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Abstract 

A major hurdle in building òsmart citiesó is providing the framework for real-time 
data collection and analysis, which is subsequently used to react to changing 
conditions in o rder to maintain the operation or efficiency of  a given cityõs system. 
Ideally, these data collection nodes should operate independently and indefinitely. 
This implies that these data collection nodes need to scavenge their own power from 
the many sources available in the environment. This thesis work culminated  in the 
construction, testing, and implementation study of a prototype  piezoelectric energy 
harvester for human foot traffic using THUNDER 7R piezoelectric actuators  to 
power a Cookie wireless sensor network (WSN) node .  After the actuators were 
tested, the power conditioning circuitry was designed in parallel to the development 
of the mechanical enclosure. The system was then modeled using PSPICE, and this 
same model was used to explore the power output with numerous actuators ñonly 1 
Thunder 7R actuator was available for testing after  the other was destroyed during a 
trial run. I t was found that for 10 seconds of constant human traffic flow (with 
footfall at a rate of 1.5 Hz), one actuator can produce about 1.25 mJ of energy. Every 
actuator that is added in parallel will contribute another 1.25 mJ, and this harvester is 
easily scalable since these Thunder actuators can be stacked on top of one another. In 
the implementation stu dy, it was found that there is enough power with a few of 
these actuators to power a Cookie WSN node for a variety of applications, even 
though these nodes were designed specifically for flexibility rather than low  power  
consumption .  The total cost of a dual-actuator harvester was well under û300, which 
is significantly cheaper than the human footstep harvesting solutions available on 
the market today. Although this harvester does not produce nearly as much energy 
as the aforementioned electromagnetic-based commercial harvesters, it can fill a 
niche in the WSN harvester market since it offers a low-cost, easily scalable, durable 
system that can provide enough energy in high -traffic locations for low -power 
sensor nodes such as the WaspMote or the TelosB platform .  
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Introduction  

As urban populations grow, it becomes increasingly difficult for a given cityõs 
infrastructure to efficiently keep up with an expanding workload. A major part of 
this problem is that itõs a rare occurrence for city planners to have sufficient data to 
make informed decisions as well as the fact that the cityõs existing infrastructure 
cannot easily adapt real-time to varying conditions. It would be prohibitively costly 
as well as inefficient to train a staff to log and tweak current infrastructure conditions 
in order to improve the overall efficiency of a given subsystem in a city. An attractive 
solution to these issues is to create a network of autonomous sensors that can 
communicate with one another or a common arbiter (depending on the 
configuration). Wirel ess Sensor Networks (WSNs) are specific types of robust 
networks that are becoming more and more ubiquitous each year due to the interest 
in Smart Cities and sustainability. The basic attribute of a WSN is that is consists of 
many nodes that can relay information amongst each other in a given environment. 
The nodes typically consist of a wireless transceiver, microprocessor, sensors, energy 
storage units, and energy harvesting units (if no external power is available or 
desired).  The nodes can be arranged in a variety of configurations, such as star 
topologies or multi -hop mesh networks. Advanced WSNs can also reconfigure 
themselves seamlessly if nodes are moving or become nonoperational. They are very 
useful in applications such as environmental monitoring  (forest fire detection, air 
quality, temperature, etc.), surveillance, sensor banks, and military applications, 
amongst others.  

The ultimate goal for a node in a WSN is for it to be completely self -sufficient and 
independent , meaning it does not need any external power or humans to maintain it. 
Once installed, the node should be able to perform its various tasks autonomously 
without any external assistance. In order attain this goal the node has to be capable 
of harvesting energy from its environment.  

Whether or not itõs obvious to us, we are surrounded by sources of energy. From the 
sunlight to the wind, from  vibrations to radio waves, there exists energy that can be 
transformed into usable electrical power. The most important questions to ask are: 
how efficient are these various energy conversion methods, and what solution (or 
combination of solutions) make the most sense for this specific application? Table 1 
below shows a comparison of various energy transformation  methods. From this 
table, it is obvious that solar energy offers the advantages of very high energy output 
when it is sunny, as well as resistance to aging. This assumes, of course, that the solar 
panels are properly maintained. A common issue is that when the panels get dirty, 
its output is significantly decreased. One can see that batteries degrade by about a 
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factor of 10 over ten years. Nuclear isotopes are not a viable option due to safety and 
environmental concerns, perhaps nuclear energy sources would not be appropriate 
for anything but a specific military application. The two scavenged sources that 
utilize piezoelectric harvesting are the shoe inserts and vibrations, which can create 
more than enough energy to operate a node if the conditions are favorable.  

 

Type of Source Energy Type 

Power Density 

(uW/cm
3
) for 1 

Year Lifetime 

Power Density 

(uW/cm
3
) for 10 

Year Lifetime 

Scavenged 

Sources 

Solar (Outdoors) 
15,000 (sunny day) 15,000 (sunny day) 

150 (cloudy day) 150 (cloudy day) 

Solar (Indoors) 6 (office desk) 6 (office desk) 

Vibrations 200 200 

Acoustic Noise 
0.003 @ 75 dB 0.003 @ 75 dB 

0.96 @ 100 dB 0.96 @ 75 dB 

Daily Temp. ȹ 10 10 

Temp. Gradient 15 @10°C gradient 15 @10°C gradient 

Shoe Inserts 330 330 

Energy 

Reservoirs 

Rechargable 

Lithium Battery 
45 3.5 

Non-Rechargable 

Lithium Battery 
7 0 

Hydrocarbon Fuel 

(micro-heat oven) 
333 33 

Fuel Cell 

(methanol) 
280 28 

Nuclear Isotopes 

(uranium) 
6 x 10

6 
6 x 10

5 

 

Table 1- Comparison of energy sources [1]  
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Motivation  

 

This thesis project was envisioned after completing a masterõs course in Wireless 
Sensor Networks (WSNs) at Universidad Polité cnica de Madrid and learning about 
the exciting prospects and unique problems that are inherent to Smart City/WSN 
initiatives. Aft er researching the current state of energy harvesting technologies 
(more specifically human footfall harvesting), it became evident that the existing 
solutions are almost prohibitively costly, require a significant amount of work to 
install and maintain, a nd need to be catered to each specific installation site. This 
research instilled the realization that there needs to be a cheaper, more flexible 
solution for harvesting human footfall in areas where other renewable resources do 
not make sense. Additionall y, the popular notion that this harvester has to generate 
as much power as possible was abandonedñthis increases price and complexity, 
and with the advent of mobile technologies and WSNs the market is flooded with 
ultra -low power sensors, processors, and communication modules. The design 
philosophy here was to find a happy medium between price, flexibility, and ability. 
For example, if a WSN node is only being used to send sensor information once 
every x minutes (and is in a very low -power sleep state otherwise), it can be self-
sufficient with the proper planning and energy management  algorithms . These goals 
and more were explored for  this thesis work.  
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Theory 

 

I. Mechanical Harvesting 

 

Mechanical harvesters take advantage of the fact that there are forms of mechanical 
perturbations all around our industrial and natural world. Figure 1 shows a typical 
office building and the various frequencies and sources of harvestable mechanical 
energy.  Most of the vibrations we experience on a daily basis are in the 1-100 Hz 
range. The most common sources of these vibrations are appliances, traffic, 
microwaves, etc. Frequencies higher than this can be found inside cars and industrial 
buildings, where some motors can generate frequencies over 1000 Hz.  

There are three different approaches one can take in order to harvest these external 
vibrations. They are piezoelectric conversion, electrostatic conversion, and magnetic 
induction conversion.   

¶ Piezoeletric converters utilize piezoelectric materials to convert a mechanical 
stress or strain into an electric field, which can then be captured using 
transducers. This method produces the highest energy density of the 3 
choices.  

¶ Electrostatic converters use 2 conductors separated by a compressible 
dielectric, which forms a capacitor. When this structure encounters a 
mechanical force, it will compress and increase the energy stored by 
decreasing the effective dielectric width. This technology is well -suited to 
foot and road traffic, but has a distinct disadvantage of having to be charged 
externally first. Perhaps this could work in tandem with a solar cell for a 
remote WSN node. An advantage of this approach is that it creates high 
voltages, which can be easily rectified into AC.  

¶ Electromagnetic converters are constructed with a coil and a moving magnetic 
mass. As Faradyõs law dictates, a moving magnetic field in a conductor will 
induce a current. There are a variety of ways to exploit this effect, one 
example that you might have used in real life is the flashlights that can 
recharge by shaking it along an axis. There is a cylindrical magnet enclosed 
in a tube that is wrapped in a coil. As the flashlight is shaken, the magnet 
moves rapidly back and forth through the tube, inducing a current in the coil 
which is then stored in either  a capacitor or battery. One disadvantage of this 
method is that low voltages are produced, which makes it difficult to rectify.  
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Figure 1- Various sources of vibrations around an office building. [1] 

 

 

Type 

Governing 

Equation 

Practical Max 

(mJ/cm
3
) Theoretical Max 

Piezoelectric ό  „Ὧ ςὣϳ  17.7 335 mJ/cm
3 

Electrostatic ό πȢυ‐Ὁ  4 44 mJ/cm
3
 

Electromagnetic ὄ ς‘ϳ  4 400 mJ/cm
3
 

 

Table 2- Comparison of energy densities for mechanical harvesting. [1] 

 

Table 2 shows a comparison of the maximum energy densities; piezoelectric 
harvesting is capable of the greatest in practical use. Choosing which approach best 
satisfies the node requirements is a matter of defining the conditions. Questions that 
should arise include òWhat kind of energy is available?ó, òWhat are the physical 
limitations?ó,  or òIs there any commercially available product that will suit my 
design, or is a custom converter be the only option?ó.  In this case, piezoelectric-
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based converters will be explored due to their suitability to  human traffic harvesting 
as well as the fact that there are many commercial piezoelectric converters available. 

II.  Piezoelectric Effect 

 

This paper will focus on piezoelectric energy harvesters. These types of harvesters 
utilize the inherent trait of piezoelectric materials, which is that mechanical forces 
induce electric fields in the material. This works inversely as well ñan electric field 
will cause mechanical disturbances, which are classified into two categories: stress 
and strain.  

The piezoelectric effect was first discovered in 1880 by French physicists Jacques and 
Pierre Curie (the same physicists who suffered premature deaths from their 
pioneering research on radioactive materials) . The word piezoelectricity is derived 
from the Greek word  ò piezoó which means to squeeze or press. This effect is found 
in crystals with no inversion symmetry, which means the crystal structure is non -
symmetric. Figure 2 illustrates the piezoelectric effect on the most common 
piezoelectric material, SiO2, or quartz. Examples of piezoelectric materials are: 
quartz, lithium niobate, and interestingly enough, some biological materials such as 
bones and tendons.  

 
Figure 2- Illustration of the piezoelectric effect in quartz. [2] 
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The direct piezoelectric effect in a quartz crystal (which is a very common material 
used in piezoelectric energy harvesting) can be expressed in terms of applied 
mechanical deformations and an applied electric field. In a simple longitudinal case 
for linear piezoelectric materials, equation 2 is all that is needed to calculate the 
polarization. A more general form can be found in equation 5. In the majority of 
piezoelectric materials, the polarization is directly proportional to the applied electric 
field (and vice versa, of course). This can be seen in equation 4.  

 

 (1) ů Ý P  

 (2) P = d ů  

 (3) D = e0E + P  

 (4) P = e0ceE 

 (5) ὖ  В В Ὠ „ ,  (for i = 1,2,3 ) 

 
The variables in equations 1-5 are defined as follows: 

 

 

 

 
Figure 3- Piezoelectric effect with and without an applied voltage [2]. 

ů 
Stress and strain along 

the crystal axes 

P Electric Polarization 

d 
Piezoelectic Constant 

of Material 

ce 
Electric Susceptibility 

of Material 

E Electric Field 
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III.  Actuator Selection 

 

After it was decided to move forward with a piezoelectric -based energy harvester, 
several options were explored before a final decision was made. The criteria used to 
identify a suitable solution was, first and foremost, power output, but also keeping 
in m ind the mechanical properties, scalability, and price. A thorough 
electromechanical study that compared several market-available actuators was a 
good starting point. The parts evaluated can be seen below in figures 4-6, and several 
observations and conclusions can be deduced from this information.  

 
Figure 4- Test setup to evaluate off-the-shelf components [7] 
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Figure 5- Input displacement for the harvester comparison [7] 
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Figure 6- The devices tested and their attributes. [7] 

 

The output voltage and power are shown in figure 7. The bimorph device had the 
highest voltage and power (11V, 55 microwatts) due to the higher volume fraction of 
piezoelectric material since it used 2 layers instead of 1. The bimorph device also has 
a higher stiffness (requires more force to displace it a given distance as compared to 
the others) due to this fabrication. The minimum voltages and power (0.1 V, 5 
nanowatts) belonged to the PVDF devices due to the unimorph design and lower 
stiffness. The THUNDER device, which is known for higher output due to a unique 
fabrication process [8], was lower than the MFCõs due to its low volume fraction of 
piezoelectric substrate as well as lower dimensions. The MFCõs are different due to 
the difference in piezoelectric modes.  
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Figure 7- Stiffness and results of the piezoelectric products [7] 

 

It would be easy enough to conclude that the Bimorph actuator would be the one to 
choose based solely on performance, but several other factors are in play. For one, 
the Bimorph requires that it be configured in the cantilever configuration, which was 
not the configuration envisioned in this harvester. Also, the Bimorph was 
significantly more expensive than the other options. The MFCõs (Macro Fiber 
Composite) from Smart Mat erials were also explored, and they were a viable option, 
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but after further investigation it was found that it would need to be mounted to a 
mechanical fixture in order to operate in the ôsimply supportedõ scheme, which 
would add to the cost and complexity  of the system. In addition, it cost almost 
double what other devices cost for the same active area. Some attractive features of 
this MFC are the flexible substrate and available energy conditioning board for a 
wide range of Vin, but it was determined that , with the advent of a new product 
from Linear Technologies, this was not needed. The PDVDF actuators were ruled out 
of consideration due to their poor performance as well as their low availability. It 
was finally decided to move forward with the Thunder a ctuators after researching 
their product line. The Thunder tested in this comparison was actually their smallest 
model in terms of active area, and their largest offered several advantages over the 
other actuators including: flexibility, pre -stressed substrate due to unique 
manufacturing process, lower price point per unit active area, and last but certainly 
not least, a higher power output when compared to the actuators tested above.  

IV.  THUNDER Piezoelectric Devices 

THUNDER ( TH in Layer UN imorph Ferroelectric  D riv ER) devices are unique 
piezoelectric actuators that were originally patented by NASA for their space 
program.  The main characteristic of these Thunder devices that sets it apart from the 
rest of the actuators is its pre-stressed state and unprecedented displacement range. 

 
Figure 8- Thunder Construction (Face International) 

 

The Thunder stack consists of a stainless steel substrate, a piezoelectric substrate 
(PZT 3195HD) sandwiched between two layers of LaRC-Si epoxy, and finally an 
aluminum plate on top (which is there to act as a shield and to provide a place to 
solder leads. A specialized manufacturing procedure is responsible for giving the 
Thunder devices its curvature; a normal piezoelectric ceramic wou ld not be able to 
handle the degree of stress seen in the Thunder devices. Through many heat and 
pressure cycles, the device is curved due to the difference in the thermal expansion 
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and the Youngõs modulus of elasticity of the stack. Note that the piezoceramic is in a 
state of compression, while the surrounding layers are in a state of tension. 

  

 
Figure 9- One of the Thunder 7Rs used in the energy harvester. 

 

The Thunder actuator can be mounted in many different ways depending on the 
specific application.  The two main quantities to consider when choosing a 
configuration is force and displacement. The most basic configurations are cantilever 
mounting and simply -supported mounting. It is worth noting that actuators with 
high displacements tend to output a weaker force, and vice versa. If more force is 
needed, then these devices can be stacked on top of each other in parallel. If more 
displacement is needed, then these devices are stacked back-to-back, forming a 
òclamshelló configuration.  

 

 
Figure 10- Different mounting options for the Thunder devices (Face International) 

 

There are 6 different Thunder models from Face International, and the 7-R was 
chosen due to it being the part with the largest piezoelectric active area. Plots of the 
displacement vs. voltage as well as the force vs. displacement provided in the data 
sheets can be seen below in figure 11. The most impressive feature that can be seen 
from these plots is the displacementñother actuators would break well before 
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reaching the levels that the Thunder is capable of, and the harvester will take 
advantage of this unique characteristic in order to recover energy.  

 

 
 Figure 11- Attributes of the Thunder 7R actuator (Face International) 
 

After contacting Face International, it was discovered that the  main limitation in 
making these devices bigger was the availability of larger PZ substrates from their 
distributor ñat these thickness levels (0.15 mm ð 0.38 mm) the substrate is only 
available at a maximum of 76 x 76 mm. Another reason why it is difficult to produce 
larger Thunder components is that the difference in stress along the outside edges 
and the center becomes larger and larger and the substrate size increases, making the 
assembly unstable or unusable.  
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Table 3- The characteristics of the Thunder Actuator Family (Face International) 

 

The maximum theoretical power generated in the Thunder 7R at a given frequency 
can be calculated by using simple AC analysis. Away from the resonant frequency, 
the 7R can be drawn in terms of its equivalent circuit that consists of a resistor and 
capacitor attached to a voltage source. Here it is assumed that the actuator consumes 
as much power as it produces at a given frequency, which means that it is a 
reciprocal device. There are small hysteresis effects that can be more or less ignored, 
for it was found that the calculated power output agrees with the measured power 
output.  

 
Figure 12- The equivalent circuit of a piezoelectric energy harvester. [4] 
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The ὸὫ• term represents the dielectric loss and is very small. Thus, a fairly accurate 
approximation of the power consumed in this device can be realized by finding the 
reactive power of the device under various excitation stimuli : 

ὖ  
ὠ

Ὑ
ς“ὠ ὪὅὸὫ•ḙς“ὠ Ὢὅ 

 

 

V. Cookie Wireless Sensor Network Platform  

 

 
Figure 13- Cookie Node layers. From right to left- processing layer, sensor layer, 

communications layer (Politécnica de Madrid CEI) 

 

The platform that was used in this project is called the Cookie platform, and this was 
developed here at UPM primarily by Jorge Portilla back in 2006. The most defining 
feature of these devices is itõs modularityñthe platform consists of 4 separate, 
stackable print ed circuit boards, each with it s own function. The vertical adapters 
contained on each layer provide electrical as well as mechanical connections between 
all the boards. These boards consist of: 

¶ Power Supply Layer- Just as the name suggests, this board is used to provide 
conditioned power to the other layers and is responsible for creating both 3.3 
and 1.2 VDC for the microprocessor and communication layers, respectively. 
This layer can be powered by various sources, such as batteries, USB cables, 
and/or a supercapacitor (which was used in this case).  

¶ Processing Layer- This layer can be thought of as the ôbrainõ of the node, and it 
includes a microprocessor as well as an FPGA (if needed for the specific 
application - some models do not include this to save power).  

¶ Communications Layer- The communications  layer contains the hardware to 
send and receive wireless information and relay that back to the 
microprocessing module. This is traditionally the most power -hungry 
portion of a WSN node, and much care is taken to assure the power 
consumption is minimized. There exists two separate ôflavorsõ of 
communication modules used in the Cookies- Zigbee and Bluetooth. Both 
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are low-power communication schemes, and in general ZigBee can support 
more nodes (over 65,000), uses less power, and has much more flexibility as 
far as network topology and reconfiguration goes.  

 

Table 4- Comparison of wireless communication protocols [14] 

 

¶ Sensor Layer- All of the relevant environmental sen sors are contained on this 
board, as well as the appropriate conditioning circuitry for each individual 
sensor. The sensor information is sent back to the microprocessor element.  
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Various Sensors Available for the Sensor Board 

               -Air Temperature -Water Temperature 

               -Accelerometer              -Light Sensor 

               -Strain Gauge              -Video Camera 

-Gas Concentration (CO, NO2,CO2, SO2) 

 

Table 5- Sensors Available for the Cookie Platform 
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Design 

 

After identifying the Thunder 7R actuators as the components to be used in this 
harvester configuration, the design stage commenced. The first step was to envision 
exactly where this harvester would be used, how it could be installed, and how it 
would blen d into the environment. A system block diagram can be seen in figure 14 
and provides  a framework to start breaking down the design of the 
electromechanical system.  

 

 
 

Figure 14- A block diagram for the energy harvesting system 
 

In order to be a truly effective design, this ôblack boxõ needed to be scalable as well as 
able to be easily adapted to a myriad of indoor configurations. A very expensive and 
labor-intensive install would be deleterious to convincing businesses and 
governments to try out this new technology. This box would also have to be as un -
evasive as possible; any kind of additional obstacle in the path of the pedestrian to 
their destination would make their trip longer as well as pose a safety risk. Yet 
another point  to keep in mind was the action of this box when itõs stepped onñthere 
would have to be a compromise between maximum power extracted and impact to a 
pedestrianõs step. If the latter were ignored, this box would consist of very potent 
springs with high spri ng constants so that as much energy as possible can be 
recovered due to the oscillating springs pushing the 7R elements up and down. 
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However, it can be clearly envisioned that this would not be ideal for a city 
environment.  

In order to be a truly effectiv e design, this ôblack boxõ needed to be scalable as well as 
able to be easily adapted to a myriad of indoor configurations. A very expensive and 
labor-intensive install would be deleterious to convincing businesses and 
governments to try out this new techn ology. This box would also have to be as un-
evasive as possible; any kind of additional obstacle in the path of the pedestrian to 
their destination would make their trip longer as well as pose a safety risk. Yet 
another point to keep in mind was the action  of this box when itõs stepped onñthere 
would have to be a compromise between maximum power extracted and impact to a 
pedestrianõs step. If the latter were ignored, this box would consist of very potent 
springs with high spring constants so that as much energy as possible can be 
recovered due to the oscillating springs pushing the 7R elements up and down. 
However, it can be clearly envisioned that this would not be ideal for a city 
environment.  

I. Mechanical 

With this in mind, the mechanical portion of the des ign started to take shape. An 
aluminum lidded case was taken off a dusty shelf in the lab and proved to be a 
suitable enclosure for the harvester. The dimensions of this box are 40 x 31 x 9 cm, 
with the lid being the same height and width but with a height  of 2 cm, making the 
total height 11cm when the lid is placed on top. The lid weighs 2.3 kg, and the 
bottom half of the case weighs 6 kg.  

Next, the springs had to be selected. After some experimentation, it was decided to 
use 4 springs at each of the corners of the box in order to ensure stability and 
strength while being stepped on. The springs had to be designed with the following 
constraintsñwhen 70 kg (average weight of Europeans according to BMC Public 
Health Studies) load was present on the box the top surface should only yield 1 cm, 
which is the length required to depress the 7Rõs completely. Any more distance than 
1 cm would mean a risk of damage to the actuators. The springs were designed and 
build at La Casa del Muelles in Madrid, and the dimensio ns can be seen below in 
figure 15. The springs are made from Sandvik Springfield (otherwise known as SH) 
4.5 mm diameter spring metal wire, which is a highly touted material for springs due 
to its high tensile strength, high resistance to corrosion and pit ting, and exceptional 
relaxation resistance. The spring constant was calculated to be 900 N/m from the 
dimensions and material properties with the following equation:  

Ὧ
ὋὨ

ψὲὈ
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Where G is the modulus of rigidity of load per meter of deflection, d is the wire 
diameter, n is the number of active coils, and D is the mean coil diameter (the outside 
diameter minus the wire diameter). The modulus of rigidity for SH material is 2050 
MPa, this will decrease as the diameter of the spring material wire is increased. 
Plugging these values in yields: 

Ὧ
ὋὨ

ψὲὈ
ᴼὯ

ςπυππȢππτυ

ψυ πȢπσσπȢππτυ
ωπψ ὔȾά 

 

 
Figure 15- The dimensions of the custom-built springs used in the harvester 

 

It should be noted that with 4 springs supporting the top plate in parallel, the spring 
constants are additive, making the total spring constant of the system about 3630 
N/m. The resonant frequency of mass/spring system with the 6 kg lid is about 24.5 
Hz, which is well above the highest anticipated footfall rate. It would be impractical 


































































