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Abstract
Piezoelectric harvesters are environmentally sustainable alternative electrical production technologies aimed at supplying

small autonomous devices. The particular application in roads has significant potential. However, there are discrepancies

about the effectiveness of these harvesters, and their costs limit their market expansion abilities. In this context, a novel

harvester approach is explored that includes low-cost membrane piezoelectric patches in modified cymbal devices. The

main novelty of this approach is the inclusion of an inner contact column that punctually transmits the load of the caps of

the cymbal to the centre of the membrane piezoelectric patch, maximising its deformation and energy production capa-

bilities. Experimental tests on piezoelectric elements, harvesters and embedder harvesting units have been performed with

numerical simulations to optimise the design of the harvester. The results indicate that the more punctual the inner contact

column is, the more electrical energy is produced, reaching values ten times greater than those of the present cymbal

configuration. Embedding the harvester into a flexible pavement and positioning it under a wheel track are beneficial

aspects of the execution. Finally, the dependency on the wheel speed is confirmed with wheel-track tests on a represen-

tative pad of the system.

1 Introduction

Developing efficient sustainable energy production tech-

nologies is one of the main social challenges to date.

Although there are some commercial solutions using solar,

sea or wind energies, there is still a wide range of possi-

bilities to be developed or scaled to practical applications.

This case is true for piezoelectric-based energy harvesting

alternatives. This concept includes a wide range of systems

based on turning input mechanical energy into electrical

energy by using the piezoelectric effect.

In this context, piezoelectric road energy harvesting is

interesting because of several advantages. First, this system

can be installed on remote points of road networks that are

not reached by the electric distribution infrastructure. Thus,

this technique allows the creation of an electrical supply

point where it is not currently available for use in activities

related to traffic use. In addition, the production of

electricity is based on harvesting the mechanical energy

deployed by vehicles that are using the road. Hence, the

primary source of the energy is provided by the users, who

contribute to generating the energy that the infrastructure

requires to offer them mobility. Moreover, piezoelectric

harvesting is mostly independent from environmental

conditions, which is a great advantage with respect to cli-

mate-dependent harvesting; its installation embedded into

road pavement assures the required protection against

vandalistic actions. The result is a resilient, responsible and

local energy production system.

Regarding the potential applications of piezoelectric

energy harvesting, according to US government informa-

tion (CIA 2021), there were approximately 22 million km

of paved roads worldwide in 2021. However, there are a

great variety of harvesting alternatives proposed in the

literature, and their associated effectiveness is still con-

troversial. It is possible to find energy production values of

approximately 1 lJ/wheel, as in the study presented by

Chen et al. (2016), for different piezoelectric solutions,

such as films or stacked disks. However, other authors

increase this production to 400 mJ/wheel, such as in the

research conducted by Sun et al. (2015) on PZT vibrating

devices or the research carried out by Kok et al. (2016) on
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cymbal elements. Despite these promising results, there are

still overly optimistic proposals that do not consider real

traffic incidences (cars are not exciting harvesters contin-

uously) or the significant stiffness difference between the

harvester and the pavement that reduces mechanical–me-

chanical energy transmission efficiency. Thus, performing

comprehensive research on the electromechanical charac-

terisation of piezoelectric elements, the assessment of the

embedded harvesting units in realistic conditions, and the

design and optimisation of the harvesting unit, is currently

the required approach to present properly contextualised

data.

Considering different architectures for harvester design,

there are some significant reviews focused on piezoelectric

working mode alternatives, such as the study by Caliò et al.

(2014), or oriented to the piezoelectric architecture for the

specific application as a road pavement harvester, such as

the study by Zhao et al. (2012). Concerning the piezo-

electric working mode, most of the studies carried out have

been based on compression-activated or bending-activated

modes.

The multilayer configuration (Fig. 1) is based on stacked

compression-activated piezoelectric elements that use the

traffic-induced mechanical stress in pavement to generate

an electrical output. The main characteristic of this con-

figuration is the elevated stiffness (Zhao et al. 2012), which

turns into a high conversion ratio; however, some authors

note that the total energy harvested is reduced because a

small part of the external mechanical loading is transmitted

to the stiff piezoelectric system. One example of an energy

harvester designed with this working principle is the one

proposed by (Wang et al. 2018), who studied the use of

protective pads to assure a centred and axially oriented load

application for multilayer piezoelectric devices. Eccen-

tricities or bending efforts derived from the applied load

may easily lead to piezoelectric breaking; thus, these

auxiliary elements are necessary for this piezoelectric

configuration. In addition, multilayer piezoelectric devices

may be obtained by co-firing or adhesive processes (Wang

et al. 2019), with the latter being more reliable under high

loads applied at low frequencies and thus more suitable for

energy harvesting in pavements. In the same study, the

authors provided data about the lifespan of this kind of

piezoelectric generator. Additionally, in compression

mode, there is the alternative of using spherical solid

piezoelectric elements, as proposed by Guo and Lu (2019).

This approach eliminates the centring and orienting load

issues; however, the production of spherical-shaped

piezoelectric elements has not yet been industrialised.

Similar to multilayer piezoelectric devices, cymbal,

bridge or mooney devices are compression activated;

nevertheless, the piezoelectric elements installed in these

configurations are generated in both axial and bending

configurations. Moonie, cymbal and bridge configurations

are all based on the same concept. These configurations are

composed of a ceramic plate that has two metal end caps

bonded, one at each side, leaving cavities, as shown in

Fig. 1. When activated by a compressive load, the end cap

transforms the axial load into a radial load, and the mag-

nitude of this load is increased. As a result, the piezo-

electric plate is generated by axial and bending modes,

increasing the effectiveness of the mechanical–electrical

conversion, as reported by Pérez-Lepe et al. (2016). These

systems show an apparent stiffness that can be adjusted to

the pavement system, allowing almost perfect mechanical

compatibility with the installation environment. Among

these systems, the bridge system (rectangular ceramic)

seems to be the most efficient according to Zhao et al.

(2012). Several applications of this end-cap auxiliary setup

are found in the literature. Goh et al. (2017) proposed an

asymmetric cymbal configuration to enhance its perfor-

mance. Jasim et al. (2018) proposed an energy harvester

Fig. 1 Piezoelectric configurations for energy harvesting purposes
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based on piling bridge units in a matrix manner to con-

figure an energy harvester system (Fig.2).

Alternatively, there are piezoelectric configurations

based only on bending activation. This basis is the case for

unimorf, bimorph, thunder, rainbow or MFC (macro-fibre

composite) systems (their geometric configurations in

Fig. 1). The main idea of each of these systems is to har-

vest energy from a mechanical vibration input. Hence,

being able to modulate the mechanical vibration acting on

the generator is crucial for the efficiency of these config-

urations. The study by Yildirim et al. (2017) notes several

strategies for this task: increasing the action on the piezo-

electric by adapting the shape (trapezoidal) of the plate

where the piezoelectric is mounted, increasing the vibra-

tion duration by adding masses or magnetic fields,

increasing the vibration amplitude by adding mechanical

elements, increasing or tuning the vibration frequency by

prestressing elements, defining nonlinear systems to extend

the optimum frequency conversion value to a wider range,

or increasing the degree of freedom of the mechanical

system where bending piezoelectric devices are included to

harvest energy from different types of vibration.

Hundreds of energy harvester architectures based on

bending piezoelectric are available in the literature. In this

paper, some of these studies are reported to illustrate the

main conceptual strategies. Mitcheson et al. (2004) pro-

posed three different designs from a simple membrane

bending system to a Coulomb-force parametric generator,

including a case with several degrees of freedom. Moon

et al. (2014) used a radial array of cantilever plates with

bending piezoelectric mounted on them that were activated

by a rotational element (Fig. 2). Yang et al. (2017) pro-

posed mounting bending piezoelectric devices on fixed–

fixed plates that were simultaneously activated by an out-

of-plane oscillation displacement of one of the fixed plate

endings (Fig. 2). Finally, Saxena et al. (2017) proposed a

system based on a 4-beam cross-shaped configuration that

had a weight in the centre as the optimum bending system

for bending piezoelectric generation.

Apart from single piezoelectric transducer-type har-

vesters, there are alternative hybrid systems that are

intended to excite different piezoelectric elements that

work in different modes in a single harvester configuration.

This is the case, for example, of the work presented by Xu

et al. (2018), who combined bending piezoelectric ele-

ments with compression piezoelectric elements in a unique

generator unit to harvest both stress-associated energy and

vibration-associated energy.

To complement the possible cases, there are some

energy harvesting devices that are based on secondary

deformation modes to collect energy from the environment.

This basis is the case for the work presented by Caliò et al.

(2014), who included the study of the shear mode gener-

ator. The main issue of this alternative is that both stress

and polarisation are perpendicular to the electrical output,

requiring two independent sets of electrodes: one for

polarisation during production of the piezoelectric and the

other for the operation.

Finally, note that there are several available studies that

compare different generating strategies using piezoelectris.

Among these studies, the works by Yang et al.(2017) and

Xu et al. (2018) are outlined because of their wide ranges

of applications considered in the energy harvesting field.

Regarding the position of the piezoelectric harvesters,

they can be installed in a device embedded into the pave-

ment or in a device apart from the pavement, leaving only

the mechanical energy caption device in the road. In the

latter case, the energy harvester architecture is not influ-

enced by road pavement properties and is slightly influ-

enced by traffic definition. In contrast, the architecture of

the energy harvester and the definition of its installation

position are highly influenced by several parameters in the

former case. These parameters include traffic definition

(weight, distance between wheels, tire footprint and speed)

Fig. 2 Energy harvester architecture examples. a Matrix array of

piezoelectric bridge devices for harvesting compressive forces. Based

on the concept by Jasim et al.(2018). b Free vibration of bending uni/

bimorf piezoelectric devices activated by rotatory movement. Based

on the concept by Moon et al2014). c Forced synchronised vibration

of uni/bimorf piezoelectric devices activated by oscillatory move-

ment. Based on the concept by Yang et al. (2017)
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and pavement definition (stiffness and in-depth stress dif-

fusion). Wang et al. (2018) determined the optimal device

transversal and longitudinal dimensions based on the

characteristics of the tire footprint of heavy and light

traffic. Additionally, the longitudinal separation between

devices is calculated for light and heavy traffic based on the

wheelbase. These calculations are based on the hypothesis

of the superficial installation of the energy harvester and

tire footprint. In contrast, Zhao et al. (2012) used the stress

distribution to calculate the activation time for each wheel

passing the pavement at a fixed speed. This approach

allows us to characterise the expected loading pattern:

activation time, frequency and load (resulting from vehicle

weight estimation), which is useful for defining the loading

for representative laboratory characterisation tests in a

more accurate manner.

Pérez-Lepe et al. (2016) adapted the materials, geometry

and structural configuration of the energy harvester to

approximate the equivalent resulting stiffness of the device

with the pavement to maximise the production of cymbal

harvesters.

Considering the state of the art, a reasonable design for a

harvesting system based on the known limitations of this

technology instead of trying to reproduce optimum labo-

ratory results in practical applications is needed. Thus,

choosing low-cost membrane piezoelectric patches in a

justified manner, developing an ad hoc activation system

and assessing its performance under realistic conditions are

the three main aims of this research. Using membrane

piezoelectric elements in cymbal-like harvesters, including

a punctual activation tool, is the main novelty of this

research in terms of harvester design.

2 Materials and methods

Three types of piezoelectric elements were initially selec-

ted to perform an experimental comparison analysis of the

compressive, bending and membrane alternative typolo-

gies. Based on the obtained results presented later in this

study and in the literature, membrane piezoelectric patches

were selected, and ad hoc harvesting encapsulation was

designed and optimised by combining both experimental

and finite element analysis methods. In addition, the opti-

mal position of the harvester in standardised pavements

was numerically studied. Finally, a series of 25 harvesting

devices were produced and tested in three environments:

isolated, embedded in a specific resin-based pavement pad

and as part of a mesh of harvesting elements embedded in

the analogous conditions.

The three types of piezoelectric elements that were

initially considered are compressive piezoelectric ceramic

disks (PRYY ? 0170 by PICeramics (PI 2019)),

piezoelectric circular membranes TXJ-055-EU by Timestl

(Amazon 2022) and piezoelectric bending patches DurACT

P876-A12 (PI 2022).

Tests were performed to precisely determine the input

mechanical action and the output electrical signal of the

different piezoelectric alternatives to compare their per-

formance levels under a loading configuration that repre-

sented the traffic action in terms of stress (maximum

1 MPa) and duration/frequency (approximately 10 Hz).

Compressive disks were tested under a theoretical cyclic

action of � 314 N range (corresponding to 1 MPa stress)

at six different frequencies: 0.5, 1, 2, 4, 8 and 16 Hz. An

M30 steel bar was used to apply the load (Fig. 3). Elec-

trical resistance at the output was tuned at 398 kX to

maximise the electrical energy harvested. Tests were

repeated twice with and without a 1 mm thick neoprene

plate at each side of the piezoelectric disk. These rubber

pads were used to prevent the fragile breaking of the

piezoelectric ceramic.

The tests on compressive piezoelectric disks resulted in

production between 0.30 lJ/cycle and 5.50 lJ/cycle,
depending on the testing frequency. Only the results of the

tests including neoprene plates were useful, as long as

piezoelectric ceramic disks broke in all cases tested without

this element. Table 1 shows the testing frequency, the total

force amplitude that was measured, the produced electric

energy per cycle and the experimental amplitude of the

displacement. Two main ideas arose from the analysis of

these results. First, the energy production increased with

increasing frequency of the applied load. Second, the

measured displacement was under 400 lm, including the

deformation of two neoprene layers with 1 mm thick-

nesses. The elastic modulus of neoprene was experimen-

tally determined for the considered stress range, and it was

9.58 MPa. This result suggested that 209 lm was directly

associated with neoprene, resulting in deformations of the

ceramic disk of approximately 200 lm or less.

Membrane piezoelectric patches were tested in a circu-

lar fixed contour configuration by applying a controlled

displacement at the centre (an M6 nut was used as the

loading tool). Tests were carried out with 550 kX electrical

resistance connected at the piezoelectric output. This

electrical resistance was tuned with previous tests. Testing

frequencies ranged from 0.1–10 Hz. The displacement at

the central point of the piezoelectric membrane patch was

measured with an LVDT sensor (Fig. 4). This test setup

was used for two different series. The first series applied a

theoretical displacement with a fixed range of 70 lm, and

the frequency was modified. The second series was per-

formed at a fixed frequency of 4 Hz, and the applied dis-

placement amplitude was modified. These two different

series were set because the data from the first series were

988 Microsystem Technologies (2023) 29:985–998
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used to calibrate the numerical model, whereas the second

series was used to validate it with an independent dataset.

By observing the results of the tests on piezoelectric

membrane patches of the first series (Table 2), the elec-

trical output energy was found to range from 0.28 lJ/cy-
cle–4.72 lJ/cycle, depending on the excitation frequency.

However, in this case, it seemed that the optimum results

were obtained at an excitation frequency of 6 Hz, being

less efficient for higher frequencies. The measured applied

force corresponded to an approximate equivalent stress of

2.5 MPa on the M6 nut effective surface, which was only

0.3 MPa if the surface of the ceramic was considered.

These results were used later to calibrate the numerical

model.

The results of the second characterisation series of

membrane piezoelectric patches are summarised in the first

two columns of Table 3 and Figure. 5. For a fixed excita-

tion frequency, increasing the movement amplitude caused

an increase in the output energy that exceeded 10 lJ/cycle.
These results were used later to validate the numerical

model.

Finally, bending piezoelectric patches were tested after

mounting them on cantilever beams. Six different beams,

including two materials (polystyrene and aluminium) and

three lengths, were used. The beams were excited with a

cyclic displacement of a fixed range and by varying the

frequency from 2–20 Hz. The optimum electrical output

load was set at 230 kX after tuning. An extensive report

about these tests is in (Bernat-Maso and Mercedes 2022).

The best results of these tests were obtained when piezo-

electric devices were mounted on aluminium plates. In this

case, the produced energy moved from 96 lJ/cycle–957
lJ/cycle in the cases of 5 mm displacement imposed at

7.9 Hz and 10 mm displacement imposed at 21.7 Hz,

respectively.

By comparing the overall performance levels of the

three tested piezoelectric elements, it was possible to select

the optimum one for the intended research. First, mem-

brane and compressive piezoelectric devices obtained

Fig. 3 Test setup for compressive piezoelectric disks with neoprene contacting the disk (left) and without neoprene contacting the disk (right)

Table 1 Results of the characterisation tests on piezoelectric com-

pressive disks

f (Hz) F(N) EOUT (lJ/cycle) a(lm)

0.5 604 0.30 407

1 596 0.53 382

2 598 1.04 359

4 616 2.24 358

8 610 3.54 338

16 566 5.50 291

Fig. 4 Test setup for membrane piezoelectric patches

Table 2 Results of the characterisation tests on piezoelectric mem-

brane patches when imposing a theoretical fixed displacement of

70 lm

f (Hz) F

(N)

E OUT

(lJ/cycle)
a (lm)

0.1 32 0.28 70

0.5 30 1.17 62

1 29 1.75 58

2 26 2.11 47

4 27 4.43 48

6 26 4.72 47

8 24 3.99 36

10 26 3.35 42

Table 3 Results of the validation simulations of numerically mod-

elling the piezoelectric response

a(lm) EOUT_EXP (lJ/cycle) EOUT_SIM (lJ/cycle) Variation (%)

16 0.67 0.30 -55.2

21 0.25 0.52 108.0

29 1.67 0.99 -40.7

44 2.88 2.29 -20.5

60 5.05 4.25 -15.8

75 6.29 6.64 5.6

87 7.17 8.94 24.7

98 11.36 11.34 -0.2

105 10.50 13.02 24.0

Microsystem Technologies (2023) 29:985–998 989

123



similar output energies per cycle; however, the second

device showed fragile behaviour, resulting in a nonreliable

alternative requiring complex load distribution systems,

such as those presented by Wang et al. (2018). In addition,

the cost of the compressive disk was approximately 10 €,
whereas it was 0.50 € for the membrane piezoelectric

patch. Thus, between these two alternatives, a membrane

piezoelectric patch would be selected. Compared with the

bending patch, this last patch produced far more energy

(approximately 200 times more than the membrane

piezoelectric patch); however, it required large deforma-

tions (over 5 mm) that were incompatible with embedding

them into the pavement. In addition, bending patches cost

approximately 65 €, resulting in an equivalent cost per unit

of produced energy to the membrane piezoelectric patches.

Thus, because of their mechanical compatibility with the

required application, their robustness and their reduced

cost, membrane piezoelectric patches were selected to

carry out the development of the energy harvester.

The harvesting device was designed using finite element

analysis tools. The general-purpose software ANSYS

WorkbenchTM R19.2 was used. The realistic geometry of

the piezoelectric was considered, including the brass plate

(27 mm diameter and 0.2 mm thick) under a piezoelectric

ceramic (17.5 mm diameter and 0.01 mm thick); however,

the adhesive between these two materials was neglected.

The initial piezoelectric properties were assumed to be

those from the PIC255 ceramic (PI 2023) (d31a= 194.7 pC/

N). This property was included in a similar manner to

(Mehrabi et al. 2019). The first simulations aimed to cali-

brate the piezoelectric responses of the selected membrane

piezoelectric patches. This first model represented the

characterisation test in Fig. 4. 2D axisymmetric simplifi-

cation was considered. The external contour of the brass

plate was fixed, whereas an imposed displacement was

applied perpendicular to the membrane piezoelectric patch

plane at its centre. Different values of imposed displace-

ment were considered corresponding to the experimental

evidence. All parts were completely bonded on their con-

tacts. Mesh convergence analysis was carried out, resulting

in discretisation of the domain of the harvester into ele-

ments of different sizes depending on the required accuracy

and computational resources. Piezoelectric ceramic was

discretised into 2 lm size elements, whereas the rest of the

parts used a larger size of 50 lm. The total number of finite

elements of a representative studied harvester was 35000.

A total of 21000 of these elements were aimed at dis-

cretizing the piezoelectric part, and 20,000 of them repre-

sented the piezoelectric ceramic. In all cases, these

elements were PLANE183 type, which are 8-node quad-

ratic displacement elements.

The obtained results are summarised in Table 3, where

a is the imposed displacement, the second and third col-

umns are the electrical output energy per cycle (experi-

mental and simulated) and the last column shows the

relative difference between these two values. The average

of the absolute values of the relative error between the

simulation and experimental results was 32.7%. This error

was 14% if the five cases with higher produced energy

were considered. Figure 5 presents these results graphi-

cally, and good accuracy could be noticed. Thus, modelling

of the piezoelectric response was accurate enough for use

as a reference to develop the energy harvester device.

After characterising and validating the model of the

membrane piezoelectric patch, the design of the harvester

unit was based on numerical simulations to optimise the

mechanical definitions of two cymbal plates. 2D axisym-

metric hypotheses were considered in the optimisation of

the harvesting device. The optimisation procedure included

hundreds of simulations modifying the bottom and top

diameters, height, thickness, bending radius of the cymbal

plate, the thickness of the neoprene washers and the pres-

ence/absence and radius of the inner contacting tool. In

addition, this inner contact column was initially set as an

empty cylinder defined by its internal and external radii.

Including this inner contacting column (Fig. 6) is a novelty

of this research that the authors have not found in the lit-

erature. Optimising this element was a key point of the

methodology. Each variable was modified independently of

the others to look for the associated trend.

All parts were bonded, and PLANE183 elements were

used. Mesh convergence analysis was carried out, resulting

in discretisation of the domain in 2 lm size elements for

piezoelectric and 50 lm size elements for the rest of the

parts. The optimisation process sought to maximise the

average strains in piezoelectric ceramic but limited them to

a maximum value of 0.00175 (Guillon et al. 2004) to

prevent fragile breaking. In addition, a safety factor of 1.5

Fig. 5 Test setup for membrane piezoelectric patches

990 Microsystem Technologies (2023) 29:985–998
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was set on the von Mises equivalent stress value in com-

parison with the yielding stress for cymbal aluminium

plates (260 MPa). Aluminium was set for the inner contact

column.

The optimisation process was iterative because adjusting

one of these variables affected the optimum values of the

other variables. Thus, the initial sensitivity analysis was

presented (Fig. 7) to illustrate the trends of all these vari-

ables. The average strain in the piezoelectric ceramic was

used as a comparative variable because the generated

energy was directly related to it. Using the strain to carry

out the optimisation of the harvester made it possible to

analyse the mechanical problem without including the

piezoelectric effect to reduce computational cost. Figure 7a

shows that including the inner contact column increased

the produced energy by approximately ten times, and it was

beneficial for reducing the thickness of the cymbal.

Regarding the geometry of the inner contact column

(Fig. 7b), reducing the external radius caused significantly

increased the produced energy; reducing the internal radius

(Fig. 7c) increased the generated energy. Regarding the

internal and external radii of the cymbal (Fig. 7d and e),

increasing both was associated with an increase in the

generated energy, although modifying the external radius

showed a greater effect. With the opposite trend, reducing

the free height of the cymbal (Fig. 7f) increased the output

electrical energy.

Modifying the thickness of the neoprene washer had no

effect according to the simulation results. The optimum

design was the one presented in Fig. 6 with a solid inner

contact column of 1 mm radius.

Regarding the study of the influence of the position of

the harvesting device on standardised pavement configu-

rations, two asphaltic pavement standard definitions (4211

Fig. 6 Optimum and practical designs of the harvesting device. Units in mm
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Fig. 7 Sensitivity analysis of the variables defining the design of the

harvester
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flexible and 0032 stiff according to 27, see Fig. 8 for

material properties of the pavement) and four extreme

positions of the harvesting device in the top layer of the

pavement were considered: (TC) centred under the load

with its upper part levelled with the pavement surface,

(TD) at the same height but 900 mm from the centre of the

applied load, (BC) the bottom face of the harvester levelled

with the interface between the top layer and the bottom

layer and centred under the load, and (BD) at the same

height but 900 mm from the centre of the applied load

(Fig. 8c).

2D axisymmetric simulations were used to keep the

coherence with previous optimisation analysis and to use

smaller size elements for the discretisation of the harvester

device without increasing the computational requirements

over the available resources.

Different horizontal positions (R = 0–900 mm) and

vertical distances (D = 0.01–32.6 mm (0032)/

42.5 mm(4211)) were simulated between cases TC, TD,

BC and BD (Fig. 8). The results were plotted and are

displayed in Fig. 9; the average strain in the piezoelectric

ceramic was used as a comparison variable.

By analysing the effects of the horizontal position,

several points between BC and BD were analysed for both

pavement systems (stiffer 0032 and more flexible 4211);

the results were plotted and are displayed in Fig. 9 on the

left. It must be noted that the position levelling the bottom

face of the harvester to the interface between the top

pavement layer and the following one was different for the

0032 definition (32.6 mm) than for the 4211 configuration

(42.5 mm). Nevertheless, the trend was the same: the

greater the distance between the load and the position of

the harvester, the lower the deformation obtained in the

piezoelectric body. The beginnings of these curves were

altered by the 200 mm definition of the load radius. For all

positions, using a more flexible solution allowed a greater

(over three times) strain inside the piezoelectric unit.

Regarding the effect of the in-depth position of the har-

vester, for all cases, the strain decreased when the harvester

was closer to the surface. This phenomenon could be due to

the beneficial effect of the harvester being surrounded by

the more flexible environment (2nd pavement layer).

However, this finding was not the case for the centred

position under the load in 4211 pavement, which showed

greater strains when the harvester was immediately placed

under the load at the pavement surface.

Fig. 8 a 4211 pavement

definition. Dimensions in mm.

b 0032 pavement definition.

Dimensions in mm. c Studied

positions of the harvesting unit

with respect to the road path:

TC stands for top centred, TD

stands for top displaced, BC

stands for bottom centred and

BD stands for bottom displaced.

Dimensions in mm

Fig. 9 Numerical results of the optimisation of the harvester position

in the pavement. Horizontal position (left) and vertical position (right)
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3 Experimental tests on harvesters, results
and discussion

To validate the theoretical design, several tests were con-

ducted on insulated harvesters, single embedded harvesters

and a grid of interconnected harvesters. First, to produce

the proposed energy harvesters, aluminium sheets of

0.5 mm thickness were used to produce cymbal plates to

embed the selected membrane piezoelectric patches. A 1

and 5 mm thick neoprene rubber was used for the electrical

isolation of the piezoelectric part and to promote its

deformation, although theoretical results showed no influ-

ence. To extend the experimental study of alternative

designs of the harvester, a stainless steel M2 nut, two

stainless steel M4 washers, an M2 nylon nut or 4 mm edge

wood cubes were mounted between the top cymbal plate

and the piezoelectric membrane patch in such a manner

that it was partially prestressed, and the load transmission

was punctually applied on the centre of the piezoelectric

membrane patch to maximise its deformation. Finally,

harvesters were embedded into a flexible resin typically

used for punctual road repair (FirflexTM by Sorigué). This

alternative provided a more flexible environment (favour-

able with previous simulation results), and it assured high

bonding performance to place the devices closer to the

surface exposed to the traffic action. FirflexTM is a mixture

of polymers and alcohols, and its main component is

methyl methacrylate.

Table 4 Results of the tests on

isolated harvesters
Inner contact column Neoprene washer thickness (mm) Force range

(N)

EOUT (J/cycle)

4 mm wood cube 5 113 6.98 � 10- 8

2 M2 nylon nuts 5 113 1.01 � 10- 7

M2 stainless steel nut 1 113 1.08 � 10- 7

2 M4 stainless steel washers 1 113 1.19 � 10- 7

No inner contact column 1 113 7.01 � 10- 9

Fig. 10 (left) Sketch of the 4

considered embedding positions

of piezoelectric harvesters into

FirflexTM resin and (right) pad

with a single embedded

harvester (case of embedding

type 2)

Table 5 Tests and results of single embedded harvesters

Test EOUT single (J/cycle) Embedding type Testing orientation EOUT embedded (J/cycle) Difference (%)

11U-1 2.60E-8 1 Upwards 9.66E-8 272

11U-2 1 Upwards 8.54E-8 228

12U-1 4.72E-8 1 Upwards 8.98E-10 -98

12U-2 1 Upwards 1.22E-9 -97

12D-1 1 Downwards 1.19E-9 -97

21U-1 5.77E-8 2 Upwards 7.80E-9 -86

22U-1 1.98E-9 2 Upwards 1.24E-9 -37

22U-2 2 Upwards 9.06E-10 -54

31U-1 6.31E-8 3 Upwards 9.01E-10 -96

32U-1 5.95E-8 3 Upwards 5.62E-8 -5

32D-1 3 Downwards 5.71E-8 -4

41U-1 1.63E-8 4 Upwards 2.93E-9 -82

42U-1 1.59E-8 4 Upwards 1.35E-10 -99

42D-1 4 Downwards 2.11E-9 -87
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First, cyclic compressive tests on different single har-

vester units were carried out to experimentally assess the

influences of some of the practical design variables (inner

contact column definition and thickness of neoprene

washer) on the electrical output. The mechanical action

was constant, and it was defined as a cyclic load with a

1 MPa range and a 10 Hz frequency. Load cycles were

implemented to maintain a minimum compressive stress of

0.1 MPa during the tests; thus, there was an average

compressive stress of 0.6 MPa (action was 0.6 MPa ±

0.5 MPa). This load definition was aimed at preventing the

movement of the harvesters that were simply laid on a plain

steel surface tooling. The load was directly applied on the

top cymbal surface.

The applied force and displacement, with the output

voltage signal at an electrical resistance of 550 kX, were
simultaneously recorded at 50 Hz. Table 4 shows a sum-

mary of the results of the tests.

According to the empirical results, including the inner

contact column increased the generated energy over 10

times when comparing the wood cube case with the case

with no inner contact column. This difference was even

larger when compared with the other tested cases. Because

of the lower stiffness of the wood with respect to the nylon

nuts, lower energy was generated for the former. By ana-

lysing the influence of the thickness of the neoprene

washer, it was clear that there was not a significant effect if

the inner contact column completely covered the free

height between the piezoelectric ceramic and the intrados

of the top cymbal plate. Thus, this result supported the

evidence that was numerically obtained. Finally, by com-

paring the two alternatives with stainless steel inner contact

elements, there was not such a significant difference;

nevertheless, it was far easier to produce the harvester with

one M2 nut than piling two M4 washers. However,

according to the numerical results, it was expected that the

M2 nut alternative produced more energy than the M4

washers because the former had a smaller contact area.

This difference could be because two M4 washers (0.8 mm

thickness each) including an additional glue layer could

have reached a greater height than a single M2 nut

(1.6 mm), causing a beneficial prestress of the piezoelectric

ceramic that could help electrical production but limit the

available strain range for operation.

Moving to the tests on single harvesters embedded into a

resin pad, only the practical design of the harvester

reported in Fig. 6 was used according to the results of the

tests on insulated harvesters. Eight units of the practical

harvester design (Fig. 6, with the M2 nut as the inner

contact column) were embedded into 4 different types of

individual resin pads (2 repetitions per case), and these

were tested under the same loading conditions as the tests

on insulated harvesters. The only difference was that the

load application surface corresponded to the footprint of a

steel loading tool 42 mm in diameter in this case. A neo-

prene disk of 3 mm thickness was placed between the

loading tool and the specimen to avoid punctual stress

concentrations and to represent real tire action in a more

approximate manner. Tests considered four different

positions of the harvester in the resin pad: the bottom face

of the harvester levelled with the bottom face of the resin

pad and 3 or 6 mm of resin covering on the top and two

more configurations with the same definition of top cov-

erings but considering 3 mm of bottom resin covering. All

of them were covered with sand particles in the top surface

to assure the grip with the tires in the intended future

practical use. A sketch of the specimens and the corre-

sponding test setup is presented in Fig. 10.

The results are summarised in Table 5, including the test

labelling in the first column, the energy per cycle generated

by the same harvesting unit when insulated, the type of

embedding according to Fig. 10, the energy per cycle

generated after embedding the harvester into the individual

resin pad and the relative difference in percentage with

respect to the nonembedded unit. The test labelling con-

figuration was in the form XYA-R, where X stands for the

type of embedding, Y stands for the sample of the series

with the same embedding type (two samples per series), A

stands for the upwards (U) or downwards (D) direction and

R stands for the repetition of the same test. Only some

Table 6 Tests and results of multiple embedded harvesters

Test Wheel position Speed (cycles/min) Connection Temperature (�C) Energy 1 cycle 1 unit (J)

L1-M-I-25 L1 26.5 Independent 25 8.93E-10

L1-H-I-25 L1 32.4 Independent 25 1.57E-10

L2-M-I-25 L2 26.5 Independent 25 2.17E-9

C-M-I-25 C 26.5 Independent 25 8.23E-10

C-M-S-25 C 26.5 Series 25 5.26E-13

C-M-S-60 C 26.5 Series 60 6.03E-13
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initial tests were repeated to assure repeatability of the

testing method.

First, the repeatability of the testing methodology was

assessed. By comparing the results of the two repetitions of

the tests 11, 12 and 22U (Table 5), an average coefficient

of variation of 17.4% was obtained. Although this average

difference was significant, it was low enough to find trends

of the results from different cases. In addition, due to the

different performance of each individual unit because of

manual fabrication, it was preferred to perform individual

comparisons to assess the effects of embedding harvesters.

By focusing on particular results, it was surprising that

the first type of embedding tested in the upwards direction

obtained approximately three times more energy per cycle

than the insulated harvester for the first repetition of the

test. This result contradicted the tendency of all the rest of

the tests. Therefore, these results were neglected from this

analysis.

By comparing the four embedding typologies, it was

clear that the most effective one at limiting the losses of

electric generation capacity was that consisting of 6 mm of

top covering and 3 mm of bottom covering. This fact

supported the idea of the benefits of embedding piezo-

electric harvester units into the most flexible environment

possible for the specified technology that benefitted from

large deformations. Thus, it was concluded that the effec-

tiveness of the proposed harvesting units would increase

when embedded into flexible environments close to the

surface of traffic action. This evidence was completely

supported by the numerical results that indicated that sur-

rounding the harvester with flexible pavement would be

beneficial for mechanical strain amplification and energy

production. Because of this, the selection of FirflexTM resin

was completely justified by the obtained results.

Finally, a mesh of 12 (2 lines of 6 harvesters each)

piezoelectric harvesters defined according to the practical

design (Fig. 6, with M2 nut as inner contact column) was

embedded into a resin pad in the best position (embedding

type 3, 6 mm of resin covering at the top and 3 mm of resin

covering at the bottom, as per Table 5) according to the

results of the previous tests on insulated embedded har-

vesters. This resin pad, including the piezoelectric har-

vesters, was built on a high strength mortar element of

250 mm 9 120 mm 9 40 mm to obtain the required

dimensions of the sample to perform the test. The load was

applied with a wheel-tracking test (EN-12697) setup to

simulate realistic traffic action. Three positions of the

wheel were tested: over one line (L1), over the other line

(L2) and centred (C) between them. Two testing speeds

were considered. Electrical output was measured inde-

pendently and connecting harvesters in series. The sample

was tested under high environmental temperature (60 �C).
In all cases, the pressure was 1 MPa. The combination of

these testing variables is shown in Table 6. Figure 11

shows a picture of the testing setup.

The electrical output terminals of every piezoelectric

harvester were connected to a standard interface condi-

tioning circuit consisting of a diode bridge in parallel to the

optimum load resistance (560 kX) and a capacitor of 470

lF. The voltage was measured between the terminals of the

electrical resistance at 50 Hz. For some of the tests, the

electrical signal was independently measured for every

piezoelectric harvester, and for other tests, the output signal

was measured after serial connection of the outputs of

every conditioning circuit. In the first case, the average of

the produced energy per activation and unit was calculated

as the comparison result. In the second case, the total

energy produced per cycle was divided by the number of

harvesting units (12) to obtain comparable data. The results

Fig. 11 Wheel-tracking test on

a pad with 12 piezoelectric

harvesters
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were summarised and are displayed in Table 6, showing

the electrical energy produced at the output of the condi-

tioning circuit per activation cycle and per piezoelectric

harvester unit.

After observing the results, the first comment was that

any of the average values of the produced energy were

close to those obtained in the 11U tests. Thus, this addi-

tional checking supported the idea of discarding 11U

results from the previous discussion. Moreover, the maxi-

mum individual production measured during all tests on

piezoelectric grids was 3E-8 J per cycle and harvester,

which was in the range of 12U tests, supporting the pre-

vious comment.

By comparing the previous results with these results,

including the standard interface conditioning circuit did not

cause a significant loss in the produced energy, which

moved from 1.10E-9 J (average of 12U cases) to 1.07E-9

(average of L1 and L2 cases), indicating a reduction of

2.6%.

By comparing the average energy produced by the

harvesters when directly activated by a load centred on

them (L1-M-I-25 and L2-M-I-25 cases, 1.53E-9 J) with the

comparable case with a load centred between the lines of

harvesters (C-M-I-25, 8.23E-10), an increase over 85% was

recorded when the load was directly applied on the units

relative to the case in which the load was 30 mm apart.

This point highlighted the importance of installing har-

vester units in the most likely footprint line of the traffic.

Regarding the testing conditions, increasing the testing

speed by approximately 20% (from 26.5 cycles/minute to

32.4 cycles/minute) was not translated into an energy

production increase. In fact, the energy production was

reduced to approximately a sixth part. Nevertheless, indi-

vidual measurements of tests L1, L2 and C-M-I-25 were

useful for detecting that the harvester unit that always

produced more energy was placed close to the centre of the

wheel path where the loading/unloading speed was greater.

This unit produced approximately double (maximum 6.4E-

8 J) the average (1.53E-9 J for the L1-M and L2-M cases).

Thus, this evidence was in line with other studies that noted

the dependency of the energy produced on the activation

speed or frequency (Bernat-Maso and Mercedes 2022;

Damjanovic 1997; Umeda et al. 1996).

Regarding electrical connection, a reduction of three

orders of magnitude of the produced energy when com-

paring individual production (C-M-I-25) and in series

connected harvester production (C-M-S-25) indicated that

local storage was required to further gather the produced

energy.

Finally, the increase in temperature during testing had

no significant effect on energy production; it could even be

slightly beneficial because of the stiffness reduction of the

media surrounding the harvesting unit.

After analysing the overall results, only 10E-5 of the

input energy was converted into useful electrical energy.

The average detected losses in the investigated system

were as follows:

• 0.5% efficiency in mechanical–electrical transformation

of direct tests on piezoelectric membrane patches for

realistic stresses and frequencies. This finding indicated

that only 1/200 of the input mechanical energy was

transformed to electrical energy by this type of piezo-

electric patch.

• 3% efficiency due to the inclusion of the piezoelectric

membrane patch into a modified cymbal harvester to

protect it from local stresses. This finding indicated that

only 1/30 of the mechanical energy reached the

piezoelectric membrane patch.

• 84% efficiency due to embedding harvesters into

pavement in comparison to aisled harvesters, even if

it was as flexible as the Firflex system.

• 100–0.1% efficiency due to electrical connection if it

was only due to the standard interface conditioning

circuit or if it included a series connection. Thus, in the

best case of directly using the connection of the

conditioning circuit, nonsignificant losses could be

considered.

Thus, by considering all the possible losses of the sys-

tem, a final efficiency of the task of turning mechanical

energy into electrical energy of approximately 0.014% was

expected with the proposed system. By comparing the

different efficiencies, it was clear that the main drawbacks

were the low efficiency of the selected piezoelectric

membrane patches, which could be improved by selecting

other materials, and the strain restrictive effect of including

the piezoelectric membrane patches in the harvester units

to protect them from the direct actions of traffic.

4 Conclusions

A comprehensive experimental campaign including direct

characterisation tests of the piezoelectric elements, opti-

misation of the harvesting units, assessment of the effects

of embedding harvesters into pavement and consideration

of the effect of a realistic traffic action has been carried out.

This experimental research has been complemented by

numerical simulations addressing the optimisation of the

harvester design and the positioning of the harvester units

into the pavement. The main conclusions obtained from

this research are as follows:

• Membrane piezoelectric patches are selected for road

harvesting among bending patches and compressive

disks because of their mechanical compatibility with

the pavement. Bending patches require excessively
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large deformations, and compressive disks are too stiff

for this intended application.

• The implemented numerical model correctly reproduces

(32.7% of average of the absolute value of the relative

error and 14% in more representative cases) the

piezoelectric response of the selected piezoelectric

membrane patches for the applied load (stress level

and frequency).

• Including the novel inner contact column increases the

mechanical strain in the piezoelectric membrane patch

ten times.

• The results of the optimisation during the design of the

cymbal harvester indicate that future works may aim to

produce more flexible harvesting devices. A specific

feasible design has been obtained.

• Although the harvester is flexible enough to correctly

transmit the mechanical energy to the piezoelectric

membrane patch, it is necessary to embed this device

into a more flexible pavement than the existing ones. In

this manner, using modified resins that assure the

required durability is an alternative.

• Regarding the position of the harvesters in the pave-

ment, it is essential that units are placed under direct

wheel action. However, it seems that it is not highly

important to place them exposed at the surface; thus, it

is possible to embed this energy production system

several centimetres under the surface, preventing

damages.

• From the experimental results of the wheel-tracking

test, it is observed that the electric production is highly

dependent (potentially doubling the production) on the

system activation speed.

• The obtained performance of the designed system

guides its possible future application to the supply of

small sensors in the road system. Lightning applications

are too demanding for the proposed low-cost system.

Finally, the main conclusion is that it is feasible to

produce low-cost energy harvesters with membrane

piezoelectric patches included in a cymbal configuration

enhanced by the proposed novel inner contact column.
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