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Abstract  

 

Recently, the concept of smart buildings has become more frequent, and technologies 

such as Building Automation (BA) and Structural Health Monitoring (SHM) are 

becoming common concepts in modern construction. Those systems require the 

installation of devices that are powered supplied by cables or batteries. Usually, the 

sensors may be placed in remote places, making difficult the maintenance or the 

replacement of such appliances. Two main issues may arise in this situation, which 

are the availability of power to be provided and sustainability when talking about the 

disposal of cables, for example. As a proposal for such problematics, this Ph. D. thesis 

presents the concept of a new equipment capable of providing an infinity power supply 

to those referred sensors. The equipment is named PID. PID stand for piezoelectric 

dampers, and they work embedded in structural members of the building. The PID 

device concept involves energy harvesting, which is the process of extracting energy 

from the environment or a system and converting it into electrical energy. 

The present work goes from the conception of the device to the analysis of its operation 

using numerical simulation. The first general idea adopted is that besides the 

production of electrical energy to supply the smart devices, it also must present 

structural features due to the place where it is installed. Later, it is also considered a 

fact that the devices when installed in the building may produce additional damping to 

the structure. The PID design is a built device with a piezoelectric core material. These 

materials’ nature can convert mechanical energy into electrical energy or vice versa. 

Plus, the piezoelectric core may be able to buckle and impact the lateral walls of the 

device, and this impact, when occurred, can enhance the amount of harvested energy. 

The amount of produced energy from piezoelectric material is directly related to the 

frequency of vibration, which in this case can increase due to the impact phenomena. 

The analysis of this work was performed in ANSYS® software due to its features to 

interact with the electrical and structural area. 

Due to similarities in the robustness of such equipment, it was first adopted the concept 

of a rubber bearing to investigate its behavior. The use of those known civil engineering 
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devices arose due to their ability to support structural loads. A specific type of rubber 

bearing, the lead rubber bearing (LRB), presents a composition likewise what this work 

seeks, which is a robust structure with a lead core inside it. From that, the lead core 

was first replaced by a piezoelectric material to reproduce an initial prototype analysis 

of the PID. 

After building a 3D model of the PID, some analyses were performed so that the 

behavior of the device could be understood, as well as the manner it should be input 

into the building model. A multilevel methodology was then proposed so the steps 

could be divided into phases to better organize the device’s functioning, where the 

output of one level is used as the input of the next, having cascade comportment. It 

starts from the global model, which is a steel frame building based on the input of a 

Power Spectra Density (PSD) of the Wind, collecting the data from where the PID 

device is located on the building. By collecting the Power Spectra Density of the 

Displacement of the PID ends, it is generated a time-history of that data and it is next 

applied to the 3D model of the PIDs. From that, it can be obtained the dynamic data 

from the piezoelectric core to be finally applied to the last level of work of this project, 

which is the energy harvester model. Then, the power is evaluated. 

Finally, it was concluded that the device’s performance met what was expected. This 

project was focused on the conceptual design of the PID device as well as its initial 

operation. A case study was conducted where it was possible to investigate the device 

and all the multilevel procedures proposed by this research. Among the PIDs 

distribution on the building and the evaluation of the results, it was necessary to go 

through some concepts and the peak acceleration and the stress strength of the 

piezoelectric material core, demonstrating that the PID distribution may face some 

limits yet to be investigated. In the end, the harvested energy value showed a great 

amount even with the limitation imposed. 
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1.  Introduction  and Thesis Organi zation  

In recent decades, technology has overcome all sectors. It can be a manner of 

solving incognizable problems and easing the process in all areas. It would not be 

different in the construction sector and maintenance of buildings. Some known areas 

that widely use ‘techs’ are Structural Health Monitoring (SHM) and Building Automation 

(BA), arriving at the definition of Smart Buildings (SBs). 

Smart buildings aim to improve the users’ comfort and safety while focusing on 

saving energy in conventional buildings. The technology allows the users of a building 

to interface with it by accessing the information. Focusing on energy saving, many 

sensors can be employed on HVAC (heating, ventilation, and air conditioning), lighting, 

and other human utilities; On the other side, the systems of SHM are well used on new 

buildings so that predictive maintenance or the control of structure can occur on a time 

without prejudicing its lifetime or occurring huge damages. Undoubtedly, many are the 

problems that those systems can face from their conception until their implementation 

on a building; however, the source of power is one of the main problems because of 

the hard access places the sensors may be installed, with that involving massive 

costs(King & Perry, 2017; Park et al., 2007) 

In the European Union (EU) buildings are responsible for 40% of the total energy 

consumption. The concept of a nearly Zero Energy Building (nZEB) is defined as “a 

building characterized by a very high-energy performance during its operations, with 

most of the energy required coming from renewable sources “. Long-term goals for 

CO2 emissions are observed in the EU, and the building sector requires adapting to it 

since it is a sector that, besides the high use of the energy, tends to present an 

increasing (al Dakheel et al., 2020). 

Even with the availability of power to supply the sensors, there are some challenges 

to be faced as where the huge volume of cables, the not accessible locations of the 

installed sensors, the lifetime of batteries if it is a non-cable system, and so on. This 

complicates, even more, the possible interventions and maintenance of the ‘smart 
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items’ of a building. Moreover, the practice is not beneficial to the environment because 

of the cables and batteries disposals, for example. With that, the use of wireless 

sensors is a potential solution, but the power problem is still.  

This Ph. D. research work conceives an original solution for the power supply on 

smart sensors. The intended concept is to propose a device that presents structural 

and energy-harvesting features: the device will be embedded in a structural building 

member, and it will work as a power source for wireless sensors.  

The design and primary investigation of the new device is the main objective of this 

work. The device receives the name PID (PIezoelectric Damper), and its main feature 

is to be able to harvest energy from the vibration of the structural member it is attached 

using piezoelectric material as defined in section 1.1. 

The study is simulated on a steel building and the source of the load is the wind by 

implementing the Power Spectra Density of the Force in both along- and across-wind 

directions as addressed in chapter 2. In the same chapter, it is explained the time-

history generator feature that from the Power Spectra Density of the Displacement can 

arrive at the time history that is used in this work. 

The piezoelectric material and the study about piezoelectricity and energy 

harvester are present in Chapter 3. The multiphysical diversity of this material is what 

makes it be addressed to the use of energy harvesting. A short concept of piezoelectric 

materials is that they can convert mechanical into electrical energy and vice versa. 

Although their great functionality of harvesting energy, they do not present structural 

strength, so to build this device it is needed to join the piezoelectric material with a 

structure capable of supporting the structural loads occurring in a building. Hence, the 

proposed solution is that starting from a rubber bearing, which is denoted by its 

capacity of supporting considerable loads, and integrated with a piezoelectric material 

core, it will have the capacity to accomplish the final objective. Chapter 4 investigates 

the rubber bearing and presents an initial benchmarking so that one may have one 

initial understanding of their behavior as well as get confidence in modeling 

hyperelasticity. 
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Later, Chapter 5 explores the initial concepts for modeling the PIDs devices and 

the adaptation of what has been planned and what will be settled to go on with the 

performances. Also, the ANSYS® tool contact elements integrate this part. After 

having a general idea and a sketch of the PID device, it is necessary to model it. 

Chapter 6 explains the methodology involved in the analysis of employing the PID 

device on a building, and it also presents a case study where some devices were 

distributed along the building to then evaluate the harvested power. 

Finally, in chapter 7 of the thesis, the concluding remarks and future works are 

discussed. Figure 1 summarizes the goals of this Ph.D. thesis and relates the main 

chapters to each other by showing the topics which are covered in each section. 

Moreover, it also indicates the parts where it can be seen the contribution aborded by 

this thesis. 
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Figure 1 - General visualization of this thesis (own elaboration). 
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1.1. PID  Definition   

An innovative device called Piezoelectric Dampers (PIDs) is proposed here to offer 

energy harvesting (EH) embedded in structural joints of tall buildings by using 

piezoelectric material. The PID will be able to extract energy from wind-induced 

building vibrations, and this harvested energy will be used for powering distributed 

wireless sensors along the buildings. Those sensors are usually related to the smart 

attribution of the building. 

Smart Buildings (SBs) are able to ”sense” their status in operational and emergency 

conditions through positioned sensors that constantly monitor the building’s structure 

as well as the indoor and outdoor environment, and they are eventually able to adapt 

their operating configuration to improve their efficiency. For instance, buildings 

provided with sensors can monitor internal temperature for Building Automation (BA) 

purposes, and the building structural damage conditions are known as Structural 

Health Monitoring (SHM). The first (BA) allows energy consumption optimization, while 

the other (SHM) allows adaptive and fast emergency response by prioritizing actions 

on different scenarios as in case of accidental events.  

 Due to the great number of sensors required to monitor different operational and 

status parameters in whole buildings, one issue that is faced in the development of 

affordable smart buildings concerns the great amount of distributed energy and data 

flow, which are traditionally provided by cables to operate numerous sensors that are 

required. As an alternative, the sensors distributed along the building can be adjusted 

to work as autonomous sensors using wireless communication technology to limit 

cabling installation and maintenance costs. In this case, the sensors can be powered 

locally by batteries. The main issue is that such a system may have a considerable 

environmental impact, such as battery disposal. 

As an alternative to these environmental impacting and cost-ineffective 

technologies, PIDs offer a technology where they work as a battery and are cable free. 

The devices present an embedded structure with piezoelectric materials, and they will 



Piezoelectric Connectors for Energy Harvesting Purposes on Wind-Excited Buildings 

__________________________________________________________________________ 

 

Juliano Ferreira Martins         6 

 

be in the buildings’ joints, as referred to in Figure 2.  They will be responsible for 

providing power to wireless distributed sensors used for BA and SHM cases.  

The concept of the innovative device, PID, is the possibility of it doing a step-change 

in high-rise building design and management, leading to the next generation of SBs, 

which operate as dynamic urban elements by interacting with the environment on both 

passive (traditional load carrying goal) and active (novel for sensing-adaptive skills) 

ways.  

 

Figure 2 - General view of smart structures (The Economist, 2010). 

BA market is on constant growth as ON World Inc., which is an organization that 

provides world-class business intelligence on smart technology markets, in 2016 

forecasted that by 2019, cumulative Wireless Sensor (WS) devices shipments in non-

residential buildings would reach 100 million, an increase of 830% when compared 

with 2011. Plus, by 2023, the number may be around 3.4 billion annual WS chipset 

shipments (ONWORLD, 2013). 
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Smart buildings’ growth also relates to the Internet of Things (IoT) revolution. 

This concept aims to facilitate daily “things” to smartly exchange information at “any 

time” and in “any location”.  Devices such as sensors, software and online connectivity 

are some applications that can be found on such constructions in order to monitor 

building characteristics, analyze the data, and generate insights around usage patterns 

and trends that can be used to optimize the building’s environment and operations. 

The projection is that more than half of the global population will reside in cities by half 

of the current century, with those tall buildings may become increasingly popular due 

to socio-economical and political reasons (IotaComm, 2020; Saini et al., 2022).  

It is important to mention that some works currently employ the use of energy 

harvesting equipped on tall buildings, but not with piezoelectric materials. Usually, they 

offer an electromagnetic motor, leading to significant maintenance requirements, while 

they are not readily scalable and do not exploit the extensive experience enjoyed by 

piezoelectric EH (pzEH) techniques. In addition, EH-TMDs are single devices located 

at the top of the building, making energy transportation to the diffused sensors 

throughout the building challenge. Opposite to that, PIDs are composite structural 

members comprising piezoelectric parts (in form of bars or fins), which resist loads 

either by axial (e.g., in diagonal braces) (Figure 3) or by flexural (e.g., in braces-beams 

connections) mode, present in large numbers throughout the building. A sufficient 

number of PIDs provided within a building will constitute, as a whole, a self-powered 

parallel power system for sensors’ energy needs, which is cable-free (thanks to 

wireless technology) and almost maintenance-free (absence of batteries). The dense, 

uniform distribution of PIDs in plan and in elevation is readily achievable given the 

number of structural connections, where PIDs will be positioned, and where the main 

number of vibrations occurs. (W. Shen et al., 2012, 2018; Zuo & Cui, 2013). 

Piezoelectric EH (pzEH) in macro-scale for civil engineer applications, such as 

structural components, presents an innovative idea; however, some limitations are the 

excessive magnitude of the involved forces (piezoelectric materials on their own would 

not be able to sustain loads that are typical of civil structural/buildings), and the amount 

of harvestable energy because piezoelectric EH from vibrations is proportional to the 

frequency of the dynamic loads and to the activated mass: usually in common (meso-

https://www.iotacommunications.com/blog/the-4-components-that-make-a-smart-building-ecosystem/
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, micro-scale) pzEH applications loading frequency is in the range of 0.1-10kHz 

allowing for significant EH from small vibrating masses, while vibration frequencies in 

buildings are with orders of magnitude lower (within 1-25 Hz) which reduces 

dramatically EH despite the larger masses involved. 

The device is scaled at macro-level by addressing the two limitations via the 

innovatively designed PIDs (Figure 3): 

i) the piezoelectric parts in PIDs will be embedded within (connected in parallel 

with) other structural blocks made of appropriate materials (e.g., steel or rubber) 

carrying the main part of the whole load acting on the device; 

ii) the piezo components inside the PIDs will be designed to operate in two 

different kinds of nonlinear regimes: near-buckling conditions and impact dynamics. 

The former involves designing the piezo bar inside the PIDs to buckle under the 

operating conditions, then increasing both piezo strains and vibration frequencies with 

respect to the pre-buckling (linear) dynamic conditions. The second regime allows the 

impact of the vibrating piezo component, to convert the low-frequency response to 

high-frequency. Both techniques have been already implemented in previous studies 

for micro-scale devices (Friswell et al., 2012; Vijayan et al., 2015). In PIDs these two 

regimes will be enabled by the appropriate calibration of a “clearance gap” between 

the piezo fin and the other blocks being part of the PIDs for allowing buckling and 

lateral impact of the piezo fin (Figure 3). This will allow the PIDs to harvest significant 

energy even at the typical low-frequency range of vibration in buildings.  
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Figure 3 - Position and schematic features of the PIDs (own elaboration). 
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2. Theoretical  Background  and Numerical  Models  for  

the Analysis  of  Steel Medium -High -Ruse Buildings  

under  wind.  

2.1. Wind  Engineering  

i.   Wind field  
 

2.1.1.1. Atmospheric circulation 

 

 

The wind is defined as the motion of air with respect to the earth's surface. It is 

caused essentially by the variable heating of the earth's atmosphere by the sun and 

results from pressure differences between points of equal altitude. Such variations can 

be caused by thermodynamic and mechanical phenomena that occur unevenly in the 

atmosphere, both in time and space. Heat radiated from the sun is the energy for the 

phenomena to occur. 

The Earth's surface is the source of energy that has the greatest influence on 

the atmosphere, although the Sun is still an original source. Like the glass pane of a 

greenhouse roof, it is the extension of the atmosphere where solar radiation impinges. 

Therefore, it is reasonable to assume that the portion of solar radiation that is not 

reflected or scattered back into space is almost completely absorbed by the Earth. 

When the Earth's surface is heated, it emits energy in the form of terrestrial radiation. 

This has long wavelengths (on the order of 10μ) compared to the heat radiated by the 

Sun. The atmosphere, which is largely transparent to solar radiation but not to 

terrestrial radiation, absorbs the heat radiated by the Earth and releases some of it 

back to the ground. 
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The Earth has an inclination of the axis of rotation of about 66°30' with respect 

to the plane of its orbit around the Sun. Consequently, the average annual intensity of 

solar radiation is higher in equatorial regions than in polar regions, which also results 

in a higher intensity of terrestrial radiation and atmospheric temperature in these 

regions. As a result, an atmospheric circulation would develop, which could be 

illustrated as in Figure 4: 

 

Figure 4 - Monocellular hemispheric circulation (CNR-DT 207, 2008). 

The above model neglects some factors because the circulation in the atmosphere is 

quite complex. Typically, the water masses and continents, which have an 

inhomogeneous distribution, cause two pressure macrobands or belts: a subtropical 

(high pressure) and a subpolar (low pressure) band. This creates a three-cell 

hemispheric circulation (Figure 5). 
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Figure 5 - Tricellular hemispheric circulation (CNR-DT 207, 2008). 

2.1.1.2.  Atmospheric boundary layer 

Frictional forces play an important role in the balance of forces of moving air as 

it approaches the Earth's surface. The region of frictional influence is referred to as the 

"atmospheric boundary layer" and is similar in many ways to the turbulent boundary 

layer on a flat plate or airfoil at high wind speeds. In larger storms, such as extratropical 

depressions, this zone extends to 500 to 1000 m altitude. Figure 6 shows records of 

wind speeds recorded at three heights on a tall mast at Sale in South Australia 

(measured by sensitive cup anemometers during a period of strong winds caused by 

storms from a synoptic low) (Holmes, 2001). The records display the main features of 

a fully developed boundary layer flow in the atmosphere, namely the increase in 

average wind speed with increasing height, the gusty or turbulent nature of wind speed 

at all heights, the broad frequency spectrum of gusts in the airflow, and some similarity 

in the patterns of gusts at all heights, especially in the slower changing gusts or lower 

frequencies. 
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Figure 6 - time histories of wind speed. 

The term "boundary layer" refers to the region of the wind that is affected by 

friction at the earth's surface and can extend up to 1 km. The most used mathematical 

laws describing the variation of mean wind speed within the boundary layer are the 

"logarithmic law" and the "power law". 

The logarithmic law accounts for the change in mean or time-averaged wind 

speed with height above the ground near the surface (e.g., in the first 100-200 m - the 

height range of most buildings). For strong winds, the most accurate mathematical 

expression describing the profile of mean wind speed is the "logarithmic law". The 

logarithmic law was originally derived by Prandtl for the turbulent boundary layer on a 

flat plate; however, it has been found to apply in unmodified form to strong wind 

conditions in the atmospheric boundary layer near the surface. It can be derived in 

several ways. 

The following derivation is the simplest and represents a form of dimensional 

analysis. We assume that the wind shear, i.e., the rate of change of the mean wind 

speed V with height, is a function of the following variables: the height above the 

ground (z), the retarding force per unit area exerted on the flow by the ground surface, 

known as the surface shear stress (t0 ) and the air density(ɟ). 

153 m 64 m 12 m153 m 64 m 12 m
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Note that near the ground, the effect of the Earth's rotation (Coriolis forces) is 

neglected. Because of the turbulent flow, the effect of molecular viscosity can also be 

neglected. Combining the wind shear with the above quantities, one can form a 

dimensionless wind shear: 

ϽᾀϽ                                      (2.1) 

†Ⱦ”  has the dimensions of velocity, and is known as the friction velocity, όz (note 

that this is not a physical velocity). Then, since there are no other non-dimensional 

quantities involved. 

Ͻ
ᶻ
ὧέὲίὸὥὲὸ           (2.2) 

Integrating, 

ὠᾀ ᶻϽÌÏÇᾀ ÌÏÇᾀ ᶻϽÌÏÇ                                      (2.3) 

where ᾀ is a constant of integration, with the dimensions of length, known as the 

roughness lengths. Equation (2.3) is the usual form of the logarithmic law, k is known 

as von Karmanôs constant, and has been found experimentally to have a value of about 

0.4. The roughness length z0 is a measure of the roughness of the ground surface. 

Another measure of the terrain roughness is the surface drag coefficient K: 

ὑ ᶻ
                   (2.4) 

By combining eq. (2.2) and eq. (2.3) for z = 10 m the relation between the roughness 

and the surface drag coefficient can be obtained 
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ὑ                                                                                                    (2.5) 

Power Law The power law has no theoretical basis but can be easily integrated 

over height. This is a practical property if, for example, you want to determine the 

bending moments at the base of a tall structure. To relate the mean wind speed at any 

height, z, to that at 10 m (ὠ ) (adjusted for rougher terrain, if necessary, as described 

in the previous section), the power law can be written: 

ὠᾀ ὠ Ͻ                                                                 (2.6) 

The exponent, α, in equation (2.6) will change with the terrain roughness, and also with 

the height range, when fitted to the logarithmic law, A relationship that can be used to 

relate the exponent to the roughness length, z0, is as follows: 

‌               (2.7) 

where zref is a reference height at which the two ‘laws’ are matched. zref may be taken 

as the average height in the range over which the matching is required, or as half the 

maximum height over which the matching is required. Figure 7 shows a matching of 

the two laws for a height range of 100 m, using equation (2.7), with zref is taken as 50 

m. The two relationships are extremely close, and that the power law is quite adequate 

for engineering purposes. 
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Figure 7 - Mean wind profile 
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2.1.1.3. Wind analytical representation 

Wind flow moving within the boundary layer crosses (near the ground surface) 

both artificial and natural obstacles; this fact leads to random variations in wind speeds. 

Wind flow moving within the boundary layer crosses (near the ground surface) 

both artificial and natural obstacles; this fact leads to random variations in wind speeds. 

In Figure 8, the power spectrum of the wind speed SV (n) (where n is the frequency) 

is shown for a long observation period; two main harmonic contributions can be 

distinguished here. The first one is related to long-lasting aeolian events (from about 1 

hour to several months) and is called the macrometeorological peak; this peak 

represents the recurrence of the aeolian storms. The second harmonic contribution is 

associated with short duration aeolian events (from a few seconds to about ten 

minutes) and is referred to as the micrometeorological peak; this peak represents the 

turbulent fluctuation in wind speed. 

These considerations about the spectra SV (n) suggest the representation of 

the vectorial wind speed as the sum of a mean and a turbulent part. 

 

Figure 8 - Wind speed power spectra (CNR-DT 207, 2008) 

A Cartesian three-dimensional coordinate system (x,y,z) is used, with origin at 

ground level and the z-axis oriented upward.  The three components of the wind speed 
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field Vx(j), Vy(j), Vz(j) at each spatial point j (the temporal variation is omitted for 

simplicity) can be expressed as the sum of a mean (invariant in time) value and a 

turbulent component u(j), v(j), w(j) with a mean value equal to zero, with the analysis 

focused on a short time period. 

Defining the gradient height zg as the height above the ground delimiting the 

boundary layer, the general wind speed profile is shown in Figure 9. 

 

Figure 9 - Turbulent wind profile (CNR-DT 207, 2008) 

Assuming that the mean value of the velocity is nonzero in y direction only, the 

three components are given by: 

ὠὮ όὮȠ ὠ Ὦ ὠ Ὦ ὺὮȠ ὠὮ ύȢ   (2.8) 

The mean velocity Vm(j) can be determined using a database of values recorded at or 

near the site and evaluated as an average of the records over a suitable time interval 

(e.g., 10 minutes).  

The variation of the mean velocity Vm with the height z over a horizontal surface of 

homogeneous roughness can be described, as usual, by the power law (equation 

(2.6)):  
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For long time period analyses V10 can be associated with a specific return period TR 

by the expression: 

ὠ ȟ ᾀ Ὂ ȟ ȟ ρ       (2.9) 

where F10,max,1year is the cumulated probability of the maximum annual ten minutes 

average velocity V10, typically a Weibull distribution. 

The turbulent components of wind speed are modeled as independent ergodic 

Gaussian processes with zero mean. By discretizing the spatial domain into N points 

representing the locations where the wind acts on the structure, each Gaussian 

process is fully characterized by the power spectral density (PSD) matrix [S]i, (i = u, v, 

w), taking an Eulerian view. The diagonal terms Sijij(n, z) (i = u, v, w and j = 1,2,...,N) 

of [S]i are given by the normalized half-sided von Karman power spectral density 

(Solari & Piccardo, 2001): 

ȟ

Ȣ
Ⱦ       (2.10) 

where n is the current frequency (in Hz), z is the height (in m), ůi
2 is the variance of the 

velocity fluctuations, given by (Solari & Piccardo, 2001): 

„ φ ρȢρὥὶὧὸὥὲὫὰέὫᾀ ρȢχυόz    (2.11) 

where u* is the friction or shear velocity (in m/s), given by: (0.006)1/2 Vm(z=10), ni(z) is 

a dimensionless height dependent frequency given by: 

ὲ ᾀ               (2.12) 

The integral scale Li(z) of the turbulent component can be derived for i = u, v, w, 

respectively.  
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The out of diagonal terms Sijik(n, z) (k = 1,2,é,N) of [S]i are given by  

Ὓ ὲ Ὓ ὲὛ ὲὩὼὴὪ ὲ      (2.13) 

In which 

Ὢ ὲ
ȿȿ

     (2.14) 

where Cz represents is the decay coefficient inversely proportional to the spatial 

correlation of the process. 

2.1.1.4. Vortex shedding 

One of the critical phenomena that affect high tall slender structures as high-rise 

buildings is vortex excitation. Some vortexes lose themselves in the wake behind the 

body. Such physic configuration generates an oscillation in aerodynamic forces, with 

a definite frequency. In a certain range of wind speed, the oscillation frequency of the 

force’s “lock” the structural oscillations frequency and it governs the structural 

oscillation period. 

An elongated body immersed in a flow produces a wake formed by vortex 

streets known as von Karman wake as Figure 10: 

 

Figure 10 - Von Karman wake 
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The well-known expression of Strouhal gives the frequency ‘N’ at which vortices 

are shed from the side of the building, causing oscillatory across-wind forces at this 

frequency. 

ὔ                                                                                                           (2.15) 

where St is the Strouhal number, which is primarily a function of the shape of the cross 

section and of the Reynolds number, V is the mean velocity of the uniform flow in which 

the body is immersed and b the building width. 

Assuming a structure that is a cylinder with a rigid surface, the oncoming flow 

has uniform mean velocity, the deflections of the body are the same along its length, 

the body is elastic and possesses mechanical damping in the across-wind direction, 

and it is rigidly constrained in the along-wind direction. Under the action of the vortices 

shed in its wake the cylinder will be driven periodically, but this driving will produce only 

small response unless the Strouhal frequency of alternating pressures approaches the 

natural across-flow mechanical frequency of the cylinder. Near this frequency greater 

body movement is stimulated, and the body begins to interact strongly with the flow. It 

is experimentally observed at this point that body mechanical frequency controls the 

vortex-shedding phenomenon even when variations in flow velocity displace the 

nominal Strouhal frequency away from the natural mechanical frequency by a few 

percent. 

This control of the phenomenon by the mechanical forces is commonly known 

as lock-in (or synchronization). Observations show that during lock-in the amplitude of 

the oscillations attains some fraction, rarely exceeding half, of the across-wind 

dimension of the body. The effect of lock-in upon vortex shedding is exemplified in 

Figure 11, which shows that in the lock-in region the vortex-shedding frequency is 

constant rather than being a linear function of wind speed, as suggested by equation 

(2.15) (and as it in fact is outside the lock-in region). 
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Figure 11 - Lock-in phenomena 

The dimensionless value is a constant ranging on 0.1 – 0.3. The most critical 

conditions occur when the vortex shedding frequency coincides with the frequency N 

of a structural across-wind vibrating mode, specifically at the first natural frequency 

associated with a vibration mode perpendicular to the wind direction, amplifying it (Irwin, 

2009). On the Equation (2.15), it can be previewed at which velocity it may occur. 

Under the vortex shedding action, for a slender structure (like a cylinder having infinite 

length), in general for the lift force can be written: 

ὒὸ ὃίὭὲς“ὲὸ                                                                                               (2.16) 

Whereas it is opportune amplitude and ns is the dominant shedding frequency, given 

by the Strouhal number in Eq. (2.15). When ns (varying with V) becomes equal to the 

first transversal frequency n1,L, the lock-in phenomenon arises, this wind incoming 

velocity is called vortex shedding critical velocity (VVScrit). The amplitude of the lock-

in region represented in Figure 11 depends on the so-called Scruton number. 

Ὓὧ
ẗẗ

ẗ
                 (2.17) 

Where m is the mass per unit of length (assumed punctual), D is the across-wind 

dimension of the body, and ξ is the damping factor of the first transversal structural 

mode of vibration. 
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The amplitude of the lock-in region decreases as the Scruton number increases, it can 

disappear for high Scruton numbers (Figure 12). 

 

 Figure 12 - Strouhal law: large Sc (left), small Sc (right) (CNR-DT 207, 2008). 

The behavior of the figure above is stated on the CNR-DT 207, and it presents 

a physical meaning. For the case of a large Scruton number as Figure 12, the alternate 

shedding of vortices causes an across-wind load of the type described above, which 

in turn gives rise to a resonant vibration. On the other hand, when the Scruton number 

is small, the vortex wake produces vibrations of an amplitude such that they 

themselves trigger the shedding of vortices. Under these circumstances vortex 

shedding takes place at the vibration frequency, also when the mean wind velocity 

varies within the range presented in Figure 12, this phenomenon is driven by fluid-

structure interaction. 

Figure 13 shows the results of experiments conducted on a model chimney in a 

wind tunnel with the reduced mean velocity (a-axis) and the normalized standard 

deviation of the tip across-wind displacement (y-axis). The different curves correspond 

to different values of the Scruton number Sc. When Sc is large, the across-wind 

response increases only moderately, within a small range around the critical velocity. 

For lower values of Sc, the across-wind response increases abruptly, and the 

resonance extends to a rather broad range of values of the wind velocity, mainly to the 

right of the critical value; this means that Strouhal law is violated as in Figure 12 (left).  

 

VVScrit,i Vm VVScrit,i Vm

 

VVScrit,i Vm VVScrit,i Vm
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Figure 13 - Across-wind response to vortex shedding (CNR, 2008). 

A way of mitigating large across-wind vibrations caused by vortex shedding is 

using control systems. Aerodynamic stabilizers, for instance, may be implemented on 

large Scruton number (>10), yet those devices can increase the along-wind loads. 

Another example is the use or tuned dampers with mass (TMD) or liquid (TLD) that 

work increasing the damping ratio and therefore reducing all types of vibrations. 
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ii.  Wind frequency domain response of structures under 

wind  

 

Figure 14 - Along and across wind representation (own elaboration). 

Typically wind forces on buildings are divided into three different types: along-

wind loads, across-wind loads, and torsional loads. Figure 14 shows a representation 

of these acting forces. On this case it is known that the along-wind forces are those 

caused in the direction of the wind while the across wind presents perpendicular to it.  

Colwell and Basu (2009) present a method do determine the Power Spectral 

Density Function (PSDF) matrix (Ὓ ‫ ) for the along wind excitation applied to the 

structure and the turbulence between the two points for a N degree of freedom (DOF) 

structure (Colwell & Basu, 2009).  

Ὓ ȟ

  

‫ ὅὃ” В В Ὓ                                                      (2.28) 

with Ὓ
  

‫  being the velocity auto PSDF when Ὧ ὰ and the cross PSDF Ὧ ὰ. 
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Ὓ
  

‫ Ὓ
  

‫Ὓ
  

‫ὧέὬὯȟὰȠ‫                                                               (2.29) 

where #  is drag force coefficient, ! contribution area, ʍ air density, ËȟÌ  spatial 

nodes, Ö mean wind velocity, ה Ì nodal components of ὮὸὬ mode shape, ὧέὬὯȟὰȠ‫  

spatial coherence function. 

Regarding the approach for the PSD of the acrosswind direction, Liang et al 

(2002) proposes a formulation. It also informs that acrosswind dynamic load of tall 

buildings is induced by three mechanisms: alongwind turbulence, acrosswind 

turbulence, wake excitation, where wake excitation is the main contributor of the three 

(Liang et al., 2002). 

The concept of the force is that when acting on a rectangular cylinder it is 

primarily caused by random vortex shedding in separated shear flow, which can be 

observed on the curve of acrosswind force spectrum presented by the author. This 

curve presents a peak and at the reduced frequency corresponding to the peak equals 

the reduced dominant frequency of vortex shedding, known as Strouhal number. The 

peak changes regarding the side ratio of the building (ὈȾὄ), when it has ὈȾὄ  σ it 

will present a sharp and narrow peak leading to a small bandwidth whereas when 

ὈȾὄ  σ there will be the presence of two peaks on the curve. 

The present crosswind formula is agreeing when with previous experimental 

results and there is an application for side ratio on the range of ρȾτ ὈȾὄ σ, where 

the results state a peak on the curve at the frequency of the vortex shedding, 

presenting a single peak curve. Hence, the following formula is shown: 

ὃ
 

ρ ὃ
Ȣ  

Ȣ
                                                     (2.30) 

with „ RMS of acrosswind force at height z „ ”Ὗ ᾀὅὄ,  ὲ ÎȾÎ (n = frequency, 

ὲ  frequency of vortex shedding ὲ  ὛὟᾀȾὄ), Ὓ cross section area, ὅ 

parameter correlated to the bandwidth, ὃ power-assignation coefficient, which 
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increases alongside ration when ρȾτ ὈȾὄ ρ and decreases when ρ ὈȾὄ  σ. 

Ὗ  is the mean wind speed at the top of the building model. The constants equations 

are presented as follows: 

Ὄὅρ πȢρχωὅρ πȢφυЍὅρ,                                                                                (2.31) 

ὅρ πȢτχὈὄ
Ȣ
πȢυςὈὄ

Ȣ
πȢςτȾὌ

ЍὛ
,                                            (2.32) 

ὅς ςȟ                                                                                                                  (2.33) 

ὃ Ὄ
ЍὛ

πȢφὈὄ πȢςωὈὄ πȢπφ ωȢψτὈὄ υȢψφὈὄ ρȢςυȟ for 

ρ
τ ὈȾὄ ρ

ς,                                                                                                  (2.34) 

ὃ Ὄ
ЍὛ

πȢρρψὈὄ πȢσυψὈὄ πȢπφ ωȢψτὈὄ υȢψφὈὄ

ρȢςυȟ for ρς ὈȾὄ σ                                                                                        (2.35) 

The Strouhal number Ὓ is given as Ὓ πȢπωτ for ρȾτ ὈȾὄ ρȾς and as Ὓ

πȢππςὈὄ πȢπςσὈὄ πȢρπυ for ρȾς ὈȾὄ τ. 

Resolution of the response problem of high-rise buildings under wind 

Wind forces acting at the slab heights of the building structure in the across wind 

direction are modeled as a zero-mean Gaussian ergodic spatially correlated random 

field represented in the frequency domain by a ╢╕╕‫ ᶰὙ power spectral density 

(PSD) matrix. The stochastic wind field model of Liang et al. (2002) is here in adopted 

to define the above force PSD matrix. 

Example of across-wind force spectra at different heights are shown in Figure 15. 
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Figure 15 - Vortex Shedding (VS) force spectra at different heights (Giaralis et al., 
2017). 

 
 The response displacement, velocity and acceleration PSD matrices of a frame 

structure defined by the M, C, and K generic matrices due to the ╢╕╕ matrix are 

obtained using the frequency domain input-output relationships of random vibrations 

respectively. M, C, and K corresponds as the physical stiffness, mass and damping 

matrices. 

╢●●‫ ║‫Ƞ║‫╕╕╢‫ᶻ 

╢●●‫ ●●╢‫‫  ÁÎÄ ἡ●●‫ ●●╢‫‫                                                          (2.36) 

In Eq. (2.36), SFF is the PSD wind force matrix ╢╕╕ augmented by a zero row 

and a zero-column corresponding to the DOF. Further, the Ȱz ȱ superscript denotes 

complex matrix conjugation, and the transfer matrix B is given as 

║‫ ╚ ╜‫ Ὥ╒‫                                                                                             (2.37) 

were, Ὥ Ѝ ρ. Next, the response displacement, velocity, and acceleration variances 

of the k-th floor for the TMDI-equipped primary structure are obtained respectively. 

„ ᷿ Ὓ ‫Ὠ‫  

„ ᷿ Ὓ ‫Ὠ(2.38)                                                                                          ‫ 
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„ ᷿ Ὓ ‫Ὠ‫  

 

That is, by integrating the response auto-spectra populating the main diagonal 

elements of the response PSDs in Eq. (2.36), on the frequency axis up to a maximum 

(cut-off) frequency ωmax above which the energy of the underlying processes is 

negligible. Furthermore, the variance of a relative response (e.g., acceleration) 

between two different floors (or DOFs) k and q is obtained by: 

„ „ „ ς᷿ Ὓ ‫Ὠ(2.39)                                                                ‫ 

where the integrand is the acceleration response cross-spectrum corresponding to the 

k and q DOFs. Finally, k-th peak floor displacements, velocity and accelerations and 

peak relative velocity and acceleration between k and q floors, are estimated by the 

expressions respectively. 

ὴὩὥὯὼ Ὣ „ ȟ ὴὩὥὯὼ Ὣ „ ȟ ὴὩὥὯὼ Ὣ „ ȟ and 

ὴὩὥὯὼ Ὣ „ ȟ ὴὩὥὯὼ Ὣ „ ȟ                                                        (2.40) 

In the above expressions, g is the peak factor estimated by the widely used 

empirical formula due to (Davenport, 1964) Ὣ ςὰὲ–Ὕ
Ȣ

, where 

η=2π/ω is the effective structural response frequency in Hz (e.g., can be taken equal 

to the fundamental natural frequency of the primary structure), and Twind is an 

assumed time duration of exposure to the wind action during which the peak response 

quantities in Eq.(2..40) are evaluated. The latter consideration implies that the 

underlying stochastic input/output processes are quasi-stationary (i.e., 

stationary/ergodic time-limited processes) and narrow-band. Regarding this point, well 

known other works have shown that the response process can be non-Gaussian, and 

then imply the need for other equations for the peak factor. 

 

Initial benchmark for power spectra density analysis of a building under wind 



Piezoelectric Connectors for Energy Harvesting Purposes on Wind-Excited Buildings 

__________________________________________________________________________ 

 

Juliano Ferreira Martins         30 

 

As an initial step to evaluate the working model, it was performed an analysis 

comparing with literature data. From the present formulation to obtain the power 

spectra density of the force exemplified on the section before, it is then applied to the 

current model. The software where it is developed is ANSYS® on the APDL modality 

and it can conduct analysis set under power spectra density loads. These loads are 

obtained as explained in the section above. Figure 16 exemplifies an input PSD load 

at a certain floor in respect to the frequency. 

 

Figure 16 - Example of PSD lad input of a certain floor of the building (own 
elaboration). 

  

 Figure 17 shows a representation of the 2D building modelled to be studied. 

The base of the model is constrained so that it can represent as if it is fixed to the soil. 

Moreover, the studies were done by taking three different heights of buildings, which 

are 51, 75 and 99 m. The results obtained are then compared with the literature as 

shown in Figure 18, Figure 19 and Figure 20. 
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Figure 17 - Building model developed on ANSYS® (own elaboration). 

To evaluate, it was checked with a simulator data base called NatHaz 

(http://windsim.ce.nd.edu/int_winsim.html) developed by the NatHaz modelling 

laboratory by the University of Notre Dame. It consists of an on-line simulator of 

stationary Gaussian multivariate wind fields. By the online platform it is possible to 

enter the characteristics of the building to then extract the results as the peak 

displacement of the last floor. 

http://windsim.ce.nd.edu/int_winsim.html
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Figure 18 - Comparison of peak displacement with NatHaz database by the standard 

deviation - building with 51m (own elaboration). 

 

Figure 19 - Comparison of peak displacement with NatHaz database by the standard 

deviation - building with 75m (own elaboration). 
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Figure 20 - Comparison of peak displacement with NatHaz database by the standard 

deviation - building with 99m (own elaboration). 

iii.  Wind field numerical simulation  for  time history  

generator 
 

The numerical simulation of turbulent wind speed time histories it is now a widely 

used tool in the study of structures under the wind action, especially in the case of 

structures having a nonlinear behavior for which the time domain approach is more 

reliable than the frequency one. This section describes the theory of a time history 

generator method from a power spectra density. The method will be later applied to 

this work. 

Various numerical simulation techniques exist for the generation of stochastic 

process realizations, in wind engineering problems the most used techniques are 

based on the harmonic signal’s superposition with random phases, also called 

Weighted Amplitude Wave Superposition (W.A.W.S.) methods; they are based on the 

decomposition of the Power Spectral Density matrix for the harmonic weight’s 

computation.  

Simplified hypotheses 
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At the top of procedure, some basic hypotheses are fixed (Di Paola, 1998): 

¶ The wind speed is modeled as the sum of two components (as stated in the first 

chapter). A Cartesian three-dimensional coordinate system (x, y,z), with origin 

at ground level and the z-axis oriented upward is adopted, here results. 

ὠᴆὼȟώȟᾀȠὸ ὠᴆᾀ ὠᴆὼȟώȟᾀȠὸ       (2.36) 

ὠᴆὼȟώȟᾀȠὸ όὼȟώȟᾀȠὸẗǶὺὼȟώȟᾀȠὸẗǶύὼȟώȟᾀȠὸẗὯ   (2.37) 

where Vm and Vt are the mean and the turbulent component of the wind speed, i, j and 

k are the axis unitary vectors and u, v, w are the three scalar turbulent components of 

the wind speed. 

¶ ὠᴆὼȟώȟᾀȠὸ is modeled as a zero-mean Gaussian stochastic process, for which 

only the second-order stochastic moments are not zero.  

¶ According with Eq. (2.36) and (2.37), ὠᴆὼȟώȟᾀȠὸ is a three-variate (3V) (having 

three components), four-dimensional (4D) (depending on four deterministic 

parameters) stochastic process. It will be indicated as [3V – 4D]. 

o assuming that the three stochastic components u, v, w are statistically 

independent each other, one can switch from a [3V – 4D] process to three 

[1V – 4D] processes: 

[3V – 4D]   Ą 3·[1V – 4D] 

o by a discretization of the spatial domain in N points representing the 

locations where the wind acts on the structure and adopting an Eulerian 

point of view, each turbulent component u, v, w can be viewed as a 

stochastic vector having as generic component lm (l=u, v, w and 

m=1,2,..,N) the stochastic wind component associated with the particular 

point P(xP, yP, zP) that is one of the N points representing the wind 
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domain. Each vector component is a stochastic [1V – 1D] process 

(representing the single component of the turbulent wind speed in the 

location, depending on the single deterministic parameter t (the time)) 

that is correlated with the other components of the same vector. By this 

way one can switch from three [1V – 4D] processes to three [NV – 1D] 

each one represented from the stochastic vector modeling the single 

turbulent component u, v, or w: 

3·[1V – 4D]   Ą 3·[NV – 1D] 

the last passage, let to simulate three distinct N-variate mono-dimensional stochastic 

processes.  

¶ Making the hypothesis of stationary process for each turbulent component, the 

second order stochastic moments (statistical correlations) depend on a single 

scalar parameter † ὸ ὸ, representing a certain time interval. 

Under the previous assumptions it results that the single turbulent component u, v or 

w it is completely characterized by the PSD matrix [S]i, (i = u, v, w) as previously 

described in chapter 1, the matrix dimension is NxN, and the matrix elements are given 

by the Eq. (2.10) and (2.13). 

W.A.W.S. methods 

The steps of the wind time histories numerical generations are summarized below. 

a. Wind field spatial discretization, defining N point of interest for the time history 

simulation. Typically, in structural engineering the discretizing points are chosen 

as the structural points in which the wind actions will be computed for the 

subsequent structural analysis. 

b. Fixing the generated wind time history duration Twind. 
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c. Time axes discretization by defining the generation time step ȹt (and the 

consequent number the time step Nt=Twind/ȹt). 

d. Definition of the generation circular frequency range ([ɤmin, ɤmax]); the 

fundamental circular frequencies of each superposed simple harmonic will be 

contained inside the range. Usually the range is defined as [0,ɤcut], where ɤcut 

is the so-called cut-off circular frequency. 

e. Frequency axes discretization by defining the generation circular frequency step 

ȹɤ (and the consequent number the discretizing frequencies step Nɤ= ɤcut / 

ȹɤ). 

In the steps from b to e, four independent parameters must be chosen. The using of 

the FFT technique to improve the algorithm efficiency imposes the condition Nt= Nɤ.  

Furthermore, well known relationships between the previous defined parameter must 

be satisfied to obtain a good simulation result: 

Ὕ           (2.38) 

ῳὸ           (2.39) 

The (2.38) assures that the generated signal will be periodic with frequency n<1/Twind 

and the (2.39) assures that the simple harmonic component having the upper 

frequency of the range can be fitted at list by eight time domain points. 

With these positions, several Nɤ PSD matrices [S]i, (i = u, v, w)  are computed for each 

turbulent component generation (Figure 21). 
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Figure 21 - Schematic projection of the PSD matrix on the frequency domain 

The successive steps of the generation procedure are: 

f.  PSD matrix decomposition (Cholesky or  P.O.D.). 

g. Generation formula. 

Concerning the step f., the Cholesky decomposition of the generic PSD matrix is given 

by: 

  Ὓ ‫ Ὄ‫ ẗὌ ᶻ‫         (2.40) 

where the superscript T represents the transpose operation and Ὄ‫  is a lower 

triangular matrix having the same dimension of Ὓ‫ . 

In the case of Cholesky decomposition the generation formula (step g) is given by: 

ὠ ὸ Ѝςẗῳ‫ẗВ В Ὄ ‫ ẗὧέί‫ ẗὸ — ‫     Ὧ ὼȟώȟᾀ 

Ὦ ρȟςȟȢȢȢȟὔ                                                                                                   (2.41) 

where ὠ ὸ is the time history of the turbulent component velocity i (i=u, v, w) at 

location j where j indicates one of the N points discretizing the wind field, the ū11, 
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ū21,é, ū1l are sequences of independent random phase angles, uniformly distributed 

over the interval [0,2π], and Hjm(ωml) is the element of the matrix Ὄ‫  and θjm(ωml) is 

the phase angle of the element Hjm(ωml) given from 

— ‫ ὸὥὲ          (2.42) 

in the Eq. (2.41), the ɤml  are the circular frequencies discretizing the frequency axes 

in the range previously defined at the step d., that can be written as 

‫ ὰ ρẗῳ‫ ẗῳ(2.43)                   ‫ 

The P.O.D. decomposition is obtained by finding the eigenvectors and eigenvalues of 

the PSD matrix. 

ὣ ‫ ẗὛ‫ ẗὣ‫ Ώ‫        (2.44) 

where the superscript T represents the transpose operation, ὣ‫  is the eigenvectors 

matrix and Ώ‫  is the diagonal eigenvalues matrix, both ὣ‫  and Ώ‫  have the 

same dimension of Ὓ‫ . 

In the case of P.O.D. decomposition the generation formula is given by: 

ὠ ὸ В ὣὸ     Ὥ όȟὺȟύ    (2.45) 

where ὠ ὸ is the N dimensional vector containing the time histories of the turbulent 

component velocity i (i=u, v, w) at different locations discretizing the wind field, the 

ὣὸ are stochastic processes given by 

ὣὸ ςВ ‪ ‫ ẗΏ ‫ ẗῳ‫ẗὙ ẗὧέί‫ὸ Ὅ ẗίὭὲ‫ὸ                

Ὦ ρȟςȟȢȢȢȟὔ                                                                                                     (2.46) 
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where ‪ ὸ is the eigenvector j, Ώ ‫  is the eigenvalues j, kR  and kI  are Gaussian 

random numbers with zero mean value and unit variance, ɤk is the current generation 

frequency given by ɤk = kȹɤ. 

As previously stated, the FFT technique can be adopted to improve the generation 

algorithm. From the present literature it is then applied to this work the solution not 

considering the velocity, but the relative displacement denoted on the end of the 

applied device. In other words, the relative displacement between the parts of the 

device are collected and then by this method it is transformed from a power spectra 

density of displacement to a time history.   
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3. Theoretical Background and Numerical Models for 

Piezoelectric Energy Harvesters.  

3.1. Historic  part  of  Piezoelectricity   
 

Piezoelectric materials present the definition of an effect with the ability of 

generating an electric charge in response to an applied mechanical stress. The word 

piezo comes from Greek and it means to squeeze or press. Because of this 

characteristic, this material type attracts numerous research to explore its use and 

comprehend its behavior.  

Through the history of piezoelectric material studies, the first scientific 

publication is authored by Pierre and Jacques Curie in 1800. This experiment lists a 

number of crystals that may present a charge when they are stressed mechanically. 

Their discovery is related to the direct effect of a piezoelectric material.  

In addition, the material was extensively researched and used in the period of 

the great wars. Some products of this period of research may become common as 

microphones, accelerometers, etc. A new topic arose that is the one related to the 

energy harvesting with piezoelectric devices, which relates to their large power 

densities and ease of application.  

3.2. Start of  art for  Piezoelectric  Energy Harvesting  

Energy harvesting from vibration has received emphasis in areas related to the 

development of efficient and reliable devices that can be able to convert mechanical 

into electrical energy. The sources of energy to be harvested are numerous due to the 

large amount of civil and mechanical structures, and, with that, the availability of 

applying the tools to have it. For instance, sectors such as structural vibration in 

buildings, bridges, and wind turbines. Vibrations on structures as cited before are 
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almost always addressed as a drawback for the structural performances, 

consequently, the level of vibration present for energy harvesting is relatively small 

because of their mitigation, pursued in traditional structural design approaches. 

Usual powering methods present significant impacts on overall infrastructure 

reliability, availability, maintainability, and safety along with its life cycle costs (G. Shan 

& Zhu, 2022). 

The innovative device applied to a circumstance that harvests energy in an 

efficient manner can be addressed to recharge a battery powering and sensors as 

ones used in SHM systems. Although there are some processes for adapting batteries 

to those devices, the point is still that they must be replaced at a certain time.  

The concept of the Internet of Things (IoT) which englobes wireless sensors 

leads to smart equipment in remote areas as an application for Structural Health 

Monitoring. Places where it could be impossible to charge batteries, and as a solution 

Energy Harvesting devices arise as a solution. As presented in Figure 22, the 

mentioned equipment is typically divided into 3 parts, which are the energy source 

(vibrations), the harvesting mechanism and the load (consumes or stores the electrical 

output energy) (Covaci & Gontean, 2020). 

 

Figure 22 - Energy Harvester (Covaci & Gontean, 2020). 



Piezoelectric Connectors for Energy Harvesting Purposes on Wind-Excited Buildings 

__________________________________________________________________________ 

 

Juliano Ferreira Martins         42 

 

From the literature, it is known that energy can be extracted in different ways as 

from ambient environment (vibration, solar, thermal, wind) and external sources 

(mechanical and human). On mechanical sources, some examples are vibration, 

pressure, and stress-strain modes (Siang et al., 2018). The efficiency of an EH is a 

crucial matter, but those devices generally present some effects such as low energy 

density, operating bandwidth, nonlinear effects, low level of harvested energy due to 

low levels of structural vibrations, etc. 

Power output and operational bandwidth are the two metrics observed on a 

pzEH device (Yang et al., 2018). Piezoelectric cantilever beam receives attention due 

to the ability to apply an excitation to the fixed or free end of the beam. Usually, a 

classic configuration for a piezoelectric cantilever beam presents a narrow bandwidth 

and a high natural frequency (hundreds of hertz). Consequently, when this beam 

presents an excitation outside its bandwidth or it is wideband, its response amplitude 

is low leading to low power output. 

Hence the point of this topic in recent decades is to apply a configuration, which 

allows the capability of generating power sufficient for operating wireless sensors as 

well as recharging batteries. Improvement of mechanical elements of harvesters is one 

of the options that researchers want to accomplish. Some adaptations are piezoelectric 

EH with multiple beams connected, nonlinear systems or systems with multiple 

equilibria. One investigation is the broadening of the operating frequency, as an 

example, some studies present it by comparing numerical and experimental models 

with an array of bimorph beams connected by springs (Kim et al., 2020; Meruane & 

Pichara, 2016).  

 From a low excitation frequency, the mechanical project system can be used to 

generate a high-frequency oscillation with the aid of frequency-up methods. The 

components of those parts are related to a low-frequency input as a primary element 

and a harvester that responds to this element. There are some methods used to higher 

the frequency as the impact interaction (Chen et al., 2017; Gu & Livermore, 2011), 

contact plucking (Kathpalia et al., 2018; Kuang & Zhu, 2017; Wu et al., 2019), and 

magnetic contact plucking (Kuang et al., 2016; Xue & Roundy, 2017). Here the primary 
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element is used to force an initial deflection on the piezoelectric beam. Then after this 

first interaction, the harvester is allowed to work due to those imposed initial conditions.  

 Yurchenko (2022) explores an optimization algorithm on a piezoelectric multi-

beam gravity-based device for energy harvesting in wind applications for powering 

wireless sensors and data transmission. Their device operates based on the sliding 

motion of the carriage mass, which plucks the beams, providing them with an initial 

displacement, and launching the beams’ free vibrations. Their final results show an 

achievement from Later, it is stressed that a great amount of charge is wasted due to 

overlapping signals, and, then a new circuit is included to increase the device’s 

efficiency. With the same setting, the power output passes from 68 μW to 150 μW 

(Yurchenko et al., 2022). 

 Wang (2022) investigates the energy harvesting system’s nonlinear dynamic 

characteristics for microactuators energy storage by introducing nonlinear differential 

terms to describe the hysteresis phenomena and the results are later compared 

between numerical and experimental results. The topic of energy harvesting is even 

aborded on fluid-pressure-based vibrations with a piezoelectric harvester film (Ashraf 

Virk et al., 2022; Wang & Zhu, 2022).   

 Piezo-EH is also observed on the interior of a building as in Heating, Ventilation 

and Air Conditioning (HVAC) by considering the airflow inside its ducts. The work 

inserts an appendix inside the tubulation and analyses it experimentally and 

numerically on two different configurations. A system like this allows the powering of 

wireless sensors’ communications needs as well as situations of regulating the 

temperature and airflow inside the ducts (Petrini & Gkoumas, 2018).  

 In another context, a study about the piezoaeroelastic harvester is shown with 

three degrees of freedom plunge-pitch-flap motions to investigate the influences of the 

flap on the output characteristic. The model perceives a harvested power of up to 2.63 

mW at an external resistance of 300Ὧɱ (Tian et al., 2022). 
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 It is also found in the literature some applications for piezoelectric EH on train 

tracks (Hosseinkhani et al., 2021), shared bicycles (Dai et al., 2022), impact on low-

frequency resonators (Dauksevicius et al., 2019), impact-controlled harvester (Abedini 

& Wang, 2019), underwater magnetic nonlinear piezoelectric EH at different water 

velocities and magnetic positions (X. Shan et al., 2022).  

Recently, a project explored the double-acting nonlinear wideband piezoelectric 

energy harvester under plucking and collision (W-PEH) for energy during rotation. It is 

also a study based on the nonlinearity caused by the magnetic forces acting on it. In 

this case, the contact type collision enables the circular piezoelectric patches to 

produce greater deformation and output a higher voltage. The experimental results 

indicate that W-PEH can work effectively in different frequency bands, and it is 

observed a harvested power of 0.350W (150r/min) and 0.107W (450 r/min) (He et al., 

2022). 

3.3. Frequency up method   

As the maximum voltage and generated power from a vibrating mass are mainly 

dependent on the frequency of vibration, this topic is of great importance to this work. 

In the current case, the vibration mass is the piezoelectric device. Civil engineering 

structures present a low frequency of vibration hence it is needed to seek a solution to 

maximize the energy production of piezoelectric harvesters when operating on such 

structures.  

As mentioned above, those methods receive the name frequency-up methods 

because they are responsible for increasing the frequency of vibration on the 

piezoelectric harvester so they may be more efficient. This work is based on the impact 

method presented by Umeda (1996), who was the pioneer of impact frequency-up 

technology for EH. 

Umeda et al (1996) first investigate this method which takes mechanical energy 

from an impact to transform it into electrical energy with a piezoelectric vibrator. The 
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authors present a method to show its reliability in which they study a collision between 

a steel ball and a piezoelectric vibrator numerically. Later the same group explores the 

energy storage characteristics, and under the analysis conditions it was observed a 

maximum efficiency of 35% for the model (Umeda et al., 1996, 1997). 

Figure 23 illustrates a schematic view of the process, in which a steel ball drops 

from a certain height (h), colliding on the piezoelectric plate. Following, the vibration 

occurs on the plate due to the impact of the ball. Later, alternating voltage (ὺ) is 

supplied to the load resistance (Ὑ) by the piezoelectric effect. 

 

Figure 23 - Principle for impact on piezoelectric material – (Umeda et al., 1996) 
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 Later a piezoelectric energy harvester is proposed by Renaud et al (2009) with 

a prototype to produce energy from motion from human limbs. The exemplification of 

the impact theory of a stiff body with a flexible beam is shown in the Figure 24 bellow: 

 

Figure 24 - Phases of impact of a stiff body x flexible bam (Renaud et al., 2012) 

 From Figure 23 it can be seen that (a) the object approaches the beam with a 

velocity that is dependent on the excitation it perceives. Then on (b) it can be observed 

the impact behavior itself, which can be seen in two stages. In the first case, the objects 

tend to interpenetrate each other, and a local compression referred to as an indentation 

on the area of the contact surface is observed. At this point, the contact area may 

become larger as the magnitude of the indentation increases. The phase of 

compression finishes when the amplitude of the restoring elastic force (Ὂὸ) is large 

enough to induce local expansion of the two bodies which manage to repulse each 

other. While it was on contact time, radial waves would propagate away from the 

impact location. Then, another wave denoted as a vertical displacement initiated in the 

beam during the impact process and could be referred to as a bending wave. Finally, 

after the expansion phase, the objects will separate with a certain velocity in opposite 

directions (c). The missile, in this case, also oscillates on its eigenmodes after the 

separation.  

Gu and Livermore (2011) achieve a measured power of 4.8 times higher on its 

model compared to a normal conditional than an impact-driven one. The model is 
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denoted as two beams, in which one presents a proof mass and resonates in low 

frequency, while the other is a short beam operating in high frequency as Figure 25 

presents. The impact occurs when the driving beam (the one with the mass) reaches 

the generating beam undergoing a couple vibrations on the initial cycle (Gu & 

Livermore, 2011). 

 

Figure 25 -  Coupled vibration energy harvester by (Gu & Livermore, 2011) 

 

 A piezoelectric energy harvester with an impact frequency-up method is also 

presented by Shan and Zhu (2022) with use on rail tracks. An impact between an 

inertial mass and a piezo stack transducer is used to amplify this harvested energy as 

the scheme shown in Figure 26. Later a theoretical model is built with validation on a 

numerical simulation. Finally, great results are obtained since the frequency jumps 

from 18 Hz as an initial condition excitation to 161 Hz right after the impact. 

 

Figure 26 – Energy harvester based on the frequency up-conversion method 
proposed by (G. Shan & Zhu, 2022). 
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Sun et al (2023) explore the performances of an impact inertial piezoelectric 

actuator, which is different from traditional ones, it used an asymmetric compliant 

mechanism (ACM), presented in Figure 27, to produce the inertial force, avoiding the 

generation of the overturning moment (Sun et al., 2023). 

 

Figure 27 – Structure of the actuator proposed by (Sun et al., 2023) 

As addressed, the impact frequency-up method has been used by diverse authors 

and in different types of works. The aim is always to increase the local frequency of 

the harvester so that it can have a better achievement. In this work, the impact method 

will be used on the proposed device, PID, to enlarge the range of harvested energy, 

by considering a piezoelectric beam that under design circumstances may impact on 

the internal wall of the equipment. 

3.4. Mathematical  Formulation   
 

The following mathematical formulation introduces a general idea and parameters 

of the behavior of a piezoelectric material. The first law of thermodynamics that relates 

the principle of conservation of energy applied for a linear piezoelectric continuum 

guide to: 

Ὗ  ὝὛ ὉὛ                                                                                                    (3.1) 
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where Ὗ is the stored energy density, Ὕ  the stress tensor, Ὓ  the strain tensor, Ὁ the 

electric field tensor, Ὀ  the electric displacement tensor, and the over dot sign 

corresponds to the time differentiation. 

The electric enthalpy density Ὄ is described as: 

Ὄ Ὗ ὉὈ,                                                                                                        (3.2) 

Deriving Eq. (3.2) in the time domain, and substituting Eq. (3.1): 

Ὄ  Ὕ Ὓ  Ὀ ὉὭ                                                                                                 (3.3) 

that implies: 

Ὄ  Ὓ ȠὉ ,                                                                                                         (3.4) 

then, Eq. (3.4) is differentiating in the time domain: 

Ὄ ὛὭὮ Ὁ,                                                                                               (3.5) 

Substituting Eq. (3.3): 

ὝὭὮ
 
Ὓ Ὀ  Ὁ π;                                                                         (3.6) 

Equation (3.6) is an identity; hence, it must hold arbitrarily Ὓ  and Ὁ which are 

consistent with the condition Ὓ  Ὓ we obtain: 

Ὕ  ,                                                                                                 (3.7) 

However, in Equation (3.7), it is agreed to construct H as: 
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 ,                                                                                                                (3.8) 

Finally, Ὕ  and Ὀ are given by: 

Ὕ .                                                                                                                  (3.9) 

Ὀ                                                                                                                  (3.10) 

To obtain the linearized theory of piezoelectricity, it is analyzed a homogeneous 

quadratic solution for H:  

Ὄ ὧ Ὓ  Ὡ ὉὛὛ ρȾς‐ὉὉ,                                                             (3.11) 

where ὧ   is the elastic constant, Ὡ  is the piezoelectric constant, ‐   is the 

permittivity constant, E and S indicate that the respective variables are evaluated at 

the constant electric field and strain, respectively. 

Knowing that the Kronecker delta (‏ ) is defined as a unity for Ὥ  Ὦ and zero 

for Ὥ  Ὦ, and using Eq. (3.9), Eq. (3.10) and Eq. (3.11) with ‬ὛȾ‬Ὓ ‏  , it is 

obtained: 

Ὕ  ὧ Ὓ  Ὡ Ὁ;                                                                                          (3.12) 

Ὀ  Ὡ Ὓ  ‐ὉͅὯ                                                                                           (3.13) 

Equations (3.12) and (3.13) are the final linear constitutive form for an 

unbounded piezoelectric continuum. An alternative form for a piezoelectric constitutive 

equation, that will be refereed from now, is given by: 

Ὓ  ί Ὕ  Ὠ Ὁ;                                                                                       (3.14) 
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Ὀ  Ὠ Ὕ  ‐Ὁ;                                                                                          (3.15) 

where, Ὠ  and ί  are alternative forms of the piezoelectric constants and elastic 

compliance constants respectively. Moreover, Ὀ and Ὕ show that the constants are 

considered on the electric displacement and stress field. 

The American National Standard IEEE Standard on Piezoelectricity, presented 

a convention in the matrix notation:  

Table 1 - Matrix Notation(Tiersten, 1969) 

ij or kl p or q 

11 1 

22 2 

33 3 

23 or 32 4 

31 or 13 5 

12 or 21 6 

As presented in Table 1 the notations ὭὮ or Ὧὰ are equivalent and can be 

substituted to the ones listed in the column ὴ or ή. Further, Ὥ; Ὦ; Ὧ; ὰ takes the values 

with combinations of ρ; ς; σ and ὴ; ή the values of ρ; ς; σ; τ; υ; φ. 

Before expanding the piezoelectric equations on a matrix form, it is presented 

in Figure 28 the axis nomenclature correspondence to the equations. Also, as a way 

of representing the relevant terms, the second tensors stress and strain are expressed 

as a 6x1 matrices as demonstrated in Eq. (3.16). 

ụ
Ụ
Ụ
Ụ
Ụ
ợ
Ὕ
Ὕ
Ὕ
†
†
† Ứ
ủ
ủ
ủ
ủ
Ủ

 

ụ
Ụ
Ụ
Ụ
Ụ
ợ
„
„
„
†
†
† Ứ
ủ
ủ
ủ
ủ
Ủ

.                                                                                                         (3.16) 
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Figure 28 - Axis nomenclature (D. Shen, 2009) 

 

To exemplify the modes and operative directions of a piezoelectric material, 

Figure 28 illustrates the two most used modes on piezoelectric materials, which are 

the 33 and 31 modes on a and b, in that order. By taking the Figure 29 representation, 

where the axes x, y and z are labeled as 1, 2 and 3.  

 

Figure 29 - Operational piezoelectric modes 33 and 31 (Roundy, 2000). 
 

 The piezoelectric material used on the 33 mode indicates that both voltage and 

stress occur in direction 3. When using 31 mode the piezoelectric will have the voltage 
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acting in direction 3 (where the material is poled), and the mechanical stress/strain will 

occur in direction 1. In this last case, the use of thin bending elements is likely to occur, 

leading to a large strain in direction 1 developed due to bending. Mode 31 is more used 

in bimorph. 

 The system on mode 31 is more compliant, so larger strains can be produced 

with smaller input forces, even if the electrical/mechanical coupling is lower than in the 

33 modes. For the latter, a huge mass would be required for operating on a resonant 

frequency. 

Following, the expanded matrices are presented: 

ụ
Ụ
Ụ
Ụ
Ụ
ợ
Ὓ
Ὓ
Ὓ
Ὓ
Ὓ
ὛỨ
ủ
ủ
ủ
ủ
Ủ

ụ
Ụ
Ụ
Ụ
Ụ
Ụ
ợ
ί ί ί ί ί ί

ί ί ί ί ί ί

ί ί ί ί ί ί

ί ί ί ί ί ί

ί ί ί ί ί ί

ί ί ί ί ί ίỨ
ủ
ủ
ủ
ủ
ủ
Ủ

ụ
Ụ
Ụ
Ụ
Ụ
ợ
„
„
„
†
†
† Ứ
ủ
ủ
ủ
ủ
Ủ

  

ụ
Ụ
Ụ
Ụ
Ụ
ợ
Ὠ Ὠ Ὠ
Ὠ Ὠ Ὠ
Ὠ Ὠ Ὠ
Ὠ Ὠ Ὠ
Ὠ Ὠ Ὠ
Ὠ Ὠ Ὠ Ứ

ủ
ủ
ủ
ủ
Ủ

 
Ὁ
Ὁ
Ὁ

                    (3.17) 

and, 

Ὀ
Ὀ
Ὀ

 

Ὠ Ὠ Ὠ Ὠ Ὠ Ὠ
Ὠ Ὠ Ὠ Ὠ Ὠ Ὠ
Ὠ Ὠ Ὠ Ὠ Ὠ Ὠ

ụ
Ụ
Ụ
Ụ
Ụ
ợ
„
„
„
†
†
† Ứ
ủ
ủ
ủ
ủ
Ủ

  

‐ ‐ ‐

‐ ‐ ‐

‐ ‐ ‐

 
Ὁ
Ὁ
Ὁ

                (3.18) 

In addition, as piezoelectric ceramic is a transversely isotropic material, the 

terms of the matrices may be replaced by zero or other parameters: the compliance 

terms became: ί   ίȟ ί  ίȟί ί ȟί   ί ȟί  ί  ὥὲὨ ί

ςί  ί . Plus, the non-zero piezoelectric strain constants are Ὠ   Ὠ  and 

Ὠ   Ὠ . For the dielectric coefficients, the non-zero terms are ‐ , ‐  and ‐ . With 

that, Eq. (3.17) and Eq. (3.18) may be simplified by: 
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ụ
Ụ
Ụ
Ụ
Ụ
ợ
Ὓ
Ὓ
Ὓ
Ὓ
Ὓ
ὛỨ
ủ
ủ
ủ
ủ
Ủ

ụ
Ụ
Ụ
Ụ
Ụ
Ụ
ợ
ί ί ί π π π

ί ί ί π π π

ί ί ί π π π

π π π ί π π

π π π π ί π

π π π π π ςί  ί Ứ
ủ
ủ
ủ
ủ
ủ
Ủ

ụ
Ụ
Ụ
Ụ
Ụ
ợ
„
„
„
†
†
† Ứ
ủ
ủ
ủ
ủ
Ủ

  

ụ
Ụ
Ụ
Ụ
Ụ
ợ
π π Ὠ
π π Ὠ
π π Ὠ
π Ὠ π
Ὠ π π
π π πỨ

ủ
ủ
ủ
ủ
Ủ

 
Ὁ
Ὁ
Ὁ

      (3.19) 

and, 

Ὀ
Ὀ
Ὀ

 

π π π π Ὠ π
π π π Ὠ π π
Ὠ Ὠ Ὠ π π π

ụ
Ụ
Ụ
Ụ
Ụ
ợ
„
„
„
†
†
† Ứ
ủ
ủ
ủ
ủ
Ủ

  

‐ π π

π ‐ π

π π ‐

 
Ὁ
Ὁ
Ὁ

.                  (3.20) 

The Equation (3.19) represents the converse effect, which is when a strain is 

generated because of an applied electrical field (Figure 30a), while the direct effect is 

described as an electrical charge generated by mechanical stress, as in Eq.(3.20) and 

Figure 30b.  

 

Figure 30 - Effects of piezoelectric material direct (a) and converse (b) (own 

elaboration) 
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For the expansion of the elastic strain, it is based on the knowledge of Hooke’s 

law, which may be applied as: 

Ὓ  ίὝ                                                                                                                (3.21) 

where Ὕ is the stress vector while ί is the material compliance matrix. In this case, for 

an orthotropic material, and substituting the terms present on the same matrix on Eq. 

(3.19), it may be written, in a general way, as: 

ụ
Ụ
Ụ
Ụ
Ụ
ợ
Ὓ
Ὓ
Ὓ
Ὓ
Ὓ
ὛỨ
ủ
ủ
ủ
ủ
Ủ

ụ
Ụ
Ụ
Ụ
Ụ
ợ
ρȾὉ ’ ȾὉ ’ ȾὉ π π π
’ ȾὉ ρȾὉ ’ ȾὉ π π π
’ ȾὉ ’ ȾὉ ρȾὉ π π π
π π π ρȾὋ π π
π π π π ρȾὋ π
π π π π π ρȾὋ Ứ

ủ
ủ
ủ
ủ
Ủ

ụ
Ụ
Ụ
Ụ
Ụ
ợ
„
„
„
†
†
† Ứ
ủ
ủ
ủ
ủ
Ủ

                      (3.22) 

where Ὁ is the Young's modulus along the indicated axis, Ὃ shear modulus ’ 

Poisson's ratio. 

3.5. Piezoelectric  material  
 

The material can be found as single crystal (quartz ὛὭὕ ), ceramics (lead 

zirconate titanate or PZT and ὄὥὝὭὕ or BTO), thin films (ZnO and PZT) and polymers 

(polyvinylidene fluoride or PVDF). 

Presently, polycrystalline ceramics are the most common piezoelectric 

materials as PZT and lead magnesium niobate-lead titanate (PMN-PT) because of 

high piezoelectric coefficients. PVDF is a piezoelectric polymer type extensively 

employed because of its high flexibility and low cost although its piezoelectric 

coefficient is much smaller.  Piezoelectric material is compatible with MEMs (micro 

electro-mechanical systems) processes, allowing its use on microdevices.  
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The material is well spread so that every person may carry at least one piece of 

it as in a timepiece that utilizes the resonance of piezoelectric crystals as quartz for 

timing. Other uses are in transducers, sensors, motors, smart structures in electronic 

communication, and medical diagnosis MEMs systems. 

From the 32 classes of those single-crystal materials, it is known that 11 own a 

center of symmetry and are non-polar. In this case, the applied stress results in 

symmetrical ionic displacements so that there is no net change in the dipole moment. 

On the other hand, the other 21 classes are non-centrosymmetric, in which 20 of them 

have a piezoelectric effect. This single exception appears in the cubic system, where 

the symmetry characteristics that it possesses combine to cancel out the piezoelectric 

effect (Gao, 2011). 

The table below lists the general properties of some piezoelectric materials: 

Table 2 - Piezoelectric properties (own elaboration) 

Material and form ▀  (pm/V) Ⱡ ȾⱠ ▓  ╣╬ Ј╒ 

Quartz (single crystal) 2.3 4.4 - - 

BTO (polycrystalline) -79 1900 0.21 120 

PZT (polycrystalline) -190~-320 1800~3800 0.32~0.44 230~350 

PVDF (film) 23 12~13 0.12 80~100 

PZT (sol-gel thin film) 190-250 800-1100 - - 

PZT (sputtered thin film) 100 - - - 

ZnO (sputtered thin film) 10.5-11.5 10.8-11 - - 

AIN (thin film) - 8.6 - - 

with  ‐π ψȢψυτ ὼ ρπ  F/m the permittivity of empty space (vacuum) and Ὕ the Curie 

or maximum temperature. 
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 From Table 2 PZT is the one with higher electromechanically coupling 

coefficient and higher Curie temperature. This temperature means the highest 

temperature that the material can suffer and still have piezoelectricity properties. 

Moreover, PZT materials are easily polled and carries a wide range of dielectric 

constants. These characteristics make PZT family one of the best choices when 

working with piezoelectric materials.  

 Figure 31 below shows the perovskite structure of PZT, and it decides the 

piezoelectric property. When undergoing to strong electrical field, the dipole forms 

since the Ὕ  or ὤ   changes from the neutral position that is the center of the unit 

cell. The electric dipole can be reversible in electric field, and its reversion can deform 

a PZT material. On the other hand, a deformed PZT can produce electric charge. 

 

Figure 31 - Atomic Structure of PZT (available on http://www.tcera.com.tw/4-

Piezoelectricty.html) 

3.6. Piezoelectric  constants  
As the formulation for piezoelectric materials present a series of constants, in this 

section it will describe some of the principal ones.   

Electric mechanical coupling factor ▓░▒ 

This constant is an indicator of the effectiveness of the piezoelectric material to convert 

mechanical energy into electrical energy or vice versa. The Equations below present 

http://www.tcera.com.tw/4-Piezoelectricty.html
http://www.tcera.com.tw/4-Piezoelectricty.html
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the idea of converse and direct comportment of this factor. The subscripts are for the 

electric field and mechanical energy application or development, respectively. Also, 

the greater the k value, the greater the efficient energy conversion. 

Ὧ  
    

  
 ;                                                               (3.23) 

Ὧ  
    

  
 ;                                                               (3.24) 

Strain (charge) constant ▀░▒ 

The Ὠ  piezoelectric strain "charge" constant is the ratio of an electric charge 

or a mechanical strain (Ὓ) to a unit area of an applied force either stress (Ὕ) or an 

electric field. The first subscript indicates the induced polarization, or the stress applied 

direction, while the second corresponds to the direction of applied stress or induced 

strain. This coefficient also demonstrates the material suitability for actuators (strain-

dependent) applications because strain induced in a piezoelectric, when under an 

electric field, is the product of the electric field and the constant d. Below is given the 

cases for the converse and direct piezoelectric effects, respectively:  

Ὠ 
 

,                                                                                                     (3.25) 

Ὠ  
 

,                                                                                                 (3.26) 

or Eq. (3.27) for charge and Eq. (3.28) for strain coefficients. 

ὈὭ  ὨὝ ,                                                                                                           (3.27) 

Ὓ  ὨὉ,                                                                                                              (3.28) 

with Ὠ  in ὅȾὔ, Ὀ is dielectric displacement (ὅ ά ) and Ὕ is the applied stress 

(ὔȾά ).  
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In this way, Ὠ  corresponds to an induced strain in direction σ with an electric 

field applied in direction σ, where σ is parallel to the direction in which ceramic element 

is polarized (vide axis in Figure 28). On the other hand, it could also represent an 

induced polarization per stress applied with both in in direction σ.  

From the same statement, Ὠ  behaves on both axis 3 and 1, where the last 

corresponds to a perpendicular direction that the element is polarized. Then, Ὠ  

occurs when an induced polarization or in direction 1 per unit shear stress is applied 

about direction 2 being both axis perpendicular to the direction in which the ceramic 

element is polarized. 

Finally, Ὠ  may be written as: 

Ὠ  ὯЍ‐‐ί                                                                                                         (3.29) 

where, Ὧ is the electric mechanical coupling factor, ‐ is the relativity permittivity of free 

space, ‐ the dielectric constant (ρπ άςȾὔ) and ί the dielectric compliance. 

Piezoelectric voltage constant ▌░▒ 

It correlates an electric field Ὁ  developed associated with an applied stress Ὕ 

as given: 

Ὁ  ὫὝὮ ,                                                                                                        (3.30) 

where tensile stress is positive and compressive is negative (ὠάȾὔ). 

This parameter may be known as the ratio of the electric field produced to 

mechanical stress applied, or, in other words, it is mechanical strain obtained from an 

application of an electric displacement. The subscripts are related to the 

induced/generated electric field and the induced stress/strain, respectively. This 

constant access to the materials' suitability for sensing applications is due to the 
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strength of an electric field produced by applied stress. The equations below show the 

relation of the constant ὫὠάȾὔ : 

Ὣ 
  

ȟ                                                                                        (3.31) 

Ὣ  
 
 ,                                                                                                    (3.32) 

Dielectric constant ╚╣ (relative permittivity) 

It is described as the ratio of the permittivity of material to the permittivity of 

space: 

ὑ   ,                                                                                                              (3.33) 

where ὅ is the measured capacitance at 1ὑὌᾀ, h the distance of the electrodes (m), 

‐ the relative permittivity of true space (ψȢψυτ ὼ ρπ ) and A the area of the electrodes 

(ά ).  

In a piezoelectric material, ‐ is the permittivity at a constant stress while ‐ is 

the value at a constant strain. The subscripts indicate the direction of the dielectric 

displacement and the electric field, respectively. 

Mechanical quality factor ╠□ 

The factor is the relation of the reactance to the resistance in a series circuit. It is also 

related to the sharpness of the resonance frequency. 

ὗ   ς“Ὢ ,                                                                                                      (3.34) 

where ς“Ὢ is the angular frequency (ὶὥὨȾί), Ὗ the stored mechanical energy of the 

system and ὖ the power dissipated (ύὥὸὸί). 
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The high values of this factor are attractive to generators since a material with a high 

mechanical strength may generate more energy. 

Dielectric loss factor ♯ (loss tangent) 

The loss factor is defined as the tangent of the loss angle (‏). It represents a 

ratio of resistance to reactance in a parallel circuit. Another point is that the dielectric 

loss factor is the inverse of the mechanical quality factor, in other words, tan ‏ 

 ρȾὗ ). 

To exemplify the constants, Table 3 presents some properties above mentioned in 

comparison to some types of most used piezoelectric. 

Table 3 - Some properties of the commonly used piezoelectric materials (Gao, 2011) 

 ‐ Ὠ  Ὣ  Ὠ  Ὣ  Ὠ ȢὫ  Ὠ ȢὫ  

 (at 
1kHz) 

(ρπ ) (ρπ ) (ρπ ) (ρπ ) (ρπ ) ρπ
ά

ὔ
 

PZT5H4E 3800 -320 -9.5 650 19 3.04 12.35 

PZT5A4E 1800 -190 -11.6 390 24 2.2 9.36 

PVDF 13 -20 216 33 339 4.32 11.2 

ὄὥὝὭὕ  1700 -78 5 191 12.6 0.39 2.4 

 

One of the most used models of piezoelectric beams for characterization and 

studies is the cantilever beam. It occurs due to its behavior contribute to obtain higher 

power output since it presents higher strain when having the same force input, and this 

configuration has a relevant facility in obtaining lower frequencies experiments (< 100Hz).  

Moreover, it can consist of one, two, or multiple piezoelectric layers, and in each case, it 

is addressed as unimorph, bimorph and multimorph respectively. 
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The unimorph type consists of a beam with a piezoelectric layer and a 

nonpiezoelectric one as indicated in Figure 32, where PL stands for piezoelectric layer 

and NPL non-piezoelectric layer.  

 

Figure 32 – Unimorph model  

 

The function of the non-piezo layer is to take the neutral plane away from the 

center of the piezoelectric layer, so the net strain/stress is non-zero. Because in a 

situation where this beam type is presented with only the piezoelectric layer, no net 

charges can be generated.  

Figure 33 presents a bimorph cantilever: 

 

Figure 33 - Bimorph model with serial (a) and parallel (b) connections. 
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This case consists of a sandwich-like beam where there are two piezoelectric 

layers covering a non-piezo layer. Typically, the piezo materials are the same leading 

to a strain-neutral plane in the middle of the cantilever thickness. Here the reason for 

the non-piezo material is to provide support and electrical connection.  

The two piezo materials can be connected in series and parallel as indicated in 

Figure 34a and Figure 34b, respectively. By operating on series, it means that the 

supply voltage is applied across all piezoelectric layers at once, then the final voltage 

of a piezoelectric layer is the supply voltage divided by the total number of layers. In 

this situation, there are only two wires that are attached on each outside of the 

electrode as Figure 34(a).  

In contrast, parallel operation occurs when the voltage supply is applied on each 

layer independently, which presents access by wiring each layer. In a case of a 

bimorph composition, it will have three wires: one for each outside (piezoelectric) layer 

and one the center shim as specified in Figure 34(b). For the same motion, a parallel 

bimorph polled requires only half the voltage. 

 

Figure 34 - Operation of a bimorph cantilever piezo harvester 

The last case presented is the multimorph as the Figure 35: 
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Figure 35 - Multimorph layer piezoelectric representation (Song et al., 2009) 

 

This type of piezo beam is not well used as the other types due to its complexity. 

Song at all compared the piezo-eh with one, two and five layers as the Figure 34 

shows, in parallel connection. They concluded that for this case the voltage output was 

inversely proportional to the number of piezoelectric layers whereas the current output 

was proportional to them. With that, the proper number of layers may choose a good 

scenario for the voltage and current generation.  

3.7.  ANSYS® characterization  for  Piezoelectric  Material     
 

The ANSYS® platform introduces a help material (ANSYS Inc, 2017) that 

explains the requirements in a piezoelectric investigation. It is possible to perform 

static, modal, harmonic, and transient analysis on such material. The software 

presents an interesting multiphisical approach where it can process the evaluation of 

the electric and structural features as well as present elements for each particularity. 

Despite the elements library on ANSYS® , this section will describe the piezoelectric 

branch. 

First, to achieve the behavior of a piezoelectric material, it must be set on the 

proper configuration. With that, the software may recognize the material of the model. 
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The ANSYS® application identifies as element type for a piezoelectric the following 

presented in Table 4 (ANSYS Inc, 2017). 

Table 4 - Element types for piezoelectric material - ANSYS®   

Element Type (ET) Keyopt (1) Description 

PLANE13 7 Coupled-field quadrilateral solid 

SOLID5 0 or 3 Coupled-field brick 

SOLID98 0 or 3 Coupled-field tetrahedron 

PLANE223 1001 Coupled-field 8-node quadrilateral 

SOLID226 1001 Coupled-field 20-node brick 

SOLID227 1001 Coupled-field 10-node tetrahedron 

 

In addition to the information in Table 4, the elements SOLID5 and SOLID98 

may be settled with a KEY OPT (1) = 3 to activate the piezoelectric only option. The 

KEY OPT (1) in these cases refers to the activation of the degrees of freedom: 

displacements and volt, which activates the piezoelectric material function. 

Regardless of the general characteristics, each type may present a particularity 

such as the presence of either a large or small detection and stress stiffening 

capabilities. The former can be accessed by PLANE13 when KEY OPT (1) = 7 or 

SOLID5 and SOLID98 when KEY OPT(1) = 3, and the latter when KEY OPT(1) = 0. 

Also, on large detection, a nonlinear solution may be adjusted. 

The analysis type function in ANSYS®  APDL selects the way the program may 

process the inserted data to obtain the required output. The manual points out that, in 

modal analysis, it is recommended the selection of the solver BlockLanczos. Plus, 

supernode and subspace solvers are also allowed. On the other hand, for static, 

harmonic, and full transient cases the solver to be selected may be the sparse matrix 

SPARSE or Jacobi Conjugate Gradient (JCG). 
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On transient analysis, the transient integration parameters, TINP, may be 

configured as ALPHA = 0.25, DELTA = 0.5, and THETA = 0.5. Another point is that for 

PLANE13, SOLID5, and SOLID98, the force label for the VOLT DOF is AMPS. For 

PLANE223, SOLID226, and SOLID227, the force label for the VOLT degree of 

freedom is CHRG. 

The material properties for piezoelectric analysis may differ from other material 

types. It requires input data as dielectric constants (permittivity matrix), elastic 

coefficients, and a piezoelectric matrix. 

First, when inserting the relative permittivity to the element types SOLID5, 

PLANE13, and SOLID98, the values are determined as PERX, PERY, and PERZ on 

the materials properties (MP) command. This value corresponds to the diagonal of the 

permittivity matrix [‐] as pointed out in Eq. (3.13). It is important to state that the 

permittivity inserted in this way is addressed to the constant strain. The manual notes 

that “If you enter permittivity values less than 1 for SOLID5, PLANE13, or SOLID98, 

the program interprets the values as absolute permittivity.” On the other element types, 

PLANE223, SOLID226, and SOLID227, it is permitted to input the permittivity data as 

shown, although, it may be entered by specifying the terms of the anisotropic 

permittivity matrix using the TB; DPER and TBDATA commands. The former method 

addresses it as a strain permittivity. However, the late case addresses the permittivity 

matrix at a constrains strain [‐] (TBOPT = 0) or constant stress [‐ ] (TBOPT = 1) as 

Eq. (3.20). 

 In addition, the piezoelectric matrix may be label in [Ὡ] if stress matrix or [Ὠ] if 

strain matrix, as stated previous in Eq. (3.12) and Eq. (3.14). The first relates to the 

input of anisotropic elasticity as a stiffness matrix [ὧ], while the second is linked to the 

compliance matrix [ί]. Both ways of inserting the table obeys the Eq. (3.35) for 3D and 

Eq. (3.36) to 2D cases. The commands on ANSYS®  APDL to insert the data are TB; 

PIEZ and TBDATA on the materials properties section. 
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Later, the matrix for 3D cases becomes: 
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Ủ

                                                                                           (3.37) 

where this change is explained because the input order in ANSYS® is diverse from the 

adopted ways in literature and standards as the IEEE. It is assumed that most material 

in the field follows the order of ὼȟώȟᾀȟώᾀȟὼᾀȟὼώ, whereas input order is ὼȟώȟᾀȟὼώȟώᾀȟὼᾀ. 

With that, to avoid possible inserting errors, it is recommended to invert the row data 

for the shear terms as Eq. (3.37). 

 Finally, the other input matrix is the elastic coefficient matrix, which specifies the 

coefficients for the stiffness [c] or compliance [s] matrices. It may a 3D and a 2 D case 

as shown in Eq. (3.38) and Eq. (3.39), respectively. 
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The data is inserted in the material properties section and can be assessed by 

the commands TB; ANEL and TBDATA, depending on the TBOPT it can be the 

coefficient matrix [c] or [s]. The input order must be observed in the same way as 

exposed in Eq. 3.37. 

Young's modulus (MP,EX command), Poisson's ratio (MP,NUXY command) 

and/or shear modulus (MP;GXY command) may be an alternative way of inserting the 

[c] matrix. 

3.8. ANSYS®  benchmarking of a piezoelectric beam    
 

 Here is presented a benchmarking by using the knowledge acquired on 

piezoelectric modeling materials. The model is developed in ANSYS®  software, which 

contains a library for piezoelectric materials as explained above, and it also allows the 

multi physical interface. This initial assessment has the aim of understanding the 

modeling of piezoelectric behavior that one of the goals of this work. 

 The model taken as a reference is presented in the work of  Zhao et al. (2018), 

and it is a bimorph piezoelectric cantilever beam with a tip mass, thus with two 

piezoelectric layers. Moreover, the piezoelectric operates on the Ὠ  mode (Figure 29) 

with input load and generated charge on different planes. The analysis is conducted in 

the frequency domain. It is important to note that when the excitation frequency 
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matches the self-frequency of the model, the beam resonates, leading the output 

voltage to the maximum values. 

 The study is performed in series connection. The element type chosen on the 

ANSYS® software is SOLID5 for the piezoelectric material and SOLID185 for the 

internal metal shim and the tip mass. The property of the material is assigned as PZT-

5H for piezoelectric due to its high volume of dielectric constant, and Brass for as the 

other material of the experiment. 

 The model presents an extension part of the internal shim in which the tip mass 

is placed 20 mm away from the biform section. Moreover, the size of the bimorph 

cantilever beam is set as 160 mm for the length (L), 40 mm for the width (W), 0.35 mm 

for the thickness of the internal shim (ὸ ), 0.25 mm for the piezoelectric (ὸ) and a tip 

mass of 12 g. Figure 36 shows the representation of the ANSYS® model, in two 

different perspectives, with the assigned measurements. The piezoelectric material is 

represented by the purple color. 

 

Figure 36 – Geometry of the reproduction of a Piezoelectric Bimorph cantilever Beam 
model from Zhao et al., 2018 on ANSYS® (own elaboration). 
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The results were compared by observing the value of the first frequency as 

indicated in Figure 37 and Figure 38 for the author’s and the literature’s model 

reproduction, respectively. The figures present a curve denoting the first modal 

frequency with the x-axis being the frequency values and the amount of voltage 

generated represented on the y-axis. The value of the first frequency on the current 

benchmarking is about 9.75 Hz while the literature is 9.77 Hz. 

 

Figure 37 - Frequency x Voltage (Zhao et al., 2018). 

 

Figure 38  - Frequency x Voltage (own elaboration). 
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4. Background concepts regarding Rubber Bearings 

This chapter aims to explore the use of rubber bearings to arrive at the proposed 

model in this work. To know concepts regarding the use of this equipment, a brief 

introduction about the theory of rubber material may be presented as well as an initial 

formulation of the materials’ performance.   

Elastic behavior on materials occurs when they are subjected to a load and they 

can return to their original state on a range where the relation between load and 

deformation is linear. However, rubber materials present hyperelastic characteristics 

where they present elastic behavior in the range of large deformation leading to a 

nonlinear relationship between load and deformation. 

 The proper stress-energy density function that corresponds to the stress-strain 

relation of experiments for rubber-like materials is difficult to describe because of the 

large deformation the rubber-like materials present. This is a point that researchers 

seek to better represent hyperelastic material comportment as addressed by Khaniki 

et al., (2022). 

 Hyperelasticity - New-Hookean method  

 Among the methods to represent the comportment of a hyperelastic material, 

there is the New-Hookean one, proposed by Ronald Rivlin in 1948. Before the 

representation of the model, it is shown some initial description of the hyperelastic 

behavior. 

 The mechanical characteristics of hyperelastic materials rely on the same 

fundamental definition of continuum mechanics. It is presented that the deformation 

gradient (F) is defined as  

Ὂ ‏ ȟ* ÄÅÔ&                                                                                          (4.1) 
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with J, being the determinant of the deformation gradient, ‏ Kronecker delta and ό the 

displacement field. It can also be rewritten as: 

Ὂ  

‗ π π
π ‗ π
π π ‗

ᴼὊ  (4.2)                                                                           ,‗‏

with ‗ the principal stretch on the principal direction Ὥ as  

‗ ὒȾὒ                                                                                                                (4.3) 

where ὒ and ὒ corresponds to the deformed and undeformed length, respectively, 

along the Ὥ direction. 

The definition of the left Cauchy-Green strain tensor (B) is of great importance 

for hyperelastic structures. 

ὄ ὊϽὊ  O ὄ  ὊὊ                                                                                          (4.4) 

 By conventions it can be defined as: 

Ὅ ȟ                                                                                                          (4.5) 

Ὅ Ὅ  ȟ                                                                                                   (4.6) 

Ὅ ὐ                                                                                                                      (4.7) 

where Ὅ ,Ὅ and Ὅ are the strain invariants for compressible structures. Then, for 

incompressible analysis, the invariants of first and second place, Ὅ and Ὅ are 

simplified by ὐ ρ, while the third, Ὅ, is addressed equals to 1. The Green-Lagrange 

strain-displacement can be written regarding the deformation gradient as: 
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Ὁ ὊὊ ρ,                                                                                                    (4.8) 

leading to: 

Ὁ ὊὊ ‏ .                                                                                               (4.9) 

 When having principal stretches, the invariants of the left Cauchy-Green strain 

tensor are presented as: 

Ὅ ,                                                                                                        (4.10) 

Ὅ ,                                                                                              (4.11) 

Ὅ ‗‗‗ .                                                                                                       (4.12) 

 The structure must present a specific strain energy which may be differentiable 

from the deformation gradient by the hyperelastic definition. It also means that the 

strain energy density is directly dependent on the deformation gradient tensor. A 

second definition indicates that a hyperelastic structure behavior is isotropic if and only 

if the strain energy obeys the three invariants of the left Cauchy-Green strain tensor. 

Finally, by Richter theorem, the constitutive equation of an isotropic solid hyperelastic 

can be written as: 

Ὕ ‍Ὅ  ‍ὄ  ‍ὄ,                                                                                        (4.13) 

where the coefficients follow the literature calculation. 

. Several types of modeling and equations have been presented for reproducing 

the hyperelastic strain energy density performance to predict a more accurate 

nonlinear behavior. With that, this is a theme of study among numerous researchers 

on which a different model is proposed and analyzed. Plus, a way of modeling may 
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adapt to different situations, regarding the problem to solve or the phenomena to 

reproduce. 

 One model known to be straightforward and with significant agreement by 

reproducing the hyperelastic behavior is the New-Hookean model. This modeling 

approach has its simplicity based on the understanding of the first and third invariant 

term as: 

ὡ  В ὅὍ σ Ὀ ὐ ρ                                                                       (4.14) 

where ὡ  stands for the strain energy density of this model, ὅ are the coefficient of 

the first invariant parameter and Ὀ the compressibility factor. The last two coefficients 

are obtained experimentally (Khaniki et al., 2022).   

4.1. Rubber  Bearing Model  Theory   
 

Multilayer rubber bearings are devices that considerably decrease and/or dissipate 

the energy of a main structure to which it is attached, providing a damping mechanism. 

From the beginning it was used on highways and bridges, then it starts to be 

implemented on buildings to work as seismic isolation. Conventionally, they are 

laminated devices consisting of layers of rubber and reinforcement, usually steel. 

Moreover, the bearings are planned to sustain the compressive load because of the 

self-weight and live loads that act on the superstructures and on horizontal effects 

occurred by earthquakes or winds (Kelly & Konstantinidis, 2011; Tubaldi et al., 2018). 

The use of such devices is mainly related to seismic isolations that work on 

minimizing or preventing structural damage in places such as buildings, bridges, and 

viaducts, providing a continuous operation by regulating the response of the structure 

(Ozkaya et al., 2011).  
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They can be subdivided into categories regarding the rubber material in low, 

natural, and high -damping rubber bearings (LDBR, NBR and HDRB, respectively). 

Then additional features may be added to improve their performances, such as, lead 

cores, reinforced fibers, and shape memory alloys (Ahmadipour & Alam, 2017).    

The efficiency of the bearings is related to their horizontal flexibility, vertical strength 

and damping capacity. Those functions are operated by rubber and steel layers. The 

high damping rubber (HDBR) presents greater flexibility and damping properties when 

compared to a low damping rubber, which is recommended in isolation systems. Figure 

39 presents the general model of this device, and Figure 40 its behaviour. 

                             
Figure 39 - Design of a HDRB (ELEMKA, 2021a) 

 

 

 
Figure 40 - Behavior of a HDRB - Kr as horizontal stiffness (F =  Kr*D) (ELEMKA, 

2021a) 
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As presented in Figure 39, the HDBR consists of steel shims as reinforcement 

and a high damping rubber as elastomer to provide horizontal flexibility and a 

damping capacity. As Marioni (1998) points they present equivalent viscous 

damping in the order of 10-20%. It is important to observe that the elastomer’s 

property of damping occurs due to the addition of materials such as oils, resins to 

the natural rubber, leading to high energy absorption and hardening properties on 

a wide strain form 1-400% (Hedayati Dezfuli, 2015). 

A difficulty may appear when working with such models, that is to capture their 

mechanical properties like stress-strain relations. Although many studies on the 

subject are conducted, the hyperelastic material model may not obtain accurate 

results for the mechanical behavior of a HDR material. On large deformations, 

HDRBs present a high nonlinear and complex behavior. 

A specific type of rubber bearing is the lead rubber bearing (LRB), which 

presents a high energy dissipation capacity and is widely employed in the seismic 

isolation of structures. They were introduced in New Zealand in the late 1970s, and 

present elastomeric layers bonded to steel shim and fixing and supporting plates at 

the top and bottom with a lead core placed in the central part as Figure 41 indicates. 

The supporting steel plates confine the lead in the middle and restrain the whole 

isolator. The LRB’s typical behaviour is presented on Figure 42. 

 

Figure 41 - Design of a LRB (ELEMKA, 2021b) 
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Figure 42 - Behavior of a LRB (ELEMKA, 2021b) 

 

They behave essentially as hysteretic damping devices since the lead goes 

inelastic. Here the lead core deforms plastically under shear deformation while 

energy dissipates through heat. It also provides an increase in vertical stiffness and 

energy absorption when compared to a low damping bearing. Moreover, the 

stiffness of the structures may present a decrease because of the inelastic behavior 

of the lead, and with that an increase in its natural frequencies. Besides, when 

compared to HDBR, LRBs present an equivalent damping of around 30%, which is 

double of HDBRs. 

4.2. Rubber  Device Model  and Literature  Comparison   
 

To go further with the project, it is performed an analysis of a Lead Rubber 

Bearing by reproducing a literature model (Basshofi Habieb et al., 2019a). The 

investigation is carried out on ANSYS® software, and the model is built in 3D finite 

element. 

Besides the geometrical input, it is also necessary to select and add the data 

for the deformation behavior of the material. A particular interest is addressed to 

the rubber material which is modeled as a hyperplastic material following the 

method of New-Hookean. The lead core and the metal shims are considered as an 

elastic-plastic material.  
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The geometric model developed on the software is presented in Figure 43: 

 

Figure 43 – 3D Lead rubber bearing model geometry sectioned (own elaboration). 

The geometric characteristics are listed on the Table 5:  

Table 5 - Geometry properties 

Outer diameter 350 mm 

Lead Diameter 60 mm 

Thickness of a single rubber layer 7 mm 

Thickness of a single steel reinforcement 5 mm 

Number of rubber layers 15 

 

Other input data regards the rubber material. The modeling method for 

considering the hyperelasticity was New-Hookean, and with that, it is necessary to 

provide the shear modulus and the bulk density property for the rubber. The values are 
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indicated with a shear modulus of 0.4 MPa and a bulk density of 0.25 MPa. The method 

presents straightforward input data and agrees with the analysis that is being 

implemented. The literature presents a result from a 3D model performed in Abaqus, 

and compares it with a UEL (user element) model as it is given in Figure 44: 

 

Figure 44 - Shear behavior of the LRB from 3D FE and UEL model from the literature 

(Basshofi Habieb et al., 2019). 

It is important to note that, from the code, the inputting parameter is the 

horizontal displacement and not the vertical force, properly. Hence, the force is 

obtained indirectly. Also, the effective stiffness ὑȟ  is the value of comparison in 

this case. 

From the literature, the ὑȟ  obtained by subjecting the  bearing  3D model to  

a  cyclic  shear-test  under  constant  vertical  load, resulting in 0.52 KN/mm. The first 

solution of the analysis implemented in the ANSYS® APDL software is settled with a 

maximum horizontal displacement of 80mm and the second with 100mm. The effective 

stiffness obtained is 0.58 KN/mm and 0.53 KN/mm, respectively. The benchmark’s 

solution is indicated in Figure 45 and Figure 46, considering 80 mm and 100mm as 

maximum displacement, respectively: 
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Figure 45 - Shear behavior of the present model in ANSYS® with 80 mm max 
horizontal displacement and ὑ   = 0.58 KN/mm (own elaboration). 

 

 

Figure 46 - Shear behavior of the present model in ANSYS® with 100 mm max 
horizontal displacement and ὑ     = 0.54KN/mm (own elaboration). 
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Additionally, a visual solution of a contour plot in a set where the main horizontal 

displacement occurs are illustrated in Figure 47 and Figure 48.  Figure 49 contemplates 

the contour plot for the horizontal displacement by displaying the core element only. 

 

Figure 47 - Horizontal displacement (Ux) for the whole model (mm) (own 

elaboration). 

 
Figure 48 - Horizontal displacement (Ux) for a half section view (mm) (own 

elaboration). 
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Figure 49 - Horizontal displacement (Ux) with a core view (mm) (own elaboration). 

  

The reproduction of this literature model is of great interest for this work since the 

current project's aim is to propose a new device that has robustness capable of bearing 

the load of the structural member it is attached to. With that, the bearings are a great 

starting point for the project. With this validation, it is possible to have an initial design 

for the upcoming model. It is indeed initial thinking, but it can be stated that, from the 

Lead Rubber Bearing, a prototype will be idealized in the next sections.   

           Another important consideration is that the chosen software can reproduce well 

the expected behavior. Moreover, the next step will be the development of this new 

device called PID whose core will be substituted from lead to piezoelectric material. 
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5. Conceptual  design and modelling  of  PIDs 
 

Considering the discussion presented in chapter 4, this chapter will address the 

conceptual design and modeling of the PID equipment. Parting from the lead rubber 

bearings,  the main idea is to replace the lead core with a piezoelectric material but to 

do such replacement, it is necessary to go through some evaluation. It is presented 

the studying of the buckling analyses to understand how the behavior of the 

piezoelectric core is.  

Buckling Analysis  

The first point to observe the buckling behavior is the analytic solution where it can 

be seen the critical load (ὖ ) regarding the properties of the analyzed beam. 

ὖ  ȟ                                                                                                                (5.1) 

where Ὁ is the Young modulus, ὑ is the coefficient regarding the effective stiffness, Ὅ 

the moment of inertia and ὒ the beam length.  

 The purpose of this section is to show that the code answers well to the bucking 

phenomena from a simpler case using 2D elements as BEAM3 to using volume 

element as SOLID186. To do that, it was first calculated a critical load as Eq. (5.1) with 

the properties of the model. Then, it was first analyzed on a line element problem with 

2D element BEAM3 and later the volume element SOLID186. Finally, the last case 

regards the piezoelectric material using the element SOLID5. This procedure aims to 

observe the phenomena of buckling since the piezoelectric material inside the PID 

device is subjected to it. Another point is that it also contributes to the impact of the 

piezoelectric core into the lateral walls of the device, creating a frequency-up as 

referred to in chapter 2. 
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To start, it was considered a case with the following material properties Ὁ

 ς%ρπ .ȾÍÍ , ὑ  ς, )  ψσςȢυφ ÍÍ , ὒ ρςπ άά. With that, the buckling is 

expected to occur on a load around ςψȢυσρ ὑὔ. Other properties are the density of the 

element, ”  χȢψσὉ  ὑὫȾάάύ, a Poisson constant of ’  πȢσ and the section is a 

circle with a radius of 5.706 mm. 

Below, Figure 50, it is shown the 2D model  with element type BEAM3: 

 

Figure 50 - 2D model – meshed and with BEAM3 elements (own elaboration). 

The solution obtained by the analysis is given graphically on Figure 51 and as 

a contour plot on Figure 52: 
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Figure 51 - Vertical Load (y) x Horizontal displacement (Ux) with 2D BEAM3 element 
(own elaboration). 

 

 
Figure 52 - Contour plot in respect to the horizontal displacement (UX) with 2D 

BEAM3 element [mm] (own elaboration). 
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Additionally, a solution for the same problem is presented but in 3D volume 

element representation. First, the model of the volume elements with element type 

solid186 is presented in Figure 53: 

 

Figure 53 - Volume model – meshed and with SOLID186 elements (own elaboration). 

 

The buckling occurs as the curve indicates the Figure 54 and a contour plot of 

this model denoted on Figure 55: 
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Figure 54 - Vertical Load (Uy) x Horizontal displacement (Ux) of the volume element 
with 3D SOLID186 element (own elaboration). 

 
 

Figure 55 - Contour plot in respect to the horizontal displacement (UX) with 3D 
SOLID186 element [mm] (own elaboration). 
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As the graphical solutions expose, the results from the ANSYS® model agree 

with the expected analytical solution. 

5.1. Replacing  Lead Core with  Piezoelectric  Core 
 

The scope of the present work is to present a study about energy harvesting 

with the use of piezoelectric materials. With that, the lead core is replaced by a 

piezoelectric material core. To reproduce that, piezoelectric materials are inserted. In 

ANSYS® the chosen element type to represent the piezoelectric characteristics is the 

SOLID5 element. This element contains piezoelectric behavior, so it recognizes the 

process of converting mechanical energy into electrical or vice-versa. 

Besides, a buckling analysis is carried out as the section before this element 

type to verify if it may work under this large deformation model. The analytical solution 

from Eq. 5.1 the buckling may be expected to occur with 9.415KN , as it is presented 

in Figure 56. 

 

Figure 56 - Vertical Load (Uy) x Horizontal displacement (Ux) of the 3D volume 
element with Piezoelectric SOLID5 element (own elaboration). 
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From what is described in chapter 3, some piezoelectric parameters are needed. 

From some commercial lists, it could be collected what is presented in Table 6.  

Table 6 - Properties of the piezoelectric material. 

E 6.6E10 Pa 

ν 0.2 

‐  1800 

Ὠ  190e-12 m/V 

ρ 7800 kg/m³ 

where, E is the young modulus, ν Poisson constant, ‐  dielectric constant, Ὠ  

piezoelectric constant and ρ the material density.  

5.2. Piezoelectric  core with  Gap 
 

The core of piezoelectric material should be able to deflect and impact on the 

internal lateral walls, with that a gap between those parts is inserted, as the figure 

bellow shows.  

 

Figure 57 – Half section view of the model where red represents the piezoelectric 

material, purple the rubber and blue the steel (own elaboration). 
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Figure 57 shows a section of the geometry of the model. The materials used 

are steel, rubber and piezoelectric, and they are represented in blue, purple, and red, 

respectively. The model is fully constrained at the bottom surface and horizontally 

constrained at top surface, also, there is a vertical load applied on the top plate on the 

region of the core. Moreover, a small percentage of this vertical force is applied to a 

mid-height of the piezoelectric core to lead to the deflection phenomena. Then the 

analysis is performed. 

Figure 58 and Figure 59 present the horizontal displacement of the model. The last 

view just focuses on the core, which is constituted of piezoelectric material. 

 

 

Figure 58 - Horizontal displacement (Ux) contour plot in mm (own elaboration). 

 

 

Figure 59 - Horizontal displacement (Ux) contour plot of the core in mm (own 

elaboration). 
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Figure 60 shows views of the model by sectioning it to see the core behavior within 

the whole element. The color plot represents the contour solution of the horizontal 

displacement under the input conditions. Moreover, Figure 61 presents the relation 

between the applied load and the displacement generated at a mid-span node of the 

core. With that, it is also possible to see the buckling behavior.  

 

Figure 60 - Horizontal displacement (UX) contour plot with a mid-section in mm 

(own elaboration). 
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Figure 61 - Vertical Load (Uy) x Horizontal displacement (Ux) in mm of an element of 

the core located at a mid-height region (own elaboration). 

5.3. Model  Impact  with  Contact Technology  Guide  from  

ANSYS®  
 

This section shows the input of the contact technology tool from ANSYS® APDL 

to have a simulation of an impact model. The elements may recognize the interaction 

among the surfaces by defining them in contact and target elements. The challenge 

faced in this section is to simulate the physical impact of the piezoelectric material core 

on the surfaces of the wall in the middle of the design. To proceed with them, the first 

thing is to define which are the areas of impact. In the software, the chosen element 

types were CONTA174 and TARGE170. Also, the selection of those regions was done 

by a nodal selection. In Figure 62  it is possible to have an idea of how it works, 

identified by the colors green and magenta. 
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Figure 62 - Contact and target regions of the geometric model (own elaboration). 

The input data were the radios of the core as 5 mm, maximum vertical load as 

1500 KN, and a horizontal load of 1% of the vertical one. The total height of the model 

of 195 mm from which it has 15 layers of rubber of 7 mm and 14 layers of steel of 0.5 

mm and two fixing plates of steel on the top and bottom surface of 40 mm. 

As in the previous topic, the objective here is also to input a vertical force to 

make the central core of the model buckle and with that have a lateral displacement 

that may impact the surface. Moreover, there is a gap between the impact surface and 

the core element which allows it to present maximum displacement until it impacts. 

Then, this technology of contact elements should be able to recognize those points of 

interaction so that the phenomena can occur.  

To observe the implementation of these elements, it is performed an analysis 

as follows. The setup is done by inputting a vertical force (y-axis) in the top core region 

and a small horizontal force (x-axis) in the nodes of the core in a middle region to force 

it to have some distortion effects to represent the buckling and a gap between the 
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surfaces of 5 mm. The top surface of the model is constrained in the horizontal direction 

(x and z-axis), and the bottom is all restrained. After that, a transient analysis is 

performed with a structural damping of 1% in the whole model. 

As a first result, it is presented the input vertical force (y-axis) concerning the 

horizontal displacement from a node in the region where the impact may occur as 

Figure 63 shows. The phenomena are observed near the 1000 KN load in the y-axis 

where it approximates the 5 mm displacement value then it moves towards the 

opposite direction, and it can be denoted in Figure 64, a zoom of that impact area. 

 

Figure 63 -  Horizontal displacement (Ux) in respect to the input vertical load in mm 
(own elaboration). 
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Figure 64 - Horizontal displacement (Ux) in respect to the input vertical load focused 

on the impact region in mm(own elaboration). 

By recalling the representation of the elements from Figure 62, it is possible to  

observe the possible region of impact after the analysis. Figure 65 and Figure 66 

show the selection of the contact elements inside the equipment and a posterior 

zoom of the region. 

 

Figure 65 - Representation of the contact elements on analysis’ solution (own 

elaboration). 
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Figure 66 - Zoom of the region of the contact element of the core. Region of impact 

(own elaboration).   

 As a last solution extracted from the analysis, it is presented the von mises 

stresses of the core, Figure 67, which will be later discussed to achieve acceptable 

stresses to the material. 

 

Figure 67 - Von Mises stresses of the core (Pa) (own elaboration). 
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6. Multilevel methodology for the design and 

integration of PIDôs in high-rise smart building 

In this chapter it is presented the methodology of this work, which was named: 

multilevel methodology. This is based on a cascade-like model where the solutions are 

dependent on the next phase or level to finally achieve the objective of extracting the 

harvested energy from wind vibration on a building with the implementation of the PIDs. 

To clarify, it is addressed in this chapter the methodology followed by a case study. 

6.1. Multilevel methodology 

This section describes the methodology utilized in the present work. Due to the 

limitation of the software and to make the procedure simpler, the analysis divides into 

parts called levels. These levels of procedures have a dependency on one another. 

The final product is a model on the finite element method (FEM) using the ANSYS® 

software. The levels are named as: a) steel building model equipped with a rheological 

representation of the PIDs, b) artificial time-history generator algorithm, c) 3D PID 

model for the evaluation of the structural response, and d) piezoelectric energy 

harvester. This part of the work will present the chosen methodology and its 

particularities. Below, Figure 68 presents a flowchart to simplify the representation of 

the multi-level approach.  

 

Figure 68 - Flowchart indicating the multilevel concept. 
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It is important to highlight that the output of each analysis passes as an input for 

the following case, respectively. For example, the one indicated as b, the time-history 

algorithm, evaluates the data collected of the PID on the building model of the previous 

step and after the processing, it will serve as input data for the 3D PID model.  

In the end, with the full model operating it will be able to analyze the influence 

of the PID devices on the whole building and the harvested energy. This is also a point 

where some criteria for positioning the PIDs can start to be discussed so that in further 

developing an optimal configuration for the whole operation should be suggested.  

a. Global FEM model of PIDôs equipped building. 

In this section, it is developed the model in a big picture, where the point is to 

have a building model in steel developed in Finite Element Method on the ANSYS® 

software. The model can represent a real building and it also shows some features 

to choose the dimension and numbers of floors, bays, the position of outriggers and 

bracings, and so on.  

This renders the model unique and practical since by the distribution of the PID 

devices, it can be done in a way that obeys the pattern of the building members 

and position. Figure 69 illustrates an example of the design building model, which 

in this case has 60 floors and 7 bays. Moreover, Figure 70 is a zoom-in from the 

previous image to show the elements of the frame.  
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Figure 69 – 60-storey building model on ANSYS® (own elaboration).  
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Figure 70 – zoom in of the building model (own elaboration). 

Chapter 2 introduced the concepts for wind engineering applications on buildings 

from which it is applied to this model. The analysis is performed by applying a Power 

Spectra Density, based on the reference wind speed velocity (ὺ ) on the building. The 

Power Spectra is applied in both along and across-wind directions as referenced by 

Colwell and Basu (2009) and Liang et al (2022), respectively. Figure 71 is a generic 

scheme of the studied model by showing a building subjected to a wind profile. 

 

Figure 71 - Representation of the wind profile in a schematic building (own 
elaboration). 
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After setting the geometrical configuration and the Power Spectra Density’s 

properties the next step of the analysis is to set the PIDs devices on the building. As 

mentioned, those devices are installed on the structural members of the building, and 

they can harvest energy from the incoming vibration where they are positioned. 

The structural member for the installation of the PIDs is the bracing elements 

because at this first investigation of the device and because of the focus of the work, 

the PIDs are going to work receiving axial loads. Moreover, the incoming vibration on 

the PIDs occurs due to the simulation of the PSD of the wind as a source of 

perturbation.  

PIDs are small devices when compared to the bracing elements, and their 

positioning due to installation facilities makes it better to be applied on the corners 

where those bracing should connect to the other members and where the incoming 

load is perceived, so the load here first, passes on the PID device then it goes to the 

bracing element. To simplify, Figure 72 shows an illustration of the location of the PIDs 

devices along those members denoted by the indicated blue line. 

 

Figure 72 - Frame building and elements representation (own elaboration). 

 

Furthermore, Figure 73 details the PID device by detailing the structural members 

and showing it embedded in a bracing system. To emphasize, the point of interest is 
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that the PID installed will behave at the compression/tension cyclic (stochastic) forces 

under service wind load as described previously. It is important to note that the 

indication “1” and “2” present the PID ends, which are the fixing plates of the 

equipment, in other words, they are the location where the PID device is attached to a 

structural member. 

 

Figure 73 - Detail of structural members + PIDs (own elaboration). 

 

The proposed equipment can also be attached to both extremities of the bracing 

element, it will be dependent on the configuration of PID distribution along the building. 

Later, Figure 74 shows a representation of the elements’ view, where the same 

indication of ‘1’ and ‘2’ appears as node ends for the E1 element. This is to indicate, 

again, the device’s limits and to exemplify where the relative Power Spectra Density of 

the Displacement is extracted. The collected data is then used for the next step of the 

process, which is the time-history generator.  
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Figure 74 - Element representation (own elaboration). 
 
 After recognizing the model and its particularities, it is necessary to observe 

other criteria that englobe the building’s model analysis. The next point is to set the 

PID devices in the building, but the point is how to arrange them. In one way, the 

greater the number of installed devices, the more the harvested energy, which is the 

scope of this work; however, on the other hand, some limits must be observed to verify 

if the supposed building can bear it. 

To conduct the investigation, it was necessary to set the PID devices on the 

building. However, it is necessary to observe the limit on the structure due to the 

device’s robustness and also the harvested energy efficiency. This implies the number 

of PIDs that can be distributed on the building model. One way to observe this is by 

analyzing the diverse configuration of PIDs distribution in the building by taking into 

account the peak acceleration of the last floor. 

           Figure 75 presents the peak acceleration standards from the CNR code for two 

scenarios ‘a’ and ‘b’, office buildings, and apartment buildings respectively. From the 

code it is stated that “the human body generally does not experience difficulties in 

tolerating significant displacements and velocities; it is, on the other hand, very 

sensitive to accelerations, giving rise to a series of reactions ranging from perception 

to discomfort and, in some cases, intolerability. These reactions depend on the 

frequency with which oscillation occurs plus various other factors, mainly physiological 

and psychological, associated with the characteristics of individuals. It is the task of 
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the designer to ensure the comfort of the occupants or users by limiting physiologically 

disturbing conditions to exceptional and rare situations.” Because of that, this 

parameter, peak acceleration, can be a limiter for the installation of the devices along 

the building, since the adding of such devices in a structure may modify its structural 

response. 

 

Figure 75 - CNR peak acceleration reference curve (CNR-DT 207, 2008). 

The reference shows the acceleration related to the n0 which is the dominant 

frequency in Hz. Hence, one of the tools is to adjust the devices installed by observing 

the thresholds of peak acceleration. With that, applying some configurations of PIDs 

distribution on the building was observed so that it could lead to a better configuration 

where the number of devices installed meets the peak acceleration limits.  

To understand the distribution of the PID devices in the building, it is described 

as an exemplification in Figure 76. The present image is an extraction of the model 

showing the called chosen criteria: starting floor (red), which is the first floor where the 

device is chosen to be installed, then jump (purple), which is the factor to distribute the 

PIDs vertically considering an interval of floors, and last the horizontal selection 

(yellow): this parameter select the possible bays in which the device may be installed, 
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performing and horizontal distribution along the floor in the cases with the bracing 

system (two first and two last floors). To exemplify, a case where one wants to install 

a PID device starting from the 10th floor (starting floor), to have an interval of PIDS 

equipped on each 3 floors (jump) and on each selected floor it is going to be settled on 

the bracing systems of the first and last bay of the building (horizontal selection). One 

point is also to present it as a parametric setup so that different configurations can be 

done in a fast way to perform the analysis.  

 

Figure 76  – Global Building model representation (own elaboration). 

Considering the pattern of Figure 76, some cases were performed, as indicated 

in Table 7 below. On the table, it must be noticed that the ‘Bays’ column refers to the 

horizontal selection. Thus, 0 refers to the selection of all four bays with bracing 

elements (PIDs over all building’s bracings), 1 is when selecting the two extremities 

bays (the first and the last one) and 2 is for selecting the internal bays with bracing 

elements (the second and the one before the last one). Next, the other columns show 

Starting 

floor

Horizontal 

selection

Jump

4. Performance
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cases that go from no PID installation on different types of starting floors to a chosen 

number. The same happens on the ‘jump floors’ column. Table 7 data is listed in Figure 

77 with the solution for the acceleration of the peak floor. Also, the first and second 

frequency of the building are listed for the different cases. 

The previous conclusion on this case is that the peak acceleration drops from 

the cases with PID installed in any configuration, and consequently, another 

observation is that no cases surpass the original building configuration with no PID. 

Hence, another conclusion to arrive at is that the PIDs devices offer not only a chance 

of having a source of power for wireless systems but also it provides additional 

damping to the building when analyzing the reduction of the peak acceleration of the 

last floor as listed in the Table 7. The first column of the table presented the general 

model setup analyzed by varying the three parameters mentioned above. The name 

‘case’ bellow was just an organization pattern, which corresponds to the table data 

distribution on the other columns. 

Table 7 - Cases of PIDs distribution on the building (own elaboration). 

Model 
Starting 

floor 

Floors 
Jump 

 
Bays F1 (╗◑) F2 (╗◑) 

Peak 
acc. 

╬□Ⱦ▼ 

       

Non equipped - - - 0.772 1.547 135.6 

Fully equipped 1 1 0 0.563 1.129 83.65 

Alternating floors with 
all bays 

1 2 0 0.618 1.239 96.99 

Alternating floors with 
external bays 

1 2 1 0.682 1.368 112.9 

Alternating floor and 
internal bays 

1 2 2 0.683 1.367 112.7 

Case a 3 2 0 0.597 1.202 90.82 

Case a1 3 2 1 0.668 1.343 108.5 

Case a2 3 2 2 0.669 1.341 108 

Case b 5 2 0 0.608 1.222 94.08 

Case b1 5 2 1 0.675 1.357 110.8 

Case b2 5 2 2 0.677 1.355 110.5 

Case c 3 5 0 0.681 1.366 112.1 

Case d 5 5 0 0.666 1.339 107.4 

Case e 10 10 0 0.722 1.452 122.7 

Case f 10 20 0 0.747 1.528 129.7 
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Figure 77 - Peak Acceleration for different cases (Table 7) on building equipped with 
PIDs (own elaboration). 

Rheological model 

So far it has been pointed out the methodology of having a steel frame building 

then its output and later how the proposed PID devices can be distributed on it; 

however, nothing was mentioned about how the characteristics of these devices could 

be inserted into the building. As the work is organized by levels, a last parameter must 

be observed in the global building model. 

To have the results and the influence of the PIDs on the building, they are 

inputted as a rheological model. The model presents a spring and a dashpot attached 

to a mass. Figure 78 shows it by considering it attached to each ‘i’ node on the building. 

The ‘M’ is for mass, ‘C’ is for the damping and ‘K’ is for stiffness. Considering Figure 

69, the rheological data is then entered on the building on the position of the element 

represented as E1 on the figure 73. 
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Figure 78 - Rheological model (own elaboration). 

These parameters are observed by analyzing the PID model, which will be later 

presented. For each case, it was used a procedure to have the equivalent coefficients. 

The stiffness K is checked as a free vibration by observing the maximum force applied 

and the maximum displacement, vertically in this case (╚ ╕□╪● Ⱦ╤○▄►◄). For the mass 

M, it is done the relation by using the first modal frequency (╜ ╚Ⱦ  ). Later, for the 

damping C, knowing that ╒ Ⱪⱷ╜, it can be extracted the equivalent damping (‚). 

As reported by Petrini et al., (2007), the reference indicates the damping 

coefficient can be extracted as an envelope of the observed time history where after 

the device suffer an initial load and then leaves it oscillating working as a free vibration. 

Figure 79 shows the used method estimation.  

As mentioned above, other than the initial concept of harvesting energy from 

wind loads on buildings, the device may also provide additional damping to the 

building. The collected data is then applied to the building model code on ANSYS® as 

input for PID device. 
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Figure 79 - Evaluation of damping coefficient (Petrini et al., 2007) 

b. Time-history algorithm generator 
 

The second level of the work as reported in the flowchart is related to the generation 

of a time-history from the Power Spectra Density of the displacement obtained on the 

previous phase. It presents the development of an algorithm capable of relating the 

PSD data and transforming its information into a time-history. 

As described in section 2.1 the method was proposed by Di Paola (1998) for the 

digital simulation of wind field velocity. Summing up, the work presents the 

characterization of the velocity field in some points (n) as nodal points of a structure. 

Then, by collecting the velocities in the different points ὠ ὸȟὠ ὸȟȣȟὠ ὸ into a 

vector, the discretized stochastic field is represented by an n-variate one-dimensional 

(n-V-1D) stochastic vector process. Later the discretization transforms the 1-V, 4D 

stochastic field into an n-V-1D stochastic vector process. 

The algorithm is developed on MATLAB software, and it can generate the time 

history from the extracted PSD of the displacement on the nodes that represent the 

PID device ends, which are the top and bottom fixing plates. In Figure 80 it is possible 

to see an example of this procedure, where it is shown the PSD graphically 

represented, and later, Figure 81 a generated time-history for the case.  
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Figure 80 - Generic PSD example (own elaboration). 

 

Figure 81 - Generic Time-history example (own elaboration). 

After obtaining the time-history, the next step is to apply it to the 3D PID model so 

that the behavior of the building member is employed on the device.   
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c. 3D PID model 

This section describes the methodology for the conceptual design of the PID 

device. In general chapter 4 and chapter 5 explores the process of creation of the PIDs 

from the start point with a rubber bearing to the device with piezoelectric energy 

harvesting. As is known, the process englobes also some tools that are provided on 

ANSYS® software as the contact elements. Finally, the prototype is created, and it 

needs to be configurated so that the analysis can be performed well, and the results 

obtained. Figure 82 presents the current 3D PID model and Figure 83 the cross section 

to observe the piezoelectric core. 

 

Figure 82 - Current 3D model PID on Ansys® 
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Figure 83 - Cross section view of the 3D PID (own elaboration) 

  

The point of interest of the device is not only to harvest energy from wind 

vibration in a building but also must be able to bear the load of the structural member. 

Hence some verifications are needed as the stress loads that they can support and the 

geometric dimensions. 

The first verification of the model was to check the stress strength of the element 

where the PID is embedded, in this case, the bracing element. Whit that, it is settled 

an analysis where the maximum force applied to the device is the maximum capacity 

load of the structural member. The idea is that in the case of a global failure of the 

building’s structure, the PID device would collapse after the member that it is attached 

to.  

For that, it was considered the compression and the tension values of the 

member. Where the compression maximum understanding is done by the Eulerian 

formulation as indicated in Eq. 5.1, while the tension it was calculated as ὖ ὪὛ with 

Ὢ as the yield stress, treated as steel in this case, and Ὓ the area of the section. 

Before setting a dimension to proceed with the evaluation, some analyses are 

performed to choose an acceptable one. The device is a compound of rubber, steel, 

and piezoelectric material. From this initial stress analysis, it was considered the rubber 

and steel materials as they stand for the structural part of the device and so they will 
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be responsible to bear the structural loads. This part is the robust part of the device, 

and only after having a working model that may support a maximum load, the work 

would be able to proceed to the next step.  

After knowing the maximum load to apply on the devices, they are evaluated 

under a free vibration analysis where the maximum capacity member load is applied 

on the top plate of the PID and then released. 

After, it is analyzed the stresses for the steel and the rubber shims by observing 

the maximum dimensions of the sides (ὡὼὒ) and the internal height of the device 

(Ὄ ). The dimensions representation are denoted in the following Figure 84.  

 

Figure 84 - Indication of geometrical dimension on PIDs (own elaboration). 

 

The next step is the verification of the stresses on plates so an acceptable 

dimension should be chosen. Table 8 reports the geometric variations that were 

aborded on the evaluation.  

 

 

Ὄ

z

y

ὸ

ὸ

ὌFixing plate

Fixing plate
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Table 8 - Cases description for stresses analysis with PID sizes in mm (own 

elaboration). 

Case # ╗░▪◄ W x L = W ◄▼ 
1 500 800 2.64 

2 180 650 2.64 

3 500 650 2.64 

4 180 800 2.64 

5 180 900 2.64 

6 180 650 5.00 
 

The first column lists the reference case number, followed by ╗░▪◄ that is the 

internal height of the device, the W x L stands for the width and length, which is 

considered a square format, having the same measurement, and ◄▼ as the steel shim 

thickness. To go through other assessments the thickness of the material varied in one 

case. These changes occurred on the steel shims of case number 6 as indicated in the 

last column of the table. 

As explained, the PID device originated from the rubber bearing, which is made 

with layers of steel and rubber. On the analysis, it was selected the ASTM A36 

properties for the steel and the rubber the natural rubber type NR grade 3 per ASTM 

D4014-81 (Structurae, n.d.).  

At this point, the analysis was performed to check if the maximum stresses are 

in accordance with the ones supported by each material. The nominal values are 550 

and 15 MPa for the steel and rubber, respectively. 

To visualize the stress check on the material, it is presented the cases reported 

in Table 10. Below is presented a series of figures showing the solution for the stresses 

divided by material. From Figure 85 to Figure 90 it can be found the cases from 1 to 6 

by showing the results for the steel shim. From Figure 91 to Figure 96 the stress 

solution for the cases displaying the rubber layers. 
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Figure 85 - Stresses limit for steel shims of Case 1 (own elaboration). 

 

 

Figure 86 - Stresses limit for steel shims of Case 2 (own elaboration). 

Case1

Case2
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Figure 87 - Stresses limit for steel shims of Case 3 (own elaboration). 

 

 

Figure 88 - Stresses limit for steel shims of Case 4 (own elaboration). 
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Figure 89 - Stresses limit for steel shims of Case 5 (own elaboration). 

 

 

Figure 90 - Stresses limit for steel shims of Case 6 (own elaboration). 

 



Piezoelectric Connectors for Energy Harvesting Purposes on Wind-Excited Buildings 

__________________________________________________________________________ 

 

Juliano Ferreira Martins                                                                                                      118      

  

 

Figure 91 - Stresses limit for rubber layers of Case 1 (own elaboration). 

 

Figure 92 - Stresses limit for rubber layers of Case 2 (own elaboration). 
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Figure 93 - Stresses limit for rubber layers of Case 3 (own elaboration). 

 

 

Figure 94 - Stresses limit for rubber layers of Case 4 (own elaboration). 
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Figure 95 - Stresses limit for rubber layers of Case 5 (own elaboration). 

 

 

Figure 96 - Stresses limit for rubber layers of Case 6 (own elaboration). 

After this comparison, it was defined that better initial measurements for the PID 

device were found in case 4. Hence the ╗░▪◄ equals to 180 mm, the geometry W x L 

equals 800 mm, and the and ◄▼ equals  2.64 mm. Summing up, Figure 97 presents the 

indications of the parameters to first dimension the device in accordance with pre-
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determined on Figure 84, and with the representation of the piezoelectric core 

geometry. 

 

Figure 97 - Geometry indication of the design parameters (own elaboration). 

The other design measurements are the ones related to the bracing element 

where the PID device is attached and the piezoelectric core ones. The bracing is 

defined from the steel building, and it is settled to be a hollow bar with an internal 

diameter Di = 508 mm, thickness ὸ = 40 mm and, a length ὒ  = 4500 mm. The 

piezoelectric geometric characteristics were adjusted based on the commercial 

availability, and it is presented as PiezoW and PiezoL. Table 9 shows the dimensions 

of the indicated parameters with ὸ  for the thickness of the fixing plate and Gap as 

the gap between the piezo core and the lateral walls of the PID. 

Table 9 - Geometric properties PID 

Geometric Properties PID 

L x W 800 x 800 mm 

Piezo W x Piezo L 165 x 5 mm 

Gap 10 mm 

Hi 180 mm 

ts (steel thickness) 2.64 mm 

tr (rubber thickness) 20 mm 

◄█░● 40 mm 
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To sum up, until this point the PID is configurated with its dimension in a 3D 

model on ANSYS® and ready for perform the analysis. As known the input on this level 

is the generated time-history from the previous stage, and the output is the data of the 

piezoelectric core nodes to later evaluate the amount of produced power. 

In the present 3D PID model there is the piezoelectric material settled to be the 

core; however, due to some conflicts in performing the analysis, it was decided to 

divide the power evaluation into another routine.  

d. Piezoelectric energy harvesting analysis.  

 At this stage, it is presented the analysis of the piezoelectric energy harvester, 

which is the last level of the procedure where the harvested energy can be evaluated. 

The dynamic data is collected from the core of the 3D PID model and evaluated in a 

piezoelectric energy harvester with the same configuration as the core’s model. Finally, 

by applying this data to the piezoelectric model it will be able to know the harvested 

energy. 

Figure 98 shows the model from ANSYS® of the piezoelectric energy harvester. 

The red dots are an exemplification of the nodes where the data is inputted. As stated 

before, ANSYS® presents tools for combining the structural and the piezoelectric 

behavior in the same analysis. As it can be noted, when entering in the part of the 

power itself, an electrical circuit element needs to be added so that the model can 

accomplish its goal of obtaining the power. 

 The electric circuit is responsible for ‘activating’ the electrical part of the analysis 

which recognizes the piezoelectric behavior from mechanical to electrical energy or 

vice versa. Moreover, this element is also responsible for adding a resistance (R) on 

the circuit, which influences the solution of the generated power. 
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Figure 98 - Piezoelectric model in ANSYS® (own elaboration). 

The methodology at this point is then to analyze the processing data and obtain 

the power, which is one of the major attributes of this work and the reason for proposing 

the PID device. As the solution is represented as the voltage (V) in a time-period, is 

conducted first the extraction of the RMS of the voltage. This is done by selecting the 

two nodes on the different faces of the piezoelectric beam and then processing by the 

software tool. 

By Ohm’s law, it can be presented that:  

ὖ                                                                                                           (6.1) 

where P is the power, V is voltage and R is the resistance applied on the circuit. 

Since the Voltage (V) is the RMS generated in the analysis, the other parameter 

that may influence the obtained power is the Resistance (R). Consequently, it is 

proposed an optimum resistance value. It is important to recall here that the amount of 

energy is proportional to the frequency of vibration. 
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To arrive at the optimum value for the resistance, it was performed some 

analysis varying the maximum displacement applied on the 3D PID model and the 

frequency of vibration by introducing a generic sinusoidal signal. The solution is the 

curves representing the calculated power in Watts versus the resistances. To have it 

in a broad range, the investigation starts from a very small value of resistance (R) to a 

greater order which can be seen in Figure 99. Each curve presents a different setting 

for the frequency of vibration or displacement. Finally, the optimum resistance value is 

the one where the graph presents a peak. This peak is matched by examining the 

highest power generated value to which resistance.  

 

Figure 99 - Power harvested (W) x Resistance ( ) comparison by different 
frequencies (1, 10, 50 and 100 Hz) for an example of an energy harvester with a 

generic sinusoidal input (own elaboration). 

Besides the electrical point of view, it is also observed the integrity of the 

material. On this, it can be seen the piezoelectric material presents high-stresses 

tensions on the used configuration. Piezoelectric references refers that the maximum 

stress limit for the material ranges from about 45 MPa (Anton et al., 2010; Upadrashta 

et al., 2015).  

As a previous conclusion from the analysis, the presented methodology divided 

into levels appears to be a way of simplifying the performance of the PID’s device 
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conception. Up to this point each ‘level’ is already set up and has been described its 

particularities so that one may understand the big picture of this work. The next section 

will present a case where a solution is done by observing a scenario and covering all 

those mentioned levels. The code routines for the 3D PID model and the energy 

harvester will be available on the annexes. 
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6.2. PID performance assessment procedure. 

 

Figure 100 – Flowchart representation for multilevel representation (own elaboration). 
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Figure 100 shows a summary of the whole procedure of methodology in a 

flowchart by indicating each approach. This is what will be applied to this case study. 

As known, it all starts on the global building model that in this case is a 60 story 

where it is settled a reference wind velocity (ὺ ) equals 17 m/s.  

Next, the PIDs for this scenario were distributed on the building as configuration 

b2 of Table 7. Hence, they were located starting from the 5th floor and located on every 

2 floors. They were also installed on the internal bracing elements of both sides only 

for this scenario.  

To go on with the procedure it is demonstrated the case of one PID device was 

extracted from the last floor where it was installed. The Power Spectra Density of the 

ends of the PID device is then extracted as pointed out in Figure 101 with a detail to 

denote the presence of the three curves. 

 

Figure 101 – Power Spectra Density of the displacement of the PID ends (own 
elaboration). 

The PSD of the displacement was then converted into a time history using the 

mentioned algorithm, arriving in a time-history as Figure 102. 
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Figure 102 - Time-History of the relative displacement (own elaboration). 

By obtaining the desired time-history data, it is then applied to the 3D model 

device, which is the novelty of this work. The data enters as an input on the top fixing 

plate of the equipment and a transient analysis on the ANSYS® software is performed. 

Figure 103 represents the final idea of the concept of this work and the model 

after the analysis. It can also be seen in the 3D PID device with a core which is a 

piezoelectric material plus a gap between the lateral walls and this core. Also, it can 

be seen strategically the impact of the core on the lateral all. This is of great importance 

as stated before to arrive at efficient harvest energy since the frequency of vibration is 

proportional to the produced power. 
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Figure 103 – PID  device with piezoelectric core impacting on lateral wall (own 

elaboration).. 

Figure 104 shows the time history observed on a mid-span node of the 

piezoelectric material core reaffirming the impact that occurs, and, consequently, the 

increasing of the frequency on the piezoelectric core. It is also denoted that when the 

piezoelectric core returns to its initial position, after the impact, it still with some effect 

of a higher frequency. Figure 105 presents a zoom-in on the region right after the 

impact and Figure 106 another zoom-in for when the piezoelectric core returns to its 

initial position. The regions are highlighted on Figure 104 as well. 
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Figure 104 - Time history of piezoelectric core mid-span (own elaboration). 

 

 
Figure 105 - After-impact region time history as #1 in Figure 104 (own elaboration). 

1

2
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Figure 106 – Core return to initial position as #2 in Figure 104(own elaboration). 

The next step involves applying the observed data from the core nodes, for 

instance, the one presented in Figure 104, in the piezoelectric energy harvester model. 

As presented before, one value of consideration when working with energy harvesting 

is the observation of the resistance value of the circuit. With that, it was performed 

some analysis with different characteristics to arrive at an optimum value. For this case, 

it is admitted a resistance of 2500 ɱ as illustrated in the Figure 107 bellow. 
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Figure 107 - Optimum resistance value for the study case (own elaboration). 

 

The maximum stress limit for the piezoelectric material is 45 MPa, so stress 

verification is carried out to verify if the device is properly working under such 

conditions. To proceed with this verification, it is performed different analyses with 

three reference wind velocities ὺ  to cover more cases (13, 17 and 20 m/s). 

The results showed that the stresses on the piezoelectric core were much higher 

than the limit value. Hence, it was necessary to limit it to acceptable ones. It is 

presented in Figure 108 to Figure 110 below the curves with the maximum stresses 

related to the number of floors. It can be concluded that the higher the floor the higher 

the stress. Another situation to be observed is that even with the higher wind speed 

case (20 m/s), the values of the limit stress cross nearly the 10th floor. Moreover, this 

wind velocity present a return period (Ὕ) of about 150 years. 

For this circumstance of the building height, the PID parameters and the devices 

allocation on the building, it leads to a limit of use on the 10th floor. In other words, the 

PIDs could be applied until this floor by these conditions and perform in a regular 

situation by stresses perceived by the device.  
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Figure 108 - Maximum stresses on piezoelectric core (MPa) x location of PID floor for 
ὺ ρσ άȾί (own elaboration). 

 

 
Figure 109 - Maximum stresses on piezoelectric core (MPa) x location of PID floor for 

ὺ ρχ άȾί (own elaboration). 
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Figure 110 - Maximum stresses on piezoelectric core (MPa) x location of PID floor for 

ὺ ςπ άȾί (own elaboration). 

 

Finally, it can be presented the amount of harvested power (P). From Figure 

111 to Figure 113 below show the relation of the produced power with respect to the 

PID floor location. From the same criteria adopted before due to the stress limit 

consideration, it is observed the results until the 10th floor. 
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Figure 111 - Harvested Power RMS on piezoelectric core (mW) x location of PID floor 
for ὺ ρσ άȾί (own elaboration). 

 

Figure 112 - Harvested Power RMS on piezoelectric core (mW) x location of PID floor 
for ὺ ρχ άȾί (own elaboration). 
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Figure 113 - Harvested Power RMS on piezoelectric core (mW) x location of PID floor 
for ὺ ςπ άȾί (own elaboration). 

The power values observed on the 10th floor are 400mW, 2500mW and 

7000mW for the based wind velocities of 13m/s, 17m/s and 20 m/s, respectively. By 

considering the lowest reference velocity (ὺ ), which is equal to 13 m/s, it is observed 

the power of approximately  11mW on the lowest floor (5th ). It confirms that the 

produced amount of power even on the lowest floor is able to supply the desired 

sensors devices.  Hence, the PID shows a promising result for its purpose.
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7. General Discussions.  

The main objective of this thesis is to conceive a device capable of harvesting 

energy from wind vibration in high-rise buildings. For this, they were idealized in a way 

that those devices should be embedded in a structural member of the building. The 

device received the name PIDs as piezoelectric dampers.  

The need for a device appears as a way of providing an infinitesimal amount of 

power to sensors in a called smart building. Smart building concepts are highly 

common among new building designs, and the novelty of this thesis appears as a way 

of providing a possible solution to what is one of the main problems of sensors, power 

availability. Plus, the location of the sensor nodes is usually a place that is hard to 

access, leading to difficulty or lacking maintenance. Moreover, sustainability is another 

issue when relating to the disposal of cables and batteries (when operating with WI-FI 

sensors). Even if the sensors are powered and supplied with batteries one may start 

thinking about the longevity of such batteries, and, yet the problem of accessing those 

sensor nodes may appear. Therefore, the thesis objective is to provide the PID device 

that essentially will be ‘part’ of the building, providing power supply to wireless sensor 

nodes. 

PIDs are idealized to be energy harvesters by using piezoelectric materials. 

These materials produce electrical energy by converting the mechanical energy it is 

obtaining. They are quite used in the industry for numerous cases, and they present 

this behavior of energy conversion by its nature. On the other hand, PIDs should also 

be able to bear structural loads since the project aims to install the devices on a 

structural member of the building. Here, it is another point of interest of this research 

since, usually, a piezoelectric energy harvester is proposed, but not for working under 

conditions where the load it can bear is very high, in other words, being a structural 

feature. 

Another point in the present work is that the main source of perturbation in the 

building model was done by the wind. The investigation of the thesis is based on wind 
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engineering, so it addressed a wind model for the power spectra density of the force 

to be applied to the building. This also covered a background to the subject. 

To model the energy harvester devices, the nearest device that was thought of 

as a start for the PIDs’ model was the rubber bearings. This equipment is known for its 

capacity for working under high loads. One type that appeared to be of great interest 

was the lead rubber bearing (LRB) that presents a lead core in it. From that the next 

steps aimed to first replace the lead core with a piezoelectric material. Here, it started 

the analysis where the main software of the performances of this work was ANSYS® 

APDL because it presents the piezoelectric and the structural tools plus the possibility 

of realizing transient, modal, and power spectra density analysis. Another important 

library on Ansys for this work is the Contact elements to help simulate the impact 

behaviour. 

The impact as mentioned in chapter 3 is the method for convert the ,ow 

frequency response of the piezoelectric core to a high frequency. The piezoelectric 

materials’ energy harvested is proportional to the frequency of vibration they sense. 

With that, for instance, a piezoelectric bar under a higher vibration will produce more 

energy than one submitted to a low vibration. Therefore, the need for search methods 

for raising the frequency of the vibration of the material. As the piezoelectric material 

is inside the PID device, it was idealized that when this device suffers an external load, 

the core would work, and, if this amount of load is sufficient for the piezoelectric core 

to buckle, it will buckle and impact the lateral wall of the device. Of course, the impact 

may increase the harvested power, but one may be aware of the conditions of the 

materials if too much impact starts happening. Because of that, when designing a PID 

one may be aware of this excessive impact. Hence, the modeling is very dynamic to 

choose the operational gap the core can work as well as the sizes of the core as design 

criteria. 

The research was developed on a cascade methodology entitled ‘Multilevel 

Methodology’. This is due to operating the main task divided into small portions of work. 

The PIDs once installed in the building should report a final answer as, for example, 
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the obtained power. However, it may be complex for understanding and, indeed, 

operate. Hence, the work is divided into levels, where the solution of one phase passes 

as the input for the next one. 

The first level showed a global building model using steel frames, and it received 

the PIDs distribution by employing a rheological model developed also in this work. 

With this, it can obtain the power spectra displacement of the PIDs device ends (from 

its top to its bottom fixing plate), which is used in the next step. A preliminary conclusion 

observed here is that as for the name piezoelectric dampers, it is seen that it indeed 

has a damping ability. By taking Figure 77, it is observed that in all cases, no matter 

the configuration, the peak acceleration of the last floor presented a lower value than 

the case with no PIDs installed. 

The next phase was elaborated to obtain the time history from power spectral 

data. A code was developed on MATLAB whereby inputting the power spectra density 

of the displacement mentioned in the previous case, it is able to generate a time history 

that relates to it. 

The time history is then applied to a 3D model of the PID device. This is the PID 

device itself and some other steps are observed and concluded from this one as the 

initial dimensions of the design by observing the maximum stress strength due to the 

material. The PID device is then projected to the ultimate state of service in a case 

where the building member should be the first one to fail. As an output, it can generate 

dynamic data of the core. Although the core presents piezoelectric material properties, 

it is not settled to have energy features so far.  

The last model is the energy harvested one, where following all this cascade, it 

arrives at the amount of power harvested for several PIDs, in a building with a certain 

number of floors and so on. At this stage, some conclusions arose as the setting of an 

optimal resistance on the electrical circuit. The resistances are directly related to the 

electrical tension (voltage), but in piezoelectric materials, in an observed range of 

resistances it presents a sort of a bell configuration as pointed out in Figure 107. The 
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value is obtained after performing analysis with different maximum displacements and 

different frequencies. 

The stresses observed on the piezoelectric material core were very high and it 

was necessary to set a limit so it can be acceptable. As presented in the case study in 

chapter 6, the building was subjected to different wind conditions. The solution showed 

that the piezoelectric core presented higher values for stress than its maximum 

strength. Hence, it could be concluded that under a set limit as the 10th floor, the stress 

limits agreed with the literature.  

Finally, the harvested energy, also due to a stress limitation, was observed in 

the values until the mentioned 10th floor. By taking the wind velocities of 13 m/s, 17 

m/s, and 20 m/s, the power amount was 400mW, 2500mW, and 7000mW, respectively. 

Concluding that, by considering the lowest reference velocity  (ὺ ), which is equal to 

13 m/s, the power harvested on the lowest floor (5th ) where a PID is installed is 11 

mW. 

To summarize, the thesis presents as a novelty the conception of a PID device 

which show great achievements in harvesting energy from wind vibration and a second 

achievement in providing extra damping to the structures. The amount of power 

observed by the case study was the result of a series of analyses and it led to an 

affirmation that the device is reliable and can be further investigated. Also, the codes 

were built in a parametric way, making it simpler to change dimensions and other 

project criteria as well as aiming to further work. 
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8. Conclusions   

 
Energy harvesters are of great interest to provide power supply for smart sensors 

installed on buildings due to the potential of an infinitesimal source of energy. It also 

can work by prolonging the lifetime of batteries, for example. This work focused on 

demonstrating a novel device capable of providing electrical energy, using 

piezoelectric material to convert mechanical energy into electrical. Those devices were 

named PIDs. 

The main limitations were based on the excessive magnitude of involved forces 

and the amount of harvested energy. To proceed with the work, it was proposed 

‘structural blocks’ by taking the design similarity of rubber bearings, and the model was 

projected to have a piezoelectric material core working on two different types of 

nonlinear conditions: near bucking and impact situations. 

As presented the work methodology was to obtain the amount of energy harvester 

from a building with PIDs devices installed and submitted under wind using a power 

spectra density analysis. Before arriving on the solution for the harvested energy, it is 

also presented the whole concept of the device as well as initial considerations, which 

was the main effort of this work. 

Finally, it was possible to assess the device and obtain the quantity of harvested 

energy as a solution. Concluding that, by considering the lowest reference wind 

velocity  (ὺ ) for the wind forces input, which is equal to 13 m/s, the power harvested 

on the lowest floor (5th ) where a PID is installed is 11 mW. It is a considerable value 

when knowing that the minimum required power for full operation and cycle (data 

acquisition and transmission) is ranged between 100 μw and 200 μw (Petrini & 

Gkoumas, 2018; Weinstein et al., 2012).  

The PID device presents some damping to the structure, which was analyzed, by 

observing the peak acceleration of the last floor. This work also concludes the novelty 

of a device capable of harvesting energy from the wind in a building dotted with 
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features such as supporting the structural loads, providing additional damping to the 

structure and harvesting energy. Indeed, a new multipurpose device for civil 

engineering structures. A limitation is still due to the lack of devices with such pursuits 

to compare. 

As further works, there is the need of explore the optimization of the PIDs along the 

building, for example to generate an abacus data for different configurations. 

Furthermore, some limitations are still to be investigated, such as the fatigue 

phenomena that were not evaluated in this work, and the impact behavior needs to be 

explored. Last, the next phase of the study on PID devices will be the assembling of a 

prototype followed by its experimental investigation, which will allow the assessment 

and comparison with the current numerical simulations, for example, the fatigue 

phenomena and the installation of circuits. 
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Annex I 

Evaluation of the wind actions from CNR-DT 207 (CNR-DT 207, 2008) 

The evaluation of the actions and effects of the wind on buildings and their 

elements is necessary regarding different scenario of the project. One is the evaluation 

of the wind velocity of the project, but a list is present to make sure the project is 

considering all the possibilities about the wind nature. The parameters are observed 

according to the following: 

(a) the characteristics of the construction site are defined, the design speed and 

the peak wind kinetic pressure are assessed. 

(b) having defined the shape, dimensions and orientation of the building, the 

peak aerodynamic actions exerted by the wind on the building and its elements are 

evaluated. 

(c) having defined the mechanical properties of the construction and its 

elements, the following are assessed, according to the different situations and where 

necessary: the equivalent static actions, the dynamic response to wind actions; the 

dynamic and aeroelastic actions and effects due to the detachment of the vortices from 

constructions and slender elements, the onset of other aeroelastic phenomena, such 

as gallop, divergence, and flutter, or aeroelastic situations of interference. 

The instantaneous wind speed varies randomly over time and space. It is 

constituted from an average part, slowly varying in time and space, and from a 

turbulent fluctuation a null average, transforming over time and space. It is defined as 

peak kinetic pressure, the expected value of the maximum kinetic pressure. The design 

values of the average speed and of the turbulent fluctuation of the wind depend on the 

geographical position and the altitude above the level of the sea of the site where the 

construction is located, from the local characteristics of the land, from the roughness 

and topography, height above ground, probability of exceeding in a year or from return 
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period. The design values of the peak kinetic pressure of the wind depend on the same 

sizes and, moreover, from the density of the air. 

To define the wind speed it is necessary to define some other projects criteria 

that are the characterization of the geographical position and the altitude above sea 

level of the building, the base reference speed (vb), the project return period TR with 

the design reference speed (vr) evaluation, the local roughness of the ground in the 

site where the construction is located, by the definition of the category of exposure, the 

local topography of the site where the construction is located determining the 

topography coefficient is evaluated (ct), the average speed of the wind (vm) when 

necessary as for the determination of the aerodynamic actions on bodies with rounded 

surfaces or for the study of dynamic and aeroelastic phenomena, also when it is 

necessary the intensity of the turbulence Iv and the integral scale of turbulence (Lv) as 

in the analysis of dynamic and aeroelastic phenomena and last it is defined the peak 

wind kinetic pressure (qp) is evaluated . 

By now we will enter on each aspect to understand how to arrive on the wind 

speed of project. 

Basic wind speed (○╫) 

The basic reference speed (vb) characterizes the windiness of the area where the 

building is located. It is defined as the value of the average wind speed over a time 

interval T = 10 minutes, at a height of 10 m above the ground, on a flat and 

homogeneous ground with roughness length z0 = 0.05 m (II exposure category, as 

Figure 116 - Criteria for the assignment of the exposure category for the various zones 

of Italy from CNR 207.), referring to a return period TR = 50 years. 

In the absence of specific and adequate statistical surveys that consider the roughness 

of the site, the terrain topography and the wind direction, by location placed at an 

altitude lower than 1500 m above sea level, the reference base speed must not be 

assumed to be less than the value given by: 
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ὺ ὺȟὧ,                                                                                                   (2.15) 

with, ὺȟ the basic reference wind velocity at sea level as Table 10 and Figure 114 

indicates, and ὧ is the altitude factor provided by ὧ ρ, for ὥ ὥ, and by ὧ ρ

Ὧ ρ, for ὥ ὥ, where ὥ and Ὧ are parameters from Table 10 related to the 

construction site and ὥ is the altitude above the sea level construction site. 

Table 10 – Parameter ὺ , ὥ and Ὧ for Italy. 

Area Zone vb,0 

(m/s) 

a0 

(m) 

ka 

1  Valle d’Aosta, Piemonte, Lombardia, Trentino-Alto Adige, 

Veneto, Friuli-Venezia Giulia (except for Trieste 

Province)  

25  1000  0,40  

2  Emilia Romagna  25  750  0,45  

3  Toscana, Marche, Umbria, Lazio, Abruzzo, Molise, 

Puglia, Campania, Basilicata, Calabria (except for 

Reggio Calabria Province)  

27  500  0,37  

4  Sicilia and Reggio Calabria Province  28  500  0,36  

5  Sardegna (area to the east of the line joining Capo 

Teulada to the island of La Maddalena)  

28  750  0,40  

6  Sardegna (area to the west of the line joining Capo 

Teulada to the island of La Maddalena)  

28  500  0,36  

7  Liguria  28  1000  0,54  

8  Trieste Province  30  1500  0,50  

9  Islands (except for Sicilia and Sardegna) and open sea  31  500  0,32  
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Figure 114 ï Zones characterized by uniform basic reference wind velocity values 

from CNR 207. 

For the cases where the altitude is above 1500m of the sea level this basic wind 

velocity is obtained by statical analysis presented in the literature. This procedure is 

also recommended in the proximities of summits and ridges, but the values should not 

be less than those using the procedure above (until 1500m) 

Design return period and design reference velocity (○►) 

It is the maximum value of the 10-minute mean wind velocity at a height of 10 m above 

flat open terrain with roughness length z0 = 0,05 m (exposure category II), for design 

return period TR. It is calculated as: 

ὺ ὺὧ                                                                                                          (I.1) 
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with ὧ as the return factor given by the equations bellow, and denoted on Figure 115, 

with Ὕ being the design return period in years: 

¶ ὧ πȢχυ for Ὕ = 1 year.                                                                          (I.2) 

¶ ὧ πȢχυπȢφυς ÌÎ Ὕ  for ρ ώὩὥὶ  Ὕ υ ώὩὥὶί                               (I.3) 

¶ ὧ πȢχυρ πȢςÌÎÌÎρ   for υ ώὩὥὶί  Ὕ υπ ώὩὥὶί          (I.4) 

¶ ὧ πȢφυρ πȢρσψÌÎÌÎρ  for  Ὕ υπ ώὩὥὶί                       (I.5) 

 

Figure 115 - Graph of return factor ὅ  versus return period Ὕ 

Exposure category  

It is pointed the parameters to determine the mean wind velocity, the turbulence 

intensity, and the peak velocity pressure. To know it is presented a table with the terrain 

factor Ὧ, roughness length ᾀ and minimum height ᾀ . Table 11 indicates those 

parameters regarding the exposure category from Figure 116. 



Piezoelectric Connectors for Energy Harvesting Purposes on Wind-Excited Buildings 

__________________________________________________________________________ 

 

Juliano Ferreira Martins                                                                                                      148      

  

Table 11 - Parameters Ὧ, ᾀ , and ᾀ  

Exposure category kr z0 (m) zmin (m) 

I 0,17 0,01 2 

II 0,19 0,05 4 

III 0,20 0,10 5 

IV 0,22 0,30 8 

V 0,23 0,70 12 

 

 

Figure 116 - Criteria for the assignment of the exposure category for the various 

zones of Italy from CNR 207. 
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To identify the categories presented on Figure 116, it is necessary to classify the 

roughness class, which is related to the topography. There are three classes divided 

in A: B, C and D.  

¶ Class A – for urban areas where at least 15% of the surface is covered with 

buildings and their average height exceeds 15m. 

¶ Class B – urban (not covered on class A.), suburban, industrial or forest area. 

¶ Class C – areas not covered in class A, B, D, and areas with closely-spaced 

obstacles as threes, houses, walls, fences, etc. 

¶ Class D – Sea and its coastline when not more than Km from the shore. Lakes 

with width of at least 1 km and its shoreline but not more than 1 km from the 

shore, and area w no obstacles or occasional isolated obstacles as open 

countryside, airports, farmland, pastures, marshland or sand areas, snow, or 

ice-covered areas, etc.… 

 

When the class cannot be easily identified and by the lack of any specification, on 

this case any area should be specified as class C. It shall be assumed that the site 

belongs to roughness class D when the structure is built in the areas denoted in Tables 

from Figure 116 by the letters a) or b) or when within a radius of 1 km from the structure 

there is a sector wide at least 30° in which at least 90% of the terrain is of the type 

denoted in Tables in Figure 116 by the letter c); It may be assumed that the site belongs 

to roughness class A or B, provided that the structure is located in the corresponding 

area indicated in Table in Figure 116, within a radius of at least 1 km and never less 

than 20 times the height of the structure, for all wind direction sectors of at least 30°. 

Where doubts exist regarding the assignment of a roughness class, the most 

unfavorable class shall be taken (bearing in mind that wind action is lowest in class A 

and highest in class D). 

Topography coefficient ╬◄ 

It is generally a function of height above ground ᾀ and it considers the construction 

site’s topography. On cases where there is a lack of information to know the 

characteristics of the topography both flat areas and undulated, hilly and mountainous 
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areas assume the value of 1. The cases of sites on top isolated hills and crests the 

coefficient should be calculated by the CNR 207 wind code indication, also on 

structures located in valleys where wind funneling may occur assessment should be 

made to set the criteria. 

Mean velocity (○□) 

The mean velocity considered over a time (T) of 10 minutes depends on the height 

above ground (z), on local wind climate, on design return period and on local features 

of the construction site. Generally, on cases with absence of deep analysis and where 

the height above the ground does not exceed 200 m, the mean wind velocity is 

provided by: 

ὺ ᾀ ὺὧ ᾀ                                                                                                (I.6) 

with ὺ  as the design reference velocity and ὧ  the mean wind velocity profile 

coefficient provided by the following: 

ὧ ᾀ ὯÌÎ ὧᾀ , for ᾀ ᾀ                                                          (I.7) 

ὧ ᾀ ὯÌÎ ὧᾀ, for ᾀ ᾀ                                                            (I.8) 

where the Ὧ, ᾀ, ᾀ ȟ and ὧ are the terrain factor, the roughness length, the minimum 

height, and the topography coefficient, respectively. 
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Figure 117 - Cases of ὧ ᾀ when ὧ ᾀ  ρ from CNR 207. 

Atmospheric turbulence  

It is defined as the zero-mean fluctuation of the instantaneous wind velocity. It presents 

two parameters which are the turbulence intensity ╘○ and the turbulent length ╛○. 

The turbulence intensity ╘○ is the standard deviation of the longitudinal turbulent 

component divided by the mean wind velocity.  It is calculated as bellow for heights 

nor exceeding 200m.  

Ὅᾀ  for ᾀ ᾀ                                                                      (I.9) 

Ὅᾀ  for ᾀ ᾀ                                                                              (I.10) 

where ᾀȟᾀ  and ὧ are the roughness length, minimum height, and topography 

coefficient, respectively.  
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Figure 118 - Ὅ ᾀ diagrams for various exposure categories where ὧ ᾀ  ρ from 

CNR 207. 

The turbulent length ╛○ is represented as the average size of eddies forming the 

atmospheric turbulence. It is calculated by: 

ὒ ᾀ  ὒ 
Ӷ

 for ᾀ ᾀ                                                                             (1.11) 

ὒ ᾀ  ὒ 
Ӷ

 for ᾀ ᾀ              (1.12) 

with ᾀӶ being the reference height of 200 m, ὒ the reference length of 300 m, ᾀ  the 

minimum height and ‖ a coefficient depending on the exposure category given in the 

Table 12 below. Also, it is presented on Figure 119 the curves relative a case varying 

the height ᾀ for different exposure categories. 
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Table 12 - Coefficient ‖ on the exposure categories 

Site exposure 

category 
‖ 

I 0,44 

II 0,52 

III 0,55 

IV 0,61 

V 0,65 

 

 

Figure 119 -  ὒ ᾀ diagrams for various exposure categories from CNR 207. 
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