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ABSTRACT 
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Water Droplet Impact Energy Harvesting with Lead-free Piezoelectric 

Structures 

 

Samuel Christopher Jack Jellard 

 

Harvesting energy from ambient environmental sources using piezoelectric 
transducers has seen a tremendous amount of interest from the scientific community 
in recent times. The practicality of energy scavenging technology looks set to see 
continued relevance, with decreasing power demands of electrical systems, such as 
Wireless Sensor Networks (WSN), allowing such technology to progressively act as 
an energy source to drive and sustain them independently. It has been demonstrated 
that falling water droplets of millimetric-scale diameter can impart forces of over a 
thousand times their resting weight upon surface impact, representing an exciting 
opportunity for further investigation regarding kinetic to electrical energy harvesting. 
Piezoelectric materials are known to generate electrical energy through applied 
mechanical strain, and as such are ideally suited for such an application due to their 
inherently strong electromechanical coupling effect.  
 
The key research aim of this work is to analyse the parameters influencing the energy 
transfer efficiency of droplet impact harvesting, using this knowledge to produce 
piezoelectric structures that encourage efficient energy transfer from the mechanical 
energy of water droplet impact into electrical energy. It was found that careful 
consideration of both transducer bending stiffness and resonant frequency is required. 
Fabricated P(VDF-TrFE) on stainless steel foil cantilever beams produced a peak 
energy output of 28 nJ, from the impact of a 5.5 mm diameter droplet at the beam 
end, when the transducer bending stiffness was within the range of 0.067 to 0.134 
N/m. Energy output was further increased when the beam resonant frequency was 
close to/at the droplet impact frequency. Whilst this result is intuitive, it has been 
reliably demonstrated that droplet-surface interactions are not trivial, being proposed 
elsewhere that energy transfer efficiency is more dependent on the relation between 
the beam resonant frequency and the natural vibration frequency of the impacting 
droplet.  
 
Furthermore, an expansive finite element analysis of ideal geometries for droplet 
impact energy harvesting highlighted the desirable mechanical characteristics of 
spiral shapes, with double-armed Archimedean spiral transducers composed of 
P(VDF-TrFE) deposited onto copper foil investigated. In order to drive the spiral 
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transducers efficiently, a tiered tank system is presented which passively controls the 
diameter and impact frequency of dispensed droplets from a stored water volume. A 
total peak output power of 58.9 µW is achieved by a single spiral transducer arm 
driven by 1 litre of water dispensed as droplets, relating to a power density of 16 
mW/cm#. This power output demonstrates how an array of stacked harvesters could 
produce a theoretical output power of 0.33 mW for every litre of water which 
descends through the guttering of a two storey building (estimated 5.7 m vertical 
height). With a suitable energy accumulation and management system, it is feasible 
to use this for powering applications such as low-power sensor systems. 
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Nomenclature  
 
 
General Notation 
 

 Symbol Value / Unit  Description 
   
𝛾./, 𝛾1/ , 𝛾1. 	
 

N/m Water surface tensions / Interface surface 
tension, with subscript notation depicting 
interface between solid (s) and liquid (l) and air 
(a) phases 
 

𝛿 m Displacement 

𝜀5  F/m Permittivity at constant stress 

𝜇  
 

8.90 × 109: Pa.s at 
approximately 25 °C 
[1] 
 

Water dynamic viscosity 

𝜌, 𝜌.<=, 𝜌>.?@= 
 

1.225kg/m#(air), 
1000 kg/m#(water) 
 

Density, air density, water density  

𝜎  
 

72 mN/m at 
approximately 25 °C 
[2] 
 

Water surface tension 

A  
 

mE Area/ Cross-sectional area  

𝐶G   
 

0.47 for a sphere, 
dimensionless  
 

Drag coefficient  

𝑑<I C/N Piezoelectric charge constant at 𝑖 – polarisation 
and 𝑗 – stress applied direction  
 

𝑑<I?  C/N Inverse piezoelectric charge constant at 𝑖 – 
polarisation and 𝑗 – stress applied direction  
 

𝐷  
 

C/mE Electrical displacement, or charge density 

𝐸  N/C Electric field 
 

F, 𝐹@O?    
 

N Force / Impact Force, externally applied force 

𝐹.<=_G=.Q	 
 

N Resistive force exerted by air pressure 

𝑓R  
 

Hz Beam resonant frequency  

𝐹S  
 

N Maximum impact force estimate of falling 
water droplet 

𝐹>@<QT?	  
 

N Gravitational force exerted on the droplet 

g 9.81	m/sE Acceleration due to gravity 
 

h m Height  
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I m: 

 
Second moment of area  

𝑘R  
 

N/m Beam bending stiffness  

𝐿 m Length 
 

LS  
 

m Original length of the object 

∆L  
 

m Change in object length  

𝑚 kg Mass 
 

Oh Dimensionless Ohnesorge number  
 

𝑟  
 

m Radius 

𝑅_.`<//.=a 	
 

m Radius of the capillary, or syringe tip opening 

𝑅G=b`/@?   m Water droplet radius 
 

𝑟S m Initial distance 

𝑟c m Final distance 

Re Dimensionless Reynolds Number  

sd mE/N Material compliance under a zero or constant 
electrical field 
 

𝑆  
 

Dimensionless Mechanical strain 

𝑡 m Thickness  

𝑇 Pa Mechanical stress  

𝑢  m/s Flow speed 

𝑣 m/s Velocity 

𝑣S m/s Initial velocity 

𝑣c m/s Final velocity / Impact velocity 
 

𝑉  
 

m# Rain droplet volume 

𝑤  m Width 
 

We  Dimensionless  Weber Number  
 

𝑌  
 

Pa Young's modulus 

 
 
Beam, Curved Beam and Spiral Parameter Notation 
 

 Symbol Value / Unit  Description 
   
𝛽  rad Twist angle 
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𝜃 rad Polar angle  

 
Φ  Nm Twisting moment 

 
a Dimensionless Real number constant dictating spiral turns 

 
b Dimensionless Real number constant dictating the distance 

between successive spiral turns 
  

𝐸𝐼O   N/m Curved beam bending stiffness 
 

𝐺𝐽  N/m Curved beam torsional stiffness 
 

𝑖  kg ∙ mE Mass moment of inertia per unit length of the 
curved beam 
 

𝑘R  N/m Bending stiffness 
 

𝐿G@c   m Out of plane deflection 
 

𝑀O  Nm Curved beam bending moment 
  

𝑀v   Pa Curved beam twist torque 
 

𝑛 Dimensionless Real number constant which determines how 
tightly a spiral is wrapped around the centre 
point.  
 

𝑅 m Radius of curved beam   
 

𝑠  Dimensionless Position coordinate along the arc 

 

Tiered Tank Droplet Dispenser Notation 
 

 Symbol Value / Unit  Description 
   
𝐴.`@=?z=@  mE Area of the tank bottom aperture 

 
𝐶_b{?=._?<b{   Value of 0.62 for 

sharp-edged apertures, 
Dimensionless 
 

Contraction coefficient, which is a 
measure of the outlet aperture sharpness  

𝐶G<1_T.=Q@   Dimensionless Discharge coefficient 
 

𝐶|  Value of 0.97 for 
water, Dimensionless 
 

Velocity coefficient 

𝑣bz?/@?	  Dimensionless Outlet velocity 
 

𝑉c/b> m#/s Water volume flow  
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 Introduction 
 

 

 “If you want to find the secrets of the universe, think in terms of 

energy, frequency and vibration.” 

― Nikola Tesla 

 

The overall aim of this research is to investigate the usage of piezoelectric transducers 

for converting the kinetic impact energy of falling water droplets into useful electrical 

energy, as efficiently as possible. With this in mind, the associated objectives of this 

aim are as follows: 

 

1. Identify the key mechanical parameters which influence the efficiency of 

energy conversion between the impact droplet and the energy harvesting 

transducer  

 

2. Investigate how varying the geometry of the energy harvesting transducer 

influences the energy transfer efficiency  

 

3. Analyse the most ideal method of capturing a high number of droplet impacts 

in order to produce a useful device energy output  

 

In this introductory chapter, the motivation behind the research problem tackled here 

is presented, along with the key research contributions made to the field.  

 

1.1 Rainfall Energy Harvesting  

“Energy” is derived from the Ancient Greek word “energia”, which is literally 

translated as “activity” or “operation”. This term likely first appeared in the works of 

Aristotle, and at the time was a broad, philosophical concept, differing from the 

scientific term that we recognise today. 
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It is likely that not even Aristotle could comprehend the context of which this term 

would come to be used - energy surrounds us at all times, sustaining us and driving 

our civilization forward. Chemical energy allows our crops to grow, electrical energy 

powers our cities – at a greater scale, our planet’s climate and eco-system are directly 

influenced by the radiant energy received from the sun, in addition to the geothermal 

energy contained within the earth’s mantle. 

 

Unsurprisingly, the study of energy transfer forms a significant portion of human 

scientific endeavour, spanning a rich and diverse number of areas. A relatively new 

area of energy research regards the harvesting of ambient energy sources. The allure 

of capturing or “scavenging” energy from sources present in nature is captivating. 

Solar energy, for example, has fostered dramatic research growth in recent times, 

evolving from a $86 billion industry in 2015, to a projected industry of $422 billion 

by 2022 [3]. The capture of solar energy is an important source of renewable energy, 

and looks set to play a significant part in meeting energy demands of the future    

 

The fascination of energy harvesting is arguably related to the diversity of transfer 

mechanisms which can be explored. At a high energy output level, solar, wind and 

tidal power sources can be harvested through a variety of photovoltaic and mechanical 

methods. These mechanisms have been the subject of intensive research for many 

years, and have seen staggering development in energy transfer efficiency.  

 

The opportunities for development of systems targeting lower energy output sources 

is no less diverse. With a focus on systems which output electrical energy, research 

has produced: 

 

• Thermoelectric devices, which utilise a thermal gradient between two 

dissimilar conductors to produce electrical energy [4] 

 

• Electrostatic energy harvesting devices, which produce electrical energy 

through the changing capacitance of vibration-dependent capacitors [5] 

 

• Triboelectric Generators, which exploit contact electrification in order to 

produce electrical output [6] 
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• Pyroelectric devices, which convert a temperature change into electrical 

energy [7] 

  

• Metamaterial devices, which can convert microwave signals into electrical 

energy [8] 

 

• Piezoelectric devices, which convert induced physical stress into electrical 

energy [9] 

 

 It has been demonstrated that falling water droplets can impart forces of over a 

thousand times their resting weight upon impact with solid objects [10]. Tropical 

countries such as Colombia, Papua New Guinea and Malaysia experience heavy 

rainfall throughout the year, with total annual rainfall amounts in the region of 3,000 

mm [11].  

 

Such deluges of large droplets impart notable impact forces upon natural and man-

made structures, representing an exciting opportunity for further investigation into 

potential uses of this energy, such as smart city sensor technologies. Previous studies 

in this field [9–22] are built upon in this research by investigating and demonstrating 

novel transducer geometries, namely double-armed Archimedean spirals, and 

passively controlled droplet dispensing tank systems. The key advantages of such a 

device in comparison to existing energy harvesting technologies include:  

 

Area Efficiency and Harvester “Stack-ability”: Although currently incomparable 

in terms of power output, in order to harvest the available solar energy across a 1 mE 

area, by logic a solar panel must have an active surface area of at least 1 mE. 

Conversely, it is not necessary to have a droplet harvester element surface area of 1 

mE area in order to harvest the equivalent energy; surface run-off from the roof areas 

of large commercial buildings could be funnelled towards a single harvester device. 

This idea is illustrated in Figure 1.  
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Figure 1 Diagram to describe potential harvester positioning to increase output power  

 

Furthermore, droplet harvesting arrays do not require a “direct-line of sight” to the 

energy source, and as such can be stacked on top of each other. This allows for droplet 

impact events to be “recycled” throughout the device, thus increasing power 

generation efficiency whilst not increasing horizontal space requirements. Moreover, 

water can be guided from a source before being allowed to fall a certain distance in 

order to generate kinetic energy once more.  

 

A brief example to outline the potential implementation of this effect:  

 

• Assuming the value of 8 m/s as terminal velocity speed [24], we can estimate 

that if harvesting array elements are placed a minimum vertical distance of 

3.26 metres apart, cascading droplets can accelerate to terminal velocity 

before a successive impact (assuming they fall from rest and neglecting any 

external forces).  

 

• This estimation is made using the simplified Equation 1, where 𝑣c is the final 

velocity, 𝑣S is the initial velocity, 𝑔 is the acceleration due to gravity (9.81 

m/s), and (𝑟 − 𝑟S) is the distance travelled by the droplet throughout its fall.  

This equation applies to a particle moving linearly in a straight line with 

constant acceleration [25]. 

 

𝑣cE = 𝑣SE + 2𝑔(𝑟c − 𝑟S) 

Equation 1 
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Placement: Many areas which are not currently targeted for energy scavenging can 

be exploited with successful development of a droplet harvesting technology. For 

example, pipelines, internal water management and gutter systems/plumbing 

networks can, with appropriate device tailoring,  present  useful energy sources. 

 
Figure 2 Diagram displaying water source guidance and stacked harvester array approach  

 

Consistent energy transfer efficiency despite sporadic excitation: Whilst classical 

bladed turbine systems are inappropriate at cm3 scales and below, due to surface 

forces and viscosity dominating the energy transfer process over inertial forces, 

bladeless tesla turbines provide a scaled down alternative.  Tesla turbines utilise the 

boundary layer effect to create shaft rotation. Such turbines have demonstrated 36% 

peak efficiency at 2 cm3s-1 flow rate, with an unloaded peak power of  45 mW 

produced at 12 cm3s-1 flow rate [26]. However, efficient turbine operation requires a 

continuous water volume flow rate, which may not be realistic for the intended 

application of this research project [27]. Piezoelectric transducers directly harvest the 

energy of each droplet, presenting an energy-economic solution which does not suffer 

in terms of energy transfer efficiency from sporadic input stimulus.   

 

1.2 Ideal Available Power Estimations  

We may carry out some idealistic calculations to estimate the energy available from 

Rectification 
and Processing 
of Harvested 

Power 
Spacing between arrays to 

allow droplets to acclerate to 
terminal velocity between 

successive impacts 
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rainfall. If we take the city of Singapore, located in Southeast Asia, for example:  

 

• Figures from the Meteorological Service of Singapore [28] state that it rains 

on average 178 days of the year, with long-term mean annual rainfall totalling 

2331.2 mm (based on records from 1869 to 2015).   

 

 
Figure 3 Reprinted from [28] (left) graph displaying average number of rain days in Singapore from 

1982 to 2015, (right) graph showing the average amount of rainfall per month from 1982 to 2015  

 

• Singapore’s land area is estimated to be approximately 719.1 kmE, although 

as land reclamation activities continue this figure will rise [29]. If we assume 

that the average rainfall amount of 2331.2 mm (or 2.3312 m) is considered to 

have fallen per square metre, we can estimate that the total volume of rainfall 

deposited over the area of Singapore in a year is at least 1,676,366		m#.  

 

• In terms of recoverable energy, we can produce a theoretical approximation 

by considering the gravitational potential energy of this total body of water 

(assuming 1	m# of water = 1000 kg mass, therefore 1,676,366	m# equates to 

1,676,365,920 kg) by using Equation 2. 

 

Gravitational	Potential	Energy = mgh     

Equation 2 

 

• If we examine the potential energy of this body positioned in a rain cloud at a 

height of 2000 m (although tropical rain clouds can extend up to 15000 m 

above ground level [30]), we find a mean annual potential energy of 

3.3	× 10�# J, or 9.2 million kWh. Naturally there is a limit to the energy 
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calculated as the mass will reach terminal velocity during its fall to earth. 

 

To put this amount of energy into perspective, an iPhone 6 Plus reportedly takes 4.2 

kWh to keep charged for a year [31]. Therefore in a perfect situation, rainfall energy 

could keep 2.2 million iPhone 6 Plus models charged for a year. We optimistically 

assume that the energy requirements for mobile phone devices will continue to 

decrease, as advances in energy storage research continue to develop. Translating our 

estimations into the kinetic energy available, we make an assumption that this body 

of water is falling at an average speed of 8 m/s. This value represents the anticipated 

fall speed of a drop with a larger diameter than normally expected, falling through 

stagnant air conditions [24].  Using Equation 3, where KE is the kinetic energy, 𝑚  is 

mass in kg and 𝑣 is velocity, an estimated 53.6 GJ of kinetic energy is calculated to 

be available for harvesting.  

 

𝐾𝐸 =	
1
2𝑚𝑣

E 

Equation 3 

 

Naturally, due to the implausibility of covering an area the size of Singapore with 

rainfall energy harvesting devices, coupled with the impossibility of 100% energy 

conversion, the amount of potential recoverable energy is significantly less than the 

values stated here.  Furthermore, as this body of water will naturally fall as droplets, 

we must consider the corresponding effect on mechanical energy transfer. This topic 

shall be covered in greater detail within this research, in addition to investigating 

optimal methods of harvesting this energy.  

 

1.3 Thesis Structure  

The work contained within this thesis is structured as follows. Firstly, a literature 

review covering relevant aspects of droplet impact dynamics, in addition to droplet 

impact energy harvesting research carried out to date, is given in Chapter 2. Chapter 

3 briefly analyses piezoelectric materials, before outlining considerations made over 

the choice of material used to fabricate droplet energy harvesters. Henceforth, the 

subsequent chapters provide the key contributions of this research work. Chapter 4 

outlines how important the shape, or geometry, of the energy harvester is critical to 

efficient energy harvesting, providing an extensive set of simulation results outlining 
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which geometries are ideal for droplet impact energy harvesting. Chapter 5 further 

explores this concept, by investigating how the variation of bending stiffness and 

resonant frequency of piezoelectric cantilever beams affect the energy transfer 

efficiency between the impacting droplet and the energy harvester. Chapter 6 builds 

on previous simulation work, investigating a novel spiral shaped geometry in further 

detail and producing a series of experimental results outlining the benefits of such a 

design. Chapter 7 studies the implementation of a tiered tank system in order to 

control the droplets dispensed onto the spiral samples, highlighting how a previously 

random excitation method can be converted into a predictable stimulus. Finally, 

Chapter 8 concludes the work presented here, in addition to offering proposals for 

future work in this field.  

 

 
Figure 4 Illustration of thesis structure 

 

 

 

 

 

 

Chapter 8 
Conclusions

Chapter 7 
Tiered tank droplet control system 

Chapter 6 
Archimedean spiral fabrication, characterisation and testing 

Chapter 5 
Mechanical parameter variation and energy transfer efficiency  

Chapter 4
Transducer geometry investigation

Chapter 3
Material Considerations

Chapter 2 
Literature Review

Chapter 1 
Introduction

Research 
Contribution 
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1.4 Research Contribution 

This research presents novel work in the form of:  

 
1) A thorough analysis of how key transducer parameters, such as bending 

stiffness and resonant frequency, affect energy transfer efficiency between 

impacting water droplets and piezoelectric transducers.  

 

2) The simulation, characterisation, fabrication and testing of a unique impact 

energy harvesting transducer geometry – a double-armed Archimedean spiral. 

This shape demonstrates inherent design flexibility, as mechanical behaviours 

can be tailored through variation of parameters such as spiral final/initial 

radius, turn number and arm thickness. Furthermore, the inherently low 

resonant frequency and bending stiffness qualities achievable by such 

geometry designs lend themselves favourably toward water droplet energy 

harvesting applications.  

 

3) A novel tiered tank system is presented which accepts an input volume of 

water, before dispensing this water as a series of impact frequency and 

diameter controlled droplets onto optimal impact locations of the energy 

harvesting transducers. The achieved output power can be utilised to 

intermittently drive low power wireless sensor systems, such as ambient 

humidity and temperature sensors.  
 

The level of research challenge in this project is substantial, requiring competence in 

finite element modelling, transducer fabrication techniques and testing methodology. 

It is hoped that the results presented here further inspire work in the field of energy 

harvesting, presenting an additional option for ambient energy sources to be harnessed 

in order to power the vast array of electronic devices available on the market today.   

 

To conclude this chapter, the merits of water droplet impact energy harvesting are 

analysed. It is found that the kinetic energy available from droplets travelling at 

terminal velocity, such as rainfall, is significant. Furthermore, the nature of the 

excitation stimulus allows for unique harvester positioning – stacked arrays located 

in drainage columns, for example.  
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 Literature Review  

 

“In the land of splashes, what the scientist knows as Inertia and 

Surface Tension are the sculptors in liquids, and fashion from them 

delicate shapes” 

― Edgerton and Killian 

 

This chapter will cover the fundamental background literature related to the research 

problem. Given the importance of understanding both the droplet impact dynamics 

and subsequent reaction of the energy harvesting transducer, both fields will be briefly 

covered.  

 

2.1 Droplet Fluid Impact Dynamics  

 

The field of water’s interaction with surfaces, otherwise known as “wetting”, was first 

led by Thomas Young and Pierre Simon de Laplace in 1805. It was found that the 

interface of a material has a specific energy, known as the interfacial energy, which 

was found to be proportional to the number of molecules present at that interface, and 

ultimately also proportional to the surface area of this interface [32]–[35]. It is known 

that, for large bodies of water, the overall force dictating behaviour is gravity. 

However, at smaller scales, such as rain droplets, we must take surface forces into 

account. Surface forces produce surprising phenomena, such as droplets ‘sticking’ to 

an inclined surface, which seem to defy the laws of physics which constrain larger 

objects [32]. When a single droplet makes contact with an ideal, solid surface, it 

naturally spreads from a sphere to one with a flattened bottom in contact with the 

surface. This flattened bottom makes a disc of radius “l” which is referred to as the 

contact line. We can see that the liquid phase of the droplet joins the solid at an angle 

of ‘q’, known as the contact angle. It is this angle which defines the value of the disc 

radius “l” [32], in addition to parameters such as droplet radius, as illustrated in Figure 

5.  
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Figure 5 Reprinted from [32], simple diagram to illustrate contact angle between liquid and solid 

phases, with resulting bottom disc radius 

 

This contact line is where three phases of the system coexist - the solid surface, the 

liquid droplet and the gaseous atmosphere. Figure 6 shows a more detailed diagram 

of this three phase system. Consequently, the contact angle between a liquid droplet 

and a solid surface is used as a measure of the surface’s wettability [36]. A 

relationship giving the value of the contact angle is shown in Equation 4, where “𝛾” 

denotes the interface surface tension, with subscript letters “𝑠”, “𝑎” and “𝑙” signifying 

the solid, air and liquid phases accordingly [32]. 

 

𝑐𝑜𝑠𝜃 = 	
𝛾1. −	𝛾/1
𝛾/.

 

Equation 4 

 

 

Figure 6 Reprinted and edited from [37], diagram to show angles of interest in a three phase system. 
The red circle illustrates where these three phases meet, otherwise known as the “contact front”. “q 

s” is equivalent to contact angle “q” 
 

In general, a material is considered to be hydrophilic (wettable) if the angle made 

between liquid and solid is less than 90°. Conversely, if the angle is larger than 90°, 

the material is considered to be hydrophobic (non-wettable) [38]. Additionally, some 

surfaces may have contact angles of greater than 150°. These materials are described 

as superhydrophobic materials, and are very difficult , if not impossible, to wet [39]. 

There are numerous examples of both hydrophobic and hydrophilic surfaces, with 

some interesting examples demonstrated in nature. For instance, the leaves of 
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approximately 200 known plant species are considered hydrophobic [32][40]. One 

such example is the lotus flower (Nelumbo) plant species. The lotus flower has been 

shown to produce a “lotus effect”, referring to the self-cleaning properties of the plant 

that result from its natural hydrophobicity [41]. This self-cleaning effect can be a 

useful side-effect of using hydrophobic materials, particularly in outdoor device 

applications.  

 

 
Figure 7 Reprinted from [42], photograph of a leaf demonstrating surface hydrophobicity 

 

In nature, hydrophobicity is typically created due to the following three physical 

properties, composed in a hierarchical structure [32]: 

 

1) Surfaces are typically coated by a waxy epicuticle film, causing the contact 

angle of droplets to be greater than 90° and thus hydrophobic 

 

2) Such surfaces are “decorated” by micro-textures such as bumps, with scales 

commonly in the region of 10 µm 

 

3) This micro-textured surface is often accompanied by a superimposed 

secondary texturing, which is considerably smaller in size (1 µm). This 

secondary texturing is normally of different morphology, typically hair-like 

structures. 
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Figure 8 Reprinted from [43], SEM images to show micro-scale texturing naturally found in lotus 

leaves. Left side image illustrates micro-texturing, whilst right image highlights superimposed 

secondary texturing. 

 

Given the intended device application, hydrophobic coatings will be required in order 

to isolate sensitive electronic components from rain water, such as signal processing 

and storage circuitry. Excessive humidity has been found to generate leakage currents 

in piezoelectric materials, ultimately resulting in electrical breakdown through ionic 

migration [44]. There are a variety of commercial methods that are available for 

isolating materials. Figure 9 demonstrates a bio-compatible polymer, polyimide, 

being used to successfully isolate an energy harvesting device allowing organic 

materials, such as a bovine heart, to provide excitation to the device without 

contamination. [45] 

 

 
Figure 9 Reprinted from [45]. Diagram on left, captioned "A", shows an exploded diagram of the 

piezoelectric energy harvester materials. The series of three pictures to the right show the placement 
of the mechanical energy harvesters (MEH) in different areas on animal organs 

 

Whilst natural surface texturing can create hydrophobicity, it is also a highly involved 

process to reproduce artificially, requiring sophisticated synthesis and etching 

techniques. Simpler isolation methods are available in the form of hydrophobic spray 

products, which provide rapid and reliable isolation from water as long as the coating 

is not subjected to abrasion.   
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Figure 10 Left image, reprinted from [46], example of hydrophobic spray product “NeverWet”. 

Right image, reprinted from [47], depicts an Arduino Micro Board circuit in water. This circuit was 

coated by super-hydrophobic coating “NeverWet” [46], and continued to operate in a submerged 

environment  

 

These products have successfully demonstrated a high level of hydrophobicity in 

electronic devices after a straight forward application process, and will be utilised in 

initial device prototyping for this project.  

 

2.1.1 Droplet Impact Regimes   

The sheer abundance of phenomena and contributing factors associated with a droplet 

impact makes it difficult to accurately model droplet impact behaviour without 

intensive study. It is important, however, to anticipate which impact regimes may be 

experienced by the energy harvesting transducers, as this will significantly affect the 

kinetic impact energy transfer efficiency.  The type of impact depends upon many 

factors, with the droplet’s size, impact velocity, surface tension and viscosity being 

among the most critical aspects. The impact surface roughness and the contact angle 

between the drop and the surface have also been shown to contribute significantly 

[48]. We begin by considering a single droplet impact onto flat, dry solid.  

 

 
Figure 11 Reprinted from [49], illustration of a rebounding droplet impact 

There are a number of dimensionless relationships, associated with fluid mechanics, 

that can  be used to approximately predict the outcome of a droplet impact in advance.  
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Equation 5 depicts the Weber number, a dimension-less number often used in the 

analysis of fluid flows, where there is an interface between two different fluids [50]. 

In this content, 𝜌 is water density,  𝑑 is the droplet diameter and 𝑣 is the droplet speed 

upon impact.  Equation 6 gives the Reynolds number, which is formally defined as 

the ratio of inertial forces to viscous forces within a fluid, subjected to relative internal 

movement due to different fluid velocities [51].  

In other words, the Reynolds number is used to aid flow pattern prediction in different 

fluid flow situations. Thirdly, the Ohnesorge number shown in Equation 7 combines 

both the Weber and Reynolds numbers, providing an equation relating viscous forces 

to inertial and surface tension forces [52].  

𝑊𝑒 = 	
𝜌𝑑𝑣E

𝜎 	 
Equation 5 

 

𝑅𝑒 = 	
𝜌𝑑𝑣
𝜇 	 

Equation 6 
 

𝑂ℎ = 	
√𝑊𝑒
𝑅𝑒 = 	

𝜇
�𝜌𝜎𝑑

 

Equation 7 
 

For convenience, we can group the possible outcomes of a dry, rigid surface droplet 

impact into 6 different classes, illustrated in Figure 12 [82][83][89]: 

 

1) Deposition – the impacting droplet spreads on the surface at impact, 

remaining attached to the surface during the entire impact process without 

breaking up.  

 

2) Prompt Splash – when a droplet impacts upon a rough surface at an increased 

impact velocity. This scenario is characterized by the generation of droplets at 

the contact line (where solid, gas, and liquid meet) at the beginning of droplet 

spreading on the surface, when the liquid has a high outward velocity. 

 

3) Corona Splash – occurring when droplets are formed around the rim of the 

splash corona, remotely from the solid surface. This splash regime is 

characteristic of droplet impact onto liquid films.   
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4) Receding Breakup – this situation occurs on a wetting surface as the liquid 

retracts from its maximum spreading radius. During retraction, the droplet 

contact angle decreases, causing some drops to remain behind the receding 

droplet. In the case of superhydrophobic surfaces, the retracting drop can 

break up into a number of fingers, which are each capable of further breakup. 

This effect is likely due to capillary instability. Such satellite droplets have 

been observed to break off from the impacting drop both during the spreading 

and retracting phases. 

 

5) Partial Rebound – this situation occurs when a drop recedes after impact. As 

the drop recedes to the impact point due to elastic effects, the internal kinetic 

energy of the collapsing drop causes the liquid to squeeze upward, forming a 

vertical liquid column. Partial rebound occurs when the drop stays partially 

on the surface, but launches one or more drops at its top. A partial rebound 

occurs for low values of receding contact angles. 

 

6) Rebound - this situation occurs when a drop recedes after impact. As the drop 

recedes to the impact point due to elastic effects, the internal kinetic energy of 

the collapsing drop causes the liquid to squeeze upward, forming a vertical 

liquid column. The case where the entire drop leaves the solid surface, due to 

this upward motion, is known as complete rebound. A complete rebound 

occurs for high values of receding contact angle (assuming that the drop 

recedes with enough kinetic energy). 

 

The above impact scenarios are for a droplet impacting upon a dry surface, with this 

surface not necessarily being hydrophobic. For superhydrophobic surfaces, it has been 

found that droplet impact behaviour can become considerably more dynamic. For 

instance,  it has been reported that small liquid droplets can bounce off of solid, 

superhydrophobic surfaces greater than 20 times before coming to rest [55].  
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Figure 12  Reprinted from [53] Images of droplet morphology on dry surfaces for a variety of impact scenarios 
 

We can reliably predict that, in the case of droplets falling as rainfall at terminal 

velocity, splashing will occur in most instances. It has been shown that droplets which 

splash on impact may suffer from energy transfer loss, hence it is advantageous to 

prevent, or otherwise predict the limit of splashing in order to maximise energy 

transfer within the droplet harvesting system [9], [12].  

 

It has been demonstrated that splashing impacts occur at higher impact speeds on 

elastic or “softer” substrates over rigid substrates. This is due to the elasticity of the 

structure enabling kinetic-to-elastic energy conversion between the droplet and the 

harvesting structure during the early stages of droplet impact. Consequently, the 

energy typically dissipated through kinetic-to-surface energy during droplet impact is 

reduced. This produces a decrease in spreading inertia, resulting in an increased 

critical splashing speed [56]. Subsequently, it was found that droplets on the “softest” 

substrates required over 70 % more kinetic energy to splash, in comparison to the 

same impact on a rigid substrate [57]. 

 
Whilst the impact surface will not be “soft” in the conventional sense, we may emulate 

the cushioning effect of soft materials by utilising flexible transducer elements which 

bend upon impact. Supporting studies regarding droplet impacts onto elastic 

membranes found that splashing behaviour was strongly influenced by the tension of 

the membranes; reducing the tension of the membrane resulting in less splashing, 
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through conversion of a larger portion of the droplets kinetic impact energy into stored 

elastic energy [56]. An investigation into the effect of surface elasticity on droplet 

contact time with superhydrophobic substrates during impact found that [58]: 

 

1. Elastic superhydrophobic surfaces can produce a two-fold reduction in contact 

time, when compared to the equivalent rigid surfaces.  A shorter contact time 

on impact results in a greater impulse force.  

 

2. Droplet break-up occurs at higher speeds on elastic substrates than on rigid 

substrates, alluding to an agreement with previous research regarding 

substrate “softness” [57]  

 

3. For the tested range of droplet sizes before impact, droplet splashing initiated 

at higher impact speeds on fixed-fixed cantilever beams compared to 

cantilever beam substrates, due to a more efficient kinetic-to-elastic energy 

conversion as a result of the mounting condition 

 

Finally, it has been shown that the angle of the surface onto which the droplet impact 

occurs is an important parameter contributing to splashing behaviour. Experiments 

observing the impact of perfluorohexane droplets (𝐶�𝐹�:), otherwise known as “FC-

72”, onto smooth Plexiglas surfaces mounted at variable angles noted that droplet 

splashing was nearly eliminated when the Plexiglas was inclined at an angle of 45° to 

the falling droplet. However, it was noted that spreading displacement was higher in 

general [59]. Although the splashing has been suppressed with increased incline, we 

must consider the effect this may have on the momentum transfer between the droplet 

and the harvester element. Given that the force of the droplet is acting at an angle to 

the impact surface, it may prove undesirable to limit the impulse force of the droplet 

in pursuit of splash suppression.  

 

2.1.2 Ideal Impact for Optimal Energy Transfer 

 
From a design perspective, it seems unavoidable that hydrophilic surface materials 

should be neglected as a choice for the transducer element surface. Hydrophilic 

materials assure maximum contact between water and the deposition surface [60]. As 

a consequence, droplets deposited on such a surface spread to form thin water films, 
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or splash. It has been shown that the accumulation of water atop a piezoelectric energy 

harvester detrimentally affects the energy transfer efficiency [61].  

 

Conversely, it has been demonstrated that impact situations where the droplet remains 

on a piezoelectric transducer surface after impact – an effect of utilising a hydrophilic 

surface coating – generate a marginally greater energy than those with non-wettable 

surfaces, as shown in Figure 13 and Figure 14. It was reported that the beams with 

superhydrophobic coatings undergo a zero average torque over time, due to the 

impacting droplets bouncing off of the cantilevers shortly after impact. The usage of 

the phrase “torque” in this instance is questionable, given that such a term implies a 

lateral twisting motion of the beam, despite the results focusing on the displacement 

along the vertical axis. Beams with a hydrophilic surface undergo increased 

displacement due to the droplet sticking to the cantilever surface [62]. This increases 

the bending energy of the beam, increasing the amount of energy transfer between the 

impacting droplet and the piezoelectric transducer. Despite the increase in bending 

energy generated by hydrophilic materials, it is hypothesised that this effect is only 

true for the first few impacting droplets, before the transducer becomes mechanically 

over-damped.  

 

This seems logical when we observe tree leaves. Tree leaves naturally enhance their 

robustness to rainfall by their ability to shed water droplets. This is due to the leaf’s 

waxy surface layer, which renders the plant structure un-wettable. As such, during 

rain droplet impact, the torque experienced by the leaf over time is reduced in 

comparison to a wettable surface. This results in a reduced potential for damage to 

occur from raindrop impact. 
	

  
Figure 13 Reprinted from [62] (Left) graph to show the harvested electrical energy (EE) by a piezoelectric 

cantilever depending on droplet kinetic energy (KE) and whether the cantilever surface is wettable (W) or non-

wettable (NW). The two graphs on the right-hand side depict Beam-tip displacement versus time for 80 mm  and 
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140 mm long beams with beam width of 15.5 mm. The dashed line represents zero deflection. Note how wettable 

beam (top trace) is not centred around the zero deflection line due to additional droplet weight exerted at beam 

tip. 

 

 
Figure 14 Reprinted from [62], photographs of droplet impact behaviour for a wettable “W” (left side) and a 

non-wettable “NW” (right side) beam. Both beams lengths are 80mm. 
 

Furthermore, it is proposed that superhydrophobic-coated transducers encourage 

optimal energy transfer through different mechanisms:  

 

• The transfer of mass, momentum and energy is influenced by the contact time 

between the droplet and the impact surface. An increased contact time, 

resulting in an increased impact duration, reduces the impact force by 

“cushioning”. It has been demonstrated that superhydrophobic surfaces can be 

manipulated to produce a “two-fold” reduction in contact time, thus 

potentially increasing the impact impulse force through an effect referred to 

as “spring boarding” [58].  

 

• We compare the impact on a wall between two equivalent balls, one made of 

clay (perfectly inelastic) and the other of rubber (perfectly elastic). Under 

Newton’s second law, it is dictated that for a body, the rate of change of 

momentum is directly proportional to the force applied. A perfectly elastic 

collision will generate twice the impulse compared to the perfectly inelastic 

equation, if we assume that the clay ball sticks to the wall on impact, whilst 

the rubber ball rebounds away. Equation 8 and Equation 9  define this, where 

𝐽_/.a  and 𝐽=zRR@= are the kinetic energies of the clay and rubber ball 

respectively, ∆𝑝 is the change of momentum, 𝑚 is the ball mass, 𝑣� is the ball 

speed before impact and 𝑣E is the ball speed post impact. Superhydrophobic 

coatings reportedly encourage elastic droplet impact behaviour. Investigations 
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have been carried out which demonstrate that droplets which splash on impact 

(considered as inelastic impacts) suffer from energy transfer loss [12][9].  

 

𝐽_/.a = 	∆𝑝 = 𝑚𝑣E − 	𝑚𝑣� = 0 − 	𝑚𝑣� = −	𝑚𝑣� 

Equation 8 
 

𝐽=zRR@= = 	∆𝑝 = 𝑚𝑣E − 	𝑚𝑣� = −	𝑚𝑣� − 	𝑚𝑣� = −	2𝑚𝑣� 
Equation 9 

 
• Superhydrophobic materials have been reported to induce multiple bouncing 

of water droplets upon impact, depending on the Weber number of the 

impacting droplet. This highlights the potential for a single droplet to induce 

multiple impact events, increasing the energy harvesting capability of the 

device  

 

2.1.3 Controlling Droplet Impact Frequency and Force  

 
It is useful to estimate the range of impact forces we may expect from incident water 

droplets. Whether from rain fall or otherwise, droplet diameter studies argue that it is 

unlikely for a falling rain drop to be larger than 6mm in diameter. At diameters larger 

than 6mm, the air pressure encountered during falling overcomes the surface tension 

of the droplet. At this time, the typical spherical shape of the water droplet is 

deformed, eventually resulting in a rip to the droplet, before disintegration into a 

group of smaller, spherical droplets. This process can be referred to as a “pancake-

bag-break up” routine, referring to the evolving topology of the larger droplet as it 

undergoes fragmentation [63][64]. This is shown in greater detail in Figure 15.  

 

 
Figure 15 Reprinted from [128]. A series of photographic stills depicting the events of a fragmentation of a 6mm 

diameter water droplet falling in an ascending stream of air. The images clearly show the “pancake-bag-break 

up” stages of droplet fragmentation; the flattening of the droplet into a “pancake” shape, the inflation of a 

“bag-like” shape bordered by a “thicker corrugated rim”, before destabilization and fragmentation. The inset 

picture shows the destabilization of the “bag” rim. 
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By assuming that the droplet is falling at terminal velocity before impact, we can 

estimate the impact speed by equating the gravitational force and the opposing 

resistive force of air pressure imparted on the falling droplet, using a simplified 

equation of motion [65]. We assume that the droplet is falling as a sphere, and neglect 

external variables such as the influence of wind, which could either accelerate or 

decelerate droplet speed depending on its direction. In reality, it is likely that some 

deformation would occur at such a diameter [63]. We define the gravitational force 

exerted on the droplet in Equation 10, where 𝐹>@<QT?	 is the gravitational force exerted 

on the droplet, 𝑚 is the droplet mass, 𝑔 is the acceleration due to gravity, 𝜌>.?@=	is 

the water density (assumed pure water, 1000kg/m#), 𝑉 is the rain droplet volume and 

𝑟 is the rain droplet radius.   

 

𝐹>@<QT?	 = 𝑚𝑔 = 	𝜌𝑤𝑎𝑡𝑒𝑟𝑉𝑔 = 	
𝜌𝑤𝑎𝑡𝑒𝑟4𝜋𝑟

3𝑔
3  

Equation 10 

 

We further define the resistive force exerted by air pressure upon the falling droplet 

in Equation 11, where 𝐹.<=_G=.Q	 is the resistive force exerted by air pressure,  𝜌.<=  is 

the air density (1.225kg/m# at 288.15 K and 1 atmospheric pressure), 𝐴 is the cross 

sectional surface area of falling object, 𝐶G is the drag coefficient (considered as 0.47 

for a sphere and 𝑣 is the droplet’s fall velocity.   

 

𝐹.<=_G=.Q	 = 	
𝜌𝑎𝑖𝑟𝐴𝐶𝑑𝑣

2

2 =
𝜌𝑎𝑖𝑟𝜋𝑟

2𝐶𝑑𝑣2

2 	 

Equation 11 

 

Terminal velocity is achieved when the gravitational force exerted on the droplet is 

equal to the resistive force exerted by air pressure. This is calculated by equating both 

Equation 10 and Equation 11, then solving for velocity “𝑣”, as shown in Equation 12. 

 

𝜌>.?@=4𝜋𝑟#𝑔
3 =

𝜌.<=𝜋𝑟E𝐶G𝑣E

2  

 

	𝑣? = (
8𝜌>.?@=𝑟𝑔
3𝜌.<=𝐶G

)�/E 
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Equation 12 

 

With this expression for impact velocity, we may determine an estimate for the impact 

forces exerted by the anticipated droplet diameter range. In reality, when a water 

droplet impacts a solid surface it behaves as a compressible, elastic material, due to 

compressional waves that propagate throughout the body of the droplet from areas 

contacting the impact surface. These compressional waves constitute an important 

parameter in determining both the magnitude and distribution of force over the time 

of impact [66]. By accounting for this behaviour, the force vs. time graph would 

appear similar to the graph displayed in Figure 16. Furthermore, we see an example 

of a force vs. time graph for a 2.6 mm diameter droplet impacting upon a piezoelectric 

quartz impact sensor in Figure 17. In an attempt to emulate this natural effect, we can 

model impact forces as sharp, pulse loading events.  
 

 

 

Figure 16 Reprinted from [66], A measured force vs. time curve for a series of 4 droplet impacts of 

different diameters. The curve shape reflects inclusion of the compressible nature of water during 

droplet impacts and the resulting effect on force distribution and magnitude.  

 
The impact contact area of the falling droplet as a function of time is considered. 

Equation 13 describes the basic definition of pressure, with its relationship to force 

and area.  

 

𝐹𝑜𝑟𝑐𝑒	(𝑁) = 𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒	(𝑃𝑎) × 	𝐴𝑟𝑒𝑎(𝑚E) 
Equation 13 
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Figure 17 Reprinted and edited from [10], upper image series depicts the side view of a water drop of radius R 

= 1.3 mm hitting a piezoelectric quartz at V = 3 m/s. Successive images occur at a 0.5 ms time scale. Lower 

graph image displays impact force “F” as a function of time for impact measured by the piezoelectric sensor. 

The curve is not symmetrical between the beginning and the end of the collision. The maximum force F0 is 

reached after about a tenth of a millisecond. 

 

This equation can be used to produce a dynamic estimate of droplet impact force. 

Studies carried out on the impact force of rain present an equation for the estimated 

maximum impact force, considering the largest cross-section of the droplet upon 

impact, as shown in  Equation 14 [10], where 𝐹S is the maximum impact force 

estimate of falling water droplet, 𝜌 is the fluid density, 𝑟 is the droplet radius and 𝑣 is 

the droplet impact speed. 

 

𝐹S = 	𝜌𝑣E𝜋𝑟E 

Equation 14 

 

This equation demonstrates the generated impact force as a result of the dynamic 

pressure “𝜌𝑣E” being applied over the droplets centre of axis, cross-sectional surface 

area “𝜋𝑅E” [10].  

 

Table 1 displays the range of impact velocities and estimated impact forces for 

feasible droplet diameters. We see that the range of forces which an impact energy 

harvesting transducer element may experience is large, spanning potentially 8 

magnitudes. It would be impractical to attempt to  tailor energy harvesting transducers 
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to efficiently transfer impact energy for this complete droplet diameter range. As such, 

it is sensible to target droplets which present an attractive impact energy stimulus. 

Furthermore, it is shown that the frequency of droplet diameters present during a rain 

shower are not even – 1 mm diameter droplets tend to occur most frequently, as such 

it seems to feasible to target such diameters for transducer tailoring [67]. 

 
Table 1 Estimated impact velocity and force depending on water droplet diameter 

Droplet Diameter / mm Impact Velocity (Terminal 
Velocity) / m/s 

Estimated Impact Force 
/ N  

0.01 0.48 1.78× 109£ 

0.05 1.07 2.23× 109� 

0.1 1.51 1.78× 109¤ 

0.25 2.38 2.79× 109: 

0.5 3.37 2.23× 109# 

1.0 4.77 1.78× 109E 

2.0 6.74 0.143 

3.0 8.26 0.482 

4.0 9.53 1.14 

5.0 10.66 2.23 

6.0 11.68 3.85 

 

Whilst it was initially proposed to target incident rain droplets as the primary 

excitation method for energy harvesting, there are numerous issues with such an 

approach. From a logical view point, the efficiency of the rain droplet excitation 

method is sub-optimal for the following reasons: 

 

1. Harvesters exposed to the natural environment must be made durable enough 

to withstand a wide impact force range, reducing harvester sensitivity. 

Damage could otherwise be caused by higher impact force droplets, driven 

by external forces such as high winds. 

 

2. Previous studies regarding piezoelectric energy harvester performance in 

actual rain conditions note the inconsistency of energy generation, due to the 

sporadic nature of rainfall events [68] 
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3. Random, unoptimised droplet impacts upon the harvester surface will result 

in inefficient straining of the piezoelectric layer  

 
4. Whilst it is possible to estimate the most common droplet diameters likely to 

be harvested using rain fall drop size distribution (DSD) data for the energy 

harvester location, such data is not 100% accurate [67][69]. As such, tailoring 

the energy harvesting transducers to efficiently harvest droplet impact energy, 

based on estimations of impact force corresponding to droplet diameter, is 

difficult.  

 

It is therefore deemed necessary to pivot the project’s original aim of rainfall droplet 

energy harvesting, by proposing that it is more beneficial to collect incident droplets 

first, before guiding them to optimal impact locations on the harvesting transducers 

in order to achieve a maximal response from the piezoelectric elements. Whilst this 

approach may compromise on the raw kinetic energy available from a rain droplet 

travelling at terminal velocity, it is theorised that controlled dispensing of droplets 

allows for more precise tailoring of the energy harvesting elements, in order to 

encourage greater energy transfer efficiency. 

 

2.2 Existing Droplet Impact Energy Harvesters Using Piezoelectric 
Transducers 

 
Research into droplet impact energy harvesting has seen limited progress to-date, with 

the majority of investigations utilising commercially available sensors to analyse 

droplet impact mechanics. Whilst good insight has been produced from these 

analyses, using commercial sensors as the energy harvesting transducer limits the 

degree to which the transducers can be modified to efficiently harvest the droplet 

impact stimulus.  

 

A comparison of power outputs achieved by previously reported water droplet energy 

generators is given in Table 2 [17]. Investigations into water droplet impact energy 

harvesting appear to have been formally initiated by Guigon et al in 2008 , where both 

the theory and experimental work contributing to efficient mechanical energy 

harvesting using a piezoelectric PVDF membrane was outlined in a two-part study 

[9], [12]. 
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Table 2 Adapted from [17], a comparison of potential rain droplet energy generators 
Researchers Year  

published 
Piezoelectric 

material 
Impact droplet 
diameter and 

speed   

Transducer & 
dimensions 

(length/width/thickness) / 
mm 

Peak 
Instantaneous 
Output Power  

Guigon et al. 
[52] 

2008 PVDF 5 mm,  
5.7 m/s  

Fixed-fixed beam,  
(100/3/0.25) 

12.5 mW 

Alkhaddeim 
et al. [70] 

2012 PZT 0.2 mm,  
0.22 m/s  

Cantilever, (20/8/0.58) 23 µW 

Valentini et 
al. [71] 

2013 PMMA / GO 0.06 mm,  
2 m/s 

N/A 6 nW 

Viola et al. 
[72] 

2013 PVDF 5 mm,  
8 m/s  

Cantilever, (40/10/0.58)  4.5 µW 

Lee et al. 
[73] 
 

2015 PVDF <0.1 mm, 
acoustically 
vibrated 

Cantilever (73/15/0.2) 80 µW 

Wong et al. 
[74] 

2017 PZT 2.96 mm,  
2.15 m/s 

Cantilever (81/38/0.6) 3.47 µW 

 

The initial theoretical investigation illustrated how variation of the harvesting 

structure width and thickness optimises the transfer of deformation energy from the 

drop to the piezoelectric polymer, before investigating the structure conversion 

efficiency through surface contact electrode design. It was concluded that the 

piezoelectric transducer material must be very thin (µm scale), not be pre-stressed and 

be of a width slightly smaller than the maximum diameter of the impacting drop for 

efficient energy harvesting to take place. Additionally, it was considered optimal for 

the piezoelectric material to be entirely covered with conducting electrodes. 

Simulations demonstrated a theoretical energy output of 25 µJ and peak instantaneous 

power output of 12 mW from a “downpour” drop of 5 mm diameter [12].  

 
Figure 18 Reprinted from [9], diagram to represent a raindrop energy harvesting system 

 

 The corresponding experimental study, illustrated in both Figure 18 and Figure 19, 

demonstrated how mono-stretched PVDF polymer bands of 10 cm length, 3 mm 
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width and 25µm thickness demonstrated a peak power output of approximately 1 µW 

of instantaneous power from a single droplet impact. It was observed that the recovery 

of electrical energy was maximised when droplet impacts were slightly off-centre 

from the beam material. This is reported to be due to the rigidity of the material, where 

the stiffness of the material naturally varies along the beam length. For example, it 

was found that the beam stiffness is greatest in close proximity to the clamped ends, 

and less at the beam length centre. Therefore, it is proposed that the effect of applied 

force at a position of  ¥@.¦	§@{Q?T
:

 induces greater stress within the piezoelectric layer, 

compared to forces applied to the beam centre. It is noted that no hydrophobic 

encapsulation was administered to the bands, therefore the droplet impacts were 

treated as inelastic.  

 
Figure 19 Reprinted from [9], photograph of PVDF band experimental setup 

These preliminary investigations led to subsequent investigations using different 

geometries and materials. Ilyas and Swingler analysed the voltage output profiles 

produced from droplet impact upon commercially available sensors in detail,  

identifying two distinct phases in voltage and power output, illustrated in Figure 20; 

log growth at the initial impact, before exponential decay took place throughout the 

remainder of the impact event [21][75]. It was demonstrated that the log growth stage 

significantly contributes to the overall power output of the device.  
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 Figure 20 Reprinted from [75], voltage output profile of droplet impact illustrating key impact points 

The sensor used for voltage output profile measurements, a Pro-Wave (FS-2513P), 

utilised a piezoelectric polyvinylidene fluoride layer with an active volume of 

approximately 0.975 µm#. A peak instantaneous power output of 2.5 µW was 

produced from a single droplet impact, which is in-line with previous results. Whilst 

the insight provided by this research is important, it is noted that the conversion 

efficiency of such commercial sensors is in the region of 0.12 %, representing a clear 

opportunity for further improvement of energy transfer efficiency.  

A limited number of different harvester configurations have been tested. Research 

conducted by Viola et al has investigated droplet energy output with commercially 

available piezoelectric sensors, in addition to testing the harvester configurations 

illustrated in Figure 21[20], [23], [72], [76]. It was found that the cantilever structure 

achieved the best response to impacting droplets, with LDT1-028K MEAS 

piezoelectric sensors producing 17 V output from droplets dispensed from a height of 

2 m. The active dimensions of the sensor PVDF film used are length 30 mm, width 

12.19 mm, thickness 0.028 mm.  The performance of various rectification circuits was 

also investigated, with voltage outputs at each stage shown in Figure 22, highlighting 

how the useful power output available from droplet impact energy harvesting is 

significantly lower than expected.  
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Figure 21 Reprinted from [23], upper row of diagrams illustrating (left to right) piezoelectric cantilever beam, 
bridge and floating circle energy harvesting structures. Lower row of images represents corresponding 

experimental setup of these configurations using MEAS LTD PVDF sensors 

 
Figure 22 Reprinted from [23], voltage output across 10 kW load resistor produced by a single water droplet 

impact upon a  LDT1-028K MEAS piezoelectric sensor in cantilever configuration. The voltage output for the 

instances of no rectifying circuit, full bridge rectifier, Greinacher voltage doubler, Cockcroft Walton Cascade 

Voltage Doubler (CWCVD) and Karthaus Fisher Cascade Voltage Doubler (KFCVD) rectifying circuits are 

compared. 

 
The performance of piezoelectric energy harvesters in both simulated and actual 

rainfall was evaluated by Wong et al [68], [77]. A spray-type rain simulator was used 

to dispense a range of droplet diameters from a height of 2.5 m onto a PZT 

piezoelectric beam, with a schematic of the beam composition given in Figure 23. In 

this case, a Midé Volture©ª commercial piezoelectric sensor ( model V25W) was 

used for measurements, composed of two PZT layers of 46 mm length, 33 mm width 

and 0.6 mm overall sensor thickness [78]. The PZT layers were connected in series 

across a 15 kW load resistor.  The simulated rain rates, droplet diameter distribution 

mean and power outputs generated are displayed in Table 3.  
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Figure 23 Reprinted from [76], layer composition of the Midé Volture commercial piezoelectric sensor PZT 

piezoelectric beam used 
 

 

 

 
Table 3 Simulated rainfall experiment settings and results  

 

Results from field testing of the commercial sensor in three different rainfall events 

of duration 250, 204 and 301 minutes produced total harvested energies of 155.6 µJ, 

438.9 µJ and 2076 µJ respectively. The significantly long time scale required to 

capture these energies highlights the inefficiency of attempting to harvest energy 

directly from rainfall droplet impacts.  

To conclude this chapter, it is clear that the interaction of an impacting water droplet 

with a solid surface is non-trivial. A wide variety of factors influence the impact 

dynamics, ranging from droplet diameter and impact speed, to the transducer 

elasticity and surface wettability . There is sizeable opportunity for the following key 

developments to be made in the field :  

• Further investigation into energy outputs from harvesters encapsulated in 

hydrophobic surface treatment  

 

Simulated 
Rainfall Setting   

Rainfall rate / mm/h  Droplet diameter 
distribution mean / mm 

 

Total accumulated 
power from 300 

second study duration 
/ µW 

1 33 0.77 0.074 

2 40 0.81 0.156 

3 62 0.80 0.167 

4 99 0.73 0.207 
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• Investigation of tailor-made piezoelectric transducers, not commercially 

available sensors, which can be tuned with greater accuracy to increase droplet 

impact energy transfer efficiency  

 
• Variation of both the geometry and materials used for developing impact 

energy harvesting transducers  
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  Material Selection  
 

“Never memorise something that you can look up.”  

― Albert Einstein 

 

The harvesting of droplet impact energy requires high mechanical sensitivity in order 

to harvest impact energy efficiently. In this chapter, the merits of utilising 

piezoelectric materials as the transducer medium are analysed; such as the strong 

electromechanical coupling properties, favourable power density scaling, robustness 

and design flexibility. 

 

3.1  Introduction to Piezoelectricity 

The electromechanical phenomenon of piezoelectricity 

has both intrigued and perplexed researchers since its 

reported discovery by two scientists, Carl Linnaeus and 

Franz Aepinus, during the mid 18th century. These 

scientists discovered the Pyroelectric effect, and it was 

through this work that subsequent theories predicted the 

discovery of Piezoelectricity [79]. Later, Pierre and 

Jacques Curie proved that in known piezoelectric 

materials, such as quartz or Rochelle salt crystals, 

suitable compression of the materials caused a 

mechanical strain, which resulted in the generation of 

an electrical potential across the material [79][80].  

 

In 1881, a mathematician named Gabriel Lippman theorised that there should be a 

converse piezoelectric effect, which was soon experimentally proved by the Curie 

brothers as the “inverse piezoelectric effect” [79][81].  

 

Today, we formally define the piezoelectric effect as the linear, electromechanical 

interaction between the mechanical and the electrical state in crystalline materials 

with no inversion symmetry [82]. A surprisingly large range of both natural and 

synthetic materials exhibit some form of piezoelectricity. For example, collagen 

Figure 24 Reprinted from [84], side-view 
representation of the electrostatic 

potential of a single M13-phage pVIII 
coat protein. 
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fibrils found in dried bone samples were shown to exhibit piezoelectric properties 

[83]. Additionally, viral proteins have been demonstrated to possess piezoelectric 

qualities, such that a piezoelectric energy generator based upon M13 bacteriophage 

was used to operate a small liquid crystal display [84].  

 

The fundamental relationships used to describe the piezoelectric effect are shown in 

Equation 15 and Equation 16, which describe the inverse and direct piezoelectric 

effect respectively [85][86]. Such coupled equations are used to describe both the 

mechanical and electrical properties that contribute to the piezoelectric effect, where 

𝑆 is the imposed mechanical strain, 𝑠«  is the material compliance under a zero or 

constant electrical field, 𝑇 is mechanical stress, 𝑑<I? 	is the inverse piezoelectric effect 

described in transposed matrix notation,  𝐸 is the electric field, 𝐷 is the electrical 

displacement, or charge density,  𝑑<I is the direct piezoelectric effect described in 

matrix notation and 𝜀5	is the dielectric permittivity under a zero or constant stress.  

 

{𝑆} = [𝑠«] ∙ {𝑇} + [𝑑𝑖𝑗𝑡 ] ∙ {𝐸} 

Equation 15 

 

{𝐷} = °𝑑𝑖𝑗± ∙ {𝑇} + [𝜀5] ∙ {𝐸} 

Equation 16 

 

If we omit the coupling term “𝑑? ∙ 𝐸” from Equation 15, we are left with Hooke’s law 

for relating stress and strain. Similarly, if we omit the “𝑑 ∙ 𝑇” term from Equation 16 

we are left with the dielectric equation [86].  

 

The properties of a piezoelectric material are typically anisotropic – they are 

directionally dependent. Directionality of these properties is described using a 

Cartesian coordinate system, with Figure 25 illustrating this. Of the associated 

coefficients used to describe piezoelectric material behaviour, this study is 

particularly interested in [87]: 

 

• The piezoelectric charge constant, or “d” coefficients. This coefficient relates 

the generated charge density to the applied mechanical stress applied to the 

piezoelectric material, or conversely the developed strain in a piezoelectric 

material caused by an applied field. 
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• The piezoelectric voltage constant, or “g” coefficients. This coefficient relates 

to the electric field generated by a piezoelectric material depending on the 

applied mechanical stress, or conversely the mechanical strain experienced by 

the piezoelectric material per unit of applied electrical displacement.   

 

• The electromechanical coupling factor, labelled as “k”, which is used to 

quantify the effectiveness of a piezoelectric material’s ability to convert 

mechanical energy to electric energy, or vice versa. The dimensions of a 

piezoelectric material can dictate unique expressions of “k”. 

 
• Permittivity, “e”, otherwise known as the dielectric constant. This constant is 

a measure of the materials’ dielectric displacement per unit of applied electric 

field  

 
These constants are both important and interlinked; the charge constant “d” is a 

measure of a piezoelectric material's suitability for strain-dependent applications. The 

voltage constant “g” is important for gauging a piezoelectric material's suitability for 

sensing applications. “d” , “g”  and “e” can be used to express the other, as per the 

relationship outlined in Equation 17.  

 

𝑔 =
𝑑
e

 

Equation 17 

 

Of key importance to energy harvesting applications, the output power is proportional 

to the product of “g” and “d”, shown in Equation 18, as a “Figure of Merit” to gauge 

the effectiveness of an energy harvester [88]. 

 

𝑃	 ∝ 𝑔	 × 	𝑑 
Equation 18 
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Figure 25 Reprinted from [87], diagram to show subscript labelling of forces effecting a piezoelectric 

material in relation to the direction of polarization 

 

In order for a material to demonstrate a piezoelectric response, there are two key 

requirements. Firstly, the atomic structure of the material must be non-

centrosymmetric; there must be a symmetry-breaking element in the atomic structure 

of the material, which ensures that a net polarization is developed when the material 

is placed under mechanical stress due to formation of dipole moments.  

 

Secondly, the non-centrosymmetric material must undergo a poling process in order 

to align groups of dipoles with the same alignment, known as Weiss domains, into a 

uniform direction. In a process analogous to the magnetization of a permanent magnet 

[89] , the application of a strong electric field, often whilst the material is heated to a 

critical temperature, allows the dipole groups to align in a desired direction. Once 

orientated, an observable piezoelectric response can be generated in an expected 

direction. Figure 26 gives an exaggerated illustration of the effects of the poling 

process and its influence upon dipole moment orientation. In reality, the dipole 

regions will align in an average orientation, creating a net polarization. It is very 

unlikely for all dipoles to align in a uniform direction due to factors such as strong 

intermolecular forces.  
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Figure 26 Reprinted and edited from [89], A simple diagram to illustrate the orientation of groups of 

dipoles (Weiss domains) (a) before, (b) during and (c) after the poling process. It must be noted that, 

diagram (b) is a simplified diagram for understanding purposes, with diagram (c) most likely 

representing the dipole orientation of a piezoelectric material after successful poling. 

 

Piezoelectric materials are part of a 32 crystal class and are composed from a number 

of subset materials, as illustrated by Figure 27. This study will look at utilising 

Ferroelectric materials, a class of materials that exhibit a spontaneous electric 

polarisation. This polarisation can be reversed by the application of a suitably strong 

electric field [90][91]. Ferroelectric materials are ideally suited for piezoelectric 

applications, as they can be poled by an external field and produce the required break 

of inversion symmetry [92].  

 
Figure 27 Edited from  [93], diagram to show classification of 32 crystal class materials 

 

3.2 Piezoelectric Material Selection  

 
Since the discovery of piezoelectric materials, the international market has long been 

dominated by the piezoelectric material Pb(Zr�9´	Ti´)O#, or PZT. However, since the 

early 2000’s, there has been a sharp increase in research focusing on the synthesis and 

performance of lead-free piezoelectric materials. This is largely in part due to 

increased legislation regulating the usage of toxic lead in consumer products 

[92][94]–[96]. Given that the results of this research may interact with environmental 

aspects such as rain water, lead-free piezoelectric materials are considered in order to 

adopt a positive environmental approach. 
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Potassium Sodium Niobate (KNN) was first reported as a potential lead-free 

piezoelectric material in 1959, with continued research demonstrating KNN materials 

with commendable ferroelectric and dielectric properties, yielding much promise for 

future applications [92], [97]–[102]. Since then, one of the most notable 

breakthroughs in material development occurred in 2004, where a synthesised KNN 

solution exhibited piezoelectric properties close to that of PZT [103]. Certain 

compositions of KNN have been discovered to retain a high mechanical quality factor 

under increasing vibration levels, proving to be superior to some types of hard PZT. 

Indeed, it is reported that KNN materials with “giant” d##	values of ∼390−490 pC/N 

have been developed using conventional solid-state methods of preparation [104]. 

Although more recent articles have been published [97], an excellent summary 

published in 2009 by J. Rödel, W. Jo, K. Seifert et al [92] provides a series of 

informative diagrams explaining the rationale behind lead-free material suitability 

and selection. Whilst the pricing will alter, Figure 28 shows a comparison of cost and 

toxicity for elements of interest.  

 

 
Figure 28 Reprinted from [92], diagram to show relative cost and toxicity of elements 
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Figure 29 Reprinted from [92]. Diagram to show possible candidates for A, B and oxygen sites in 

perovskite type structured piezoelectric materials 

 

Given that the aim of this study is to ultimately produce a device which will interact 

with water droplets, it is of paramount importance that all materials used within the 

harvester are appropriate for use, and are either unreactive with water or can be 

reliably encapsulated. KNN, containing both potassium and sodium, can be expected 

to react with high volatility on contact with water, demanding thorough encapsulation. 

Furthermore, preliminary investigations have shown that although KNN is a desirable 

lead-free material to utilise, it has proven difficult to deposit KNN over large areas, 

with current methods restricted to deposition over minimal substrate surface areas 

through spin-coating. This alludes to future difficulties should the droplet energy 

harvester require larger surface areas of piezoelectric material than expected.  

 

For the purposes of rapid prototyping the lead-free piezoelectric polymer 

polyvinylidene fluoride, or PVDF, appears to provide an attractive solution. A clear, 

elastic polymer, PVDF exhibits a high electromechanical coupling factor. In 

applications where a sizeable degree of physical motion is expected from the energy 

source, PVDF’s superior mechanical properties make it a better choice for energy 

harvesting over brittle piezoelectric ceramic materials. However, the piezoelectric 

properties of PVDF remain inferior to popular piezoelectric materials, with low 

piezoelectric coefficients of 6-7 pC/N reported. These properties can be improved to 

reported values of -38 pC/N 𝑑##, with modified PVDF copolymers such as 

polyvinylidene fluoride-trifluoroethylene (P(VDF-TrFE)) exhibiting piezoelectric 
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coefficients of -50 pC/N for 𝑑E: at a temperature of 295 K [105][106]. 

Advantageously, the deposition of P(VDF-TrFE) is achievable through a variety of 

methods such as spray coating or casting, and it is possible to coat a significantly 

larger substrate surface area with ease. This property makes P(VDF-TrFE) a very 

attractive candidate for large scale transducer production. Given that the intended 

application will see the harvesting elements undergoing multiple “shock” impulse 

events from droplet impact, P(VDF-TrFE) presents itself as a flexible, elastic material 

with good resistance to environmental corrosion. Figure 30 demonstrates the 

successful deployment of P(VDF-TrFE) materials in energy harvesting applications 

involving water waves as the input vibration stimulus.  

 

 
Figure 30 Reprinted from [107], illustrations depicting a small elastic floating energy harvester for ocean ripple 

power harvesting utilising knitted PVDF thin film. Left image depicts knocking structure and beating element, 

with the PVDF strip labelled “A”, whilst right image shows prototype device for experiment in wave maker 

tank. 

 

3.3 Substrate Material Selection   

 
Whilst it is the piezoelectric material that generates the electrical power, the substrate 

that supports it significantly dictates the overall mechanical properties of the system 

for thin piezoelectric films. Furthermore, the conductivity of the substrate will also 

significantly influence the electrical power output of the piezoelectric film. A 

summary of the substrate materials used successfully in the deposition and growth of 

KNN films, along with some examples of PZT and P(VDF-TrFE) deposition, is 

shown in the Appendix. For this work, a substrate which can be deformed many times 

whilst withstanding a range of randomly applied impact forces is desirable. 

Additionally, we must also consider desirable parameters from a commercial point of 

view; pricing,  availability, toxicity and robustness. A straight forward way of 

assessing material suitability is to investigate the elastic modulus, or Young’s 
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modulus, denoted using Equation 19, Where 𝑌 is Young's modulus, F is the force 

exerted on an object under tension, A is the cross-sectional area through which the 

force is applied, ∆L is the amount by which the length of the object changes and LS is 

the original object length.  

 

𝑌 =	
𝜎(𝜀)
𝜀 = 	

𝐹/𝐴
∆𝐿/𝐿S

= 	
𝐹𝐿S
𝐴∆𝐿 

Equation 19 

 

For example; rubber, known for its excellent elastic properties, typically has a very 

low Young’s modulus of 0.01-0.1 GPa [108]. Conversely diamond, known for its 

extreme hardness, has a Young’s modulus of 1050 – 1210 GPa [109]. An extended 

summary of substrates which have been previously used for the deposition of 

piezoelectric materials is given in the Appendix.  

 
Table 4 Comparison of Young’s moduli for materials previously used in KNN deposition research 

Substrate Material Piezoelectric 

Materials Deposited 

Young’s Modulus 

Range (GPa) 

References  

Aluminium Oxide  KS.¤NaS.¤NbO# 

(KNN) 
215-413 [110] [111] 

Inconel 600 KS.££NaS.�ENbO# 

(KNN) 
207 [112] [113] 

Glass KS.¤NaS.¤NbO# 

(KNN) 
50-90 [108] [114] 

Magnesium Oxide K´Na�9´NbO# (KNN) 270-330 [115] [116] 

Polydimethylsiloxa

ne (PDMS) 

P(VDF-TrFE) 0.00057 - 0.0037 [117] 

Silicon (Single 

Crystal, Dif. 

Directions) 

PZT 

K´Na�9´NbO# (KNN) 

130-185 [111] [118] [119] 

[120]  

Strontium Oxide  K´Na�9´NbO# (KNN) N/A (Shear Modulus 

= 6.1 GPa) 

[121] [122] 

Stainless Steel  PZT 

K´Na�9´NbO# (KNN) 

180-203 [108] [120] [123] 
[124] 
 

 

Silicon is a popular material used to date, however, it is typically very brittle (although 

development of flexible silicon substrates is progressing) [125][126]. Moreover, 

silicon wafer prices are quoted as upwards of £135 GBP for wafers of dimensions 2 
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inch diameter by 0.5 mm thickness [127]. This pricing potentially makes large scale 

harvester devices economically unfeasible. Brittleness, in conjunction with high cost, 

make substrates such as aluminium oxide, glass, magnesium oxide, silicon and 

strontium oxide also unsuitable for this application. In order for the harvesting 

elements to be sensitive enough to harvest the smallest of droplet impact forces, yet 

have the potential to withstand the largest of droplet impacts, high elasticity will be 

required at thicknesses in the millimetre scale and below. In contrast to silicon, PDMS 

appears to be a potential substrate candidate, having a low Young’s Modulus – 

however, such substrates require additional processing as they are typically non-

conductive, and as such require conductive interlayers to be deposited in order to 

serve as a bottom electrode to the piezoelectric materials. This increases the 

complexity of fabrication, and is likely to limit scalability of the final device. In light 

of this, it seems natural to consider a metallic substrate for such an application. Table 

5 displays relevant parameters of metals typically used in electronic devices. Stainless 

steel appears to possess the mechanical qualities desired for a rainfall harvester, in 

addition to favourable pricing on the global market, due to the abundance of its 

constituent materials [128]. Stainless steel is also a good conductor of electricity, 

removing the need to deposit additional interlayer electrodes. However, better 

conducting materials exist with comparable mechanical properties, such as copper. 

Copper is widely used in electronic devices for its high conductivity and reasonable 

cost. With copper sheets of dimensions 300 mm length, 170 mm width and 0.05 mm  

thickness costing approximately £2 GBP per sheet [129], copper presents an 

affordable option with attractive mechanical qualities for droplet impact energy 

harvesting substrates. Both stainless steel and copper are investigated for their 

suitability in this application, although the corroding nature of copper will require 

investigation into appropriate encapsulation methods. 

 
Table 5 Relevant material parameters of commonly used electronic device metals 

Material Resistivity / W/m Conductivity 
S/m  

Young’s 
Modulus / 

GPa  

Reference 

Aluminium 2.65 ×	109£ 3.77 ×	10½ 70  [130] 

Copper 1.68	 ×	109£ 5.96	× 	10½ 110–128  [131][132] 

Nickel 6.99	 ×	109£ 1.43	× 	10½ 200  - 

Tin 1.09	 ×	109½ 9.17	× 	10� 50  - 

Titanium 4.20	 ×	109½ 2.38	× 	10� 116  - 
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Silver  1.59	 ×	109£ 6. 30	 ×	10½ 83  [130][133] 

Stainless Steel 6.90 ×	109½ 1.45 ×	10� 180-203  [108][123] 

 

To conclude, it is shown that a variety of piezoelectric materials exist, each with its 

own ideal application. The piezoelectric polymer, P(VDF-TrFE), is identified as a 

suitable piezoelectric material for usage in the harvesting of water droplet impact 

energy, given its flexibility and reasonable piezoelectric properties. Furthermore, the 

substrate chosen to support the piezoelectric material often dictates the mechanical 

properties of the overall transducer, requiring significant consideration. It is found 

that either copper or stainless steel present viable options, given their robustness and 

resilience to sustained mechanical stimuli.  
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  Transducer Geometry Investigations   
 

“We shape our buildings; thereafter they shape us” 

― Winston Churchill 

 

How to capture, transform and utilise energy as efficiently as possible from a target 

energy source is the fundamental purpose of an energy harvesting device. In this 

chapter, the methods of maximising the energy transfer efficiency between the 

transducer and stimulus are considered. Energy harvesting systems are complex, 

multiphysics systems, often with several energy transfer stages to be considered for 

optimisation. Figure 31 illustrates the stages of energy transfer present in a 

piezoelectric vibrational energy harvester. It is demonstrated that there are 3 distinct 

phases relating to the matching of both mechanical and electrical impedances 

throughout the device energy flow [134]. 

 

 
Figure 31 Reprinted from [134] Diagram illustrating energy flow in a harvester system 

 

Phase I focuses on the dynamic mechanical response of the system, with a view to 

match the mechanical impedances of the excitation source and the harvesting element. 

This is an example of structural optimisation and can be achieved through informed 

device design, guided by mechanical engineering principles. Considering an impact 

energy harvesting transducer, Figure 32 highlights parameters necessary to optimise 

in order to achieve ideal energy transfer efficiency. 
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Figure 32 Diagram to illustrate parameters considered to be necessary to optimise in order to encourage 

efficiency droplet impact energy harvesting  

 

This investigation primarily focuses upon how best to optimise Phase I, considering 

the mechanical energy transfer between the droplet kinetic impact energy and the 

transducer harvesting element, in order to achieve maximal electrical energy output 

from the piezoelectric material.  

 

Whilst optimisation of Phase II is beyond the scope of this research, involving 

chemical engineering of the piezoelectric material in order to enhance the 

electromechanical coupling factor, Phase III is considered in part through the process 

of electrical impedance matching. For power transfer circuits such as piezoelectric 

energy harvesters, it is necessary to attempt to match the source impedance (the 

internal impedance of the piezoelectric material) to the load impedance (an output 

load, such as a resistor) as closely as possible. This is derived from the maximum 

power transfer theorem, which states that the maximum power which can be 

transferred from source to load is 50%, which occurs when source impedance is 

exactly matched to load impedance [135][136]. It is important to not confuse this 

theorem with the efficiency of the device; the maximum power transfer possible and 

maximum device efficiency are different entities. For example, should the load 

resistance be increased, more power is dissipated in the load than in the source 

impedance – as a result, efficiency is increased [137].   

 

Conveniently for piezoelectric systems, we may analyse a harvester’s response to 

external stimuli by representing a mechanical system with an analogous electrical 
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system, illustrated in Figure 33. The mechanical system is represented as an electrical 

system via an impedance or Maxwell analogy [138][139].  

 

 
Figure 33 Reprinted from [140], based upon work from [141]–[143] - diagram to show a simple mechanical 

resonator (left) with the corresponding impedance analogy electrical circuit (right). 

 
Figure 33 illustrates the analogy of a mechanical resonator, comparing a constant 

force generator, stiffness element, mass and damper, to that of an analogous electrical 

circuit, consisting of a corresponding voltage source, capacitor, inductor and resistor 

respectively. The comparisons are logical; the force generator drives the system, 

much like a voltage source. The stiffness of the system, otherwise known as the 

inverse of mechanical compliance, is analogous to the elastance or inverse 

capacitance of an electrical circuit. A mass, the movement of which is relative to a 

frame of reference within the system, could be compared to the impedance imposed 

by an inductor within an electrical circuit. Finally, a mechanical damper shares 

similarities to that of an electrical resistor in that both components represent a loss of 

energy within the system.  

 

In doing so, the analogy between electrical impedance and mechanical impedance is 

also preserved. As such, it is assumed that both require the same conditions for power 

transfer to be maximised; that both load and source impedance should be matched. 

Taking the piezoelectric transducer’s stiffness to be the load and the impacting droplet 

to be the source, this theory suggests that an ideal transducer for harvesting droplet 

impact energy should resist droplet impact to a similar force magnitude to that of the 

impacting droplet. It has been shown that increasing the mechanical coupling between 

the transducer and energy source, thereby reducing the damping factor and reflection 

ratio, can have a dramatic effect on the energy generation efficiency. A piezoelectric 

“cymbal” transducer system, illustrated in Figure 34, was found to exhibit 

approximately 40 times higher effective strain coefficient than piezoelectric ceramics, 

v 
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when sufficiently pre-stressed to better match the vibration excitation source. The 

results of this investigation are displayed in Figure 35 [134]. As such, there is 

indication that an ideal transducer stiffness exists for each excitation source, resulting 

in maximal power output.  

 
Figure 34 Reprinted from [134] structure of the cymbal used as a piezoelectric transducer. The presence of 

cavities in the cymbal allowed the metal end caps to serve as mechanical transformers, which in turn amplified 

a portion of the incident axial stress.  

 

 
Figure 35 Reprinted from [134] Graph to show output peak voltage of cymbal transducer depending on pre-

stress condition. Force of 8 N and 40 N at 100 Hz were applied for zero stress and pre-stress conditions 

respectively. 

 
4.1 Piezoelectric Cantilever Beam Considerations   

 
In this research, practical investigations start with exploring the effect of mechanical 

stiffness variation on energy conversion efficiency. In order to ensure as fair testing 

as possible, it is important to vary the stiffness parameter in isolation. It is proposed 

that the simplest method of observing the effects of stiffness variation is to utilise 

cantilever beam shaped transducers. The relationship defining cantilever beam 
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stiffness for a point load deflection applied at the free-end of the cantilever, 

perpendicular to the beam axis,  is given in Equation 20 and illustrated in Figure 36, 

where 𝑘R is the beam bending stiffness, 𝐸 is the beam elastic modulus, 𝑤 is the beam 

width, 𝑡 is the beam thickness and 𝐿 is the beam length.  

 

𝑘R = 	
𝐸𝑤𝑡#

4𝐿# 	

Equation 20 

 

 
Figure 36 reprinted from [144], illustration of single fixed end cantilever beam with applied point load force. 

 

Moreover, it is found that the stiffness of a cantilever beam geometry may be altered 

in isolation by varying the width of the beam whilst keeping all other variables 

constant, without affecting other mechanical parameters such as the beams resonant 

frequency. The steps shown resulting in Equation 21 [145] illustrate how the natural 

frequency of a cantilever beam isn’t dependent on beam width, where 𝑓R  is the beam’s 

resonant frequency, 𝑌 is the beam’s Youngs modulus, 𝐼 is the beam’s second moment 

of area ¾𝐼 = 	>?
¿

�E
À, 𝜌 is the beam density, 𝐴 is the beam area (𝐴 = 𝑤𝑡), 𝐿 is the beam 

length, 𝑤 is the beam width and 𝑡 is the beam thickness.  

 

𝑓R = Á1.875EÃ
𝑌𝐼
𝜌𝐴𝐿:

Ä ∙
1
2𝜋 

ß 

𝑓R =

⎝

⎜
⎛
1.875EÈ

É𝑌𝑡
E

12 Ê

𝜌𝐿:
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2𝜋 

Equation 21 
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Research carried out  by T.Vasileiou et al [146] explored how the tuning of substrate 

flexibility can work synergistically with surface texture to enhance surface 

hydrophobicity, resulting in droplet breakup resistance, contact time reduction, and 

restitution coefficient increase. It was noted that reducing both the mass per unit area, 

or area density, and bending stiffness imparts immediate acceleration and intrinsic 

responsiveness of the substrate to impacting droplets, effectively “cushioning” the 

impact. This results in an increased apparent surface hydrophobicity, whilst raising 

the droplet splashing threshold. Whilst this study did not focus on obtaining efficient 

conversion of kinetic to electrical energy using piezoelectric materials, the results 

outlined that efficient energy conversion from droplet kinetic energy to substrate 

kinetic and strain energy is more likely to be achieved when the following substrate 

qualities are imposed: 

 

1) Substrate has low mass per unit area, which is significantly lower than 

the liquid fluid density multiplied by the droplet diameter: 

 

ρA	≪	ρD0 
Equation 22 

 

2) Substrate stiffness should be low – approximately equivalent to the 

liquid surface tension of the water droplet. This relates to the 

mechanical impedance matching between the impacting droplet and 

the transducer; if the substrate is too stiff, it will resist the impact of 

the droplet and reduce the stress exerted on the piezoelectric layer, 

lowering the power output and reducing the energy transfer efficiency: 

 

𝑘R 	≈ 	𝜎		 
Equation 23 

 

3) To achieve a high value of substrate downward acceleration on impact, 

the substrate damping ratio should be minimised, where 𝑓1  is the 

substrates natural frequency of oscillation, 𝑐 is the damping coefficient 

and	𝑘 is the beam stiffness:  
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𝜁 = 	
𝜋𝑓1𝑐	
𝑘 	≈ 0	 

Equation 24 

 

It is reported that adhering to these design principles not only maximises the 

probability of droplet rebound upon impact, but ensures minimal deformation of the 

droplet-free surface during collision with the substrate. This is considered to 

encourage efficient energy transfer from the droplet to the beam substrate [146]. 

Furthermore, the influence of the beam’s natural frequency, 𝑓R , and effective mass, 

𝑚R,	were considered also. It was proposed that tailoring these parameters to the 

droplet mass, 𝑚G, and the natural oscillation period of the droplet, 𝑓G , had significant 

effect on the energy transferred during impact. For reference, the proposed 

relationship for the natural vibration frequency of the droplet is given in Equation 25, 

where 𝑇 is the natural oscillation period of a vibrating droplet [147],  𝜌 is the droplet 

liquid density, 𝐷S is the droplet diameter and 𝜎 is the droplet liquid surface tension.  

 

𝑓G = 	
1	
𝑇 = 	

1	

𝜋
4
Ó𝜌𝐷S

#

𝜎

	 

Equation 25 

 

Interestingly, it was proposed that depending on the relation between 𝑓R  and 𝑓G , and 

𝑚R and 𝑚G, the substrate movement can act synergistically, passively or destructively 

on the droplet kinetic energy after recoil from the substrate, 𝐸Ô�  [146]. Moreover, it 

was found that for substrate beams where 𝑓R < 𝑓G , droplet recoil from the substrate 

occurred during the downward motion of the beam, decreasing 𝐸Ô�. This implies that 

the elastic strain energy stored in the beam, 𝐸@/ , is increased. Finally, it was reported 

that 𝐸Ô� can be further minimized by ensuring that 𝑚R > 𝑚G. The results from this 

investigation are displayed in Figure 37, which demonstrate the effect of varying 𝑓R  

in relation to 𝑓G , and the resulting effect on energy transfer during collision.  
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Figure 37 Reprinted and edited from [146], graph to show the energy transfer characteristics of an impacting 

droplet upon a substrate depending on the ratio of beam natural frequency to droplet natural frequency. Values 

displayed here are a) the residual kinetic energy of the droplet after rebound (𝐸Ô�, green bars), alongside the 

strain energy of the substrate beam at maximum deflection (𝐸@/, red bars), normalized by the total available 

energy of the droplet before impact (𝐸?b?). Vs. 𝑓R. Droplets of the same size were used for the impact testing in 

each case. 

 

To further encourage the optimal stressing of a piezoelectric material under-going 

droplet impact, the position of the neutral axis is considered. In a beam, the neutral 

axis runs along the cross section, at which point there are no longitudinal stresses or 

strains generated when the cantilever is forced to bend. In non-composite material 

beams, the neutral axis is at the centroid of the beam cross-section. However, in 

composite beams such as a piezoelectric layer deposited upon a substrate, the induced 

stress throughout the beam as a result of bending is discontinuous between layers due 

to the different material properties. Resultantly, the positioning of this neutral axis is 

critical to the voltage response of the piezoelectric layer; it is desirable to maximise 

the strain the piezoelectric layer is exposed to in order to maximise the voltage 

response, by ensuring that the piezoelectric layer is placed in a complete 

torsional/compression bending regime when the cantilever is stressed [148]. It is 

worth noting that such approaches are relevant for the design of a unimorph; for bi-

morph transducers, the piezoelectric axis can easily be placed in a favourable bending 

regime by making both the upper and lower piezoelectric layers, enclosing the middle 

substrate, of the same thickness. 

 

Positioning of the neutral axis is dictated by the relative Young’s modulus and 

thickness of the layers. As the neutral axis is the location of zero induced bending 

stress, we may place the piezoelectric layer in an advantageous bending regime 
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though positioning the neutral axis as far away from the piezoelectric material as 

possible; the piezoelectric layer stiffness must be significantly less than the substrate 

stiffness.  

 

Thin stainless steel foil of thickness 25 µm is initially considered for usage as a 

substrate. It is possible to calculate the optimal thickness of piezoelectric material to 

deposit. In this case, P(VDF-TrFE) is selected for usage given the ease of preparation 

and characterisation. The relevant properties of both materials are displayed in Table 

6. 
Table 6 Parameters used to estimate ideal piezoelectric film thickness 

Material Parameter Value 

 

PVDF Film Thickness  N/A 

PVDF Density  1780 kg/m# 

PVDF Young’s Modulus  4 GPa 

Stainless Steel Sheet Thickness 25µm  

Stainless Steel Sheet Density 8000 kg/m# 

Stainless Steel Sheet Young’s Modulus 190 GPa 

 

The neutral axis location is determined relative to the bottom surface of the harvester. 

It is assumed that the induced stresses through the cross-section of the beam are in 

equilibrium, allowing the distance between the neutral axis and the bottom surface of 

the beam “ℎ” to be defined. From this definition, we may locate the position of the 

neutral axis, in addition to estimating the ideal layer thickness of the piezoelectric 

material based upon the Young’s moduli of each material.  

 

 
Figure 38 Illustration of composite piezoelectric transducer beam to highlight key parameters required to 

optimise piezoelectric layer, depicted in yellow here. The substrate layer is depicted in grey colour. 

𝑌�, 𝑡� 

𝑌E, 𝑡E Distance from neutral 
axis to bottom surface 

of beam “ℎE” 

Neutral axis    

Distance from neutral 
axis to top surface of 

beam “ℎ�” 
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Using Figure 38 to illustrate, Equation 26 and Equation 27 define the distance from 

the material centroid of each layer to the neutral axis. We manipulate and combine 

these equations to provide a relationship which gives the distance of the neutral axis 

from the bottom surface of the transducer, shown in Equation 28, where 𝑌� and 𝑌E are 

the Youngs moduli of the piezoelectric and substrate layers respectively, and 𝑡�and 

𝑡E are the thicknesses of the piezoelectric and substrate layers respectively. 𝑧� and 𝑧E 

are defined from the middle of layers 1 and 2 respectively. 

 

𝑧� = 	
(𝑌E𝑡E)(𝑡� + 𝑡E)	
2(𝑌�𝑡� + 𝑌E𝑡E)

 

Equation 26 

 

𝑧E = 	
(𝑌�𝑡�)(𝑡� + 𝑡E)	
2(𝑌�𝑡� + 𝑌E𝑡E)

 

Equation 27 

 

h� 	= 	
t�
2 +	z� 

Equation 28 

 

ℎE 	= 	
𝑡E
2 +	𝑧E	 

Equation 29 

 

We may use this value of  ℎ�/ℎE, in addition to Equation 30, which depicts the area 

moment of inertia for a beam with rectangular cross-section (where 𝐼 is the second 

moment of area single layer, 𝑏 is the beam width and ℎ is the beam cross-section 

height), in order to solve the relationship shown in Equation 31. Equation 31 is 

reproduced from literature which investigated the positioning of the neutral axis in 

multilayer piezoelectric polymer energy harvesting devices [149]. With knowledge 

of both materials Young’s moduli and the thickness of the substrate material, values 

for possible piezoelectric layer thicknesses are swept through until a maxima is 

reached, shown in Figure 39.  

 

𝐼	 = 	
𝑏ℎ#

12  

Equation 30 
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𝑓(𝑡�) 	= ¾T
Ù
À
E
∙ 𝑡�   

Equation 31 
 

  

Figure 39 Graph to illustrate optimal piezoelectric layer thickness identification through observation of 

optimising function maxima for stainless steel and copper substrates  

 

In future testing, a 50 µm thick copper foil substrate will be used –included here for 

comparison.  The optimisation function estimates that a P(VDF-TrFE) layer thickness 

of approximately 7.2 µm is considered optimal to place the piezoelectric layer in an 

optimal bending regime through positioning of the neutral axis. This will efficiently 

stress the piezoelectric layer from bending on the stainless steel substrate, increasing 

the voltage output. It was also deduced that a 14.5 µm thickness P(VDF-TrFE) layer  

was optimal in the case of a copper foil substrate being used.  

 

4.2 Further Geometry and Topology Considerations  

 
In addition to cantilever beams, other energy harvester geometries have been 

investigated. The results demonstrate that the physical shape and topology of the 

harvester element significantly affects the efficiency of electrical energy generation 

by piezoelectric elements [150]. It has been shown that a triangular beam shape not 

only maximizes the material average strain distribution for a given force input, but 

that it demonstrates superior robustness to classical rectangular designs by reducing 

the stress concentration on the beam [151]–[153]. When a fixed force is applied to the 

free end of a cantilever, triangular geometries can improve power density by 
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approximately 85 % in comparison to a conventional rectangular beams [154]. 

Similarly, investigations into the effect of geometry on frequency driven energy 

harvesting elements found that an increased power output per unit volume of up to 

30% was achieved with triangular geometries in comparison to rectangular cantilevers 

[152]. It is important to note that these findings relate to experiments where the force 

is applied at the end of the cantilever beam only. In situations where the location of 

force application is varied, harvesters which displayed the greatest strain distribution 

when the load is applied at their free end may not continue to be optimum.  

 

The Finite Element Analysis (FEA) software COMSOL is utilised in this project to 

carry out an investigation into optimal geometry shapes for harvesting energy from 

droplet impacts. Initial simulations studied the induced volume average stress of 525 

different geometry variants utilising z-direction loading regimes (parallel to the 

geometry upper surface). The initial hypothesis behind analysing the induced volume 

average stress assumes that a larger induced stress throughout the material body of a 

selected geometry will contribute towards maximizing the electromechanical 

response of a piezoelectric material, thus increasing the efficiency of mechanical to 

electrical energy transfer. Some of the geometry variants tested are illustrated in 

Figure 40, with key simulation parameters displayed in Table 7. Any form of 

structural damping is not considered at this stage. 
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Figure 40 A selection of some geometry configurations tested during the 525 geometry variant loading sweep. 

The colour gradient indicates induced stress, with red highlighting the areas of greatest induced stress, 

descending to blue to highlight areas of least induced stress. 

 
Table 7 Simulation sweep material properties, retrieved from COMSOL multiphysics pre-defined material 

library 

Test Sample Dimensions 

Length = 15 mm 

Width = 15 mm 

Thickness = 0.5 mm 

Structural Steel Material Properties 

Density = 7850 kg/m# 

Young’s Modulus = 200 GPa 

Poisson’s ratio = 0.33 

 

Illustrated in Figure 41, the load is applied as a uniform force per unit area, 

downwards upon the test geometry upper surface, in an idealized case in which it is 

considered that all upper facing areas of the harvester undergo an impact event 

simultaneously. The estimated 33.5 mN force generated by a single impacting 1 mm 

diameter droplet was extrapolated and applied as an overall force to the upper surface 

of each harvester geometry, corresponding to a force per unit area of 42, 675 N/mE. 

It has been shown that the initial water droplet impact has a significant contribution 

to the energy output of the device, as the rain droplet kinetic energy will be at a 

maximum during this time [21]. As such, this study focuses on the initial deflection 

generated during the 20 µs impact period in isolation, which is in reasonable 

agreement with relevant studies [155]–[157].  

 
Figure 41 Screenshot of “cross cut” geometry equivalent tensile stress result to illustrate finite element method 

setup. The colour scale indicates induced stress gradient, with red indicating the areas experiencing the highest 

induced stress, and blue indicating areas experiencing lower stress levels.  

 

A volume averaging function was utilised to analyse the equivalent von Mises stress 
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of each geometry at 0.1 µs intervals throughout the loading duration. The stress data 

returned for each 0.1 µs interval was further averaged, so that each geometry had a 

single value for the induced stress over the 20 µs simulation period. Of the 525 

geometrical variations tested, the ten designs demonstrating the greatest stress output 

were shortlisted, with their labelled names and associated stress data displayed in 

Table 10, illustrated in Figure 42 and Figure 43. Further examples of the geometry 

range tested are displayed in the appendices.  

Table 8 Volume average von Mises stress induced by top ten geometries tested under step loading 

Geometry name Volume average equivalent von Mises 
stress induced from 20 µs step load / 

M𝐍/𝐦𝟐 
 

9 Spiral  1.5 

81 Grid Circle (0.5 mm radius) 1.48 

13 Spiral  1.46 

30 Cut Hole (0.5 mm radius) 1.456 

20 Spiral  1.44 

81 Grid Circle (0.25 mm radius) 1.44 

30 Cut Hole (0.1 mm radius) 1.44 

30 Cut Hole (0.3 mm radius) 1.44 

30 Cut Hole (0.2 mm radius) 1.4399 

20 Spiral (0.15mm minor radius) 1.438 

 

 
Figure 42 Example of geometry tested, “9 Spiral”. Main image displays geometry at 20 µs whilst under loading. 

The induced surface stress is displayed utilising a colour scheme, indicated in the scale. Inset image depicts 

geometry without loading. 
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Figure 43 Illustrations of design choices under loading which produced the highest von Mises stress. Clockwise 

from top – 81 Grid Circle, 13 Spiral, 20 Spiral and 30 Cut Hole. 
 

It was observed that the percentage difference between the highest and lowest induced 

stress for the tested geometry range is approximately 1160%, clearly underlining the 

importance of carefully selecting the harvester geometry depending on the intended 

application. It is proposed that the high % difference in induced stress relates to the 

influence of design features on stress distribution – for example, the top ten induced 

stress designs have features which encourage areas of high strain to develop i.e. 

narrower sections within the transducer geometry. Conversely, designs which 

produced lower induced stress, such as the designs illustrated in Figure 44, do not 

provide opportunities for areas of high stress to develop to such an extent.  

 

 
Figure 44 Illustration of 30 Cut hole, 0.1 mm radius geometry (left) and 13 spiral turn variation (right). It is 
proposed that geometries of this nature produce a lower induced stress under loading, as the minimal design 
features do not encourage areas of high stress to develop throughout the geometry compared to other designs 
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To further investigate the results of this uniform step load analysis, the ten designs 

were subjected to pseudo-random impulse loading in order to closer emulate the 

conditions of an actual rainfall event in the following manner. Additionally, the ten 

“runner up designs” were also tested, to highlight any changes in the greatest induced 

stress ranking:  

 

• Using in-built pseudo random values from the COMSOL software, a set of 50 

variables were defined, which applied a 20µs load application at a pseudo-

randomly chosen time during the chosen 10 second simulation period. This 

attempted to reflect the sharp impact force of a 1 mm diameter droplet 

travelling at a speed of 8m/s, in line with previous approximations.  

 

• The impulse force was applied as a force per unit area, but instead of applying 

this load to the entire upper surface area of each design, the impulse force 

would be pseudo-randomly applied to a series of 1 mm diameter circles drawn 

across the top surface of each design, illustrated upon a plain geometry in 

Figure 45 . These circles simulated the cross-sectional area of a 1 mm droplet 

on impact, ignoring compression/expansive collision effects.  

 

• In total, 225 1 mm diameter circles were drawn onto the top layer of the 20 

geometries found to exhibit the highest induced stress from the original 

analysis. This aims to emulate how a physically realized harvesting design 

may undergo loading during a rainfall event.  

 
Figure 45 Diagram to demonstrate application pattern of random loading variables upon upper surface of plain 

geometry  
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Table 9 Volume average equivalent tensile stress induced by top ten geometries tested under psuedo-random 

impulse loading 

Geometry name Volume average equivalent von Mises 
stress induced from 20 µs pseudo-
random impulse loading / 𝐤𝐍/𝐦𝟐 

 
9 Spiral  26 

13 Spiral  23 

20 Spiral 21 

0.3mm Radius 4 Cut Hole 20 

0.5mm Radius 30 Cut Hole 17.8 

0.4mm Radius 30 Cut Hole 17.7 

0.2mm Radius 4 Cut Hole 17.6 

13 Spiral 0.15mm Minor Radius (Clean 

Cut) 

16.7 

81 Grid Triangle 16.3 

0.1mm Radius 4 Cut Hole 16.3 

 

It was found that there is some movement with regards to the order of geometries 

showing the highest strain, however key geometries remain – notably, those 

encompassing spirals in their design. In light of this, spiral-type geometries were 

investigated further, with a view to exploring the merits of applying such shapes for 

water droplet energy harvesting applications.  

 

4.3 Double-Armed Archimedean Spiral Geometry Investigation  

 
The spiral shape is fundamentally a curved cantilever beam. However, the curvature 

of the spiral shape amplifies both the torsional and bending stresses under impact, 

making such geometries attractive for usage in piezoelectric transducers due to the 

coupled mechanical strains in action. As a result of their inherent multiple degrees of 

freedom, spirals are naturally very sensitive to vibration. This is an attractive 

characteristic for water droplet harvesting, as it allows a maximal range of droplet 

diameters to be harvested, without concern over lack of transducer mechanical 

sensitivity, whilst providing a compliant structure that will react with favourable 

energy transfer efficiency to impacts across a greater surface area [158][148]. For 

example, such geometries have harvested mechanical energy from the flight of Green 
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June Beetles, generating approximately 115µW from the physical contact of the 

beetle’s flapping wings [159].  

 

However, as a result of the exhibited multiple mechanical degrees of freedom, care 

must be taken over electrode placement - it has been found that charge cancellation 

can occur if the piezoelectric layers are uniformly polarised. Considering a single top 

or bottom piezoelectric material layer, it is reported that the polarity of the produced 

charge changes across an imposed “zero-strain/zero-charge axis” when a static force 

is applied to the spiral beam tip [159]. Consequently, without modifying the poling 

process, a spiral shape harvester with a uniformly polarized electrode would suffer 

charge cancellation during excitation, resulting in reduced electrical power output. As 

such, in this research shadow masks are used to deposit top electrodes separately onto 

each arm of the spiral energy harvesters, before length optimisation takes place in 

order maximise power output. 

 

In addition to vibration sensitivity, spiral shapes can exhibit  low resonant frequency 

(< 10Hz) depending on parameters such as sample thickness, or spiral turn number. 

This is considered an attractive feature for utilising such designs for droplet energy 

harvesting; assuming that the likelihood of a harvester of undergoing greater than 10 

droplet impacts per second is unlikely [160][161]. Tikani et al. proposed a design for 

a spiral, multimode piezoelectric energy harvester with wide bandwidth at low 

frequencies. The design, simulated and optimised using the Taguchi method, 

exhibited its first three natural frequencies at 4.2Hz, 6.2Hz, 10.2Hz  [162].  

 

The Archimedean spiral, or arithmetic spiral, is a spiral defined with a polar equation, 

outlined in Equation 32 and illustrated in Figure 46. Here, 𝑟 is the radial distance, 𝑎  

and 𝑏 are real number constants (varying 𝑎 turns the spiral, whilst varying 𝑏 controls 

the distance between successive turnings), 𝜃 is the polar angle and 𝑛 is a constant 

which determines how tightly the spiral is “wrapped” around the centre point [163].  

Such spiral designs have been proven to display high mechanical sensitivity, with 

arrays of MEMS scale spirals utilised as cochlear multi-electrode implants [164]. 

 

𝑟 = 𝑎 + 𝑏𝜃
�
{ 

Equation 32 
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Figure 46 Reprinted from [165], diagram to illustrate definition of spiral parameters. Here, a determines the 
density of spiral turns, with the distance between successive turnings defined using 2pa, represented as 𝑏 in 

Equation 32 
 

A number of analytical investigations into the mechanical behaviours of Archimedean 

spiral-based springs and bimorphs have taken place [159]. Considering out-of-plane 

vibration dynamics, the moment-displacement relationships for the curved beam 

displayed in Figure 47 are shown in Equation 33 and Equation 34, Where 𝑀O is the 

bending moment,  𝐸𝐼O is the arc bending stiffness, 𝑀v is the twist torque and 𝐺𝐽 is the 

torsional stiffness. 𝜅 and 𝜏 are defined in Equation 35 and Equation 36, where 𝛽 is 

the twist angle, 𝑅 is the radius of the curved beam, 𝐿G@c  is the out of plane deflection 

and 𝑠 is the position coordinate along the arc. [166][167]. 

 

 
Figure 47 Reprinted from [167], curved beam with co-ordinates notation 

 

𝑀O = 𝐸𝐼O𝜅 
Equation 33 

 

𝑀v = 𝐺𝐽𝜏 
Equation 34 
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𝜅 = 	
𝛽
𝑅 −	

𝜕E𝐿G@c
𝜕𝑠E  

Equation 35 

 

𝜏 = 	
𝜕𝛽
𝜕𝑠 +	

1
𝑅 

Equation 36 

 

The strain energy 𝑈1 and the kinetic energy 𝑇Ô@ of the curved beam for out-of-plane 

motion are displayed in Equation 37 and Equation 38, where	𝐹@O? is the external 

applied force, 𝑖 is the mass moment of inertia per unit length of the curved beam and 

Φ is the twisting moment. 

 

𝑈1 	=
1
2
â (𝑀O𝜅 + 𝑀v𝜏 − 𝐹@O?	𝐿G@c − Φ𝛽

ãä

S

)𝑑𝑠 

Equation 37 

 

𝑇Ô@ =
1
2
â (𝑚𝐿G@ċ

E + 𝑖

ãä

S

𝛽̇E)𝑑𝑠 

Equation 38 

 

An example of the double armed variant is illustrated in Figure 48. A popular design 

for spiral antennas, the double armed spiral variant combines the benefits of a 

mechanically sensitive structure with multiple-degrees of freedom, whilst enhancing 

the induced stress under loading as the structure essentially takes the form of an 

elongated, double-clamped piezoelectric beam. Initial investigations into the 

suitability of such a geometry for droplet energy harvesting are carried out using 

COMSOL Multiphysics simulation software. The objectives of the simulation 

analysis are to identify the appropriate parameter ranges required to design spirals 

that demonstrate the following qualities, which are considered desirable for water 

droplet energy harvesting transducers:  

 

• Spiral resonant frequency should be low (< 20 Hz), in light of the expected 

maximum droplet impact frequency  
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• Spiral stiffness should be low, close to the magnitude range of 0.1 N/m [146] 

 
• Spiral initial deflection should be minimal, to allow for as large a bending 

range as possible, in order to optimally stress the piezoelectric layer – as such, 

the overall transducer size and spiral turn number are naturally constrained.  

 
• Transducer dimensions are further limited by the piezoelectric layer 

application method – a doctor blade of width 15 cm 

 

The design of a parameterised, single armed Archimedean spiral is altered 

accordingly in order to produce a double armed design [168].  Key parameters 

affecting the energy transfer efficiency between the droplet and the transducer, 

considered to be the spirals axial/torsional stiffness and resonant frequency, can be 

precisely tuned depending on a combination of the following parameters, illustrated 

in Figure 48: 

 

• Spiral final radius – AF 

• Spiral initial radius – A1 

• No. of turns – n1 

• Arm thickness – defined by “Gap”, otherwise denoted as 𝑏 in Equation 32 

 

Figure 48 Diagram to illustrate  parameters of interest for the finite element analysis upon a 1-turn spiral 

 

n1 Gap 

AF 

A1 
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The variation of these parameters in order to tailor the spiral’s mechanical behaviour 

does not require a larger surface area to be fabricated. For comparison, to reduce the 

resonant frequency of a cantilever beam design transducer, the beam length would 

need to be increased, creating a larger transducer overall. Alternately, a mass could 

be added to the cantilever beam end, however this would significantly reduce the 

sensitivity and intrinsic responsiveness of the harvester. As such, it is found that the 

spiral geometry is both a highly tuneable design that promotes efficient space usage, 

making it a useful design for applications where space is limited i.e./ drain pipes, or 

internal water management systems. The simulation material properties used are 

displayed in Table 10 In each case, the edges of the geometry were clamped, and 

gravity was applied across the entire volume in the -z axis direction. Copper was 

chosen as the substrate material of investigation due to its electrical conductivity, 

favourable mechanical properties and low cost. 

 
Table 10 Simulation parameters of piezoelectric and substrate materials used  

Material Parameter Value 

PVDF Film Thickness  15 µm 

PVDF Density  1780 kg/m# 

PVDF Young’s Modulus  4 GPa 

Copper Sheet Thickness 0.05 mm 

Copper Sheet Density 8960 kg/m# 

Copper Sheet Young’s Modulus 110 GPa 

Polyvinylidene fluoride (PVDF) 

Compliance Matrix strain-charge 

form [1/Pa] (Ordering {sE11, sE12, 

sE22, sE13, sE23, sE33, sE14, sE24, 

sE34, sE44, sE15, sE25, sE35, sE45, 

sE55, sE16, sE26, sE36, sE46, sE56, 

sE66} ; sEij = sEji) 

{4.43e-010, -9.91e-011, 5.04e-

10, -3.10e-010, -3.19e-010, 

1.14e-9, 0, 0, 0, 1.82e-09, 0, 0, 0, 

0, 1.70e-09, 0, 0, 0, 0, 0, 1.45e-

09} 

Polyvinylidene fluoride (PVDF) 

Coupling Matrix strain-charge form 

[C/N] (Ordering {dET11, dET21, 

dET31, dET12, dET22, dET32, dET13, 

dET23, dET33, dET14, dET24, dET34, 

{0, 0, 1.36e-01, 0, 0, 1.94e-011, 

0, 0, 2.97e-011, 0, 2.01e-011, 0, 

1.93e-011, 0, 0, 0, 0, 0} 
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dET15, dET25, dET35, dET16, dET26, 

dET36}) 

 

4.3.1 Key parameter influence on spiral axial stiffness  

 
The effect of varying the aforementioned parameters (AF, A1, n1 and Gap) on axial 

stiffness is investigated initially. A spiral’s inherent multiple degrees of freedom 

makes gauging the mechanical stiffness a coupled problem, as both direct bending 

and torsional stiffness contribute. To simplify, each spiral’s reaction force to a 

prescribed displacement applied along the -z-axis to the centre is analysed. Equation 

39 is used to calculate the estimated bending stiffness, where “𝑘” is the estimated 

spiral axial stiffness, “𝐹” is the reaction force, and “𝛿” is the prescribed displacement. 

 

𝑘 = 	
𝐹
𝛿  

Equation 39 

 

Using Finite Element Modelling (FEM) software to investigate axial stiffness, a 

prescribed displacement of 10, 20, 30, 40 and 50 mm was applied to the centre of the 

spiral downwards along the z axis, as illustrated in Figure 49. The edges of the 

geometry were clamped, and gravity was applied across the entire volume downwards 

along the z-axis direction. The resulting z-component reaction force of the spiral 

resisting each displacement was measured, before being plotted on a reaction force 

vs. displacement graph, illustrated in Figure 50. The gradient of the line produced was 

calculated in order to estimate the axial stiffness of each spiral tested. Two studies 

were carried out – the first studied the effect of varying turn number on estimated 

stiffness for a variety of spirals with different finial and initial radii, with the second 

study looking at the effect of varying the “Gap” parameter in isolation. These results 

are displayed in Figure 51 and Figure 52, with an illustration of spiral design 

variations for both studies shown in Figure 57 and Figure 54. 
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Figure 49 Illustration of prescribed displacement axial stiffness testing 

 
Figure 50 Illustration of estimated stiffness plotting process for an AF = 30 mm, A1 = 6 mm, 1.5 turn spiral 

 

 

 
Figure 51 Effect of variation of turn number, spiral final radius and spiral initial radius on estimated axial 

stiffness 
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Figure 52 Effect of varying spiral gap distance parameter “Gap” on estimated axial stiffness 

 

 

Figure 53 Illustration of spiral design variations for turn number, final and initial radius studies; top row 
spirals, left to right, 0.5 / 1 / 1.5 turns with AF = 30 mm and A1 = 1 mm. Bottom row, left to right, 0.5 / 1 / 1.5 

turns with AF = 30 mm and A1 = 6 mm 
 

  

 
Figure 54 Illustration of spiral designs for spiral gap distance variation; top row spirals, left to right, 1 mm / 4 

mm  / 8 mm gap distances with AF = 50 mm and A1 = 1 mm. Bottom row, left to right, 1 mm / 4 mm  / 8 mm gap 
distances with AF = 50 mm and A1 = 6 mm 
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The results of axial stiffness simulations demonstrated that: 

 

• Increasing the turn number “n1” can result in a magnitude change of axial 

stiffness i.e. The AF = 20 mm, A1 = 6 mm, Gap = 2 mm sample exhibited a 

stiffness of 2.01 N/m with 0.5 turns, and stiffness of 0.07 N/m with 1.5 turns, 

representing a difference of 1.94 N/m or approximately 97% decrease in 

bending stiffness. 

 

• Increasing the spiral initial radius “A1” decreases stiffness to a lesser extent, 

aside from when the turn number is low. It is hypothesised that this is because, 

with higher turn number, the spiral arm distance is longer and a larger initial 

radius acts as a “proof mass” at the centre of the spiral. In the case of low turn 

number, the spiral distance is short, therefore by increasing initial radius we 

increase the arm width, resulting in an increase of the axial stiffness, illustrated 

in Figure 55. For example, the difference in stiffness between the AF = 40 

mm, Gap = 2 mm, 0.5 turns sample with A1 = 1 mm (stiffness = 0.89 N/m) 

and A1 = 6 mm (stiffness = 1.37 N/m) is 0.48 N/m or an increase of 

approximately 35%. Conversely,  the difference in stiffness between the AF = 

40 mm, Gap = 2 mm, 1.5 turns sample with A1 = 1 mm (stiffness = 0.12 N/m) 

and A1 = 6 mm (stiffness = 0.11 N/m) is 0.01 N/m or approximately a decrease 

of  7.6%. 

 

• Increasing the gap between spiral arms, “Gap”, also decreases stiffness by 

decreasing the spiral arm width, illustrated in Figure 56. For example, the AF 

= 20 mm, A1 = 6 mm, 1 Turn sample has a stiffness of 0.029 N/m with a Gap 

of 1 mm, compared to 0.0053 N/m with a Gap of 6 mm. This represents a 

change of 0.024 N/m, or approximately a decrease of 82 %.  

 

It is clear the variation of the spiral turn number has the most significant influence on 

estimated bending stiffness, with stiffness changes being in the 1 N/m magnitude 

range. Whilst it is useful to be aware of the impact of varying initial radius or gap 

distance, stiffness changes from these parameters were in the 0.01 N/m magnitude 

range  
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Figure 55 Illustration of geometry changes when increasing the initial spiral radius, “A1”, at low spiral turn 

number 

 

 
Figure 56 Illustration of geometry with varying arm gap thickness 

 

4.3.2 Key parameter influence on spiral first order resonant 

frequency  

 

The effect of varying the aforementioned parameters (AF, A1, n1 and Gap) on each 

spiral’s first order resonant frequency is investigated next. Parameters of interest were 

incrementally varied, with an Eigenfrequency study carried out at each step. As 

before, two studies were carried out – the first studied the effect of varying turn 

number on the first order resonant frequency for a variety of spirals with different 

finial and initial radii, with the second study looking at the effect of varying the “Gap” 

parameter in isolation. These results are displayed in Figure 57 and Figure 58. 

 

A1 = 6 mm  A1 = 1 mm  

Gap = 1 mm Gap = 8 mm 
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Figure 57 Effect of variation of turn number, spiral final radius and spiral initial radius on spiral first order 

resonant frequency 

 

 
Figure 58 Effect of spiral arm “Gap” distance on spiral first order resonant frequency 

 

The results of the first order resonant frequency simulations demonstrated that: 

 

• Similar to the axial stiffness investigation, altering the spiral turn number can 

produce the greatest variation in spiral first order resonant frequency. For 

example, the AF = 20 mm, A1 = 1 mm, Gap = 2 mm sample has a resonant 

frequency of 55.9 Hz with 0.5 turns, compared to 12.3 Hz with 1.5 Turns.  

 

• Increasing the spiral final radius, AF, decreases the spiral’s resonant frequency 

significantly also. For example, the AF = 20 mm, A1 = 1 mm, Gap = 2 mm, 

0.5 turns sample has a resonant frequency of 55.9 Hz, compared to the AF = 
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50 mm, A1 = 1 mm, Gap = 2 mm, 0.5 turns sample of resonant frequency 10.7 

Hz.  

 

• Perhaps the most important result was the investigation into Gap variation on 

spiral first order resonant frequency. As shown in Figure 58, Gap width has 

little effect on spiral resonant frequency in most cases:   

 

o For spirals with A1 = 1 mm, increasing the Gap distance results in a 

decrease of resonant frequency i.e. for the AF = 40 mm, A1 = 1 mm, 

1 Turn sample, 1 mm Gap produces first order resonance at 16.9 Hz, 

compared to 15.3 Hz with a 6 mm Gap distance  

 

o For spirals with A1 = 6 mm, increasing the Gap distance results in an 

increase of resonant frequency i.e. for the AF = 40 mm, A1 = 6 mm, 1 

Turn sample, 1 mm Gap produces first order resonance at 15.7 Hz, 

compared to 17.4 Hz with a 6 mm Gap distance  

 

 
Figure 59 Images of AF = 20 mm, A1 = 1 mm, Gap = 2 mm sample first order modal shapes, with 0.5 turns 

(left) and 1.5 turns (right). The colour scale chart indicates total displacement, mm 
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Figure 60 Screenshot of 30 mm spiral final radius Eigenfrequency analysis. Image displays spiral with 1 turn, 

first order Eigenfrequency of 10.703 Hz. The colour scale indicates surface displacement whilst at resonance.  

 

The significance of these findings relates to the disproportionate change in spiral 

resonant frequency and stiffness when Gap is varied. It was found that axial stiffness 

varied at much greater magnitude than resonant frequency; for example, in the case 

of the AF = 50 mm, A1 = 1 mm, 1 Turn sample, increasing the Gap distance from 1 

mm to 8 mm resulted in a change of resonant frequency from 11.4 Hz to 10 Hz, or an 

approximate 12% decrease. 

 

However, the corresponding change in stiffness for the same sample was an 

approximate 45.6% decrease, from 0.0182 N/m when gap was 1 mm, to 0.0099 N/m 

when gap was 8 mm. Such results are noteworthy, as they serve to outline the 

adaptability and tunability of the Archimedean spiral geometry, allowing the designer 

to create a structure which can be tuned to meet design requirements without the spiral 

stiffness and frequency parameters being too directly dependent on each other.  

 

This behaviour follows the same trend of cantilever beams, which allow variation of 

stiffness through changing the beam width, whilst maintaining a constant resonant 

frequency as long as the beam length and thickness are not varied. The independence 

of stiffness and resonant frequency was illustrated previously in Equation 21, which 

demonstrated how the beam’s resonant frequency does not depend on the width term.   

 

In summary, we may colloquially propose that varying the spiral turns is comparable 

to “coarse” tuning of mechanical behaviour, with any variation of initial radius or gap 

distance representing a “finer” tuning of spiral mechanical properties.  
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4.4 Effect of Drainage Holes on Spiral Mechanical Behaviours   

In anticipation of a final device, we must consider the flow of water throughout a 

droplet energy harvester system. It has been shown that the formation of a water layer 

from successive droplet impacts can detrimentally affect droplet energy harvester 

efficiency by increasing both the mass and damping [169]. As such, it is useful to 

briefly investigate how the addition of drainage holes to spiral samples could affect 

mechanical behaviours.  

 

A finite element model was compiled which studied how the placement of 6 mm 

diameter holes would affect the mechanical behaviours of each sample, with a focus 

on sample resonant frequency and axial stiffness. Placement of such drainage holes,  

illustrated in Figure 61, was decided following observation of water pooling when 

physical transducers were subjected to drip streams. Naturally, some configurations 

are only plausible depending on sample electrode lengths, as they would interrupt the 

connection  (1 Arm / 2 Arm). The resulting effect on sample resonant frequency and 

stiffness is displayed in Figure 62. It was found that drainage hole configuration 

affected the simulated sample frequency and stiffness by < 1 %. It is proposed that 

this is due to the very small change in mass and stiffness caused by introducing the 

drainage holes, resulting in little effect on the overall spiral mechanical properties. 

This was experimentally verified, illustrated in Figure 63, with test results indicating 

a first order resonant frequency fluctuation of no greater than ± 1 Hz and no 

observable stiffness change for any drainage hole configuration applied.  
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Figure 61  Diagram to illustrate drainage hole configurations analysed 

 

 
Figure 62 Effect of drainage hole configuration on sample resonant frequency  
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Figure 63 Illustration of drainage hole configuration testing on sample mechanical properties using an AF = 35 

mm, 1 turn sample 
 
4.4.1 Electrode Dimension Simulations  

It has been reliably shown that the dimensions of the active electrode area used as the 

top electrode on piezoelectric devices significantly contributes to the device power 

output [170][171]. Careful consideration of device strain mechanics is required; 

perhaps counter-intuitively, maximising the active electrode area does not always 

result in an increase of output power,  with power output being detrimentally affected 

if opposing strain areas are covered [170]. In an experiment which investigated the 

optimal electrode area for a piezoelectric cantilever beam, an electrode area coverage 

of approximately 50% generated 30.8% greater power output than 100% electrode 

coverage [171]. With this in mind, the electrode lengths for each fabricated spiral 

sample were optimised.  

 

To investigate, the first order resonant frequency of each simulated spiral was 

identified, before driving the samples at this frequency whilst varying the length of 

the electrode running along the spiral arm’s upper surface. A sweep of electrode 

length covering a small section at the base of each spiral arm, ranging to the end of 

the arm, was carried out for each spiral. The electrode width was kept constant 

throughout this research to allow for variation of spiral arm width, in order to analyse 

the effect of bending stiffness variation, without altering the electrode area once an 

ideal length have been identified.  

 

 The simulated output impedance was 10 MW, to match that of the oscilloscope 

impedance used in experimental testing (at this stage, the output power is normalized 

as electrical impedance matching has yet to take place – this step was completed after 

identifying an ideal electrode length). The normalised output power as a function of 
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electrode for two sets of spiral samples, each with different varied parameters, are 

shown in Figure 64 and Figure 65.  

 

 
Figure 64 Simulated Normalised output power of samples (mixed radius) as a function of electrode length for 

comparison 

 

 
Figure 65 Simulated normalised output power of samples (AF=35 mm radius) as a function of electrode length  

 
It is found that the simulations depict that some results, such as the AF = 35 mm, A1 

= 6mm, 0.75 turns trace in Figure 65, vary from 0 to 1 abruptly at times. It is unlikely 

that the power output magnitude would vary with such frequency in reality; as such 

it is concluded that a sub-optimal solver configuration has been utilised for such cases. 

However, for result trends which vary more steadily, these simulation results serve to 

highlight the importance of optimising electrode length, with the difference between 

the highest and lowest power output ranging up to 2 magnitudes. 
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An illustration of the simulated optimal electrode lengths for an assortment of 

different spiral variants is shown in Figure 66.  

 

 
Figure 66 Screenshots of AF = 30 mm spiral geometries displaying electrode lengths which produced the 

greatest power output for a) AF = 30 mm, A1 = 6 mm, 0.75 turns, b) AF = 30 mm, A1 = 6 mm, 1 turn, and c) AF 

= 30 mm, A1 = 6 mm, 2 turns, d) AF = 40 mm, A1 = 6 mm, 1 turn, e) AF = 50 mm, A1 = 6 mm, 0.75 turns and 

f) AF = 60 mm, A1 = 6 mm, 0.5 turns 

 

To conclude, this chapter outlined a variety of approaches available to optimise the 

mechanical energy transfer efficiency of a piezoelectric energy transducer. It is 

demonstrated how appropriate tailoring of transducer dimensions, such as layer 

thickness, can result in high mechanical responsivity to an excitation stimulus. 

Furthermore, it is also shown how the geometry of the transducer significantly affects 

the overall mechanical response. Through extensive finite element modelling, it is 

concluded that double-armed spiral geometry transducers lend themselves well to 

water droplet energy harvesting, presenting a self-supporting, highly sensitive design.  

a) b) c) 

d) e) f) 
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 Mechanical Parameters Influencing Energy Transfer Efficiency  
 

“There is no substitute for hard work” 

― Thomas A. Edison 

 

Chapter 5 covers the methodology and experimental testing carried out to identify the 

influence of key parameters on transducer energy harvesting efficiency. A 

piezoelectric cantilever beam geometry is used, due to both the abundance of existing 

mathematical formulae enabling straight-forward characterisation, in addition to the 

ability to test parameters of interest, such as bending stiffness, in isolation.  

 

5.1.1 Transducer Stiffness Variation Experimental Method and 

Results 

In order to investigate the effect of beam stiffness variation on energy transfer 

efficiency, a custom-built rig consisting of an adjustable clamp (ranging to a height 

of approximately 2.4 m), base stand and drip tray was fabricated for holding syringes 

in place to dispense droplets. An illustration of this experimental set-up is shown in 

Figure 67. Syringes with different aperture dimensions, achieved by cutting at 

different locations along the nozzle in addition to utilising needle tips, were placed in 

the clamp and used to dispense droplets of diameter 3.1 mm ± 0.1 mm , 4.4 mm ± 0.1 

mm and 5.5 mm ± 0.1 mm from varying heights.  

 

A solution was prepared by dissolving 20% weight P(VDF-TrFE) co-polymer powder 

(70/30 mol ratio, supplier Piezotech, Arkema Group) in a solvent of 

dimethylformamide and acetone (volume ratio 20/80). The solution was heated at 

55°C in an oil bath and mechanically stirred for approximately 1 hour, before being 

degassed in an ultrasonic water bath for 1-2 hours. A doctor blade was used to 

uniformly spread the P(VDF-TrFE) solution onto a stainless steel foil sheet. To 

accommodate for shrinkage during the annealing process, the applicator was set to 

produce 25 µm film thickness in order to achieve a final 15 µm film thickness post 

heat treatment.  
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Figure 67 Illustration depicting droplet impact testing setup. Droplets are dispensed from a syringe clamped in 

an extended clamp stand. The voltage response from the piezoelectric transducers is measured across an 

electrically impedance matched load using an oscilloscope.  

 

This thickness was found to display good piezoelectric properties; despite theoretical 

estimates indicating that a 7.2 µm thick film would be optimal in terms of neutral axis 

positioning, in practice it was found that these films tended to breakdown during the 

poling process. After deposition, the sheet was placed in an oven at 100°C for 5 

minutes to allow the solution to dry, before the temperature was increased to 135°C 

to anneal the sample. The annealing process took place for 2 hours in order to increase 

the piezoelectric material’s crystallinity. Following the heat treatment, the sheet was 

poled using a corona poling rig (ENCORE LT Corona gun from Nordson) for 10 

minutes at a poling voltage of ~18 kV, with the corona poling tip approximately 10 

mm away from the sample surface. Following the poling process, the sample sheets 

were cut into the desired length and width. Silver electrodes of 32 mm length, 2 mm 

width, and 200 nm thickness were deposited onto each sample through a shadow mask 

via e-beam evaporation. The electrode width was kept constant to maintain 

consistency between samples, in order to observe the variation of stiffness in isolation. 

Wire connections were attached to the deposited electrode using silver electrode 

paste, before the samples were encapsulated using NeverWet® superhydrophobic 

surface treatment in order to isolate all electrical connections from water. An initial 

sample set of 53 mm length cantilever beams was fabricated, illustrated in Figure 69 

and Figure 70.  

 

Adjustable height 
from 0.5 to 2.0 m 

 

Clamped syringe 
 

Test samples clamped 
onto testing rig 

 

Load 
Resistor 

 

Oscilloscope 
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Figure 68 Cantilever beams with P(VDF-TrFE) deposited on stainless steel and poled, prepared for electrode 

deposition with foil mask 

 

 
Figure 69 Photograph of a selection of 53 mm length cantilever beam test samples  

 
 

 
Figure 70 Close up of 53 mm length cantilever beam testing array to highlight mounting/clamping condition 

 

53 mm length cantilever beam design and test details are shown in Table 11 and Table 

12. Beam stiffness was calculated by measuring beam end displacement after 

adhering a series of known masses to the free end of the beam. Electrical impedance 

matching was carried out using a vibration shaker, with the driving frequency set to 

the fundamental resonance of each sample respectively.  Note that the results here are 

incomplete due to sample failure of the 8 mm and 50 mm width samples in between 

testing with the 3.1 mm and 4.4 mm diameter droplets. It is proposed that the 
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impedance matched load varied between samples due to a combination of P(VDF-

TrFE) and electrode layer thickness variation. Furthermore, the cold soldering 

technique of applying silver adhesive paste to connect the terminal wires may have 

influenced the impedance between samples.  

 
Table 11 53 mm length piezoelectric cantilever beam experimental parameters 

Cantilever total length  53 mm 

Length of beam clamped  10 mm 

Length of beam free 43 mm  

P(VDF-TrFE) layer thickness  15 µm 

Stainless steel foil layer thickness  25 µm 

Beam widths tested  3 mm, 4 mm, 6 mm, 8 mm, 10 mm, 24 

mm, 27 mm, 45 mm, 50 mm   

Beam resonant frequency  10 - 15 Hz 

Test drop diameters used  3.1 mm, 4.4 mm  

Droplet test heights used  0.5 m, 1 m, 1.5 m, 2 m  

 
Table 12 53 mm length piezoelectric cantilever beam mechanical parameters  

Cantilever Beam 
Width / mm 

Resonant 
Frequency / Hz 

Impedance 
Matched Load 

Actual beam 
stiffness for point 
load at beam free-

end / N/m 
3 10 3 MW 0.0605 

4 10 10 MW 0.0666 

6 10 9 MW 0.074 

8 10 8  MW 0.085  

10 11 7.5 MW 0.0951 

24 10 8.5 MW 0.307 

27 10 800 kW 0.409 

45 15 2.5 MW  0.491 

50 11  400 kW 0.5 
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Figure 71 Graph displaying results of 3.13 mm diameter droplet impact testing for length = 53 mm samples 

 

 
Figure 72 Graph displaying results of 4.4 mm diameter droplet impact testing for length = 53 mm samples 

 

Initial analysis concluded that peak energy transfer efficiency appeared to occur when 

the beam width was in the 6 to 10 mm width region. To further improve result 

reliability, the clamping setup of the cantilever beam was altered. It was noted that, 

in previous testing, the cantilever beams were clamped on top of the connecting wires. 

This raised concerns regarding uniformity, and whether the non-homogenous surface 

created by the silver electrode paste contacts could affect results. As such, an 

alternative clamping setup was utilised, illustrated in Figure 73. 
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Figure 73 Images to illustrate clamping set-up for 63 mm length samples. (a) depicts a photograph of samples 

used for testing. (b) illustrates sample dimensions - free beam length is 43 mm, with 10 mm being clamped 

securely with acrylic supports, and the last 10 mm of the beam reserved for electrode connections. (c) illustrates 

sample clamping set-up graphically.   

 
In this clamping arrangement, a 20 mm section of the cantilever beam was reinforced 

and encapsulated with clear tape, after silver electrodes of 32 mm length, 2 mm width, 

and 200 nm thickness were deposited via e-beam evaporation process. Of this 20 mm 

section, 10 mm is clamped, whilst the remaining 10 mm is used for adhering wire 

contacts using silver electrode paste. In this way, the clamped section of the beam is 

as homogenous as possible. Relevant details for these samples are shown in Table 13. 

 
Table 13 63 mm length piezoelectric cantilever beam experimental parameters 

Cantilever total length  63 mm 

Length of beam clamped  10 mm 

Length of beam free 43 mm  

P(VDF-TrFE) layer thickness  15 µm 

Stainless steel foil layer thickness  25 µm 

Beam widths tested  6 mm, 8 mm, 10 mm, 24 mm,  26 mm, 

27 mm  

Beam resonant frequency  9 – 10 Hz 

Test drop diameter used  3.13 mm, 4.4 mm, 5.47 mm  

Droplet test heights used  0.5 m, 1 m, 1.5 m, 2 m  

 
The individual beam characteristics are displayed in Table 14. In this round of testing, 

both the dielectric loss and capacitance of each sample was measured using an LCR 
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meter, with a measuring frequency of 1 kHz, in order to investigate sample 

consistency. 

 
Table 14 63 mm length piezoelectric cantilever beam mechanical parameters 

Cantilever 
Beam 

Width / 
mm 

Resonant 
Frequency 

/ Hz 

Impedance 
Matched 

Load 

Actual beam 
stiffness / N/m 

Sample 
Capacitance 
@ 1 kHz / pF 

Dielectric 
Loss @ 1 

kHz 

6 10 8 MΩ 0.09432 511.7 0.01728 

8 10 8 MΩ 0.117 611.7 0.01773 

10 10 8 MΩ 0.129 443.2 0.0600 

24 9 5 MΩ 0.307 491.5 0.02180 

26 9 5 MΩ 0.3067 424.1 0.01527 

27 10 8 MΩ 0.3066 676.1 0.01799 

 

The results of testing using all three droplet diameter sizes at the selected heights are 

displayed in Figure 75. A further round of impact testing was carried out using a single 

sample which was trimmed in-between testing rounds, with the results displayed in 

Figure 77. The theory behind this approach assumed that using a single sample would 

increase test reliability as physical differences between samples which could 

influence results, such as different initial displacements, would be negated. 

Additionally, the usage of multiple samples complimented this testing by outlining 

that any trends achieved were not specific to the trimmed sample. The 27 mm sample 

used in the previous testing round was utilised. The sample width was progressively 

cut along each side, as illustrated in Figure 74. Experimental details are shown in 

Table 15. It is worth noting that impact testing from a height of 2 m was not carried 

out here, due to concerns over impact location reliability. Interim measurements were 

made for each sample after cutting, as displayed in Table 16. At widths of 11 mm and 

4 mm, the sample was re-impedance matched using a shaker. As it did not appear that 

the impedance altered by a significant amount in each case, the original matched load 

of 8 MΩ was used throughout testing.  

 

It was found that, for both rounds of testing, beams with a bending stiffness within 

the range of 0.067 to 0.134 N/m achieved the best energy transfer efficiency. Despite 

the electrode area being constrained in order to achieve consistency throughout the 

sample set, inevitably resulting in sub-optimal energy output, it was calculated that 

the achieved results of samples represented a significant improvement on energy 
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transfer efficiency compared to commercially available sensors. The results from 

previous testing [75] which utilised commercially available piezoelectric sensors (The 

Pro-Wave (FS-2513P) sensor) indicated an energy output of no more than 90 nJ from 

droplet impact. With an active volume of approximately 0.975 µm#, the energy 

density is calculated as 0.092 J/m#. In comparison, the peak energy output of 28 nJ 

achieved from the testing results of this investigation, generated by an active sample 

volume of 1.76 nm#, represents an energy density of 15.9 J/m#. These results 

exemplify how appropriate transducer mechanical tailoring to the excitation source 

can result in significant energy transfer efficiency improvement. As such, whilst the 

peak energy output achieved in this research is not the highest possible, it 

demonstrates significant energy transfer efficiency for the active electrode areas used. 

It is proposed that the energy density of the commercial sensors typically utilised in 

other studies suffers due to the relatively stiff Mylar coating used to encapsulate the 

sample. 

 

 
Figure 74 Images to illustrate progressive trim testing of single sample 

 
Table 15 Progressive trim piezoelectric cantilever beam experimental parameters 

Cantilever total length  63 mm 

Length of beam clamped  10 mm 

Length of beam free 43 mm   

P(VDF-TrFE) layer thickness  15 µm 

Stainless steel foil layer thickness  25 µm 

Beam widths tested  4 mm, 7 mm, 11 mm, 15 mm, 19 

mm,  25 mm, 27 mm  

Beam resonant frequency  10 Hz 

Test drop diameter used  3.1 mm, 4.4 mm, 5.5 mm  

Droplet test heights used  0.5 m, 1 m, 1.5 m 
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Table 16 Progressive trim piezoelectric cantilever beam experimental parameters 

Cantilever 
Beam 

Width / mm 

Resonant 
Frequency 

/ Hz 

Impedance 
Matched 

Load 

Actual beam 
stiffness / 

N/m 

Sample 
Capacitance 
@ 1 kHz / pF 

Dielectric 
Loss @ 1 

kHz 

4 10 8 MΩ 0.067 657 pF 0.01677 

7 10 8 MΩ 0.094 620 pF 0.13 

11 10 8 MΩ 0.134 621 pF 0.14 

15 10 8 MΩ 0.188 619 pF 0.15 

19 10 8 MΩ 0.188 660.6 pF 0.02 

25 10 8 MΩ 0.23535 661 pF 0.022 

27 10 8 MΩ 0.23535 663 pF 0.02 

 

The energy output results shown in Figure 75 and Figure 77 are averaged from the 

impacts of at least 5 droplets in  each case. 
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5.1.2 Droplet Impact Frequency Variation Experimental Method 

and Results 

An investigation into the energy transfer efficiency depending on droplet impact 

frequency is carried out. Whilst it is rational to assume that driving an energy 

harvester at its resonant frequency will result in maximised power output, it has 

been reliably demonstrated that droplet-surface interactions are not trivial, given 

the elastic nature of droplets upon impact. It has been proposed that, depending on 

the relation between the beam resonant frequency and the natural vibration 

frequency of the impacting droplet, illustrated in Equation 40, the reactive 

transducer movement to impact can synergistically, passively or destructively 

contribute towards the droplet kinetic energy after recoil from the substrate [146].  

As such, this work seeks to validate the effect of impact frequency upon the energy 

transfer efficiency, as this has yet to be explicitly demonstrated elsewhere.  
 

𝑓G =
�	
?
= 	

�	

ç
è
Óéêë

¿

ì

		

Equation 40 
 

 
This investigation began by simulating the length = 63 mm samples tested 

previously in the COMSOL modelling software. Simulations investigated sample 

power output whilst being driven by a range of frequencies. In addition to 

simulation analysis, a practical test was carried out using an Alaris IVAC P7000 

syringe driver to dispense 3 mm-diameter droplets at a range of drip frequencies 

onto each sample beam end from a distance of 30 cm. This test round utilised the 

samples used in previous tests (widths of 4, 6, 8, 10, 24 and 26 mm). An IR detector 

was used to measure the drip frequency rate of the droplets, outputting a negative 

spike each time a droplet broke the IR beam. This signal was measured using an 

oscilloscope and used to calculate drip frequency. Measured drip frequencies 

ranged from 1 Hz to at least 30 Hz for all samples. 
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Figure 79 Photograph to illustrate impact frequency effect on power output test setup 

 

The impact frequency testing results in Figure 80 demonstrate that, despite the non-

trivial behaviour of droplet-surface impact interactions, sample output power was 

better when the frequency of incident impacting droplets onto the sample beam 

ends’ was close to/at the samples resonant frequency. The simulated results, 

although displaying power output levels a couple magnitudes greater than the 

practical results, support the conclusion that driving the samples at their resonant 

frequency achieves optimal power output. It is noted that there is a difference 

between the simulated and experimental result peaks. This is considered to be due 

to the disparities between the simulation and experimental environments; for 

example, in the simulation the samples are driven with a periodic impulse, which 

does not account for fluid dynamics. Additionally, it is likely that that the material 

properties for the fabricated samples would differ from the simulated samples.  In 

each case, the power output was maximised when the simulated/practical sample 

was driven by impacts matching its resonant frequency.  

 

 
Figure 80 Sample output power as a function of droplet impact frequency, simulation and practical test 

results 
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To conclude, it is found that in the case of water droplets of diameter 3.3 – 5.5 mm, 

falling from a height of 0.5 to 2.0 m, piezoelectric cantilever beams of bending 

stiffness within the range of  0.067 to 0.134 N/m achieved the best energy transfer 

efficiency.  

 

Additionally, it was proven that droplets impacting upon the cantilever beams with 

a frequency which was close to the beam resonant frequency elicited the greatest 

energy output. Whilst perhaps intuitive, the impact of a droplet upon a solid surface 

is a highly dynamic, non-trivial event; these results demonstrate that the micro-

scale mechanical dynamics can be ignored in favour of the macro-scale driving 

frequency.   
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 Archimedean Spiral Transducer Fabrication and Testing   
 

 

“Noli turbare circulos meos!” 

― Archimedes 

 

In this chapter, aspects relating to optimal design and implementation of spiral 

transducers into an energy harvesting system are investigated practically. From 

FEM geometric investigations, it was observed that double-armed Archimedean 

spiral-type geometries held inherent mechanical behaviours which lend 

themselves favourably to droplet impact energy harvesting. A brief summary of 

the spiral characterisation carried out is as follows:  

 

 
Figure 81 Diagram to illustrate spiral sample fabrication, characterisation and optimisation process 

 

6.1 Sample Fabrication  

 
2 different sample sets were initially fabricated – 5 samples composed of spirals 

with mixed final radii and turn number, and  5 samples with AF = 35 mm, A1 = 6 

•P(VDF-TrFE) solution is deposited onto Copper Sheet and heat cured 

•The sample is poled using a surface charge array 

•Spiral design is cut into copper sheeting via laser cutter 

•Top contact silver electrodes are deposited via e-beam evaporation using shadow 
masks 

•Electrode length is optimised by vibrating the harvester and incrementally reducing 
electrode length, observing the output voltage, before repairing

•Samples with optimised electrodes are electrically impedance matched 

•Encapsulation in super-hydrophobic surface treatment 

•Optimal impact location testing is carried out, accompanied by localised  stiffness 
measurements of efficient energy output locations 
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mm, Gap = 2 mm and turn number ranging from 0.5 to 1.5 in 0.25 turn increments. 

A solution was prepared by dissolving 20% weight P(VDF-TrFE) co-polymer 

powder (70/30 mol ratio) in a solvent of dimethylformamide and acetone (volume 

ratio 20/80). The solution was heated at 55°C in an oil bath and mechanically 

stirred for approximately 1 hour, before being degassed in an ultrasonic water bath 

for 1-2 hours. A doctor blade was used to uniformly spread the P(VDF-TrFE) 

solution onto 50 µm thick copper foil sheets. Following issues with sample short 

circuiting, it appeared that too thin film thickness results in perforation during the 

drying process. It was proposed that this occurred due to thermal expansion 

coefficient mismatch between the polymer and substrate layers; the thermal 

expansion coefficient of copper is approximately 17 µ𝐾9�, compared to that of 

PVDF polymers which are typically in the region of 120 µ𝐾9� [172]. Such 

mismatch would introduce additional mechanical strain on the deposited P(VDF-

TrFE) film during the heat process, potentially thinning the layer to the point of 

perforation, which would result in short circuiting post electrode deposition.  

 

Consequently, to avoid this it was found that films of at least 50 µm thickness 

should be deposited, producing an estimated 20-25 µm thick film post heat 

treatment. After deposition, the sheet was placed in an oven at 100°C for 5 minutes 

to allow the solution to dry. The sheet was then annealed for 2-3 hours at a 

temperature of 135°C in order to increase the piezoelectric material’s crystallinity. 

Following the heat treatment, the sheet was poled using a custom built surface 

charge poling rig, which consisted of an array of brass pins to create an evenly 

distributed poling field, illustrated in Figure 82. 

 
Positioned parallel to the P(VDF-TrFE) upper surface, the distance between the 

sample and the pin tips was approximately 20 mm. A poling voltage of ~13-13.5 

kV  was applied for 5 minutes to each sample, with the surface charge measured 

after each poling period to check that adequate poling had occurred.  
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Figure 82 Photograph of custom built surface charge array used to polarize P(VDF-TrFE) on copper foil 

samples. Samples were positioned underneath the array in order to experience an evenly distributed poling 

field across the upper surface 

 
In order to prevent charge cancellation during oscillation, shadow masks were 

used to deposit individual silver electrodes on each spiral arm, instead of carrying 

out variable zone polarisation. The electrodes were 200 nm thick, 2 mm width, 

and initially ran the full spiral arm length for each design. A thin electrode width 

was chosen so that it could be kept constant whilst sample turn number was 

increased (spiral arm width decreases with increasing turn number when the final 

and initial spiral radii are kept constant). It is noted that this electrode arrangement 

is perhaps not a true reflection of the greatest available power output - future work 

looks to optimise the active area further. Wire connections were attached using 

silver conductive paint, before each sample was securely clamped along the edges 

in an acrylic frame. After electrode optimisation took place, the samples were 

encapsulated using NeverWet® superhydrophobic surface treatment in order to 

isolate all electrical connections from water, with the resulting difference in water 

droplet contact angle illustrated in Figure 83. A selection of successfully 

fabricated spiral samples is shown in Figure 84. The parameters’ physical 

expression is displayed in Figure 85 for reference. Optimal impact location testing 

is carried out, before the bending stiffness of the impact location which produces 

the highest energy output is calculated.  

 

 
Figure 83 Photographs to illustrate the effect of NeverWet® superhydrophobic surface treatment on water 

droplet contact angle, post-treated sample (left) and pre-treated sample (right) 
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Figure 84 Photographs displaying some of the fabricated spirals 

 

 

Figure 85 Varied spiral parameters 

 

6.2 Spiral Electrode Optimisation and Impedance Matching  

 
Experimental variation of electrode length was carried out. Each sample was 

driven at resonance, with 0.5 cm sections of the electrodes disconnected at 

intervals through mechanical abrasion, in order to measure the effect on the output 

voltage with shortening electrode length. Once an optimal electrode length is 

identified, the sample electrodes are repaired using silver conductive paint.  The 

electrodes are optimised with the samples being driven at resonance due to the 

anticipated sample post-impact mechanics – after the droplet collides with the 

sample upper surface, it rolls off the sample due to the hydrophobic coating, 

leaving the sample to oscillate at its natural frequency. The electrode length 

variation results are shown in Figure 86 for the mixed radii spirals, and in Figure 

87 for the AF=35 mm radius spirals with turn number varied in isolation.  

 

 



 121 

 
Figure 86 Actual normalised output power of samples (mixed radius) as a function of electrode length 

 

 
Figure 87 Actual normalised output power of samples (AF=35 mm radius) as a function of electrode length 

 

The variation in power output with electrode length is noteworthy – it is 

demonstrated that, for samples such as the “AF = 60 mm, A1 = 6 mm, 0.5 Turn”, 

power output decreases with decreasing electrode length. However, the power 

output for the “AF = 30 mm, A1 = 6 mm, 2 Turns” sample peaks at two distinct 

locations in both the simulated and practical results. This highlights the complex 

stress/strain distribution throughout the spiral arms during bending, which is 

pronounced in this geometry likely due to axial/torsional stresses being greater in 

longer spiral arms. Relevant parameters for all fabricated samples post-

optimisation are displayed in Table 17. 
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Table 17 Relevant parameters of fabricated spiral sample sets 

 

The optimal electrode length for each sample was selected from the experimental 

testing results, with electrical impedance matching taking place subsequently. The 

samples were driven at a steady vibration frequency and the output voltage was 

measured across a variety of resistances. The resulting power output was 

calculated and plotted to produce a peaked curve. From this curve, a value for max 

power output depending on output load was found for each sample. 

 

6.3 Effect of Droplet Impact Location on Energy Output 

 
The effect of droplet impact location variation on each sample was studied. A 

selection of locations were chosen for each sample, with multiple 5 mm diameter 

droplets being released from a height of 0.5 and 1.0 metre onto each position. For 

each sample, the normalised average energy output of each location from the 

perspective of one arm connection was calculated, indicating the impact location 

 
Sample 

Parameters 
Sample 

Thickness 
/ mm 

Resonant 
Frequency 

/ Hz 

Active 
Electrode 

Length/Width/
Depth (per 
arm) / 𝐦𝐦𝟐 

Electrically 
Impedance 
Matched 

Load /  MW 

La
se

r 
C

ut
  

(M
ix

ed
 R

ad
ii)

 

AF = 20 mm, A1 = 

6mm, 0.75 Turns  

0.07-0.09 16  17 mm / 1.5 mm / 

200 nm 

5  

AF = 30 mm, A1 = 

6mm, 0.75 Turns  

0.05-0.08 16 30 mm / 1.5 mm / 

200 nm 

2   

AF = 30 mm, A1 = 

6mm, 1 Turn  

0.07-0.08 18 17 mm / 1.5 mm / 

200 nm 

5   

AF = 30 mm, A1 = 

6mm, 2 Turns  

0.07-0.09 8 34 mm / 1.5 mm / 

200 nm 

3.5   

AF = 60 mm, A1 = 

6mm, 0.5 Turns  

0.06-0.07 20 35 mm / 1.5 mm / 

200 nm 

4   

La
se

r 
C

ut
 (I

nc
re

as
in

g 
Tu

rn
)  

AF = 35 mm, A1 = 

6mm, 0.5 Turns  

0.09-0.12 20 37.5 mm / 1.5 mm 

/ 200 nm 

6.7  

AF = 35 mm, A1 = 

6mm, 0.75 Turns  

0.08-0.17 16 27.5 mm/ 1.5 mm 

/ 200 nm 

4   

AF = 35 mm, A1 = 

6mm, 1 Turn  

0.08-0.10 15 14 mm/ 1.5 mm / 

200 nm 

8.7   

AF = 35 mm, A1 = 

6mm, 1.25 Turns  

0.08-0.11 15 26 mm / 1.5 mm / 

200 nm 

8.7   

AF = 35 mm, A1 = 

6mm, 1.5 Turns 

0.10-0.14 8 92.5 mm / 1.5 mm 

/ 200 nm 

6.7   
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which produced the greatest energy output at unity. Subsequently, the bending 

stiffness of the impact location producing the greatest energy output was found.  

 

 
Figure 88 AF = 20 mm, A1 = 6 mm, 0.75 Turns – Output Energy from Blue Arm Connection 

 

 
Figure 89 AF = 30 mm, A1 = 6 mm, 0.75 Turns – Output Energy from Yellow Arm Connection 

 

 
Figure 90  AF = 30 mm, A1 = 6 mm, 1 Turns – Output Energy from Blue Arm Connection 
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Figure 91  AF = 30 mm, A1 = 6 mm, 2 Turns – Output Energy from Blue Arm Connection 

 

 
Figure 92  AF = 60 mm, A1 = 6 mm, 0.5 Turns – Output Energy from Blue Arm Connection 

 

Graphs displaying the impact location which produced the greatest energy output, 

and the overall average energy output of all impact locations on each sample, are 

shown in Figure 93 and Figure 94. In Figure 93 error bars are used to illustrate the 

highest to lowest range in energy output from all droplet impacts used to test the 

samples. Following the identification of impact locations which produced a peak 

energy output for each sample, the axial stiffness of these locations was measured. 

The results appear to demonstrate that increasing stiffness results in greater energy 

transfer to a certain threshold, although there is some variation which suggests that 

gauging energy transfer efficiency by stiffness in isolation is not sufficient. The 

spiral geometry also appears to influence energy transfer efficiency, with the AF = 

30 mm, 1 turn sample producing a jump in energy output compared to spirals with 

similar dimensions but different turn number.  
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Figure 93 Laser cut sample (mixed radius) peak energy output data compared to bending stiffness at the 

impact location (bending stiffness values shown beside trend line) 

 

 
Figure 94 Graph displaying average energy output from all tested impact locations for each sample, giving 

an overall display of energy output for each sample.  

 

 
Figure 95  AF = 35 mm, A1 = 6 mm, 0.5 Turns – Output Energy from Red Arm Connection 
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Figure 96  AF = 35 mm, A1 = 6 mm, 0.75 Turns – Output Energy from Blue Arm Connection 

 

 
Figure 97 AF = 35 mm, A1 = 6 mm, 1 Turns – Output Energy from Blue Arm Connection 

 

 
Figure 98  AF = 35 mm, A1 = 6 mm, 1.25 Turns – Output Energy from Red Arm Connection 

 

 
Figure 99  AF = 35 mm, A1 = 6 mm, 1.5 Turns – Output Energy from Red Arm Connection 

 

Graphs displaying the impact location which produced the greatest energy output, 

and the overall average energy output of all impact locations on each sample, are 
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shown in Figure 100 and Figure 101. In Figure 100 error bars are used to illustrate 

the highest to lowest range in energy output from all droplet impacts used to test 

the samples. Following the identification of impact locations which produced a 

peak energy output for each sample, the axial stiffness of these locations was 

measured. It was found that the energy output typically increased with increasing 

sample impact location stiffness for the range tested, peaking significantly with the 

peak energy output of the 0.5 turn sample, at impact location B. Additionally, an 

analysis of the overall average energy output from the samples, covering all energy 

outputs from all impact locations, further demonstrated that the samples with an 

overall greater bending stiffness produced a greater output energy.  

 

 
Figure 100 Graph displaying peak energy output from the tested impact locations for all samples 

 

 
Figure 101 Graph displaying average energy output from all tested impact locations for each sample, giving 

an overall display of energy output for each sample.  
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6.3.1 Effect of Droplet Impact Location on Energy Output Result 

Discussion  

 
The original guiding hypothesis behind these experiments was that a lower 

stiffness would result in greater energy transfer efficiency, as was found in the 

testing of cantilever beam energy harvesters demonstrated previously in this 

research. From simulation and experimental work, in the case of spiral shape 

transducers it is concluded that the overall bending stiffness of the spiral is reduced 

as turn number increases. As such, the results appear to demonstrate that the energy 

output of each spiral actually increases with increasing overall spiral stiffness, 

although it is unknown to what limit from this result set.  

 

It is concluded that the extent to which the samples resist the impact of the droplet, 

relating to the bending stiffness and otherwise represented as the mechanical 

impedance of the sample, affects the energy transfer efficiency through varying 

the degree to which the piezoelectric layer is placed under stress. For example, the 

impact voltage vs. time profiles for the AF = 30 mm, 2 turns sample and the AF = 

60 mm, 0.5 turns sample are shown in Figure 102 and Figure 103 respectively. The 

AF = 60 mm sample is significantly stiffer than the AF = 30 mm sample in this 

case; we observe that the voltage vs. time outputs of each sample undergoing a 

single droplet impact are considerably different, with the AF = 60 mm sample 

indicating a much higher voltage output across a shorter time frame.   

 

 
Figure 102 Voltage vs. Time for droplet impact upon impact location A for  AF = 30 mm, 2 turns sample 
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Figure 103 Voltage vs. Time for droplet impact upon impact location F  for  AF = 60 mm, 0.5 turns sample 
 
Quantitatively, the impact upon the AF = 30 mm, 2 turn sample produced an energy 

output of 1.4 nJ, compared to 2.6 nJ produced by the AF = 60 mm, 0.5 turn sample. 

We surmise that the bending stiffness of the AF = 60 mm sample was better 

matched to the impact force of the droplet than the AF = 30 mm sample, resulting 

in increased stressing of the piezoelectric layer and thus greater energy output.  

 

However, it is also proposed that considering the mechanical impedance matching 

of the sample in isolation is insufficient for obtaining ideal energy transfer 

efficiency. It is proposed that achieving high energy output from droplet impact 

using spiral shaped transducers is also influenced by factors such as: 

 

• Spiral Arm Thickness – If two extreme sample cases are considered, 0.5 

and 1.5 turns, illustrated in Figure 104, it is shown that the 0.5 turn sample 

provides a greater area for initial droplet impact energy transfer to take 

place. Given that the surface is coated in superhydrophobic coating, 

droplets are very likely to slide off the surface shortly after impact, 

particularly given a droplet’s tendency to spread during impact, as shown 

in Figure 105– if the spiral arm width is comparable to the droplet diameter, 

the likelihood of droplets sliding off the arm during impact is increased, 

particularly if the initial droplet impact location was not precisely aimed 

onto the centre of the spiral arm. This will undoubtedly affect the useful 

energy transferred by the impacting droplet.  
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Figure 104 Comparison of arm width in regard to energy transfer for AF = 35 mm samples – (left) 0.5 turn 

sample, (right) 1.5 turn sample 
 

 
Figure 105 Reprinted from [49], image illustrating droplet spreading on impact 

 

• Geometry Strain Distribution – With changing spiral final radius, initial 

radius and turn number, the strain distribution of each sample will differ. 

As such, this will have an effect on the level of induced strain in the 

piezoelectric material connected by electrodes, influencing the energy 

output. Furthermore, strain distribution influences the active area size of 

the top electrode used, in order to avoid charge cancellation through 

opposing bending regimes. As such, samples with long arms, such as the 

AF = 35 mm, 1.5 turns sample, may experience charge cancellation and 

require shorter electrode lengths than possible, whereas shorter, stiffer 

armed samples such as the AF = 35 mm, 0.5 turns sample may experience 

a uniform bending regime across a greater sample area.  To illustrate this 

from Figure 93 and Figure 94 it was shown that, despite samples like the 

AF = 60 mm, 0.5 turns sample producing the greatest peak energy output, 

the overall energy output from the same sample set was produced by the 

AF = 30 mm, 1 turn sample.  

 

 

 

 

Width = 24 mm  
Width = 8 mm  
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6.4 Variation of “Gap” Parameter Testing  

 
Simulation results and previous experimental testing in section 4.3 - 4.3.2 has 

reliably demonstrated that decreasing the spiral arm width results in a decrease of 

axial stiffness, with little effect on other parameters such as the spiral resonant 

frequency. In light of this, further experiments were carried out to explore the 

effect of axial stiffness on energy transfer efficiency.  

 

Samples with 0.5 and 1.0 turn numbers, prepared in the same method as previously 

outlined, were selected for testing following previous experimental evidence of 

greater energy output for such dimensions. 5 mm diameter droplets were dispensed 

onto the spiral centre, with the average energy output recorded, before the spiral 

arm widths were progressively trimmed using a laser cutter, as illustrated in Figure 

106.   

 

 
 

Figure 106 Photograph to illustrate sample trimming process, AF = 35 mm, 0.5 turns (top) and AF = 35 
mm, 1.0 turns (bottom). The 0.5 turn sample had an active electrode length of 35 mm, width 15 mm and 

thickness 200 nm, with an electrically impedance matched load of 8 MW. The 1.0 turn sample had an active 
electrode length of 59 mm, width 15 mm and thickness 200 nm, with an electrically impedance matched load 

of 7 MW. 
 
Simulation results depicting the influence of Gap width on spiral axial stiffness for 

0.5 and 1.0 turn samples are displayed in Figure 107 and Figure 108, with 

experimental testing results displayed in Figure 109 and Figure 110 
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The 0.5 turn sample’s initial resonant frequency, 28 Hz, varied from 26-30 Hz, 

whilst the 1.0 turn sample’s initial resonant frequency, 13 Hz, varied from 12-14 

Hz, supporting the theory that variation of Gap does not largely influence resonant 

frequency, despite an approximate 50 % stiffness variation.  

 

 
Figure 107 Influence of Gap distance on spiral stiffness for AF = 35 mm, 0.5 turn sample. The line equation 

for each Gap state is provided to illustrate spiral stiffness variation.   
 

 
Figure 108 Influence of Gap distance on spiral stiffness for AF = 35 mm, 1 turn sample. The line equation 

for each Gap state is provided to illustrate spiral stiffness variation.   
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Figure 109 Result of progressive arm width trim testing for AF = 35 mm, 0.5 turn sample. Due to sample 
stiffness, it was not possible to physically test the axial stiffness without damaging the contact electrodes – 
as such, the simulated stiffness is illustrated here. Error bars illustrate the difference between highest and 
lowest energy output for each arm width tested. Each gap width configuration was tested with at least 8 

droplet impact repetitions, the average energy is displayed here.  
 

 
Figure 110 Result of progressive arm width trim testing for AF = 35 mm, 1.0 turn sample. Error bars 

illustrate the difference between highest and lowest energy output for each arm width tested. Each gap width 
configuration was tested with at least 8 droplet impact repetitions, the average energy is displayed here. 

 
 
6.5  Fixed-Fixed Beam Comparison Testing  

 
Following the spiral sample results, it was felt necessary to compare the results 

of the AF = 35 mm spiral transducers to equivalent fixed-fixed cantilever beams, 

given their geometrical similarity. The effective length of the spiral sample was 

measured, as illustrated in Figure 111, in addition to arm width in order to fabricate 

equivalent fixed-fixed beam samples for comparison. A selection of beams were 

fabricated from the same deposited P(VDF-TrFE) on copper sheeting used in the 
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production of the spiral samples, ensuring experimental reliability. Due to raw 

material dimensions constraints it wasn’t possible to produce a 1/1.5 turn spiral 

sample equivalent, so a shorter 0.25 turn spiral sample equivalent was fabricated. 

 

 
Figure 111 Image illustrating the effective length for the 1 turn spiral sample. In this example, the 

equivalent fixed-fixed beam length is approximately 251.84 mm, with arm width measured as 14 mm.   

 
Sample electrode dimensions were kept consistent with the dimensions used for 

the equivalent spiral samples, although each sample was electrically impedance 

matched. Relevant parameters for the fabricated fixed-fixed beams are displayed 

in Table 18. After impedance matching, the samples were encapsulated in 

superhydrophobic surface coating, before 5 mm droplets were impacted upon the 

surface in an identical testing set-up to the previous spiral optimal impact location 

testing.  

 

 
Figure 112 Photograph of AF = 35 mm spiral equivalent length fixed-fixed beams. Beams represent spiral 
arm width and length in a straight, fixed-fixed beam format. From left to right, fixed-fixed beam equivalent 

of a 0.25, 0.5, 0.75 and 1 turn samples 
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Table 18 Fixed-fixed beam sample parameters 

 

The impact locations and energy outputs for each beam are illustrated in Figure 

113, Figure 114 and Figure 115 and 122! with a summary of results depicted in 

Table 19. 

 

 

 
Figure 113 0.25 turn equivalent fixed-fixed beam energy output depending on droplet impact location, 

illustrated in upper image 
 

 

 

Fixed-Fixed Beam 
Spiral Sample 

Equivalent  

Fixed-Fixed 
Beam Length 

and Width / mm 

Active 
Electrode 

Area 
(L/W/T)  

Resonant 
Frequency / Hz 

Electrically 
Impedance 

Matched Load /  
MW 

AF = 35 mm, 0.25 
Turns 

Length = 83.9 

Width = 24 

37.5 mm / 1.5 
mm / 200 nm 

50 3 

AF = 35 mm, 0.5 
Turns 

Length = 135.55 

Width = 24 

37.5 mm / 1.5 
mm / 200 nm 

38 3 

AF = 35 mm, 0.75 
Turns 

Length = 192.75 

Width = 16 

27.5 mm/ 1.5 
mm / 200 nm 

22 3 

AF = 35 mm, 1.0 
Turns 

 

Length = 251.84 

Width = 12 

14 mm/ 1.5 
mm / 200 nm 

25 5 
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Figure 114 0.5 turn equivalent fixed-fixed beam energy output depending on droplet impact location, 

illustrated in upper image 
 

 

 
Figure 115 0.75 turn equivalent fixed-fixed beam energy output depending on droplet impact location, 

illustrated in upper image 
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Figure 116 1.0 turn equivalent fixed-fixed beam energy output depending on droplet impact location, 

illustrated in upper image 
 

Table 19 Results of fixed-fixed beam experimental testing 

 
The results indicate that the energy output from a fixed-fixed beam is typically less 

than that of their spiral equivalents. For example, the peak energy output of the 0.5 

turn equivalent fixed-fixed beam was 1.8 nJ with a droplet release height of 0.5 m 

and 1.9 nJ with a droplet release height of 1.0 m. Conversely, the AF = 35 mm, 0.5 

turn spiral sample produced 3.1 nJ with a droplet release height of 0.5 m and 15.2 

nJ with a droplet release height of 1.0 m.  

 

However, the energy output achieved by the 1.0 turns equivalent beam is superior 

to its spiral equivalent, with a peak energy output of 9.8 nJ achieved with a droplet 

Fixed-Fixed 
Beam Spiral 

Sample 
Equivalent  

Peak energy 
output 0.5 m 

droplet release 
height and 

location  

Peak energy 
output 1.0 m 

droplet release 
height and location  

 

Overall average 
energy output 
0.5 m droplet 
release height  

Overall average 
energy output 
1.0 m droplet 
release height 

0.25 Turns 0.44 nJ, location G  1.06 nJ,  location G 0.25 nJ 0.59 nJ  

0.5 Turns 1.8 nJ, location F 1.9 nJ, location B 0.7 nJ 1.0 nJ 

0.75 Turns 0.4 nJ, location J 0.4 nJ, location J 0.06 nJ 0.1 nJ 

1.0 Turns 1.63 nJ, location D 9.8 nJ, location B 1.36 nJ 3.93 nJ 
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release height of 1.0m, compared to the AF = 35 mm, 1 turn sample peak energy 

output of 1.4 nJ with the same droplet release height. Whilst this impact energy is 

promising, it is important to note that depending on the desired application it may 

be unpractical to implement such a fixed-fixed beam transducer, given its length 

of 251.84 mm.  In general, it was noted that the fixed-fixed beam equivalents have 

higher first order resonant frequencies than their spiral sample counterparts, and 

are also significantly stiffer. It is proposed that fixed-fixed beams experience 

coupled axial-torsional bending stress to a lesser extent due to their design, 

resulting in lesser straining of the piezoelectric P(VDF-TrFE) layer.  

 

To conclude this chapter, the fabrication process required to produce double-armed 

spiral energy harvesters is outlined. The importance of droplet impact location is 

shown, with specific, localised regions of each harvester producing a peak energy 

output upon impact depending on the spiral design. These results emphasise the 

attractiveness of controlling the droplet impact location in terms of energy transfer 

efficiency.  

 

It is additionally demonstrated how the energy output is not only reliant on the 

stiffness of the spiral, but upon the geometry also. This result is obtained through 

analysis of each spiral’s peak energy output, compared to the average energy 

output calculated from a series of droplet impacts across each design.  

 

Finally, an experimental comparison of spiral transducers to their fixed-fixed beam 

equivalents (in terms of “untwisted” length and width) illustrates how the spiral 

design encourages higher energy output through promoting both an axial and 

torsional bending regime under impact. Furthermore, fixed-fixed beams tend to be 

stiffer, and as a result have higher resonant frequency.   
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 Tiered Droplet Impact Control System 
 
 

“Start with the end in mind.” 

― Stephen R. Covey 

 
 
Attempting to harvest rain droplet impact energy through direct exposure of 

harvesting transducers is an inefficient process. Is this chapter, the design and 

testing of a tiered system to control droplet diameter, impact frequency and 

location is presented. 

 

Random impacts of incident water droplets will result in an inefficient energy 

output. Furthermore, in order to protect transducer elements from damage caused 

by higher impact force droplets driven by external forces such as high winds, it is 

necessary to increase the transducer durability. However, it is likely that such 

designs will produce an unacceptable loss of mechanical sensitivity, with the 

efficiency of harvesting smaller droplet impact energy being significantly reduced. 

 

It is proposed more beneficial to collect incident droplets first, before guiding them 

to optimal impact locations on the harvesting transducers in order to achieve an 

energy efficient response. Whilst this compromises the raw kinetic energy 

available from a droplet travelling at terminal velocity, it is theorised that 

controlled dispensing of droplets allows for more precise tailoring of the energy 

harvesting elements. It is possible to control the droplet diameter dispensed from 

a nozzle by controlling the nozzle aperture diameter. Droplet diameter can be 

estimated by using the relation shown in Equation 41, where	𝑅G=b`/@?  is the formed 

droplet radius, 𝑅_.`<//.=a  is the radius of the capillary, or syringe tip opening, 𝛾 is 

the water surface tension at the liquid/vapour interface, 𝑔 is the gravitational 

constant and 𝜌 is the water density [15]. 

 

𝑅G=b`/@? = É
3𝑅_.`<//.=a𝛾
2𝑔𝜌>.?@=

Ê
�
#
 

Equation 41 
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Initial investigations into droplet parameter control focused on how variation of 

the stream outlet diameter influenced the drip frequency of the formed droplets. 

An acrylic box was laser cut to have outlets along its bottom, ranging from 1 mm 

to 6 mm in diameter in 0.5 mm increments. Dyed water was pumped into the 

acrylic box in order to produce continuous water streams from the outlets. An 

Infra-Red detector circuit was used to measure the frequency of droplets passing 

by as the jet transitioned from a continuous stream to dripping.  It was found that :  

 

• The frequency of droplets was quite variable at all measurement points 

along the stream, with the IR detector circuit measuring drip frequency in 

the region of 80-200 Hz.  

 
•  It appeared that the only effect different diameter outlets had was to vary at 

what distance from the outlet the stream transitioned from a steady jet to 

drips – the larger the outlet, the further the distance from the outlet hole was 

required for this transition to occur, illustrated in Figure 118. It is likely that 

this related to the surface tension of the water; a larger stream will take longer 

to break-up into droplets, as its cross-section has the largest distance to 

recede before break-up.  

 

 
Figure 118 (left) Photograph of acrylic container with varied bottom outlet diameters, (right) photograph to 
illustrate variation of Jet-to-drip transition state depending on outlet diameter (6.0 mm to 1.0 mm from left 

to right, only streams from outlet diameters of 1.0 mm to 4.5 mm are displayed in this image as water would 
otherwise drain too quickly with all outlets open for reasonable observation to take place ). 

 

Figure 117 Photograph of laser cut acrylic 
box with dyed water flowing from different 

sized diameter outlets 

Varying diameter 
outlets 

 

Dyed water 
outlet streams  

 
Jet-to-drip 

transition height 
varies with outlet 

diameter  
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Observing that the drip frequency was both high and uncontrollable when allowed 

to freely flow from a single outlet, further investigations were carried out in an 

attempt to devise a method for producing controllable, lower drip frequency 

droplets.  

 

It was found that when the box was allowed to run dry, eventually the water level 

resembled a thin film across the bottom floor of the box. At this point, drips formed 

directly at the outlets and fell with significantly lower frequency than observed 

previously (<10 Hz). In light of this, a droplet dispensing system comprised of two 

stacked acrylic tanks was fabricated and is illustrated in Figure 119. This consisted 

of an upper storage stage, which dispensed 1 litre of water through an array of 1 

mm diameter outlets laser cut into its base. Beneath this tank is a lower stage with 

a single 6 mm diameter outlet laser cut into its base.  

 
Figure 119 Tiered tank stages to control droplet formation and impact frequency. The tank liquid is de-

ionised water dyed with black food colouring.  
 
This encouraged droplets to form and fall from the 6 mm outlet with predictable 

frequency, providing an opportunity to increase energy transfer efficiency through 

matching the resonant frequencies of the samples being driven by the droplet 

stream. Additionally, it was found that modifying the ratio of open upper stage 1 

mm diameter outlets to the lower stage 6 mm diameter outlet controlled the volume 

flow of the droplets, altering both the drip frequency and time scale with which the 

stored water was dispensed, illustrated in Figure 120. The scenario where no upper 
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stage is used, whereby the water is added directly to the lower stage, is given for 

comparison. It is proposed that the frequency decreased over time for each outlet 

ratio tested as the water level in the upper stage decreased, resulting in a decrease 

of pressure, which lowered the 1 mm outlet stream flow rate. 

 

 
Figure 120 Tiered system drip frequency rates for AF = 60 mm, 0.5 turns sample depending on number of 

open upper stage 1 mm outlet 
 

The samples fabricated previously were orientated beneath the 6 mm outlet so that 

the droplets impacted upon locations shown to produce the largest energy output 

from previous testing. It was found that, at a position of 1.0 m below the 6 mm 

outlet, the AF = 60 mm, 0.5 turns sample produced  the greatest power output for 

the ratios of open upper 1 mm diameter outlets tested, with the power output over 

time displayed in Figure 121.  

 
Figure 121 Power output for the AF = 60 mm, 0.5 turns sample driven with a variety of different upper 
stage outlets open at a position of 1.0 m beneath the lower 6 mm outlet. Sample power output is derived 

from voltage signal traces captured at regular time intervals.  
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The AF = 60 mm, 0.5 turns sample achieved a peak, total accumulated power 

output of 58.9 µW, relating to a power density of 16 mW/cm# considering the 

piezoelectric material covered by the top surface electrode. The accumulated 

output power generated for 1 litre of water dispensed as droplets upon the AF = 60 

mm, 0.5 turns sample from heights of 0.3 and 1.0 m for each 1 mm outlet ratio 

tested is given in Table 20. The dimensions of the AF = 60 mm, 0.5 turn sample, 

illustrated in Figure 122, are likely larger than typical rain gutter down spout 

dimensions. However, it is assumed that a typical two-storey building with 

downspout gutter length of 5.7 m [173] could contain a system of 13 stacked 

stages, which accounts for the 0.12 mm two stage system and 0.3 m droplet fall 

height between the bottom stage system outlet and the sample. Based upon the 

power output results achieved here, if a tiered tank configuration of 20 × 1 mm 

outlets was used, such a system could produce a total output power of 0.33 mW 

for every litre of water which drains through the system, considering the output 

from one spiral arm only.  

 

We compare this energy output to theoretical estimates regarding the gravitational 

potential energy of a litre of water positioned at 5.7 m above the ground, which 

equates to approximately 55.9 J, or 55.9 W of instantaneous power if it is assumed 

that this body of water takes 1 second to descend to the ground. This estimate 

outlines the efficiency of the stacked droplet energy harvesting system as 0.00001 

%, highlighting the clear opportunities for energy transfer efficiency improvement 

in future work through development of transducer mechanical, chemical and power 

management aspects.  

 

It is important to note that the electrode dimensions used, illustrated in Figure 122, 

are significantly thinner than the spiral arm width (for consistency between 

samples with varying arm widths, as outlined previously). As such, a straight 

forward method of increasing energy transfer efficiency would be to increase the 

electrode width to that of the spiral arm, which could potentially result in a 10-20x 

improvement with minimal transducer modification.  
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Figure 122 Dimensions of AF = 60 mm, 0.5 turns sample illustrated 

 

To conclude, it is demonstrated how dispensing a water volume in the form of  a 

controlled droplet stream can result in greater energy transfer efficiency. This is 

shown by evaluating the case where no upper stage is used, meaning that the water 

volume is dispensed through a single outlet at the bottom of the tank, in comparison 

to using a two tiered system with varying ratios of outlet diameters. A peak, total 

accumulated power output of 58.9 µW is achieved from one arm of the AF = 60 

mm, 0.5 turns sample, using of ratio of 5 x 1 mm diameter outlets compared to one 

single 6 mm diameter outlet. This relates to an approximate 63 % increase in total 

accumulated power compared to when no upper stage is used.  

Table 20 Sample output power depending on tiered tank upper to lower outlet ratio 
 

Outlet Ratio  
 

Total Output Power From One 
Sample Arm, Generated From 1 

Litre of Water Dispensed as 
Droplets from a height of 0.3 m  / 

µW 
 

Total Output Power From One 
Sample Arm, Generated From 1 

Litre of Water Dispensed as 
Droplets from a height of 1.0 m  / 

µW 

No Upper Stage  6.3  36.9 

40 x 1 mm Outlets  15.4 42.2 

20 x 1 mm Outlets 25.4 51.7 

10 x 1 mm Outlets 21.5 42.1 

5 x 1 mm Outlets 17.1 58.9 

 
zzz 

160 mm  

160 mm  

120 mm  

70 mm  
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 Conclusion 
 

8.1 Achievement Summary of Research Work  

 
A summary of the novel research outcomes achieved in this work are presented 

here.   

 

An initial investigation took place to determine which mechanical parameters have 

significant influence on the resulting energy output for impact energy harvesters. 

Piezoelectric cantilever beams consisting of P(VDF-TrFE) solution deposited via 

micrometre adjustable film applicator onto stainless steel foil were prepared. Using 

these transducers, it was demonstrated how bending stiffness and resonant 

frequency have a notable influence on the energy transfer efficiency, through 

variation of the cantilever beam width in isolation. A peak energy output of 28 nJ 

was achieved when the transducer bending stiffness was within the range of 0.067 

to 0.134 N/m, generated from the impact of a 5.5 mm diameter droplet at the beam 

end.  

 

Although this energy output represents a theoretical energy transfer efficiency of 

approximately 0.0013%, it is important to consider that the electrode area was 

constrained in order to retain experimental consistency across the sample set. 

Furthermore, a comparison of transducer energy densities highlights the benefits 

of mechanical tailoring to the excitation source. Results from previously published 

literature [75], which utilised commercially available piezoelectric sensors for 

impact energy harvesting, indicate an energy density of 0.092 J/m#. In comparison, 

the peak energy output of 28 nJ achieved in this work represents an energy density 

of 15.9 J/m#.  

 

As such, whilst the peak energy output achieved in this research is not the highest 

possible, it demonstrates significant energy transfer efficiency for the active 

electrode areas used. It is proposed that the energy density of the commercial 

sensors typically utilised in other studies is notably lower due to the relatively stiff 

Mylar coating used to encapsulate the sample. This further supports the claim that 

appropriate tailoring of transducer bending stiffness significantly affects energy 

transfer efficiency.  
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The results of the piezoelectric cantilever beam testing also validated that energy 

output was increased when the beam resonant frequency was close to/at the droplet 

impact frequency. Whilst this result appears to be intuitive, it has been reliably 

demonstrated that droplet-surface interactions are not trivial, being proposed 

elsewhere that energy transfer efficiency is more dependent on the relation 

between the beam resonant frequency and the natural vibration frequency of the 

impacting droplet.  

 

However, it has been reliably demonstrated that cantilever beam geometries are 

not the most efficient design for energy harvesting. With the key mechanical 

parameters dictating energy transfer efficiency outlined for cantilever beams, an 

attempt to extrapolate these guiding principles to superior geometries for energy 

harvesting was conducted. An extensive simulation investigation utilising 

COMSOL multiphysics was carried out to explore the stress distributions of over 

525 different potential transducer geometries. On comparison of the induced stress 

produced in each geometry under a pulse loading regime, spiral shape geometry 

configurations appeared to demonstrate a significant induced stress throughout 

their volume, prompting further investigation.  

 

Research into spiral shape geometries identified that such configurations exhibited 

favourable mechanical behaviours for droplet impact energy harvesting, such as 

low bending stiffness and low resonant frequencies. Double-armed spiral 

geometries in particular presented a balanced, self-supporting structure with 

multiple degrees of freedom, encouraging high sensitivity to droplet impact.  

 

Additionally, it was found that spiral designs are inherently adaptable, providing 

the opportunity for mechanical properties to be tuned according to the excitation 

source without need for additional surface area. For example, increasing the 

number of spiral turns whilst keeping the final radius constant lowers the spirals 

resonant frequency, allowing for precise tailoring to an excitation source within a 

confined area.  

 

A variety of spirals with different final radius, initial radius and turn number were 

selected for fabrication. P(VDF-TrFE) solution was deposited via micrometre 
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adjustable film applicator onto copper foil, before being laser cut into the desired 

geometry.  Whilst spiral designs have been previously demonstrated in the 

literature as antennas, research has yet to investigate the usage of such designs for 

impact energy harvesting. It was found that spiral designs with greater bending 

stiffness, demonstrated here in the form of 0.5 turn samples with localised bending 

stiffness in the range 7.8 – 9.9 N/m, produced the highest peak energy outputs. 

However, on consideration of the overall average energy output measured from 

impacts across the entire sample upper surface, it was found that designs with 

lesser bending stiffness, such as the AF = 30 mm, 1 turn sample, could produce a 

greater energy output on average. This led to the conclusion that it is important to 

consider a wide range of design aspects in addition to the geometry design, such 

as spiral arm thickness and the strain distribution throughout the geometry, in order 

to fabricate samples with optimal impact energy transfer efficiency.  

 

Furthermore, an investigation that compared spiral designs (which are in essence 

curved fixed-fixed beams) to equivalent fixed-fixed straight beam transducer 

designs found that the spiral designs had lower resonant frequency and typically 

produced greater energy output. It is proposed that the curvature of the spiral 

design encourages both axial and torsional bending stresses to occur throughout 

the piezoelectric layer, resulting in higher voltage output, compared to straight 

fixed-fixed beams which promote torsional bending stresses to a lesser extent.  

 

Finally, it was concluded that attempting to harvest rain droplet impact energy 

through direct exposure of harvesting transducers is an inefficient process, due to 

the randomness of droplet impact in terms of both periodicity and impact location. 

In light of this, a tiered tank system was developed which passively controls the 

diameter, impact frequency and impact location of dispensed droplets from a 

stored water volume. It was found that the controlled dispensing of a stored litre 

of water could significantly affect the total energy output achievable by the spiral 

transducers;  a total peak output power of 58.9 µW was achieved by a single spiral 

transducer arm driven by 1 litre of water dispensed as droplets, relating to a power 

density of 16 mW/cm#.  

 

This power output demonstrates how an array of stacked harvesters could produce 

a theoretical output power of 0.33 mW for every litre of water which descends 
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through the guttering of a two storey building (estimated 5.7 m vertical height). 

With a suitable energy accumulation and management system, it is feasible to use 

this for powering applications such as low-power sensor systems. 

 
8.2 Future Work 

 
The following areas represent potential directions of future work:  

 

Variable Surface Wettability - It has been demonstrated that wettable droplet 

energy harvesters generate a greater energy output than non-wettable devices due 

to increased torque created by droplet cohesion on impact. However, wettable 

surfaces inevitably become water logged with successive impacts, which 

introduces significant damping and decreases harvester mechanical sensitivity. It 

is proposed that an ideal harvester surface would be wettable during the impact 

event and non-wettable at the conclusion of the impact. The solution to this issue 

of actively varying the harvester surface wettability may be found in the field of 

electrowetting theory.  The field of electrowetting investigates the variation of 

surface wettability as a function of an applied electric field. As well as electrically 

modifying the surface wettability, other methods of electrowetting include 

magnetic, mechanical, chemical, magnetic and temperature-driven techniques 

[174]. It has been shown that superhydrophobic surfaces can have their 

hydrophobicity reduced, even decreased to the point of being hydrophilic, using 

such techniques. For example, it has been demonstrated that polyamide film with 

a triangular net-like structure, illustrated in Figure 123, switches between 

superhydrophobic and superhydrophilic surface wettability when it is bi-axially 

extended and unloaded [175].  

 

 
Figure 123 Reprinted and edited from [175]  FESEM images of the triangular net-like structure of the 

elastic polyamide film. Image a) shows film before biaxial extension in its superhydrophobic state, with the 
average side length of the triangle approximately 200 mm. The average size of the polyamide elastic fibre is 
20 mm. Image b) shows structure of film in its superhydrophilic state, with applied extension ratio of near to 

120%. In this case, average side length of the triangle is around 450 mm. 

a)  b)  
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Care would be required to ensure that the material could return to an unloaded state 

after the impact event in order to achieve the beneficial superhydrophobic state at 

rest, with such properties dictated by the restoring force of the cantilever. Such 

smart surfaces may prove to be a significant contributing asset to the efficiency of 

a rainfall energy harvester.  

 

Further investigation into tiered droplet control system - The water flow 

velocity and flow volume from an outlet at the bottom of tank, otherwise known 

as a base aperture, can be calculated using  Equation 42 and Equation 43. Here, 

𝑣bz?/@?	is the outlet velocity, 𝐶| is the velocity coefficient (0.97 for water), 𝑔 is the 

acceleration due to gravity, 𝐻 is the height of the water from the base aperture, 

𝑉c/b> is the volume flow, 𝐶G<1_T.=Q@  is the discharge coefficient and 𝐴.`@=?z=@  is the 

area of the bottom aperture. 𝐶_b{?=._?<b{ is the contraction coefficient, which is a 

measure of the aperture rim sharpness – the coefficient for a sharp edged aperture, 

obtained through precise manufacturing methods such as laser cutting, is 0.62 

[176].  

 

𝑣bz?/@? 		= 	𝐶𝑣(2𝑔𝐻)
1/2 

Equation 42 
 

𝑉c/b> = 	𝐶G<1_T.=Q@	𝐴.`@=?z=@(2𝑔𝐻)
1/2 

Equation 43 
 

𝐶G<1_T.=Q@ =	𝐶_b{?=._?<b{𝐶𝑣 
Equation 44 

 

 
Figure 124 Reprinted [176] from A tank with base aperture containing water 

 

As such, the droplet impact frequencies achieved here could likely be adjusted 

further by varying the height of the upper storage tank. For example, a narrower 



 150 

tank of the same volume would increase the water pressure above the 1 mm 

diameter outlets, encouraging a greater water volume flow rate for a longer time 

period. Further experimental testing is required to find the ideal dimensions of the 

tiered droplet control system in order to promote the most efficient droplet 

dispensing system.  

 

Bubble Energy Harvesting: The devices exhibited in this report may have useful 

applications for harvesting energy from bubble flows; where gravity is the driving 

force for water droplets falling from the sky, air bubbles rise through a liquid 

medium driven by buoyancy force. As such, there may be further applications for 

the technology outlined in this research regarding aquatic environments, for 

example in applications such as aquarium or aquaponics systems.   

 

 
Fig. 125 Reprinted from [177], a diagram detailing a basic aquaponic system set-up. Opportunities for 

implementation of the transducer devices fabricated in this report, to harvest both droplet and air bubble 
energy, are highlighted with the red squares.  
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Appendices  
 
 
Examples of substrates successfully utilised for deposition of piezoelectric 
material  
 
 

Substrate 

Material 

/Thickness 

Interlayers 

/Thickness  

Piezoelectric 

Material 

Deposited 

Deposition 

Method of 

Piezoelectric 

Layer 

Reference 

Aluminium 

Oxide (𝐀𝐥𝟐𝐎𝟑)/ 

630µm  

• Platinum 

(Pt)/ 50 nm 

KS.¤NaS.¤NbO# 

(KNN) 

Modified Sol-Gel 

/ Spin Coating 

[111] 

Inconel 600 

(Nickel based 

alloy) / 300µm 

• Strontium 

Ruthenate 

(SrRuO#)/ 

50 nm 

KS.££NaS.�ENbO# 

(KNN) 

Hydrothermal 

Method /  

[113] 

Inconel 600 

(Nickel based 

alloy) / 300µm 

• Strontium 

Ruthenate 

(SrRuO#)/ 

50 nm 

• Lanthanum 

Nickel 

Oxide 

(LaNiO#)/ 

50 nm 

KS.££NaS.�ENbO# 

(KNN) 

Hydrothermal 

Method /  

[113] 

Glass N/A KS.¤NaS.¤NbO# 

(KNN) 

Pulsed Laser 

Deposition 

[114] 

Magnesium 

Oxide 

(MgO)/0.3mm 

• Strontium 

Ruthenate 

(SrRuO#)/ 

N/A 

Platinum (Pt)/ 

N/A 

K´Na�9´NbO# 

(KNN) 

RF-Magnetron 

Sputtering 

[116] 

Polydimethylsil

oxane 

(PDMS)/1.5mm 

• Titanium (Ti) / 

30 nm 

• Nickel (Ni) / 

150 nm  

P(VDF-TrFE) Spin Coating  [117] 

Silicon (Si)/ 

5µm 

 

• Platinum (Pt)/ 

220 nm 

PZT Aerosol 

Deposition 

[120] 
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 • Titanium (Ti)/ 

30 nm 

 

Silicon (Si)/ 

N/A 

 

• Platinum (Pt)/ 

150 nm 

• Titanium 

Oxide 

(TiO´)/10 nm 

Silicon Dioxide 

(SiOE)/ N/A 

KS.:£NaS.:£ 

LiS.S�NbO# 

(KLNN) 

Chemical 

Solution 

Deposition (Spin 

Coated) 

[178] 

Silicon (Si)/ 

270µm 

• Platinum 

(Pt) / 50 nm 

• Silicon 

Dioxide (SiOE) 

/ 250 nm 

KS.¤NaS.¤NbO# 

(KNN) 

Modified Sol-Gel 

/ Spin Coating 

[111] 

Silicon (Si)/ 

N/A 
• Platinum 

(Pt)/ N/A 

• Titanium 

(Ti)/ N/A 

• Silicon 

Dioxide 

(SiOE)/ N/A 

K´Na�9´NbO# 

(KNN) 

Sol-Gel Method/ 

Spin Coating 

[179] 

Strontium 

Oxide 

(SrTi𝐎𝟑) / 

N/A 

• Strontium 

Ruthenate 

(SrRuO#)/ 

N/A 

K´Na�9´NbO# 

(KNN) 

RF-Magnetron 

Sputtering 

[122] 

Strontium 

Oxide 

(SrTi𝐎𝟑) / 

N/A 

• Strontium 

Ruthenate 

(SrRuO#)/ 

200nm 

K´Na�9´NbO#-

LiTaO#- 

LiSbO# (KNN-

LT-LS) 

Pulsed Laser 

Deposition 

[180] 

Stainless Steel/ 

30µm 

• Platinum 

(Pt)/ N/A 

• Titanium 

(Ti)/ N/A 

• Silicon 

Dioxide 

(SiOE)/ N/A 

K´Na�9´NbO# 

(KNN) 

RF-Magnetron 

Sputtering 

[124] 

Stainless Steel/ 

20µm 

• Platinum 

(Pt)/ 220nm 

• Titanium 

(Ti)/ 30nm 

PZT Aerosol 

Deposition 

[120] 
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Screenshots of Geometries Tested in COMSOL for ideal stress distribution   

 

For reference, the following screenshots display a selection of the geometries 

initially tested which led to the further investigation into spiral geometries. The 

geometries displayed are under stress to illustrate stress distribution, depicted by a 

colour scale to the right of each diagram :  
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