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Abstract 
The work described in this paper aims to test whether or not it is possible to 

power a system on energy harvested from vibrations and use that energy to 

measure how much it vibrates. The goal has been to produce a prototype 

system that uses that technique to discover damages on drones in an early 

stage. The reader will get to experience everything from design to testing of the 

system. The reader will also get an insight in which problems occurred during 

the project, how they have been handled and which conclusions have been 

made.  

 

The system could be applied in a variety of different situations to detect 

damages and which could prevent the damages from leading to severe 

problems. 

 

Sammanfattning 
Arbetet som beskrivs i denna rapport ämnar testa huruvida det är möjligt att 

driva ett system med alstrad energi från vibrationer och använda den energi för 

att mäta hur mycket det vibrerar. Målet har varit att ta fram ett prototypsystem 

som använder sig av tekniken för att upptäcka skador på drönare i ett tidigt 

stadie. Läsaren får uppleva allt från design av system till aktiva tester och får en 

inblick i vilka problem som uppstått under arbetet, hur de har bearbetats och 

vilka slutsatser som dragits. 

 

Systemet skulle kunna appliceras i många olika situationer för att upptäcka 

skador och skulle kunna förhindra att skadorna leder till allvarligare problem. 
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Abbr/ 

Acronym 

Meaning Explanation First 

occurring in 

IoT  internet of things A term used to explain that 

everything can be connected to 

the internet 

 Chapter 1.4   

NDT non-destructive 

testing 

A method used for testing the 

structural integrity of objects  

Chapter 1.4 

SHM structural health 

monitoring 

A method for testing the 

structural integrity of objects 

continuously 

Chapter 1.4 

 IC integrated Circuit  A complex electronic circuit 

capable of doing many different 

things. 

Chapter 2.1.1 

 

CM cantilever with a 

mass 

A common method to harvest 

energy from vibrations. 

Chapter 2.2.1 

BMR bistable magnetic 

repulsion 

An advancement of cantilever 

with a mass using the repulsion 

of magnets. 

Chapter 2.2.2 

MA magnetic 

attraction 

An advancement of cantilever 

with a mass using the attraction 

of magnets. 

Chapter 2.2.3 

MFC macro fiber 

composite 

A piezoelectric element Chapter 2.2.4 

 

DC direct current A non-alternating current  Chapter 2.3 

VC variable current A current that with a voltage 

varying between values and 

can be both positive and 

negative. 

Chapter 2.3.2 

MEMS microelectromec

hanical systems 

A miniaturized mechanical and 

electromechanical device 

Chapter 2.4.1 

Q-factor quality factor A factor that tells the accuracy 

of an accelerometer 

Chapter 2.4.1 
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PCB printed circuit 

board 
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Chapter 3 

 

MCU microcontroller 

unit 

A processor that calculates stuff Chapter 3 

 

TI Texas Instrument A company that, among others, 

creates microcontroller units 

Chapter 3.1.2 

 

I/O input/output  Pin declaration for the 

integrated circuit saying that the 

pin can be used for either input 

or output 

Chapter 3.1.2 

JTAG joint test action 

group 

An implementation standard to 

access on-chip for debugging 

and storing firmware 

(programming the 

microcontroller unit) 

Chapter 3.1.2 

SPI serial peripheral 

interface 

A way for the microcontroller 

unit to communicate 

Chapter 3.1.2 

 

ST self-test A pin-configuration on the 

accelerometer to test that it 

works properly 

Chapter 3.1.3 

pre-preg pre-impregnated A layer in the printed circuit 

board  

Chapter 

3.2.1.1 

CCS code composer 

studio 

A compiler developed by Texas 

Instrument used to program 

their microcontroller units 

Chapter 3.3 
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1 Introduction  
There exists many different devices that is powered by electricity, some of these 

devices can for different reasons not be connected to a powerline and need to 

get its power from another source. A battery is often a valid power substitute for 

such devices but in some situations the device will stand in inaccessible places 

making replacement of batteries inconvenient, or a battery might be too big to be 

considered an option for the application. One solution could be to harvest 

energy from the environment to power the systems where one or several 

external sources of energy are present. Energy harvesting has become a very 

hot topic in the last years and is used in many different applications. In this 

paper a prototype system will be developed and tested that takes 

measurements on the wing of an airplane drone and runs on harvested energy. 

The idea is that several of these wireless systems should be mounted on for 

example a drone wing and map the vibration data as can be seen in figure 1.1. 

 
Figure 1.1 – An airplane drone with several measuring systems attached on the 

wings. 

1.1 Motivation 

Being able to make repeated measurements on the wings of airplane drones 

could give an insight of how the wing is affected by altering motor- and weather 

conditions. It could also help detect anomalies that could otherwise cause 

problems in the future. The system could be powered with batteries, but with 

batteries comes the need to either recharge or replace the batteries which 

requires both maintenance and handling of used batteries. For these reasons it 

would be better if harvested energy could be used to power these wireless 

systems. If enough energy can be harvested to drive the system it opens up a 

range of possibilities.   
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1.2 Purpose 

The purpose is to see if it is possible to harvest enough energy on the wing of a 

drone to measure data and send the measured data to a receiver inside the 

drone. Initially vibrations are the only data that will be measured. 

 

The system developed in this paper could be used on any type of wing, for 

example the wing of a windmill or the wing of an aircraft. The system could be 

altered to measure other data types and should be made as light weighted and 

small as possible to reduce the impact on the drone’s aerodynamic 

performance. One way to reduce the weight and the size of the system could be 

to harvest energy, removing the need for batteries. The use of harvested energy 

will theoretically increase the lifespan of the system to infinity as long as there is 

an energy source available to harvest from. A system that depends on battery 

as a power source has a limited lifespan before it needs to be replaced [1]. 

 

Measuring vibrations on wings could provide information of how the wing is 

affected by increasing or decreasing speed of the motor or hard winds hitting the 

aircraft. It could also help to detect if the wings are vibrating in its natural 

oscillation or if there is cracks in the wing. The measured data could also create 

an opportunity to improve the performance, energy efficiency and send warnings 

for anomalies that have been detected, possibly preventing accidents. 

1.3 Problem statements 

The problem statements have been chosen to drive the work to important goals 
in the project “Using Harvested Energy to Power a Wireless System and 
Measure Vibrations”.  
 

● Can the sensor system measure vibrations? 

○ Does it need external sensors or is it sufficient to use a 

piezoelectric power source to do the measurements? 

● How can the system be powered? 

○ Could the system be powered by harvested energy as its only 

power source? 

● How small and how lightweight can it be made? 

○ Weight is an important part for flying vehicles. 

 

To try to answer the above mentioned questions a study in the fields will be 

done and discussed in the theory chapter before a method to solve the problem 

will be produced and discussed in the method chapter. 
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1.4 Previous work 

Everything from cows to hospital equipment is getting connected to the internet; 

this is called the internet of things (IoT). If for example a moisture sensor in a 

flower pot is connected to the internet a message can be generated to warn the 

owner that it is time to water the plant or that too much water was applied. If a 

water tap then gets connected to the internet it could be set to water the plant 

when the pot warns that the soil is too dry, this is IoT and when connected and 

programmed no human intervention is needed.   

 

Things connected to the IoT could also be used to monitor the structural integrity 

of objects; the conventional way of looking at the structural integrity of objects 

has been to do non-destructive testing (NDT) where the object is periodically 

turned off to perform tests. If the object is standing inaccessible, for example a 

wind turbine out at sea, the time between measurements could become very 

long and a minor crack could lead to huge problems before it is detected. A new 

way to make measurements was required and as computers got smaller and 

more mobile a new possibility arrived, structural health monitoring (SHM). In 

SHM several sensors are attached to the object and connected to the IoT. The 

sensors continuously measure the object to detect anomalies as they happen. If 

an anomaly is detected a warning can be sent to the users or the machine could 

turn itself off. [2] 

1.5 Limitations 

A few limitations have come up since the time and resources available are 

limited.  

● Since there exists several ways to harvest energy with piezoelectric only 

a few will be described in this paper. 

● There exists several different materials that piezoelectric elements can 

be made from; they will not be discussed in this paper. 

● The theoretical amount of energy that can be harvested from 

piezoelectric elements will not be calculated in this paper. 

● There exists several ways to measure vibrations, only the more common 

once will be discussed in this paper.   

● In this paper every unit will be equipped with an external and internal 

memory to store its data instead of transmitting the data to a central unit 

since no receiver unit had been developed when the project was made. 

● While the system should run without batteries, support for a battery will 

be implemented for testing in early stages.  

● There will be no calculations for the systems total power consumption. 
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● As per request of the manufacturer of the drone no images of the drone 

will be represented in this paper.  

 Some of the limitations will be mentioned in the paper but will not be discussed 

in detail.    
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2 Theory 
To be able to complete the project there exists some prerequisite knowledge 

that might be good to know and therefore will be discussed in the theory 

chapter.   

2.1 Different types of energy harvesting 

There exists several different ways to harvest energy out of the environment. 

Some of these will be discussed here to decide which is the most suitable to put 

on a drone.  

2.1.1 Solar energy 

When solar panels are used energy is harvested from sunlight, meaning it is 

both time and weather dependent and can thus only harvest energy during 

daytime and has reduced efficiency if clouds are blocking the sun. Even during 

good weather conditions the efficiency of the solar panels is rather limited and 

can only harvest around 30 percent of the energy directed at it and even lower if 

the panels are not facing directly towards the sun [3].  

 

A common usage of solar panels is to charge batteries using solar energy, 

Kardirvel et al. explains a method which uses an integrated circuit (IC) to 

recharge a battery by charging capacitors that uses harvested energy from solar 

panels [4]. 

 

Since external sources like the rotation of the earth and clouds in the sky reduce 

the efficiency of the solar panels it is inconvenient to use them as a power 

source if there is no batteries present that can be charged when the conditions 

are good. 

2.1.2 Wind energy  

A problem with wind turbines is that they cannot generate any power if there is 

no wind present. In the system developed in this paper lack of wind is a minor 

problem since it will be installed on a drone which at runtime should be 

constantly moving forward to stay in the air and thus the turbine will have a 

constant stream of air that can be converted into energy. The physicist Albert 
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Betz has calculated that even with a constant stream of air a wind turbine has a 

theoretical maximum energy output of roughly 60 percent. 

 

Wind turbines can have different amount of blades and comes in sizes as small 

as two centimeters in diameter and a depth of around one centimeter. When the 

airflow velocity is big enough the windmill starts rotating and electricity can be 

generated. [5] 

2.1.3 Piezoelectric energy 

Piezoelectric energy comes from crystals that transform mechanical energy to 

electricity or vice versa. Examples of different strains could be to add or remove 

pressure from it, or to have it vibrate. Since the wings of the drone are vibrating 

from sources like the engine and the wind piezoelectric energy could be used as 

a power source. [6]  

2.2 Harvesting methods 

A decision was made to go with piezoelectric energy. Solar power was ruled out 

due to its time and weather dependent properties and the restriction to not use 

any batteries. Wind power could have been used, but there would be a 

possibility that additional vibrations could be generated by the rotation of the 

blades in the wind turbine, and since vibrations is the data to be measured it will 

thus affect the measurements.  

 

One reason for choosing piezoelectric energy as power source was because the 

electricity generated can also be used to measure vibrations (see chapter 2.4). 

 

Now that an energy source has been chosen a more in-depth analysis of 

piezoelectric sources will have to be made. Since there exists many different 

ways to harvest energy with piezoelectric materials only a few selected methods 

will be discussed.  

2.2.1 Cantilever with a mass 

A cantilever with a mass (CM) is created by having one casing wall where a 

cantilever beam hanging out into the open with a mass on the tip as can be seen 

in figure 2.1. The main part of the beam is made out of metal and coated on the 

top and/or the bottom with a layer of a piezoelectric material. Most commonly 

both sides have coating. When the casing starts to vibrate the beam starts to 

swing up and down. The piezoelectric material is then forced to bend with the 
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beam and electrical energy is generated and can be harvested. According to 

Priya and Inman, CM is the most widely used configuration for harvesting 

piezoelectric energy. [6] 

 
Figure 2.1 - Cantilever with a mass, image inspired by Priya et al. [6] 

2.2.2 Bistable magnetic repulsion 

One method, based on the cantilever with a mass (CM) (see chapter 2.2.1), is 

the bistable magnetic repulsion (BMR). As can be seen in figure 2.2 the BMR 

has a cantilever with a magnet attached to the tip of the beam. On the opposite 

wall is another magnet that has the same load as the magnet on the beam, thus 

when the beam get close to the middle ground the magnets will try to repulse 

each other, moving the beam up and down. Energy is harvested in the same 

way as for the CM with a piezoelectric coating on the beam. [7] 

 
Figure 2.2 - Bistable magnetic repulsion, image inspired by Harne et al. [8] 

2.2.3 Magnetic attraction 

A third method is magnetic attraction (MA). As can be seen in figure 2.3 the MA 

uses two casing walls with a ferromagnetic metal beam sticking out from one of 

them and magnets placed at the top and at the bottom of the casing wall 

opposite of the beam pulling the beam closer to it. The closer the beam gets to 

one of the magnets, the stronger the attraction to that magnet gets, but at the 
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same time the beam itself wants to get back to its original state. Eventually it will 

change direction and the other magnet will start to pull the beam towards it, 

making the beam swing up and down. MA has, like cantilever with a mass, its 

piezoelectric material attached to the beam. [8] 

 
Figure 2.3 - magnetic attraction, image inspired by Harne et al. [8] 

2.2.4 Macro Fiber Composite 

Macro fiber composite (MFC) is a material made partly from piezoelectric 

material.  The MFC generates power from torsion, bending and tension (see 

figure 2.4) and is not dependent on vibrating in any specific frequency. There 

exists three different types of MFCs (P1, P2 and P3), where P1 is mostly used 

as an actuator or a sensitive sensor while P2 and P3 are used as generators or 

low impedance sensors. 

 
Figure 2.4 - The different ways MFC can generate energy, inspired by the 

datasheet. [9] 
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2.2.5 Material 

There are four common high density materials that are used as piezoelectric 

materials and they are polymer, single crystal, ceramics and thin films. The 

piezoelectric properties of the elements differ between different materials. 

Different materials will not be discussed further in this paper. [6] 

2.3 Power generation 

In the power generation chapter there will be a theoretical explanation about 

how the generated power is handled, transformed into direct current (DC) and 

temporarily stored before usage. 

2.3.1 Harvest energy 

Since there exists several different methods for harvesting energy and the 

methods that exists can be created with different materials with different 

properties it is hard to say exactly how much energy could be harvested when 

the system vibrates and will not be described in detail in this paper.  

 

A regular piezoelectric generator (see chapter 2.2.1) is attuned to a specific 

frequency, the closer the vibration frequency of the wing is to the attuned 

frequency the more energy could be harvested. A problem occurs when the 

system does not vibrate in a fixed frequency since only a small amount of 

energy will be generated if the frequency of the wing differs from the attuned 

frequency of the piezoelectric harvester. One solution could be to use bistable 

generators (see chapter 2.2.2 and 2.2.3), which has a larger frequency span to 

operate in. [10] 

 

For passive and active tuning a power source is needed, for example the 

piezoelectric generator itself. The problem with passive and active tuning is that 

if the harvester vibrates on the same frequency constantly, energy will be less 

efficiently harvested since some of the power is used to tune the generator. 

They are also very pricey and hard to come by. [11] 
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2.3.2 Rectifier 

The output voltage from the piezoelectric unit can be both positive and negative 

and is often a variable current (VC). To be able to run most communication 

devices and integrated circuits (IC) the VC needs to be converted to a direct 

current (DC). A step in converting the current is to make the voltage positive 

which is done with a full rectifier. A full rectifier could be created by connecting 

diodes in a pattern like in figure 2.5a. With a full rectifier bridge the voltage is 

transformed from figure 2.5a to figure 2.5b.   

  
Figure 2.5 - a) Full rectifier bridge. b) Waveform with and without full rectifier.  

2.3.3 Capacitors 

Since the piezoelectric generator might not generate enough power to keep the 

system active constantly a way to store energy is needed. For storage a 

capacitor could be used. Depending on how much power the system needs to 

power the system, and during how long time the system should be active 

different capacitor values are needed. The capacitance is given by 

 

  
     

  (   
      

  )
         (2.1) 

 

where C is capacitor value, t is the time a steady current is needed, p is the 

output effect,  is how much of the effect that is lost on the way,     is how much 

volt is needed to be charged up before it starts to release and      is how low 

the voltage goes before it should stop.   

 

A capacitor is also used to smoothen out the voltage curve from the full rectifier 

(see figure 2.6).     
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Figure 2.6 - The red line indicate the smoothed voltage curve when using a 

capacitor while the black line indicates the curve without a capacitor. 

2.4 Measuring vibrations 

There exists several methods that can be used to measure vibrations; some of 

these will be described in the measuring vibration subchapters. A discussion will 

also be held about which method that would best fit in the system developed in 

this paper. 

2.4.1 Measuring vibrations using an accelerometer 

The most common way to measure vibrations is to use an accelerometer. As the 

name implies the accelerometer measures the acceleration forced upon it. 

Modern accelerometers are commonly very small and belong to a group called 

microelectromechanical system (MEMS). A common technique that is used in 

accelerometers is cantilevers with a mass (see chapter 2.2.1). The 

measurements are done when displacement happens in the cantilevers. 

Accelerometers have a quality factor (Q- factor). The Q-factor should not be too 

low or the dampening of the oscillation could affect low sensitivity 

measurements. As long as the Q- factor is not too low the damping of the 

oscillation should not make any significant impact on the sensitivity. 

2.4.2 Measuring vibrations using optical fiber 

When using optical fiber there are two common ways to measure vibrations; the 

first way is to use internal sensors that measure the propagation of the light 

through the fiber. The second way, which is the most used technique to detect 

vibrations with optical fiber, is to measure outside of the fiber to detect 

displacements. [12]  

 

A major reason to use optical fiber is its ability to measure very small 

displacement which contact sensors are limited in measuring. Two major 

problems with optical fiber are that the fiber needs to be aligned with the surface 

to be able to make accurate measurements and that they are expensive. [13]  
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2.4.3 Measuring vibrations with a strain gauge   

A strain gauge is a resistor that changes its resistance dependent on the strain 

forced upon it. Strain gauges can be used together with a Wheatstone bridge 

(see figure 2.7a) to calculate the resistance value it currently has and thus 

figuring out how much strain it is currently under. With the bridge two different 

voltages will be outputted. The two voltages will then be connected to an 

operational amplifier (see figure 2.7b) that calculates the difference between the 

two inputs and creates an output centered on VDD/2. The output will then be 

sent to an IC to calculate the value on the resistors.  

   
2.7 - a) Wheatstone bridge.  b) Operational amplifier. 

2.4.4 Measuring vibrations from generated power 

Since the system developed in this paper will run on vibrations there exists a 

possibility to have the same source for power generation as for measurements. 

For piezoelectric elements the optimal vibration frequency is fixed. The closer 

the frequency of vibrations is to the fixed frequency the more power it generates. 

Since more energy is generated the closer to the desired frequency it gets, an 

estimate of the vibrations could be made from the generated energy. There exist 

a few problems with measuring the vibrations by harvested power. The major 

problem is that if a cantilever with a mass is not used the frequency cannot be 

decided and if the frequency is not fixed the cantilever with a mass cannot be 

used. The advantage of using generated power as measurement is that less 

power is needed for each measurement. [14] 

2.4.5 Decision for measuring vibration 

Since the energy harvested from a piezoelectric element is limited a problem 

with using the accelerometer or the optical fiber for measurements would be 

keeping them powered. A solution could be made to make measurements 

shortly before transmitting a message, but since the decision was made to have 

piezoelectric element as the only power source, a way to measure vibrations 
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would already be implemented and no external sensors would be needed. Even 

so, both accelerometers and strain gauges will be implemented to be able to do 

accurate readings if an external power source is present.   

2.4.6 Measuring vibration with harvester 

When harvested energy flows from the piezoelectric element it will charge a 

capacitor and when the capacitor is ready to release the charged energy, the IC 

is powered up and a message is sent (see chapter 2.5). The receiver should 

have a timer to calculate how long ago the last message was received, the more 

frequent transmissions are sent the more the wing is vibrating. If the amount of 

incoming messages is drastically altered something is amiss and a warning 

could be sent by the receiver to the user.  

2.5 Communication 

The system needs to send its data to a module for processing. In the 

communication chapter a suitable transmission standard will be chosen and a 

communication protocol will be discussed. 

2.5.1 Transmission standard 

Since the system should depend on charged capacitors the communication 

device needs to be both energy efficient and be able to start up quickly. There 

exists several different ways to transmit, ZigBee, Wi-Fi and Bluetooth just to 

name a few. To find out which type of transmission that is best suited for the 

sensor system a decision about how far the transmission should be sent needs 

to be made. There exists some alternative distances for transmission, the 

sensor system could transmit the gathered data back to the ground station, 

plane-to-ground communication (P2G) (see figure 2.8a). Another alternative is to 

let the sensor system transmit the gathered data to a unit inside the drone that in 

turn will transmit important data down to a ground station, plane-to-plane 

communication (P2P) (see figure 2.8b). 
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2.8 - a) plane-to-ground direct  b) plane-to-plane communication   

communication with a ground station.         with a module inside the drone that 

forwards it to a ground station. 

 

A good thing about the P2G is that it won’t be very complex, once data is 

gathered a message is sent and the system can go back to sleep. There is 

however a few problems with P2G, the first and foremost problem is the power 

consumption, with increased distance comes increased power consumption 

meaning more energy will have to be harvested for each transmission, thus 

fewer transmission, thus less data. If there is more than one system on the 

drone it might be inconvenient to let every one of them transmit back to ground 

since the sensor system have to make sure there is no other system transmitting 

before starting to transmit the gathered data or transmissions could be lost. In 

the same way transmissions could be lost with P2P but the problem can then be 

scaled down to each wing. The problem with P2P is the increased complexity 

and the extra transmissions that are generated by first transmitting to a central 

unit.  

 

If there are several units connected to the same system it increases the risk of 

two systems sending simultaneously. A solution could then be to have 

interstages on different frequencies that collect information from a set of sensor 

systems and later forward a mean value or the data from each sensor system to 

the central unit or more interstages before it reaches the central unit.  

 

For the project described in this paper P2P was chosen, mainly because it will 

cost less energy for the sensor station to transmit a message to a central unit in 

the drone than all the way back to ground. The drone already has a connection 

to a ground station and thus if anything noteworthy has occurred a message can 

be transmitted to the drones central unit that can forward the message to the 

ground station. 
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2.5.2 Device identifier 

Every time the capacitor is charged the transmitter will be powered up and a 

message can be transmitted. But since several systems might be on the same 

frequency and additive white Gaussian noise (WGN) might disrupt the signal 

and create false messages, a message identifier is needed to tell the receiver 

which system the transmission is coming from. To create and store the identifier 

an integrated circuit (IC) is needed. The IC will have the code for its measuring 

station programmed in a memory. 

2.5.2.1 Coding the message 

The code can be made in many different sizes that can be useful in different 

scenarios. A longer code will be less likely to be randomly generated by WGN 

but on the same time will take a longer time to send, and the risk that the 

message becomes altered due to WGN is increased. There exist several 

different codes that are good for different uses. One easy to use code standard 

is the Hamming code where the minimum distance of the code is always three. 

With a minimum distance of three any two different codes will always differ on at 

least three bits. The hamming code can be used to detect if a message has up 

to two error bits and if there is only one error bit it can repair the message. 

 

Since the measuring system does not have unlimited power it cannot send 

infinitely long messages. For the system described in this paper one byte (eight 

bits) will be sufficient. With a byte many different codes can be created even if 

hamming code is used. In table 2.1 four codes that could be used in the project 

is shown, the table can later be expanded if needed. [15] 

Sender ID Binary Code Hexadecimal Code 

1  (0)001 0111 17 

2 (0)010 1011 2B 

3 (0)011 1100 3C 

4 (0)100 1101 4D 

Table 2.1 - Hamming code for the project. In the left column there is a sender ID, 

in the middle column there is a binary code for the ID in the left column and in 

the right column is that same code but in hexadecimal numbers. The code is 

seven bits long, but since a byte is to be transmitted an extra zero is added (the 

one in the parenthesis).  
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3 Method 
In the method chapter the different selected components will be described along 

with an explanation to why they were chosen. There will also be an explanation 

of the design and layout of the printed circuit board (PCB) as well as how the 

coding of the microcontroller unit (MCU) could be done and what tests were 

conducted and under what circumstances. 

3.1 Component 

There are a total of 51 components on the designed system. To understand the 

system some in depth knowledge is needed on some of the components, they 

will be described in the component chapters. The components are divided into 

building blocks. A building block is one of the major components sorted together 

with all of the minor components connected to it.    

3.1.1 Voltage regulator - LTC3588 

The LTC3588 is a regulator designed for energy harvesting containing a full 

wave rectifier and a buck converter. The regulator has an option to add a 

storage capacitor that can be used to store the energy needed for the system to 

run. It is possible to connect a battery to the regulator to keep a steady current if 

the piezoelectric element does not generate enough power for the application. 

For example the accelerometer described in chapter 3.1.3 needs to be active 

during a longer period of time to make good measurements, so when the 

accelerometer is used a battery needs to be connected to the regulator.  

 

The LTC3588 also allows the user to choose the output voltage of the system by 

connecting the pins D1 and D0 differently. With a capacitor on Vout the output 

voltage curve can be smoothened (see figure 2.6 in chapter 2.3.3). An example 

of how the system could be connected can be seen in figure 3.1 with D0 and D1 

connected like that the output will be 3.3 V (± 0.1 V). The threshold on the 

LTC3588 is 5.05 V before releasing the energy from the storage capacitor 

through the regulator, when 3.3 V is selected on the D0 and D1. The LTC3588 

has an input operating range from 2.7 V to 20 V and has a 20 V zener diode 

connected to the input to make sure that higher voltages does not go through to 

the capacitor.   
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Figure 3.1 - Schematic of LTC3588 with a battery, Inspired by the datasheet. 

[16] 

3.1.1.1 Power consumption 

While running the system on harvested energy it is important to have enough 

energy stored up in the storage capacitor (     seen in figure 3.1) before any 

actions on the MCU is performed. The      was calculated with formula 2.1 from 

chapter 2.3.3.  

     
     

  (   
      

  )
        (2.1) 

The result from the equation when values were inserted can be seen in equation 

3.1.   

     
               

     (            )
           (3.1) 

Thus a 32  capacitor is needed to run the processor. To make sure it was big 

enough a 47  capacitor was chosen.    

3.1.2 Microcontroller unit - CC1310 

The CC1310 is a microcontroller unit (MCU) developed by Texas Instruments 

(TI) and comes in different sizes. The MCU used has a size of 4x4 millimeters 

with 32 pins. Out of the 32 pins, ten pins are input/output (I/O) pins. Out of the 

ten I/O pins, five are possible to use as analog I/Os, which is needed for the 

accelerometer (see chapter 3.1.3) and the strain gauge. The analog I/Os is 

converted digitally to a twelve bit data variable in the processor. The rest of the 

I/Os are used for the joint test action group (JTAG) and the serial peripheral 

interface (SPI) to communicate with the memory (see chapter 3.1.4).   
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The CC1310 comes with an integrated radio unit with a support for frequencies 

below 1GHz removing the need for an external radio unit. The CC1310 is also 

very power efficient while transmitting and got support for sleep mode, so the 

MCU does not discharge the capacitor while not transmitting. 

 

A simplified schematic of how the CC1310 is connected can be seen in figure 

3.2. More information about the ADXL335 and IS25LP128 can be found in 

chapter 3.1.3 and 3.1.4. The JTAG is used for programming the CC1310 and 

uses pins for data in, data out, clock and test mode select. The antenna has 

three pins out connected to a filter optimized between 420 MHz - 510 MHz. The 

filter is designed by TI. The pin which goes to a switch (I/O 9) gives the user a 

choice to either read values from a strain gauge or control a transistor used to 

drain the storage capacitor in the LTC3588. The draining of the storage 

capacitor is done by setting the I/O 9 to a high value (3.3 V on the MCU) 

creating a short route for the current, quickly discharging the energy in the 

storage capacitor.  

 
Figure 3.2 - CC1310 simplified schematic. 

  



 

31 

3.1.3 Accelerometer - ADXL335 

The system is equipped with an ADXL335 accelerometer to measure the 

frequencies of the vibrations. The accelerometer requires to be sampled from 

every fourth millisecond to get good measurements. Since enough energy to 

power the ADXL335 cannot be guaranteed to be harvested, room for an external 

battery was added to the LTC3588 as described in chapter 3.1.1 and shown in 

figure 3.1. 

 

The ADXL335 has a bandwidth of up to 1600 Hz in x and y led and 550 Hz in Z 

led. A decision was made to have all axis setup for 550 Hz. With a bandwidth of 

550 Hz measurements of frequencies up to 275 Hz is possible. In figure 3.3 an 

example of how the ADXL335 is connected (without ground and supply voltage). 

The size of Cx, Cy and Cz decides the bandwidth of the axis. For a bandwidth of 

550 Hz the capacitors should be 100 nF. The ADXL335 is also equipped with a 

self-test (ST). If the self-test pin is high it sends a voltage through the 

accelerometer that generates an output variance on the x, y and z pins to verify 

that the accelerometer is functional.     

  
Figure 3.3 - ADXL335 simplified schematic. 

3.1.4 Flash memory - IS25LP128-JKLE 

Since the system is equipped with an accelerometer a way to store the gathered 

data is needed. A flash memory of 16 MB was chosen to be able to store the 

gathered data even after power is lost. The size of the memory was chosen so 

that ten minutes of flight time could be measured. Calculating the amount of 

memory needed to collect data from a ten minute flight was done with formula 

3.1. Where    is the sampling frequency, the limitation in this case is the 

bandwidth of the accelerometer, which is 550 Hz (see chapter 3.1.3). With a 

bandwidth of 550 Hz the highest measurable frequency will be 275 Hz.   is the 

sample size that was set to six bytes from the accelerometer, two bytes for each 

X, Y and Z output value. The variable   is the ten minutes flight time recalculated 

into seconds.  
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                          (3.1) 

 

Some extra memory space was added to prevent it from running out of memory 

too soon and to be able to extend the measurement time if wanted. Each sensor 

system has its own memory to store gathered data from the accelerometers and 

stress gauges. If the battery is removed measurements can be saved to either 

the internal or external memory or transmitted via radio to a central unit.  

 

The IS25LP128 flash memory uses the serial peripheral interface (SPI) 

communication protocol to communicate with the microcontroller unit (MCU). 

The schematic for the memory can be seen in figure 3.4 where the two 

capacitors are decoupling capacitors (described in more detail in chapter 3.2). 

 

 
Figure 3.4 - Setup for the flash memory IS25LP128 using SPI. 

3.1.5 Antenna - ANT-433-USP 

To be able to make wireless transmissions an antenna was needed. One option 

would have been to create an antenna on the printed circuit board (PCB) by 

routing, but because of the limited time, resources and skill to tweak filters on 

the antenna in the PCB a fabricated chip antenna was chosen. Even though the 

range between the sensor system and the central unit is short there is a 

possibility that the chip antenna does not perform well enough to meet the range 

requirements, therefore the option to use an external antenna was added either 

as backup or if the transmission range needs to be increased.  

 

The ANT-433-USP has three pins; two of those are connected to ground. The 

last pin is for the signal. Thus it should have been quite easy to connect it to the 

board, but according to the datasheet [17] it needs an area of four centimeters 
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times one centimeter where nothing else is to be connected and a minimum of 

5.3 millimeters out from the circuit where only the trace is allowed. The two 

grounded pads needs a close connection to ground so a via to ground was 

added between them. In figure 3.5 is an illustration of how the antenna was 

connected as well as the area where nothing should be connected.    

     
Figure 3.5 - ANT-433-USP schematic. 

3.1.6 Piezoelectric element - MFC  

The macro fiber composite (MFC) were chosen mainly for the way it harvests 

energy. With the other methods (cantilever with a mass etc.) a casing would 

have to be built surrounding it to make sure wind does not tear it of the wing or 

press it onto the wing. With small sheds around every piezoelectric element the 

aerodynamics would be affected and possibly the frequencies of the wings 

vibration.   

 

Four different versions of the MFC were chosen where three were different sizes 

of a two dimensional harvesters and the fourth where a three dimensional 

harvester. The different MFC’s are named M0714P2, M2814P2, M8514P2 and 

M2814P3. The sizes and properties of the elements can be seen in their names; 

for example M0714P2 is 7mm long, 14mm wide and can harvest in two 

dimensions while the M2814P3 is 28mm long, 14mm wide and can harvest in 

three dimensions. The MFC’s can be seen in figure 3.6. The MFC has a 

frequency operating range between zero hertz and ten kilohertz. 
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Figure 3.6 - Four different MFC harvesters, the one to the left are the three 

dimensional. 

3.1.7 The system  

An image of the system's bottom is illustrated in the left part of figure 3.7 and the 

top of the system is illustrated in the right side of figure 3.7. 

 
Figure 3.7 - bottom (left) and top (right) of the PCB 

 

An image of the entire system, with the major components marked in different 

colors can be seen in figure 3.8. The component in the blue box is an 

operational amplifier used for the strain gauge. The red box is the IS25LP128-

JKLE flash memory, the yellow box contains the LTC3588 along with the 

storage capacitor. In the green box is the ANT-435-USP antenna, the CC1310 

MCU is in the purple box and in the last white box is the ADXL335 

accelerometer.     
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Figure 3.8 - bottom and top of the PCB with components marked. 

3.2 Designing the circuit 

The design and layout of the printed circuit board (PCB) is described in the 

subchapters below. 

3.2.1 Design and Layout 

When components were selected for the sensor system the design of the PCB 

were designed in the program Altium Designer. Datasheets were read carefully 

to decide which passive components were needed to make all of the integrated 

circuits (IC)s run as expected. When designing PCBs an important aspect is to 

place decoupling capacitors to all supply inputs to reduce the noise that the ICs 

could generate. Noise could also be generated by other things, like for instance 

the antenna or the voltage regulator/ power unit. In measuring systems the 

decouplers are very important since they reduce the effect of noise on the 

component they are protecting. Since measuring systems are sensitive in their 

design the placement of the different building blocks is important, with good 

placement much of the noise could be avoided.  

 

Different devices were added to the sensor system that won’t be used in all tests 

(the accelerometer, flash memory and strain gauge). Headers were added from 

the power regulator to the different devices so the user can choose which 

devices to have active. 
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3.2.1.1 Radio frequency trace 

To calculate the width of the radio frequency trace the material and the height of 

the pre-impregnated (pre-preg) layer of the PCB was needed. The calculations 

are done to reduce the transmission performance loss as much as possible. The 

material and the height of the pre-preg differ between manufacturers of PCB. 

When a manufacturer was chosen and the epsilon and the height of the pre-

preg were known a program called TXLINE was used to calculate the width of 

the radio frequency trace and the gap size. As can be seen in figure 3.9 there is 

a pre-preg between the ground layer and the signal layer, the signal layer is 

where the radio frequency trace as well as signal traces was routed. When 

routing the radio frequency trace it is important to keep an as straight line as 

possible to minimize the risk of adding extra noise from bad design. 

 
Figure 3.9 - Pre-impregnated height illustrated between signal and ground layer. 

3.3 Coding 

The code is written in a program called code composer studio (CCS) and in the 

programming language C. CCS is a compiler from Texas Instruments (TI) whom 

also developed the microcontroller unit (MCU) that was used in the project. 

Support for many different MCUs is implemented in CCS, among them the 

CC1310. Thanks to the support for the CC1310 many functions already exist 

that makes the programming easier since it removes the need to learn about 

every register and their different settings. The MCU was programmed via JTAG 

with a J-Link from Segger. 
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3.3.1 Description of the program without batteries 

Since the MCU is designed to run in two different modes (with or without 

batteries) two different sets of code had to be developed. The first set of code 

starts by reading a value from the internal memory, check if the value is zero. If 

the value is not zero all bits should be shifted one step to the left and then be 

written back to the same memory spot. Once the write is completed a switch is 

turned on and the storage capacitor connected to the LTC3588 (see chapter 

3.1.1 and chapter 3.1.2) is drained and the MCU forcefully shuts down. See 

figure 3.10 for a block diagram of the code.  

  
Figure 3.10 - Block diagram for code when no batteries is attached.    

3.3.2 Description of the program with batteries 

The second set of code uses a battery and could thus be turned on during 

longer instances and uses both the accelerometer and external flash. As can be 

seen in figure 3.11 the program starts with a read on the ADC. Once the read is 

done the data is stored in an array of bytes. If 256 bytes is gathered the data 

gets written into the external memory and the MCU puts itself to sleep until 

enough time has passed for a new read to commence. If less than 256 bytes are 

read no data is sent to the memory and the MCU immediately goes to sleep.  
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Figure 3.11 - Block diagram for reading ADC data and saving to memory using 

battery as power source. 

3.4 Testing 

Testing of the sensor system was done in office space to verify that the 

equipment worked. The following subchapter will discuss how the tests were 

conducted and which problems occurred that needed to be fixed.  

3.4.1 Testing the piezoelectric elements 

Different setups were made to test under which circumstances the MFC worked 

best. The different setups are described in the upcoming subchapters.  

3.4.1.1 Styrofoam 

To test the piezoelectric elements they were attached to the same kind of 

styrofoam material as the target drone is made from. A problem here was that 

the piezoelectric element should be tightly attached to the surface of the material 

but the manufacturer of the drone said that gluing onto the wing was not an 

option. Instead the measurements were made with MFC’s attached with a 

double-sided tape to the styrofoam material (see figure 3.13 for an example of 

the setup). The styrofoam was totally 60 cm long and had 37 cm hanging out 

from the table. The piezoelectric elements was tested by bending the styrofoam 

to achieve an elongation of 1.5 cm, 1.0 cm and 0.5 cm, and then release the 

styrofoam to make it swing up and down (illustrated in figure 3.12). The 

elongation was measured on the tip of the styrofoam. 
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Figure 3.12 - Testing setup for styrofoam illustrated. 

 
Figure 3.13 - MFC attached to styrofoam material.  
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3.4.1.2 Hard plastic 

To get data to compare the data from the styrofoam tests with the piezoelectric 

element was tested on a hard plastic material. The test was made by attaching 

the piezoelectric elements on a 30 cm ruler with double-sided tape. The ruler 

was then taped onto a table with 14 cm of the ruler hanging out from the table. 

The piezoelectric element was attached to the ruler at the point where the ruler 

left the table (see figure 3.14 and figure 3.15). The measurements were made 

by bending the ruler to achieve elongation of 0.5 cm, 1.0 cm and 1.5 cm on the 

tip of the ruler, then release to make the ruler swing up and down like a 

cantilever (explained in chapter 2.2.1). 

 
Figure 3.14 - Testing setup on a ruler illustrated. 

 
Figure 3.15 - MFC attached to hard plastic material. 
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3.4.2 Power regulator 

The LTC3588 (described in chapter 3.1.1) was tested by using piezoelectric 

element and a battery to supply the circuit with a voltage level of 3.3 volt. In the 

subchapters below different methods to test if the LTC3588 works both with and 

without batteries will be described.  

3.4.2.1 Powering the regulator with piezoelectric elements 

All of the piezoelectric elements were tested in chapter 3.4.1 to find out which 

voltage levels they could reach on different materials. To power the system with 

the piezoelectric elements the elements were connected to the circuit and 

attached to either the styrofoam or the hard plastic (see figure 3.13 and 3.15). 

When the piezoelectric element was in place and connected to the circuits 

power regulator (seen figure 3.16), energy could be harvested. The harvested 

energy gets stored in the storage capacitors until it reaches a threshold and then 

releases the stored energy over time. The released energy will be used to power 

the microcontroller unit (MCU) to either send a short message via radio or to 

store data on the internal flash memory. The size of the capacitor was calculated 

in chapter 3.1.1 to achieve a steady voltage of 3.3V and to make sure that all 

operations in the MCU is completed before the capacitor is out of energy. 

Figure 3.16 - Piezoelectric element connected to the circuit. 

3.4.2.2 Powering the regulator with battery 

A battery with voltage level above the LTC3588’s threshold (5.05 V) was needed 

to power the system. The battery support was added to power the system during 

test of the MCU and measurements with the accelerometer. The power regulator 
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have a diode connected between the battery and input power for the 

piezoelectric element, which means that the battery will compensate for 

deficiencies from the power generated by the piezoelectric elements. 

3.4.3 Testing the entire system 

The system was tested in two different cases (see figure 3.17). In the first case 

the system was connected with a power supply on the battery-pins (see figure 

3.1 and figure 3.17) to test that everything worked according to the design. Two 

probes was connected to the system from an oscilloscope, probe 1 measured 

the voltage on the output from the LTC3588 and probe 2 measured on I/O 9 of 

the MCU (used to control the drain transistor). Measurements were made to 

determine the startup time of the processor and how long time the processor 

needed to be active to complete the assigned tasks; startup time was tested by 

turning off the power supply and switching it back on. Making measurements on 

the time needed for the MCU to start and how long time the MCU needed to 

complete the assigned tasks. Since the total time active was needed to calculate 

the size of the storage capacitor (see chapter 3.1.1.1) tests were run to confirm 

that the time specified in the data sheet were correct and thus that enough 

energy could be stored.  

 
Figure 3.17 - Different connections; case 1 represents when the draining 

transistor is disconnected, case 2 represent when the draining transistor is 

connected. Probe connections are marked where measurements were done. 

 

In case 1, tests were performed with the drain transistor disconnected (see 

figure 3.18) while running on piezoelectric energy to see how long the system 

could remain active before the energy in the storage capacitor runs out. The 

time it could be active was measured to make sure that the MCU had enough 

time to start up and perform all of its tasks before the storage capacitor runs out 

of energy. It was also important not to get a too long active time since that would 
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mean a longer charge up time for energy not used. In case 2 the drain transistor 

was connected, thus the moment the processor was done with its tasks, setting 

the I/O 9 high, the remaining energy was drained from the capacitor through the 

transistor.  

 
Figure 3.18 - Power supply connected and draining transistor disconnected. 

 

Once the tests on the power regulator (LTC3588) had been performed and it 

was confirmed to be working it was time to perform more tests. The second test 

were to run the program described in chapter 3.3.1 that is to read data from the 

internal flash memory, update the data and write it back to the memory. The 

read and write to the internal flash memory was done every time the system was 

powered on. After the read and write to the memory was completed I/O 9 was 

set high (3.3 V) to start the draining of the storage capacitor via the transistor 

(connected to ground) as can be seen in case two. In early testing the system 

was tested using a power supply and thus the transistor was disconnected to not 

short circuit the system. Once the system was confirmed to work with a power 

supply it was tested with piezoelectric elements as the only power source. To 

read how many times the system has been powered on the circuit was 

connected via JTAG to a computer and the internal flash memory was read.    
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3.4.4 Testing the system on a drone 

The system was tested on one of the drones in a controlled environment where 

the drone had been firmly attached to a table for engine tests. During this test 

the piezoelectric element M2814P3 were allowed to be glued onto the drone on 

a spot which were estimated to vibrate a lot. The tests were also performed with 

different propellers, some of which were malfunctioning to see if any difference 

could be detected. The manufacturer of the drone has asked that no images of 

the drone should be presented in this paper and thus no images will be 

presented from these tests.   
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4 Results 
The results from the tests conducted on the system as discussed in the method 

chapter will be presented in the upcoming subchapters.  

4.1 Testing the piezoelectric elements 

The following subchapters will include test results from the different piezoelectric 

elements. 

4.1.1 Test results from styrofoam 

The test was executed as described in chapter 3.4.1. The main problem with 

attaching the piezoelectric element to the styrofoam was that the styrofoam 

significantly dampened the fall when released. Another problem was the 

attachment of the piezoelectric element onto the styrofoam, the customer said 

no to gluing the elements onto the wings and thus it had to be taped onto the 

styrofoam material; the tape did not attach as tightly to the styrofoam as desired 

which may have led to decreased efficiency of the element since the element did 

not follow the elongation of the styrofoam.  

 

The measured output voltage from the tests can be seen in table 4.1 where the 

columns represent the different piezoelectric elements and the rows in pairs 

represent the measured data from the elements. The elongation columns 

represent the bending of the styrofoam before releasing (described in chapter 

3.4.1). The voltage columns represent the voltage output from the piezoelectric 

elements during different elongations. Due to large variations on a small percent 

of the tests the median of the result will be presented in the table below.   
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MFC type: M0714P2 M2814P2 M8514P2 M2814P3 

Elongation (cm):  0.5  0.5  0.5  0.5 

Voltage (V): 0.054 0.30 0.96 0.32 

Elongation (cm): 1.0 1.0 1.0 1.0 

Voltage (V): 0.082 0.48 1.32 0.48 

Elongation (cm): 1.5 1.5 1.5 1.5 

Voltage (V): 0.16 0.64 1.68 0.58 

Table 4.1- The measured median peak voltage from the MFCs attached to 

styrofoam material 

4.1.2 Test results from hard plastic 

The tests were  executed as described in chapter 3.4.2 with the piezoelectric 

element attached to a ruler with double-side tape. While the hard plastic was not 

the same material used in the drone wing, it was used in test purposes to see 

which theoretical voltage levels that were possible to reach with the same 

elongation as with the styrofoam. The piezoelectric element was attached to the 

hard plastic the same way as it was to the styrofoam, with double-sided tape. 

The piezoelectric element was more firmly attached to the hard plastic than to 

the styrofoam material.  

 

The elongation columns represent the bending of the hard plastic before 

releasing (described in chapter 3.4.2). The voltage columns represent the 

voltage output from the piezoelectric elements during different elongations. Due 

to large variations on a small percent of the tests the median of the result will be 

presented in the table below.   
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MFC type: M0714P2 M2814P2 M8514P2 M2814P3 

Elongation (cm): 0.5 0.5 0.5 0.5 

Voltage (V): 0.35 3.2 8.1 5.2 

Elongation (cm): 1.0 1.0 1.0 1.0 

Voltage (V): 0.52 5.5 12.2 8.2 

Elongation (cm): 1.5 1.5 1.5 1.5 

Voltage (V): 0.74 8.4 18.8 13 

Table 4.2 - The measured median peak voltage from the MFCs attached to a 

hard plastic material. 

4.2 Testing the system 

The test results from the system tests and how the measured data is read from 

the system on a computer will be presented in the upcoming subchapters. 

4.2.1 Powering the system on harvested energy 

To test the power regulator (LTC3588) while running on harvested energy as 

only power source two cases (described in chapter 3.4.3) were performed, Case 

1 was to disconnect the draining transistor by removing a jumper. The power 

was stored up in the storage capacitor and when the threshold of the LTC3588 

was reached the energy was released to feed the system. The results from the 

case 1 tests can be seen in figure 4.1.The yellow line is Probe 1 (figure 3.17 in 

chapter 3.4.3) and represents the voltage level outputted into the system from 

the LTC3588 (described in chapter 3.1.1) and the blue line is Probe 2 and 

represent the high output from the MCU (CC1310, described in chapter 3.3.2). 

The first tests concluded that the size of the storage capacitor was too small and 

could not keep the system active during the time it took for the system to start up 

and to complete the assigned tasks. To solve this, different sizes on the storage 

capacitor were tried and a feasible size of 69 uF was found. The capacitor had 

to be big enough to manage all its tasks while not charging too much. Once the 

capacitor had been replaced tests could begin. Case 1 without the draining 

transistor gave a total time of around 15 ms before the energy in the storage 

capacitor started to drain below the assigned regulated voltage level (3.3 - 3.4 

V).  
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Figure 4.1 - Input voltage from capacitor (blue line) and output voltage (yellow 

line) from the power regulator (LTC3588) without load. The voltage scale  

(y-axis) is one volt per square and the time scale (x-axis) is four milliseconds per 

square.   

 

During Case 2 the draining transistor was connected. Once the storage 

capacitor was charged and the threshold was reached on the LTC3588 the MCU 

was powered on. The MCU completed its tasks and started to drain the storage 

capacitor by activating the draining transistor. In figure 4.2 the blue line is the 

voltage level of the system, which went high (3.3 - 3.4 V) when the system was 

turned on. The yellow line in figure 4.2 represents the output pin (I/O 9) from the 

MCU that goes high when all of the MCU’s tasks are completed. When I/O 9 

goes high the transistor starts to drain the storage capacitor. As can be seen in 

figure 4.1 and 4.2 there is a small delay of five milliseconds after the power has 

reached 3.4 V (rising edge) before Probe 2 goes high, this represent the startup 

time and the time it takes to complete the tasks. The delay of around one 

millisecond after the output pin for the draining transistor (blue line) has gone 

high, represent the draining of the storage capacitor and the capacitors in the 

system before the voltage level start to drop. When the voltage goes too low the 

MCU turns off and the blue line (output signal from MCU) drops to zero while the 

yellow line goes down to roughly 1.2 V and slowly dropping towards zero if no 

more energy is harvested.  
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Figure 4.2 - Power supply during load. Yellow line is voltage level from the 

regulator. Blue line indicates output pin from MCU which drains storage 

capacitor via a transistor. The voltage scale (y-axis) is one volt per square and 

the time scale (x-axis) is two milliseconds per square.   

 

4.2.2 Data measuring 

When the system is powered on it writes a zero to the memory as described in 

chapter 3.4.3. To control how many times this has been done the MCU needs to 

be connected via JTAG (to a computer). Once connected the internal flash 

memory can be peeked on in the code composer studio (CCS) memory 

browser. Once connected it is thus possible to see how many zeros that has 

been generated since last time it was active. The more zeros there are the more 

times the system was powered on. In figure 4.3 an example of how the memory 

looks after 38 activations. Since the data is written in hexadecimals (4 bits per 

letter), and each access to the memory only updates one bit, each zero in the 

memory browser is worth four writes to the memory (the letter goes from F to E 

to C to 8 to 0). The flash memory can only write zeros and thus a regular 

counter cannot be implemented unless an erase is performed between each 

write.         
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Figure 4.3 - Data gathered illustrated in the CCS memory browser 

4.3 Testing on the drone 

The limited tests that were performed on the drone did not generate enough 

energy to power the system even when the entire table was shaking. Either this 

was due to poor placement of the elements or the system was simply to power 

demanding to be used on the styrofoam material.            

4.4     Conclusions 

Due to lack of time the accelerometer, external memory and radio 

communication have not been tested and thus the code described in chapter 

3.3.2 will not be tested in this paper. All the tests made were performed in a 

controlled environment. Readings done on the oscilloscope should be fairly 

exact. While it currently works well to read the memory from the flash this way it 

would be handy to have an improved way the read the relevant data.  
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5 Discussion 
The following subchapters will take up discussion about some parts worth 

mentioning from the method chapter (see chapter 3) and the results chapter 

(see chapter 4). A discussion about how the work in this paper could be used in 

a wider perspective will also be included. 

5.1     Method 

A discussion will be held about flaws in the design and testing of the constructed 

system.  

5.1.1 Design flaws 

If the piezoelectric elements had been tested before designing of the circuit’s 

power supply it would have been discovered that the amount of energy 

generated on the styrofoam material was highly limited. While the LTC3588 

works well in a controlled environment on the hard plastic it was challenging to 

charge the storage capacitor when the piezoelectric elements were attached to 

the Styrofoam material. It would thus possibly have been better to use a low loss 

charge pump as a power regulator since it can operate on lower input voltages.   

    

The macro fiber composites (MFC) where practical, easy to use and generated 

a lot of energy but, when used as a power source, they are not very good for 

determining the frequency of the vibration. Using MFC’s for the measurements 

will not give any hints about the frequency but instead will tell more of the 

amount of Gs that the MFC’s are exposed to and thus how much energy that is 

generated.   

 

Even though calculations were made to make sure the capacitor would be big 

enough to keep the system powered for a desired time the chosen capacitor 

was too small. This was probably due to two things, firstly the system startup 

time was for unknown reasons four times the time described in the datasheet 

[18] and secondly, the MCU had some big capacitors on its power supply that 

might have drained some of the energy, thus putting a bigger strain on the 

system during startup. Since the system needed power during its active time a 

hotfix were made were another 22 uF was connected parallel to the 47 uF 

storage capacitor, increasing the capacity to 69 uF and solving the problem.   
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5.1.2 Testing flaws 

While testing on the styrofoam material it would probably have been better to 

use a wing in the same size and shape as the target drones wing but no such 

wings were available. Tests could have been performed on other types of 

material like, for example, carbon fiber to get a better perception of how the 

MFC’s worked. Tests could also have been made with bigger elements which 

might have led to better results on the smaller vibration.  

5.2     Results 

The test results presented in chapter 4 of the test on the piezoelectric elements, 

power regulator, accelerometer and the entire circuit will be analyzed in 

following subchapters. 

5.2.1 Piezoelectric elements 

The result from the tests performed on the piezoelectric elements on the two 

different materials will be analyzed and compared in the subchapters below.  

5.2.1.1 Styrofoam  

As tests were performed on the styrofoam material a problem with attaching the 

piezoelectric elements tightly onto the styrofoam was quickly discovered. To 

attach the piezoelectric elements onto the styrofoam a strong double-sided tape 

was used, but even so the piezoelectric element did not attach firmly onto the 

styrofoam and thus the piezoelectric elements could not be forced to move with 

the elongations that the styrofoam was exposed to. As mentioned in chapter 

3.1.1 the voltage regulator has an input operating range of minimum 2.7 V. In 

table 4.1 from chapter 4.1.1 can be seen that the maximum voltage the 

piezoelectric elements generated on Styrofoam was 1.68 V, generated by the 

M8514P2 with an elongation of 1.5 cm. Thus none of the piezoelectric elements 

generate enough energy to power the LTC3588 on the Styrofoam.  

5.2.1.2 Hard plastic  

Because of the piezoelectric elements bad performance on the styrofoam 

another testing material was needed. A decision was made to test the 

piezoelectric elements on a hard plastic material. The hard plastic was more 

elastic than the styrofoam and was easier to attach the piezoelectric elements to 

with the use of double-sided tape, which resulted in a tighter attachment of the 

piezoelectric element. The tighter fit along with the more elastic properties gave 

a voltage output more in order of what was expected and more than enough to 
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be able to power the system. As can be seen in table 4.2 (chapter 4.1.2) there is 

only one element that generated less than 2.7 V and thus was not able to 

charge the storage capacitor to its threshold voltage, the M0714P2, it was the 

shortest element with a length of seven millimeters. Because of M0714P2s short 

length the elongation that was used was not big enough to power the system 

with the maximum output voltage of 0.74 V. Comparing the other three 

piezoelectric elements; the M2814P2 element had the lowest performance with 

a minimum voltage output of 3.2 V on the elongation of 0.5 cm. The M2814P3, 

which were a three dimensional element of the same size as the M2814P2, had 

a minimum voltage of 5.2 V. The M8514P2 which was the longest of the 

elements gave a minimum voltage output of 8.1 V with an elongation of 0.5 cm, 

by looking at the collected data a conclusion could be made that larger/ longer 

element generated a higher voltage output and the three dimensional elements 

seems to generate more energy than the two dimensional elements.   

5.2.1.3 Comparison  

All the piezoelectric elements generated more power when attached to the hard 

plastic, partly because they were more firmly attached to the hard plastic than to 

the styrofoam, and partly because the hard plastic was more elastic than the 

styrofoam. Unfortunately hard plastic is not the material of which the drone is 

made, but if the system is used for other purposes or on other drones it is 

recommended to use a more elastic material on which the piezoelectric 

elements can be firmly attached.  

5.2.2 Power regulator 

The LTC3588 that was equipped on the system have many nice features, it can 

deliver power at different voltage levels, it has a full wave rectifier and it delivers 

a semi-stable current. Still the LTC3588 might not have been the best choice for 

the system, its lowest input voltage operating range was too high. Instead the 

system should possibly have been equipped with something else, like a charge 

pump that can start to gather energy from as low as 0.1 V, compared to the 2.7 

V that the LTC3588 needs. A charge pump might have caused other problems, 

like a low max input voltage and a need for an external rectifier.   
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5.2.3 Powering the system on harvested energy 

The whole system was tested in two different cases (described in chapter 3.4.3 

and 4.2.1); case 1 was a very interesting test because it tested how long the 

system could run on a fully charged storage capacitor. A safe margin was 

wanted after the assigned tasks had been completed before the energy in the 

storage capacitor dropped below the required voltage level (3.3 V); the size of 

the storage capacitor had to be adjusted afterwards because the capacity was 

too small as mentioned in chapter 5.1.1. If a too large capacitor was chosen the 

time it takes to charge the capacitor to the threshold would become longer and 

the discharge time of the capacitor would increase. 

5.2.4 System test on a drone 

A controlled test were made where the system where attached to the wing of 

one of the drones (see chapter 3.4.4 for a more detailed explanation). The drone 

was mounted on a table for engine tests and a good amount of vibrations were 

generated. Even so the system was unfortunately never able to get enough 

energy to run its procedure. The tests were, as mentioned in chapter 3.4.4, run 

with different propellers with malfunctions to see if more energy could be 

generated but even though the drone (and the table) vibrated heavily the system 

were never powered on.   

5.3 Unused components 

An explanation to why the components that was included in the PCB design 

were never used will be given in the subchapters below.  

5.3.1 Accelerometer - ADXL335 

While it is not used and thus is not tested it is still equipped on the PCB and can 

be used for further tests if the need arise. The main reason why the 

accelerometer was added in the first place was to measure the frequencies on 

the drone wing, but due to the lack of time it was never implemented.  

5.3.2 Flash memory - IS25LP128-JKLE 

The memory was added to save down data from the accelerometer during 

frequency measurements on the drone wing during a ten minute flight time. But 

since the accelerometer was never implemented there was no need to power on 

the external flash memory.   
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5.3.3 Antenna 

The antenna was added for wireless communication. A decision was made to 

not include the radio in testing due to lack of time. Writing of data to the internal 

flash memory serves the same purpose as a receiver would have done. The 

receiver would have collected data sent by the transmitter and counted the 

amount of times the specific system had sent messages. The main benefit of 

using radio communication would be that with an active receiver the time 

between signals could be analyzed.  

5.4 The work in a wider perspective 

Both structural health monitoring and energy harvesting is frequently 

researched, and even though the system developed in this paper is designed for 

civilian drones it could of course be implemented in many different scenarios. 

 

When working with structural health monitoring it is important to do a thorough 

work since the data gathered is the base of whether or not to keep the system 

active. If the system remains active while damaged because the monitoring 

system does not detect the damages it could lead to accidents which could have 

dire consequences.  

 

The work in this project has been to design an embedded system from idea to a 

working prototype. The authors of this paper have found the work done in this 

paper ethical, partly because the system is designed to keep other systems from 

crashing and thus prevent both personal and structural harm and partly because 

the system runs without batteries that would otherwise have a negative impact 

on the environment.  

5.5 Source criticism 

It is important to validate the information gathered from a source. The sources 

used in this paper has been carefully selected and validated by choosing well 

cited source that in turn has well-cited sources that agrees with the source, but 

also by trying to find other sources that can confirm that the information is 

correct.  
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6 Conclusions 
The main concept of the project described in this paper was to create a wireless 

embedded system that does not run on battery and could measure vibrations. It 

has proven that there is a possibility to run wireless embedded system on 

harvested energy and to combine the power source and measuring. The 

measurements done with the power source will not be as precise as if measured 

with an accelerometer, but in some situations it could work well enough. For 

instance if, on a drone, any anomalies occur and the sensor system suddenly 

starts to generates more or less energy than it did before the system could 

indicate with a warning that something might be wrong and the person flying the 

drone may take it down for maintenance.  

 6.1 Problem statements 

Can the sensor system measure vibrations? 

○ Does it need external sensors or is it sufficient to use a piezoelectric 

power source to do the measurements? 

The system should be able to measure vibrations up to 250 Hz with the 

accelerometer. Apart from the accelerometer it is not possible to measure the 

frequency of the vibrations solely using the piezoelectric elements since the 

elements used are not frequency dependent. Instead estimations can be made 

of how strong the vibrations are, more energy equals higher strain on the drone.  

 

How can the system be powered? 

○ Could the system be powered by harvested energy as its only power 

source? 

The system can be powered by piezoelectric elements if attached on a harder or 

stiffer material like on hard plastic. The storage of the energy was done via an 

LTC3588 in this project and could unfortunately not power the system when the 

piezoelectric elements were attached to the styrofoam.  
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How small and how lightweight can it be made? 

○ Weight is an important part for flying vehicles. 

The system is four times four centimeters in size and weighs 13 g. Currently it is 

equipped with two antennas, where one of these have a four times one 

centimeter area where nothing else is allowed to be connected. If the antennas 

and the other unused components (the strain gauge, accelerometer and external 

flash memory) were to be removed the size could be shrunk a considerable 

amount.  

6.2 Future possibilities/ changes  

Changing the regulator (LTC3588) to an efficient charge pump could possibly 

increase the charge rate of the storage capacitor, which could give more 

sensitive measurements. When it comes to the piezoelectric elements there is a 

possibility to replace the elements used in this project to for example elements 

that only operates in a specific frequency range, which could give closer insight 

in which frequencies the object is vibrating in. It could also be beneficial to find a 

piezoelectric element that can generate more energy on the styrofoam material.  

 

Another possibility could be to use larger MFC elements which could cover the 

entire wing of a drone for a higher probability to detecting cracks and other 

anomalies.  

6.3 Final words 

The work done in this project was made to prove that it is possible to use a 

wireless embedded system to make measurements without using batteries to 

power the embedded system and instead use harvested energy as power 

source and as a measuring tool.  
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