption to put 

tdrop ≈ R/vfall under all circumstances considered here, which means that the peak current generated can be 

estimated to be  

 

|Ip| ≈
qpiezo

tdrop
≈ cvfall

2 = c
g

A
(1 − e−2Ah)    , (10) 
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where c is a constant. The red dashed line in figure 2 c) is a fit of equation (10) to the experimental data 

with c = 2∙10-7 Cs/m2. It is noted that a fit of the square of the velocity to the experimental data for the 

piezoelectric device is better than a fit assuming linearity between current and drop velocity, thus 

distinguishing the behavior of the piezo device from that of the contact electric device.  

 

5. The electrical current in presence of cantilever vibrations 

The investigations reported above were all based on a stationary energy harvesting device impacted by 

moving water droplets. However, in many circumstances one could imagine that the device is vibrating 

periodically. For example, a cantilever may vibrate in presence of a vibrating mechanical structure or 

flutter in presence of wind. To this end, it is therefore of interest to gain knowledge of the electrical output 

of the device under such conditions. As examples of such measurements, figure 5 shows the measured 

velocity of the vibrating device (a), the short circuit current due to contact electrification (b) as well as 

the piezoelectric short circuit current (c).  

 

Initially, the electromagnetic shaker is turned off, and 50 L water droplets impinge the device from a 

height of h = 2 cm. This results in current peaks of about 0.2 A from the contact electrification and 0.1 

A from piezoelectricity. After about 6 seconds the electromagnetic shaker is turned on, and it is seen 

that the velocity fluctuates periodically at a frequency of f = 4 Hz with peak velocity values of about 0.12 

m/s. The current due to contact electrification start to fluctuate in a manner that does not resemble the 

velocity variations, with peak values from 0.1 A to 0.3 A. On the other hand, the piezoelectric 

fluctuations in the short circuit current resemble those of the velocity fluctuations with peak values of 

about 0.4 A.  
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Figure 5. The electromagnetic shaker is turned on to vibrate at 4 Hz after about 6 seconds, and a) shows 

the variations in velocity, b) the variations in the short circuit current due to contact electrification and 

c) the variations in the short circuit current from the piezoelectric mechanism. The 50 L water droplets 

were released from a height of h = 2 cm. 

 

 

A simple model can be considered to understand the contact electric currents observed in figure 5 b). It is 

noted that the water droplets approach the vibrating cantilever with a vertical velocity  
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vdrop(t) = vfall + v(t) = vfall + v1sin(2πft)  ,  (11) 

 

where vfall is the velocity due to the fall at the moment of impact and v=v1sin(2ft) is the time-dependent 

cantilever velocity. Assuming a constant charge density and the considerations in the previous section, 

the current generated is proportional to the velocity such that  

 

Ice ≈ σ
dA

dt
≈ −σweffvfall [1 +

v(t)

vfall
] .   (12) 

 

Let Ic0(t)=-weffvfall be the current in absence of cantilever vibrations. Assume for simplicity that the 

contact electric signal consists of a sum of positive and a negative gaussian pulses displaced by t1 with 

respect to each other, and repeated at intervals t0, such that  

 

     Ic0(t) = IA ∑ e−(t−mt0)2
− IB ∑ e−(t−mt0−t1)2m=N

m=1
m=N
m=1  . (13) 

 

Comparison with figure 2 a) suggests that the two current amplitudes are related as IB=0.8IA, and that 

t1=0.02 s. While it is seen from figure 2 a) that the current pulses do not look exactly like a bi-gaussian 

pulse and a model based on equation (13) therefore cannot provide quantitative accuracy, it does provide 

a qualitative toy model which is helpful when trying to understand the temporal variations in current 

when the cantilever vibrates. For a given vibration frequency, the contact electric signal is modulated by 

a factor such that the total signal becomes 
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Ice(t) = Ic0[1 + bsin (2πft)]  ,   (14) 

 

where b = v1/vfall, i.e. the ratio between the maximum cantilever velocity and the velocity of the droplet 

in absence of vibrations. It was observed experimentally that small changes in vibration frequency would 

result in large variations in the sequence with which different peak values would occur. For example, if 

the vibration frequency of the cantilever f is a multiple of the water dropping frequency f0=1/t0, one would 

expect all the pulses to be the same with the same peak current. However, a small change in vibration 

frequency would lead to a modulation governed by the difference f=f-f0. As an example of how small 

changes in vibration frequency changes the current fluctuations drastically, figure 6 shows the contact 

electric current when f=4.15 Hz (a) and f=4.35 Hz (b) with a drop frequency of f0=1/t0=1 Hz and b=0.3. 

 

 

Figure 6. Simulation of contact charge current versus time for a drop frequency f0 = 1 Hz and cantilever 

frequency f=4.15 Hz (a) and f=4.35 Hz (b). 
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Similar considerations can be made for the piezoelectric signal, but one should remember that 

piezoelectricity generates current directly from the vibrations in addition to the droplet impact. Based on 

the discussion above, it is reasonable to assume that the current is proportional to the velocity squared,  

 

Ipe(t) ≈ cvdrop
2 + Iv = cvfall

2 [1 +
v(t)

vfall
]

2

+ Iv ,  (15) 

 

where the latter term (Iv) accounts for the current generated in absence of any water droplets. Since the 

charge generated in the piezoelectric material is proportional to the cantilever deflection , one may 

assume that Iv=pv, where p is a constant. In presence of impacting water droplets, the smallest fall height 

is h = 2 cm, corresponding to vfall ≈ 0.5 m/s, and the largest cantilever vibration velocity is v1 = 0.25 m/s. 

If one lets Ipe0= cvfall
2 and b = v1/vfall the piezoelectric signal can be written on the form 

 

Ipe(t) = Ipe0[1 + bsin(2πft)]2 + Iv  .  (16) 

 

If pv1>>cvfall
2, the droplet-independent current dominates, as is seen for t> 6 s in figure 5 c). For t < 6 s 

the fall velocity is sufficiently large that pv1<<cvfall
2. 

 

 

6. Energy harvesting versus cantilever velocity 

In energy harvesting, one is most often interested in the energy that is accumulated over time. To obtain 

a measure of this, the electrical energy delivered per second by contact electricity and piezoelectricity into 
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loads of 50 M and 2 M, respectively, was recorded as function of the peak velocity v1 when the 

droplets impacted the device at x = 5 mm. The energy per second Es, also called average power, related 

to contact electrification is shown in figure 7 a) for drop release heights h = 2 cm (red circles), h = 20 cm 

(black circles) and h = 57 cm (blue circles). The water droplets impact the FEP surface at a rate of 1.5 

drops per second, and the averaging is taken over 10-12 seconds. It is found that averaging over 3-4 

droplets normally gives stable average values that do not change with time for a given drop rate. For h = 

2 cm the electrical power increases by a factor of 5 as the peak vibration velocity changes from zero to 

0.25 m/s. For heights h > 10 cm or above, the harvested electric power appears to decrease weakly with 

increasing velocity. However, taking into account uncertainty it is seen that this decline is within the error 

bars, and one can therefore only conclude that the harvested power does not change significantly with 

cantilever velocity when h > 10 cm. According to the equation I  ≈ dA/dt the current, and therefore also 

the electrical power, depends on the change in area per time interval. For sufficiently large velocities it is 

likely that the droplet collides with the FEP surface in an irregular and splashing manner that does not 

give rise to a linear increase in dA/dt with relative droplet velocity. Instead, it appears that dA/dt remains 

nearly constant, thus giving rise to a nearly constant harvested power as well. However, at low release 

heights such as h = 2 cm, the electrical power increases with cantilever vibration velocity, and will 

therefore be analyzed more carefully in the following. 
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Figure 7. The average power due to contact electrification into 50 M load resistance (a) and 

piezoelectricity into 2 M (b) for h=2 cm (red circles and squares), h=20 cm (black circles and squares) 

and h=57 cm (blue circles and squares). In a) the dashed line is a fit of equation (22) to the experimental 

data, whereas in b) the dashed and dash-dotted lines are fits of equation (23) to the experimental data. 

 

To explain the observed behavior for h = 2 cm, one could first consider the instantaneous power given by 

P(t)=RLI2(t), or 

P(t) = RLI0
2(t)[1 + 2b sin(2πft) + b2sin2(2πft)]  .  (17) 

The energy integrated over a single pulse of time interval Tpulse is  
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E1(t) = ∫ P(t)
Tpulse

0
dt  .   (18) 

Since the duration of a pulse (Tpulse < 0.1 s) is smaller than any cantilever frequency considered in this 

work, one may assume that the pulse picks out the cantilever phase at a given moment in time and 

therefore approximate the pulse energy as 

 

E1(t) ≈ [1 + 2b sin(2πft) + b2sin2(2πft)] ∫ RLI0
2(t)dt

Tpulse

0
 . (19) 

 

The latter integral is just the energy Edrop generated by one droplet in absence of cantilever vibrations, i.e. 

 

 Edrop =  RL ∫ I0
2(t)dt

Tpulse

0
  .    (20) 

 

Clearly, E1(t) depends on the chosen phase (frequency) of the cantilever, and is as such not so interesting 

from the perspective of energy harvesting. If one takes the average over a large time T interval covering 

many pulses, the total energy becomes 

 

ET ≈
Edrop

T
∫ [1 + 2b sin(2πft) + b2sin2(2πft)]dt = Pdrop (1 +

b2

2
)

T

0
  . (21) 

 

where the average power per drop is Pdrop=Edrop/T. The average power, or energy per time interval 

extending many impacting water droplets, is given as  
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   Es(t) ≈ Pdrop(1 + ba
2)  ,    (22) 

 

where ba = b/√2. The black, dashed line in figure 7 a) shows a fit of equation (22) to the experimental 

data with Pdrop =0.031 J/s and ba=4.6v1. In each of the data points, the averaging is done over 12 seconds, 

corresponding to more than 15 droplets. If one assumes that b = v1/vfall, the fit seems to suggest that vfall 

≈ 0.2 m/s, which is smaller than the actual velocity that droplets had upon impact. It should however be 

pointed out that the uncertainty in velocity measurement data in figure 7 a) are large due to the limited 

precision of the available ultrasonic measurement system.  

The average energy per time is shown in figure 7 b) for the piezoelectric signal for drop release heights h 

= 2 cm (red squares), h = 20 cm (black squares) and h = 57 cm (blue squares).  When f=0 Hz, it is observed 

that the energy per time increases with release height. It is also observed that the energy increases with 

cantilever vibration velocity v for all release heights. If one linearizes equation (16), one may to the 

simplest approximation obtain  

 

     Es(t) ≈ Pdrop(1 + g∗v2)  ,    (23) 

 

where Pdrop is the average power per drop in absence of vibrations and g* is a fitting constant. It is ensured 

that the expression for Es versus velocity is on the same form as in equation (22) as long as the linear term 

due to Iv in the latter dominates the contribution from the vibrating cantilever. The dashed line of figure 

7 b) is a fit of this equation to the experimental data with Es0=0.83 nJ/s and g*=800 s2/m2, and the dash-

dotted line is a fit with Es0=0.018 J/s and g*=38 s2/m2. In both cases it is seen without doubt that Es is 

not linear in velocity and that it is increasing in a fashion that depends on both the vibration velocity and 

drop release height.  
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7. Average power versus load resistance 

From the data of power versus time in figure 3, one can extract the average power Es for different load 

resistances. The power data such as those in figure 3 were gathered for about 10 s for 50 L water droplets 

impinging at a rate of about 1.5 drop per second. Examples of the average power as a function of load 

resistance is shown as red circles for contact electrification in figure 8 a) and as red squares for the 

piezoelectricity in figure 8 b).  

 

Figure 8. The average power due to contact charge transfer (a) and piezoelectricity (b) as a function of 

load resistance for f=0 Hz cm (red circles and squares), f=4 Hz (black circles and squares) and f=8 Hz 

(blue circles and squares). The 50 L water drops were released from a height of h=10 cm. The dashed 

red line in a) is a fit of equation (25) to the experimental data. The dashed lines in b) are fits of equation 

(25) to the experimental data for the different vibration frequencies. See text for details. 
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The average electrical power though the load resistors was also measured for vibration frequencies f = 4 

Hz (black circles and squares) and f = 8 Hz (blue circles and squares), corresponding to peak vibration 

velocities of 0.12 m/s and 0.25 m/s, respectively.  

For the contact electrification, a maximum average electrical power transfer of about 0.1 W is achieved 

for a load resistance of about 100 M at this particular volume rate. However, it should also be pointed 

out that the average electrical power does not change much when altering the power between 50 M and 

200 M. It is seen from figure 8 a) that the average power due to contact electrification does not depend, 

to within the uncertainty, on the vibration velocities or frequencies considered here. The reason for this is 

that the water drops are falling from a height at h = 10 cm, for which the contact charge transfer has 

already reached a stagnation as also corroborated by the data in figures 2 c) and 7 a).  

 

The data for the average power versus load resistance in figure 8 a) can be modelled by noting that the 

current through the load is  

 

       It =
f(t)U0

RL+Ri
  ,     (24) 

 

where U0 is the voltage in absence of load, Ri is the internal resistance of the triboelectric generator and 

f(t) is a time-dependent function that resembles the current of figure 2 and therefore determines the pulse 

shape of the current. The time-averaged power is given by 

 

  Es = RL [
U0

∗

(RL+Ri)
]

2

  ,  Uo
∗ = (U0/T) ∫ f 2(t)dt

T

0
       .    (25) 
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A fit of this equation with U0
*=7.5 V and Ri=130 M is shown as a red, dashed line in figure 8 a). Note 

that the overlap between the experimental data and the theoretical expression is acceptable to within the 

uncertainty, suggesting that the functional dependency is correctly modelled. However, it should also be 

pointed out that although U0
* is an effective voltage that depends on the current pulse-shape, it is in most 

cases approximately equal to the open circuit voltage. 

 

The measured average power as a function of load resistance for the piezoelectric signal is shown in figure 

8 b) for f = 0 Hz cm (red squares), f = 4 Hz (black squares) and f = 8 Hz (blue squares). Figure 8 b) clearly 

demonstrates that the average electrical power increases significantly when the vibration frequency (and 

velocity) is increased, from a maximum of 0.01 W at f = 0 Hz to 0.06 W at f = 8 Hz. In a similar manner 

as for the contact charge transfer, the average piezoelectric power can be modelled using equation (25).  

The red-dashed line fits the data for f = 0 Hz with U0
*=0.36 V and Ri=5 M, the black-dashed line fits 

the data for f = 4 Hz with U0
*=0.45 V and Ri=5 M, while the blue-dashed line fits the data for f = 8 Hz 

with U0
*=0.68 V and Ri=2 M. In all cases the fit is acceptable taking into account uncertainty. It is also 

noted that the internal resistance decreases from 5 M to 2 M as the frequency increases from 4 Hz to 

8 Hz. The uncertainty is rather large for load resistances between 5 M and 2 M where the average 

power peaks are found, and the average electrical power does not change much in this region. This justifies 

the use of a load resistance of 2 M when finding Es in the previous sections. It should also be pointed 

out that the fitted curves in figure 8 are useful for demonstrating that both the charge generating 

mechanisms can be well modelled as electric generators with resistive internal loads, and for determining 

the load that allows extraction of most average power. 
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8. Energy output versus water flow rate 

The amount of electrical energy deposited in the load resistor was found to depend on the volume rate of 

the water droplets, as shown in figure 9. Here it should be mentioned that volume rate corresponds to 

dropping frequency. For reference, note that one droplet has volume 50 L, which means that a droplet 

frequency of one droplet per second corresponds to a volume rate of 0.05 mL/s.  

 

Figure 9. Average power for the contact charge transfer into 50 M load resistance (a) and piezoelectric 

generator into 2 M (b) for f=0 Hz cm (red circles and squares), f=4 Hz (black circles and squares) and 

f=8 Hz (blue circles and squares). The water was released from a height of h=5 cm. 

 

In figure 9 a), the red circles the energy per second due to contact charge transfer with a 50 M load 

resistance is visualized for volume rates up to 2 mL/s, which is the maximum of the current setup. The 

water was released from a height of h=5 cm. It is seen that the electrical energy increases linearly with 
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volume flow rate up to about 0.7 mL/s, above which a continuous flow sets in such that the water does 

not break up into droplets. At 2 mL/s the energy has decreased significantly.  

The decrease in energy above the transition to a continuously flowing film can be explained as due to the 

lack of discontinuous surface needed to transfer charge, as was also noted in Refs. [32,33]. This 

observation agrees with the conclusions of refs. [32,33], and is found to have rather general validity for 

various type of triboelectric generators based on either front or back-type electrode. The black and blue 

circles in figure 9 a) is the energy per time interval obtained when the electromagnetic shaker is set into 

oscillations at 4 Hz and 8 Hz, respectively. It is seen that the energy transferred to the 50 M load 

increases slightly when using 8 Hz oscillations corresponding to peak velocities of 0.25 m/s. However, 

the increase in transferred energy is small since h= 5 cm corresponds to a height were the currents starts 

to flat out as seen in figure 2 c). 

 

The red squares in figure 9 b) show the energy per time interval from the piezoelectric signal into a load 

resistor of 2 M for a water release height of h= 5 cm as the volume rate is varied. The black squares 

correspond to f=4 Hz (with peak velocity 0.12 m/s) and the blue squares to f=8 Hz (corresponding to peak 

velocity 0.25 m/s). It is seen that in all cases, the energy delivered to the load reaches a maximum (to 

within the uncertainty) once a continuous flow of water is obtained above 0.7 mL/s. Thus, the output of 

the piezoelectric device does not drastically reduce its performance above this continuous flow transition. 

On the other hand, it is seen that the energy delivered increases drastically when the cantilever oscillations 

are initiated, with a fivefold increase in power following a doubling in peak velocity.  

 

The main qualitative results related to harvestable electrical power found in this work are summarized in 

table 1. These factors should be considered when optimizing the design of combined energy harvesting 

systems for use with both forced oscillations due to e.g. wind as well as impacts dues to water droplets. 
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Average power depends on Contact electricity Piezoelectricity 

Impact position Depends on impact position Depends on impact position 

Impact velocity (v) Increases with v2 at small 

velocities, saturates at larger 

velocities 

Increases with v2 

Volume rate Increases strongly with volume 

rate until a continuous water film 

form 

Increases weakly with volume 

rate 

Table 1. Qualitative summary of main findings in this work. 

 

 

9. Conclusion 

The aim of this work was to investigate how an energy harvesting unit utilizing both contact charge 

transfer and the piezoelectric effect simultaneously would behave when exposed to both vibrations as well 

as impact forces due to falling water droplets. It was found that the contact charge transfer and 

piezoelectric signals were rather different, although they exhibited similar energy versus velocity 

signature for small water droplet impact heights. The impact position of the water droplet played a role in 

the energy harvesting and had to be optimized. Both the contact charge and piezoelectric generators could 

be modelled exhibiting resistive internal loads thus featuring an external load corresponding to optimal 

power output.  

 

The proposed device may have applications as small-scale water droplet impact energy harvesters exposed 

to fluctuations due to wind or vibrating infrastructure. For example, one could imagine placing a large 
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field of such devices in a location where the wind forces them into sinusoidal oscillations while water 

droplets from rain are hammering down. As shown in this work, under ideal conditions there may be a 

contribution from both the wind and rain to the harvested energy. However, this requires that the water 

droplets impact on the active area perpendicular to oscillations. Currently, the optimal position for water 

droplet impact is narrow, but one could imagine increasing it using a front-electrode composed of a thin 

metallic wire that extends in a serpent formation across the hydrophobic polymer surface.  

 

Due to the small amount of energy harvested by such a small device, it is most likely to have applications 

for powering small sensors. To this end, one could also imagine it for use as self-powered environmental 

sensors that allow one to distinguish between local wind guests and water droplet impacts. However, such 

applications would require more testing of the device under conditions were the water droplets and wind 

comes from more than a single direction. Dual beams [94], twisted piezoelectric beams [95] and optimized 

tilted bluff bodies [96] have been developed to improve energy harvesting from multiple directions. Future 

work could try to combine such approaches with a contact electricity device also designed for multiple 

impact directions. Another direction would be to improve the energy harvesting capabilities by 

introducing water collection mechanisms as those discussed in Refs. [78,97].  
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