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Abstract: The recent increase in demand for electric energy and different ways of harvesting and
generating it has been a key research stream in transportation infrastructure in Brazil. Since pavement
structures are subjected to the mechanical load of millions of vehicles, the application of piezoelectric
sensors is adequate, transforming deformations and vibrations on its layers into electric power.
The general objective of this study was to investigate the use of piezoelectricity as a source of
renewable energy applied to roadways using computational simulations and laboratory tests. The
results indicate that factors such as frequency, load, the number of piezo cells, and spacing all affect
the amount of power harvested. Regarding power generation in the simulation and laboratory
characterization, the highest values obtained were 648.8 mW and 226.9 mW, respectively. The analysis
indicates there is a correlation between the laboratory tests and the computational simulations,
enabling the prototype application to capture up to 76.56 MWh of energy per month. Usage of
piezoelectricity has been demonstrated to be a promising alternative to complement the Brazilian
energy matrix and reduce the environmental impact.

Keywords: piezoelectricity; simulations; dynamic modulus; traffic; electricity; road infrastructure

1. Introduction

According to the principle of energy conservation, in an isolated system, energy
remains constant and when used it transforms and propagates itself into space [1]. There are
energy forms that may be obtained from the direct transformation of environmental energy
(hydraulic, solar, wind, mechanical, etc.) to electric energy through a transduction material
or mechanism. Some of the most common ways to convert energy into electricity are:
(i) hydroelectric power plants generating energy from water; (ii) photovoltaic solar panels
transforming solar energy; (iii) wind turbines converting wind energy; and (iv) piezoelectric
transducers to conserve the vibrations from mechanical energy.

The capture of electric energy through piezoelectricity has shown advantages when
compared to other methods [2]: independence from climate factors, no need for large
areas of space for installation, and a high amount of generated power, among others. The
materials with piezoelectric properties generate an electric voltage when they are induced
by stress and deformation over time. Electric voltage (V) generated in the element with
that characteristic is obtained by Equation (1), in which voltage increases linearly with the
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applied load and the element thickness. However, through simulations on Multiphysics
analysis software, it was found that the increase depends more on the thickness of the cell
than on its area [3].

V =
dFh

εrε0 A
(1)

where, d (C/N) is the piezoelectric constant, F (N) is the applied force, h (m) is the thickness
and A (m2) is the area of the cell. The constants of relative and vacuum permissiveness
are represented by εr (F/m) and ε0 (F/m), respectively. The variables d and εr depend
on the material used. Therefore, the piezoelectric transducer must be highly sensitive
and placed as close as possible to the contact area to effectively absorb vibrations and
deformations. By converting mechanical energy on the asphalt pavement, it is possible to
generate sufficient electricity for traffic lights, structural health monitoring systems, and
charge electric vehicles [4].

Roadways are used by many millions of vehicles, generating vibrations and deforma-
tions on the layers of the pavement. In Brazil, according to the Ministry of Infrastructure [5],
the fleet is composed of 108,222,494 vehicles, of which 58,125,111 are cars. Those vibrations
may not only cause damage to the pavement but also yield energy waste, considering the
amount of energy provided by the vehicles [6].

Piezoelectricity is identified in materials that have complex crystal structures with
a low degree of symmetry. Some of the main piezoelectric ceramic materials are barium
and lead titanate (BaTiO3 e PbTiO3), lead zirconate (PbZrO3), lead zirconate titanate (PZT)
[Pb(Zr,Ti)O3], and potassium niobate (KNbO3). Heating a polycrystalline sample above its
Curie temperature enables the improvement of its piezoelectric behavior [7]. The properties
of the PZT-type ceramics depend on their composition [8]. The PZT is fragile and produces
higher levels of electric voltage [9], but, as it is a harder material, it is more prone to
fatigue [10].

Several prototypes [11–27] have been tested to verify the influence of different loads,
frequencies, and resistances of piezoelectric materials inserted into asphalt mixture spec-
imens. Of these, some also focus on Multiphysics analysis, in which they evaluate
the physicochemical properties, geometry, and composition of the material, as well as
strength and electrical parameters [4,13,27]. A tested prototype was able to obtain between
1.25 × 10−6 Wh and 2.68 × 10−1 Wh of energy per system with the application of an aver-
age load of 44.5 kN, an amplitude of 17.80 kN, and a frequency of 1.50 Hz [11] for a traffic
load of 1797 6-axle vehicles per day [27]. Some researchers tested two different prototype
combinations [28–30], and the developed systems were able to generate up to 1.49 W and
64.12 mW, respectively, for trucks traveling at 65 km/h. For cars, the total energy produced
was 33.00 mW and 1.36 mW at the same speed. Researchers have also reported simulations
of their prototypes, [31–33], analyzing the influence of high vehicle traffic on the pavement.
There is potential for a system with 30,000 piezoelectric cells to produce up to 65.00 MWh
of energy in one year [15] and up to 306.37 MW of power for the same number of cells with
a traffic load of 600 vehicles per hour [33].

Moreover, an innovative system of energy harvesting with electromechanical modules,
Waynergy Vehicles [34–36], was applied in Portugal. Using 10 modules, it was possible
to generate up to 152 Wh of energy in a single day. Each vehicle can produce up to
4.03 × 10−2 Wh when driving at a speed of 50 km/h.

The advantages of using piezoelectricity focus on the issue of not depending on
climatic factors and having a high capacity to generate energy, depending on the traffic [15].
It also highlights the fact that it has already been tested in a real environment [24] and
has increased laboratory tests [17–23], and cells can be manufactured from different types
of materials effectively and efficiently to maximize the system. The disadvantages are
because the installation site, which may have reduced contact with the vehicle, decreased
the amount of energy generated, and the fact that it does not supply homes without storage
in power generators [28–30]. However, it is believed that these disadvantages should
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be resolved in the coming years through national and international research regarding
the topic.

However, most of the existing studies have not analyzed the correlation between
laboratory tests and the simulations performed. Additionally, they apply only for the ideal
situation, where there are no irregularities in the pavement. Thus, the novelty of this paper
is to report the impact of the electrical resistance on the prototype configuration when
applied to a road with irregularities using a high dynamic modulus and comparing the
computational results with the laboratory ones for Brazil’s traffic situation. In addition,
a compression test was performed on the piezoelectric material. So, the objective of this
paper is to investigate the use of piezoelectricity as a source of renewable energy applied to
asphalt pavements based on a numerical-experimental framework.

2. Materials and Methods

This paper is divided into three parts: (i) Multiphysics simulation; (ii) testing proce-
dure; and (iii) the estimation of power with the application of the prototype considering
traffic simulation.

2.1. First Stage: Computer Simulations

Computer simulations were performed with the piezoelectric cells arranged in a
prototype and using a Multiphysics analysis software, COMSOL Multiphysics. Four
arrangements were evaluated with the piezoelectric cells placed between copper boards
and a specimen of asphalt mixture. The simulation then subjected the prototype to the
application of different loads, frequencies, and resistances, allowing the voltage and the
power to be determined. The results are discussed in Section 3.1.

2.1.1. Prototype Components

Three materials were used for the actual prototype: (i) the specimen of standard
asphalt mixture, (ii) copper boards, and (iii) piezoelectric cells (Figure 1). The dimensions
were 100 mm × 100 mm for the squared copper boards, 100 mm in diameter and 50 mm in
height for the cylindrical specimen, and 8.56 mm in diameter and 6.20 mm in height for the
cylindrical piezoelectric cells. The bottom specimen was not included in the analysis, as it
does not interfere with the power generated.
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The asphalt mixture evaluated contained 5% hydrated lime and had a resilient modu-
lus € of 8082 MPa, density (δ) of 2240 kg/m3, and Poisson’s ratio (υ) of 0.35. The copper
boards had an elastic modulus of 110 GPa, δ of 9310.83 kg/m3, υ of 0.35, and thermal
conductivity of 400 W/m·K. These data refer to the default values provided by the soft-
ware, except for the densities and elastic modulus of the mixture [37]. These variables
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directly influence the mechanical strength of the material, impacting the electrical output
of the prototype. For less resistant asphalt mixtures, the electrical response also decreases.
In addition, there is a greater interference of the piezoelectric effect between the cells,
impacting the issue of spacing between the elements. For this analysis, a paving material
with a modulus of resilience of 300 MPa was simulated. For example, for less resistant
asphalt mixtures, more widely spaced piezoelectric cells produce higher electrical power
than closer cell configurations. Whereas, for a more resistant asphalt mix, this difference is
no longer as noticeable. The piezoelectric cells were composed of the PZT-5H material, a
piezoelectric constant (d33) of 450 × 10−12 C/N, δ of 7816.63 kg/m3, and Curie tempera-
ture (CT) of 250 ◦C, according to the manufacturer. The PZT-5H was adopted based on a
literature review that identified it as the most commonly used material which had the best
dielectric responses.

2.1.2. Analyzed Variables

As reported in the literature [21,30], the position and the number of piezoelectric cells
influence the amount of generated energy, although specific values have not been reported
for these parameters. In this stage, simulations in Multiphysicsics analysis software were
performed with the arrangements of four, eight, and sixteen piezoelectric cells, as well as
an alternative arrangement with larger spacing for the prototype with four cells. Table 1
and Figure 2 show the coordinates of each piezoelectric cell, with the most widely spaced
cells identified by +e.
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Table 1. Coordinates of the piezoelectric cells (in mm, from the edge).

Cells
Positions (mm)

Cells
Cells (mm)

X Y Z X Y Z

1 50.0 21.4 6.0 11 80.0 20.0 6.0
2 21.4 50.0 6.0 12 20.0 80.0 6.0
3 50.0 78.6 6.0 13 8.6 50.0 6.0
4 78.6 50.0 6.0 14 50.0 8.6 6.0
5 35.7 35.7 6.0 15 91.4 50.0 6.0
6 35.7 64.3 6.0 16 50.0 91.4 6.0
7 64.3 35.7 6.0 1+e 8.6 50.0 6.0
8 64.3 64.3 6.0 2+e 50.0 8.6 6.0
9 20.0 20.0 6.0 3+e 91.4 50.0 6.0

10 80.0 80.0 6.0 4+e 50.0 91.4 6.0

The choice of the number of cells was based on the observation of problems of early
fractures in the piezoelectric elements when they were subjected to extremely heavy loads.
The totals of four, eight, and sixteen cells were chosen to verify the optimal result by
combining generated power and the number of elements. This allowed verification of
the system’s capability to withstand the dynamic loads to which the asphalt pavement is
subjected. Numbers less than four were not tested due to the proportion of 6:1000 between
the piezoelectric cell area and the copper board area. The stresses are not effectively
distributed to the elements when using smaller cell quantities.

To verify the power (in mW), loads of 3.4 kN, 5.1 kN, 6.8 kN, 8.5 kN, and 10.2 kN
were applied on the top of the asphalt surface layer, distributed over the whole area. When
they were applied to the specimen inserted in the prototype and later distributed to the
piezoelectric cells, those forces presented different stresses. Then, Table 2 was developed
to identify the real stresses that are being applied. These stresses were calculated as a
function of the applied load (3.4 kN to 10.2 kN) and the contact areas with the AC specimen
(10 cm diameter) and the piezoelectric cells (8.56 mm diameter, the individual cell). The tire
pressure on the pavement varies between 0.15 and 0.70 MPa [38,39]. Therefore, the selected
forces encompass a wide range of stresses, allowing us to obtain the specific power from
any value to which the pavement is subjected.

Table 2. Real stresses were applied to the asphalt mixture specimen and the cells.

Loads
(kN)

Stress in the AC
Specimen (MPa)

Stress in the Cells (MPa)

4 Cells 8 Cells 16 Cells

Total Unitary Total Unitary Total Unitary

3.40 0.43 14.77 3.69 7.39 0.92 3.69 0.23
5.10 0.65 22.16 5.54 11.08 1.38 5.54 0.35
6.80 0.87 29.54 7.39 14.77 1.85 7.39 0.46
8.50 1.08 36.93 9.23 18.46 2.31 9.23 0.58

10.20 1.30 44.31 11.08 22.16 2.77 11.08 0.69

To simulate the speed of the vehicles traveling on the road, frequencies of 5 Hz, 10 Hz,
and 20 Hz were adopted. These frequencies correspond to traffic speeds of 33 km/h,
60 km/h, and 115 km/h, according to Equation (2) [16], in which f is the frequency in Hz
and v is the speed in km/h.

v =
f + 1.2127

0.1867
(2)

Another important consideration concerns the resistance of the prototype. To obtain
the maximum electric power, the internal resistance (RI) of the system must be equal to the
external resistance (RE) [3,30]. The RI was obtained with Equation (3) and used as an input
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parameter in the simulations. In Equation (3), c is the internal capacitance (in F) and f is the
frequency applied in the prototype (in Hz). The RI value is obtained in MΩ.

RI =
1

2πc f
(3)

The internal capacitance of the prototype depends on the number of piezoelectric cells.
Table 3 shows all the piezoelectric parameters adopted for the different combinations of
cells. These are the optimal values of resistance for each situation of applied frequency and
the number of cells that generated the maximum electric power obtained in the prototype,
calculated from Equation (3).

Table 3. Physical and electrical parameters for the prototype.

Number of Cells 4 8 16

Thickness (m) 0.0062 0.0062 0.0062
Area (m2) 2.3020 × 10−4 4.6039 × 10−4 9.2078 × 10−4

d33 (C/N) 450 × 10−12 450 × 10−12 450 × 10−12

ε0 (F/m) 3400 3400 3400
εr (F/m) 8.85 × 10−12 8.85 × 10−12 8.85 × 10−12

Capacitance (F) 1.1172 × 10−9 2.2344 × 10−9 4.4688 × 10−9

Frequency (Hz) 5 10 20 5 10 20 5 10 20
Resistance (MΩ) 28.4919 14.2460 7.1230 14.2460 7.1230 3.5615 7.1230 3.5615 1.7807

2.1.3. Boundary Conditions

The analysis of the adopted frequencies and loads was performed to estimate the
amount of electric power (milliwatts, mW) and the generated voltage (Volts). The me-
chanical stress in the cells was analyzed and the internal resistance of the prototype was
checked. The procedure performed for the software simulations followed step-by-step
instructions [40] and is shown in Table 4. The Multiphysics models consider a range of
possible conditions of operation and physical effects. It is possible to use the models to
understand, design, and optimize prototypes and devices for real operation conditions.

The geometries of the elements were defined by the sequences of operations, in which
each one of them is able to receive input parameters, facilitating parametric editions and
studies. The connection in the model is associative (physical and geometric properties),
where any change in the geometry automatically causes changes in the others. The adopted
algorithms create a mesh with the type of elements appropriate for the correspondence
with the associated numerical methods, as seen in the discretization with finite elements.

The analysis procedure used a model assistance tool (Model Wizard) for the 3D space
dimension. The physical interfaces were assembled with piezoelectric devices and with
electrical circuits. The type of studies was stationary and performed within the frequency
domain. The copper boards and the AC specimen used linear elastic behavior materials,
while the cells used were with mechanical and piezoelectric properties.

The underside of the copper plate was fixed. The upper face of the specimen was
chosen for the application of forces through the Boundary Load function. The whole face
was selected, and the force was equally applied to every node of the corresponding mesh,
like a distributed load.

In the electrostatic module definitions, the bottom side of the cells was defined as the
ground wire and the top side as the limiting side for the floating potential. This considera-
tion enables us to perform the simulation of two electrodes estimating the difference in the
existing potential. A punctual probe was also defined to analyze the electric potential. A
resistor was added to insert the resistances previously presented in Table 3.
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Table 4. Physical and electrical parameters for the prototype.

Terms Function in the Software

Model Model Wizard

Spatial dimension of
the model 3D

Resources (in order) Structural Mechanics: Piezoelectric Devices e Electrical Circuit;

Study Type Frequency Domain

Addition of Parameters acc = 1; R_load = defined by Table 3

Geometry According to Table 1 and Figures 1 and 2

Adding Material PZT-5H for the cells, asphalt for the asphalt mix, and copper for the slabs (change material parameters
such as mass, modulus, constants, and the like from the materials to be adopted in Section 2.2.1)

Damping for the
materials (in order)

Linear Elastic Material→ Damping 1→ Solid Model→ Isotropic→ Electric Potential→ Boundary
Probe (expression: 1[V]/(es.n)*0.005[m]*es.omega)

Isotropic factor 0.001

Load application Fix the load application face (for the specific case of this paper it was the top face of the asphalt mixture)
using the Boundary Load feature in the Solid Mechanics menu, in the z-axis.

Electrical Resources
(in order)

(i) Physics→ Boundaries→ Ground→ Terminal→ type: circuit on the bottom face of the
piezoelectric cell. Under Electrostatics, also add the Floating Potential on the top face of the
piezoelectric cell;

(ii) Add the floating potential probing point: Definitions→ Probes→ Domain Point Probe, selecting
the upper face of the cells;

(iii) Add the floating potential probing point expression: Definitions→ Domain Point Probe 1→ Point
Probe Expression 1; Then select the Electrostatics menu→ Floating Potential and choose the
expression es.fp1.v0_FloatingPotential;

(iv) Add the Boundary Probe’s probe point expression: Electrostatics→ Currents and charge→
Double-click on es.nD_SurfaceChargeDensity; Also, select in Probe type the option Integral

(v) Add the resistor: Electrical Circuit→ Resistor. In the settings: Node connections→ n→ 0; Go to
Devices Parameters→ R_type: R_load

(vi) Add the External Terminal: External Terminal→ Node name→ 1:V:Terminal Voltage (es/termI).

Mesh Defines the triangular mesh

The simulations followed the step-by-step presented in [40]. Of the initial conditions,
mesh and geometry, it is worth noting that: The simulations present limitations due to the
boundary conditions presented above, such as the fixation of the underside of the copper
plate, adoption of a ground wire at the bottom of the cell, and the floating potential at the
top. The non-union of the elements can also differentiate some values from the real ones.
The software adopted the piezoelectric properties provided by the manufacturer of the cells
used in the laboratory stage.

The system was subjected to the integration of order four, performed by the software. To
obtain the voltage and the electric power, according to the frequency, Equations (4) and (5)
were attributed to the prototype’s modeling. They were defined according to the circuits
adopted as the resistor [40]. Equations (4) and (5) are the expressions of the initial conditions
entered into the software to simulate the electrical elements (resistor and circuit) and the
acceleration of the vehicles (a).

0.5× rd(c.R1_i, c.R_v) (4)

a(c.R1_v) (5)

where rd (realdot) returns to a single result, c (cir) is the generated circuit, R1 is the resistor,
i is current, v is the voltage, and a (abs) is the absolute value.
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2.2. Second Stage: Laboratory Tests

The second stage consisted of a laboratory test with the prototype designed in the first
stage, aiming to compare the results obtained for voltage and electric power. Dynamic
Modulus (DM) was carried out in a Universal Test Machine (UTM-25) with a standard
asphalt concrete (AC) type, two copper boards, and PZT-5H piezoelectric cells type, due
to the excellent electric response described in former studies. A compression test was
performed with the piezoelectric cell to better understand the maximum stress that a cell
can withstand. The results are discussed in Section 3.2.

2.2.1. Materials

The prototype was composed of a specimen of asphalt concrete (AC) divided into two
parts. Two square copper boards measuring 100 × 100 mm and 6 mm thick were placed
between the specimens. The piezoelectric cells, measuring 6.20 mm high and 8.56 mm in
diameter, were placed between the boards (Figure 3).
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To hold the piezoelectric cells in the positions simulated in the software, a polystyrene
board with the same configurations was inserted between the copper boards. To reduce the
irregularities of the copper board surface, a copper paste was used on the upper and bottom
surfaces of the piezoelectric cells. The copper boards had a 559.80 g mass for the upper face
and 557.50 g for the bottom face, resulting in a density of 9330.00 kg/m3 and 9291.67 kg/m3,
respectively. The copper boards were connected to a digital multimeter to read the tension
and the electric current in each of the situations of load application, frequency, and the
number of cells. Two multimeters were used: (i) LWJ-108; and (ii) ET-1000.

Since the study did not evaluate the mixture, a standard AC was used for all tests,
aiming only to verify the load effect, frequency, position, and the number of cells. A
specimen was used for each test round of the same configuration (four in total). Table 5
shows the dimensions for each upper and bottom specimen.

Table 5. Dimensions of the asphalt mixture specimens.

Specimen
Identification Diameter (mm) Top Side (mm) Bottom Side (mm)

5 100.0 49.8 100.2
7 100.0 49.6 100.0
12 100.0 49.9 99.8
14 100.0 50.0 85.0
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The asphalt mixture was composed of 3/4” and 3/8” gravel (28%), stone dust (50%),
and lime (2%) as aggregates, within the C gradation curve established by the National
Department of Transport Infrastructure in Brazil (DNIT). Due to the presence of lime, the
elastic modulus of the mixture (E) was estimated at 8082 MPa. The compaction temperature
was 136 ◦C, in which the Asphalt Cement was heated to 148 ◦C and the aggregates to
158 ◦C. Table 6 presents the values of the air void volume of the specimens [37]. The Flow
Number (FN) of the mixture was 754 cycles. The differences in air void volumes did not
influence the electric power obtained.

Table 6. Specimen volumetrics.

Specimen Number 5 7 12 14

Dry mass (g) 2617.9 2612.8 2616.0 2425.7
Submerged mass (g) 1458.1 1455.8 1455.3 1347.5

Saturated-surface-dry (g) 2268.4 2619.5 2624.9 2430.4
Apparent density (Gmb) 2.237 2.245 2.237 2.240

Air Voids Volume (%) 4.49 4.13 4.50 4.35
No. of compactor turns 100 100 100 85

The piezoelectric cells were acquired commercially. The choice of the cell model
was based on the observation that the thickness was the geometric property that most
influenced the electric power of the element [33]. Therefore, several configurations of
cells were researched and the thickest one available was adopted in this study, measuring
6.20 mm high and 8.56 mm in diameter. The material used was the PZT-5H, which has the
highest dielectric capacity. The piezoelectric cells are presented in Table 7.

Table 7. Properties of piezoelectric cells.

Properties Symbols Values

Dielectric constant E 2200 ± 10
Capacitance (pF) C 180 ± 10

Curie’s temperature (◦C) Tc 250
Dissipation Factor (%) tgδ ≤2.0

Frequency (kHz) Fa 195 ± 5
Resonant impedance (Ω) R ≤180

Electromechanical coupling coefficient (%) K33 ≥60
Mechanical quality factor Qm ≥60

Piezoelectric charge constant (×10−12 C/N) d33 450

2.2.2. Test Procedure

The test was performed in a universal testing machine (UTM) with a load capacity
of 25 kN. A haversine compressive cyclic load was applied to the prototype. The stresses
shown in Table 2 were adopted in the simulation stage. A force of 1.7 ± 0.1 kN was applied
to generate a contact force, allowing the achievement of the power and electric tension
from any value ranging from 3.40 to 10.20 kN. Such irregularity causes a non-homogeneous
stress distribution in the cells, leading them to fracture. Considering the premature fracture
of the elements, frequencies of 5 Hz, 10 Hz, and 20 Hz were adopted, corresponding to
specific traffic speeds, as previously mentioned. Thus, the prototype was subjected to 300,
600, and 1200 cycles.

Based on the considerations above, the test was performed in 120 stages, in which the
number of cycles for each pair of stresses with frequency in the four scenarios analyzed
were repeated, one to monitor the voltage (in millivolts) and another to monitor the electric
current (in milliamperes mA). The electric power was calculated based on Equation (6), in
which P is the electric power (mW), V is the electric voltage (mV) and I is the current (mA).

P = VI (6)
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To monitor the voltage and the current, videos of each stage were recorded and
analyzed, provided the instruments used were not fitted with data output capabilities. The
values presented in the recorded videos were crossed with those of the loads applied in the
DM tests. Although in the UTM a wide range of forces and voltages were applied, only the
largest values were considered.

In the compression test, which was also performed, the piezoelectric cell was inserted
between the machine plates and compressed at a displacement rate of 0.1 mm/min until
reaching the fracture load. The test was stopped when either the load cell limit of 5 kN
was reached or until a fracture was observed. As a result, a load-displacement curve of
the material was generated and the maximum stress to which the piezoelectric cell was
subjected was recorded.

2.2.3. Limitations of Laboratory Tests

The main limitations of the testing protocols were the lack of an oscilloscope and a
standard resistance box. In the literature, the need to equalize the internal resistance of the
prototype to the external resistance is highlighted, and this is possible through the use of a
standard resistance box. In the case where the external resistance is higher or lower than
the internal one, the electric power decreases considerably. Thus, the primary limitation of
the laboratory test was the impossibility to check or equalize those resistances to guarantee
that the laboratory test results were equal to or as close as possible to the Multiphysics
simulations. Due to this limitation, the resistances were calculated for each pair of force
and frequency applied by using Equation (7), in which R is the resistance (Ω), V is the
electric voltage (V) and P is the electric power (W).

R =
V2

P
(7)

Another limitation was the voltage and current measurement. This was developed in
different stages, which could have led to changes in the applied forces and, therefore, in
the collected voltage and current values. To normalize the values, force interpolations were
employed in the two tests and the current values, where necessary. In addition to the likely
non-uniform distribution, the copper plates have irregularities which can cause changes in
the results.

In the compression test, the limitation was related to the load cell, whose limit was
5 kN. Thus, it was impossible to determine the fracture stress of the element, since the
machine reached the limit load before the piezoelectric cell cracked.

2.3. Third Stage: Simulation of Energy Generation with Traffic Data

The third part of the research consisted of the simulation of the prototype on a road
section with real traffic data. The pavement of the Brazilian BR-222 federal highway, in the
state of Ceará, Brazil, is subjected to a high traffic volume and served as a data source for
the simulation. The surface layer is a 5 cm thick Asphalt Concrete (AC) and a 6 cm thick
binder course [41]. Thus, the prototype would be installed between the wearing and the
binder course. The Average Daily Traffic (ADT) was collected from km 33, located in the
city of Caucaia (Latitude: −3.703694444, Longitude: −38.85297222). In this section, the
highway is a single roadway. The data presented in Table 8 were obtained in 2018 and
show the daily traffic distribution.

Table 8. Traffic on BR-222 in Brazil.

Days Monday Tuesday Wednesday Thursday Friday Saturday Sunday

Direction Total Total Total Total Total Total Total
Trucks and buses (2 axles) 1200 1246 1302 1346 1359 904 521

Cars 7294 6657 6660 6861 8198 7499 6496
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For the simulation, only passenger cars and two-axle commercial vehicles were con-
sidered, adopting loads of 1.98 kN and 24.50 kN a wheel for each, respectively [38,39]. The
maximum speed limit enforced on the road is 60 km/h. For this analysis, it was considered
that all vehicles were traveling at the speed limit.

The average value of vehicles equated to a total of 296 passenger vehicles per hour
and 47 vehicles in the group of two-axle buses and trucks per hour. Thus, the load values
were applied in the equations obtained in the previous stage for the frequency of 10 Hz,
corresponding to 60 km/h approximately, to obtain the electric power and voltage. The
traffic impact calculations were performed considering constant power during the time.
Finally, the simulations in the COMSOL software were performed with the adopted loads to
verify the level of correlation of the extrapolation of data with the values obtained directly
from the software.

In this stage, an important premise is that the application would occur without in-
terference, assuming the copper boards are completely flat, and the pavement has no
considerable longitudinal unevenness, although the average IRI for point km 22 of the
BR-222 highway (the place closest to the traffic analyzed with results that showed irregular-
ities) nears 1.95 m/km [42], which is within a lower to moderate roughness threshold [43].
The results are discussed in Section 3.3.

3. Results and Discussions
3.1. Analysis of Multiphysics Simulations

The first stage was performed by applying forces of 3.4 kN, 5.1 kN, 6.8 kN, 8.5 kN,
and 10.2 kN according to the number of cells and the frequency values of 5 Hz, 10 Hz, and
20 Hz. The results obtained were plotted in Figure 4. The power values were obtained for
the internal resistance corresponding to each frequency and cell combination, as in Table 3,
and previously presented in Section 2.1.2. The resistances adopted were calculated in such
a way that it would be possible to return to the maximum power values for each frequency
combination and number of cells. The group of the four most widely spaced cells was
represented by “+e”.

In view of the values presented in Figure 4, it was observed that the power generated
decreases with the increase in the number of cells applied. This occurs as the applied force
distributes itself equally over a wider area of piezoelectric cells. However, this decrease in
electric power does not occur proportionally. When compared to the four-cell arrangement,
the combinations of eight and sixteen cells produced a reduction of the electric potential by
an average of 49% and 74%, respectively.

Another important observation is related to the spacing of the piezoelectric cells. Two
positioning configurations were tested for the group of four piezoelectrics and the cell
arrangement with wider spaces between cells generated slightly higher power outputs.
This is an average increase of 0.39% over the configuration with cells closer together. This
increase in power happens because the piezoelectric effect of a cell interferes less with the
behavior of the others around it.

The interference between the piezoelectric effect of the cells occurs due to the magnetic
field between them. When they move closer together, the effect of one interferes with
the effect of the other. However, it was observed that the stiffness of the asphalt mixture
contributes to decreasing the difference in electrical output when the spacing is varied.

About the power values obtained with the optimized results of the resistance, the
highest value obtained was 10.2 kN and 20 Hz with four more widely spaced cells, resulting
in 648.8 mW. Following the same trend, the lowest value obtained was 3.4 kN and 5 Hz
with sixteen cells producing 4.7 mW. Thus, it was found that the power increases directly
with the increase of load and frequency. However, it falls with the increase in the number
of cells.
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Furthermore, the power and the maximum electric voltage obtained from the variation
of resistance in the x-axis were simulated, fixing the frequency and the load. Figure 5
shows this variation for the force of 10.2 kN with four more widely spaced cells. The same
behavior pattern is observed for the rest of the force and cell combinations.

The electric power demonstrated is dependent on variables such as the frequency (or
speed of the vehicle) of application, applied load, electric resistance, and the number of
cells that relate to each other. The relationship of dependence on more than one variable
precludes a simpler analysis. However, it is possible to assert, based on the Multiphysics
analysis provided by the software, that the higher the load and frequency variables, the
better the results for the electric power obtained.
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On the other hand, when the number of cells is increased, the electric generation of the
prototype is reduced, since the stress applied on the top of the specimen is equally distributed
over a larger area, meaning each piezoelectric cell receives a smaller load. The results are
consistent with what has been observed by some studies in the area [4,13,17,18,28–30]. The
difference was noted concerning cell spacing responses. In the reported studies, different
stiffnesses of the asphalt mixtures were not studied. In this analysis, the replacement of the
initially used asphalt mix with another paving material with a 300 MPa resilient modulus
was simulated. Thus, it was realized that a greater spacing between the piezoelectric cells
would not cause a percentage difference in the electrical response for stiffer materials.

Another factor that contributes to the decrease of electric power is the electric re-
sistance of the prototype. When the number of cells is increased, the electric resistance
of the prototype is decreased, caused by the inverse relationship with the capacitance,
demonstrated by Equation (3).

Based on the power value behavior with the variations aforementioned, 12 equations
were derived to obtain the electric power from the application of different loads, fixing
the other variables. Table 9 shows the equations created (14 to 25), in which L is the load
applied (in kN) and y is the electric power generated. The results of R2 were equal to 1.0
due to this being the optimal situation for obtaining the electrical output, represented by
the values of external resistance equal to the internal resistance. These resistances were
calculated as presented previously in Table 3.

y = 1.5575 × L1.9944 (8)

y = 3.0984 × L1.9972 (9)

y = 6.1976 × L1.9971 (10)

y = 1.552 × L1.9979 (11)

y = 3.1061 × L1.9977 (12)

y = 6.1721 × L2.0023 (13)

y = 0.7787 × L2.0007 (14)
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y = 1.5717 × L1.9964 (15)

y = 3.1462 × L1.996 (16)

y = 0.4118 × L1.9885 (17)

y = 0.8066 × L1.998 (18)

y = 1.6114 × L1.9986 (19)

Table 9. Equations for obtaining the electric power with the application of force.

Number of Cells Resistances (MΩ) Frequencies (Hz) Equations R2

4
28.4919 5 Equation (8) 1.00
14.2460 10 Equation (9) 1.00
7.1230 20 Equation (10) 1.00

4+e
28.4919 5 Equation (11) 1.00
14.2460 10 Equation (12) 1.00
7.1230 20 Equation (13) 1.00

8
14.2460 5 Equation (14) 1.00
7.1230 10 Equation (15) 1.00
3.5615 20 Equation (16) 1.00

16
7.1230 5 Equation (17) 1.00
3.5615 10 Equation (18) 1.00
1.7807 20 Equation (19) 1.00

The equations presented in Table 8 have a limitation. They are valid only for the
specified quantities of cells and internal resistances. However, the authors recognize
the need to formulate equations that cover all the variables involved (loads, frequencies,
resistances, number of cells, and spacing). This may be possible by deriving constitutive
models and introducing artificial intelligence methods to verify the influence of each
variable on the output.

It is possible to analyze the power results based on the stresses applied. Once again,
the forces were limited to 10.2 kN. However, when applied to the area of the AC specimen,
stresses that vary from 0.43 MPa to 1.30 MPa were obtained. The tire pressure varies
between 0.15 MPa to 0.70 MPa on the pavement [38,39]. When these same forces are
distributed across the area of the piezoelectric cells, stresses varied from 3.96 MPa to
44.31 MPa-Table 2. Figure 6 displays the electric responses according to the stresses exerted
over the entire area of the cells and of the specimen, respectively.
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The results allow us to record the electric power produced by the system from the
application of all stresses on the pavement. These values ranged from 4.7 mW for 5 Hz and
0.43 MPa to 648.8 mW for 20 Hz and 1.30 MPa, with sixteen and four+e cells, respectively.
Thus, the mechanical stresses to which the prototype was subjected comprise a percentage
of the reference range and superior values, mainly when the whole area of the cells is
considered. That analysis allows us to measure the effect of overloaded vehicles traveling
on the road and to verify the mechanical resistance of the piezoelectric element. Higher
stress values, such as 1.30 MPa in the specimen, would still be supported by the elements,
which did not fracture.

3.2. Laboratory Tests

The laboratory tests were performed according to the material and methods section
and with the limitations discussed. The results were presented according to the changes
in variables, such as load, frequency, number of cells, and spacing. Figure 7 shows the
power numbers according to the load applied for each cell situation with frequencies of
5 Hz, 10 Hz, and 20 Hz, respectively.
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According to Figure 7, it is possible to observe the variation in power, given the differ-
ent combinations of piezoelectric elements. Considering the limitations coming from not
controlling the electric resistance and the irregularities of the copper board, the prototype
with eight cells yielded the highest electric power generation. The combination of four
widely spaced cells (four cells+e) was the second-ranking combination in terms of electric
response, except for the last three force levels at 20 Hz, at which point this combination
was slightly outperformed by the standard four-cell and sixteen-cell combination.

As in the simulation stage, the equations were created to obtain the electric power
according to the load variation. The electrical resistance and frequency values were fixed
for the prototype configuration situations. Table 10 shows the equations obtained from the
laboratory tests, in which L is the load applied (in kN) and y is the electric power generated.
The resistance was obtained through the values of electric current and voltage captured by
the multimeter. The constant of Equation (28) is high due to the high numbers of power
obtained for this situation, which is the closest to the results observed in the Multiphysics
simulations stage.

y = 0.0031 × L2.6276 (20)

y = 0.0098 × L2.2039 (21)

y = 0.0414 × L3.0881 (22)

y = 0.0318 × L1.75 (23)

y = 0.0147 × L2.4089 (24)

y = 0.2481 × L2.0983 (25)

y = 0.1498 × L1.6887 (26)

y = 0.231 × L1.6465 (27)

y = 23.551 × L0.9727 (28)

y = 0.007 × L2.3957 (29)

y = 0.0042 × L2.9077 (30)

y = 0.1311 × L2.6821 (31)

Table 10. Equations for obtaining the electric power (laboratory).

Number of Cells Resistances (MΩ) Frequencies (Hz) Equations R2

4
0.89 5 Equation (20) 0.97
0.83 10 Equation (21) 0.99
1.01 20 Equation (22) 0.98

4+e
0.48 5 Equation (23) 0.99
0.41 10 Equation (24) 0.96
0.59 20 Equation (25) 0.99

8
0.57 5 Equation (26) 0.96
0.61 10 Equation (27) 0.94
1.08 20 Equation (28) 0.99

16
1.11 5 Equation (29) 0.97
1.37 10 Equation (30) 0.99
1.49 20 Equation (31) 0.99

As for the setup with four cells, the highest value for electric power is obtained for the
situation of applying 10.2 kN and 20 Hz, returning to 47.53 mW, in which each piezoelectric
cell is responsible for generating up to 11.88 mW. The electric resistances vary from 0.39 kΩ
to 0.77 kΩ, resulting in an average of 0.49 kΩ.
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Along with 4 more widely spaced cells the highest electric power obtained was
33.47 mW for the situation of 20 Hz and 10.2 kN, in which each piezoelectric cell generates
8.37 mW. The results for these electric resistances are almost double those found in the
four-cell layout. The values vary from 0.65 kΩ to 1.07 kΩ, resulting in an average of 0.91 kΩ,
an increase of 46% when compared to the four cells.

For each situation of eight cells, it is interesting to highlight the fact that the electric
power was six times higher on average than the four-cell arrangement and four times more
than the widely spaced cells (for 20 Hz and 10.20 kN: four cells returned 47.53 mW, four+e
cells, 33.47 mW, and eight cells, 226.95 mW). This behavior was not expected, considering
that there is an overlap of the piezoelectric effect and the dissipation of mechanical power
to a larger area due to the sum of the eight elements. However, what justifies these higher
values is the irregularity of the copper board. For the four piezoelectric cell layout, there
is a lower probability that all the cells will be directly in contact with the copper board.
When eight cells are used, the stability may be greater, meaning more elements are affected
piezoelectrically. Nonetheless, the existence of more cells decreases the optimal electric
resistance of the prototype. The external resistance equaled 0.75 kΩ, due to the impossibility
of controlling it.

Another element that contributes to the obtaining of higher values in the laboratory
stage for the combination of eight cells is the low rate of fracturing of the piezoelectric
elements. During the 30 tests performed (15 for voltage and 15 for current), only 2 elements
broke. For the arrangement with four wider spaced elements, the number of broken cells
increased to eight, requiring substitution between the change of load levels and frequency
applied. Thus, the best electric power was obtained with this layout, which generated
226.95 mW, each element producing 28.37 mW. When this is compared to the power values
of the eight- and four-cell layouts, there was an increase of 377.5% when applying 20 Hz
and 10.2 kN.

As expected, with sixteen cells, the electric response was lower than the combination
of eight cells, representing a reduction of 69.5% in the power, applying 20 Hz, and 10.2 kN.
This result is directly connected to the external resistance of the prototype; because it
is not directly equal to the internal one, the layout generates different voltages, current,
and power about the expected proportion since more elements are included. Moreover,
since eight more piezoelectric cells were inserted, a reduction of approximately 50% was
expected. Thus, the electric resistance varied between 0.81 kΩ and 1.79 kΩ, resulting in an
average of 1.32 kΩ, the highest of all the combinations of tested cells.

To test the piezoelectric cell resistance, a load cell of 5.0 kN was applied with 0.1 mm
of displacement steps, until reaching the stop limit of the software (approximately 4.9 kN)
or until the element breakage. Thus, the equipment controller reached the stop limit, and
the piezoelectric cell did not fail, reaching a stress of 46.23 MPa, superior to all of those
simulated in the laboratory in the stage of electric response. This result is important to
demonstrate that the piezoelectric cell is resistant and that the problem that occurred in the
laboratory in the UTM-25 was due to the irregularities of the boards, distributing uneven
stresses to the elements and causing them to break.

With the second step (laboratory tests), it was possible to relate the irregularity of the
copper plates to the longitudinal irregularity of the pavement. At sites where there will be
no direct contact of the vehicle wheel with the structure, a higher strain is exerted, causing
the cells to fracture. It can also cause some cells to not operate in the system, decreasing the
amount of energy generated. Thus, it is suggested that the prototype be applied to roads
with low longitudinal irregularity (IRI).

From the laboratory tests, it was found that the uneven distribution of mechanical
stress can result in early fracture of the piezoelectric elements, even though they have
high compressive strength (greater than 46 MPa for the tested cell). This distribution also
caused higher power values than those simulated in the software in the situation of eight
cells and 20 Hz, even with low resistance and without control. This occurs due to the
non-direct contact of the cells with the plate, reducing the number of them transforming
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the mechanical voltage into electrical voltage. This analysis was demonstrated by the
Multiphysics simulations that fewer piezoelectric cells increase the electrical power values.

Despite the limitations caused by unavailable equipment, such as the oscilloscope and
a resistance box and flat copper boards, the laboratory results followed the same behavior
pattern when compared to the load and frequency applied. The greatest difference is related
to the electric power obtained from the number of cells. It was expected that the increase in
the number of piezoelectric elements would reduce the electric power and voltage.

However, in the laboratory stage, the best results were observed in the application of
eight piezoelectric cells, resulting in a power of 226.95 mW for 20 Hz and with 10.2 kN of
load applied. When it was possible to observe the maximum electric power obtained for the
same combination in the stage of the computer simulation, we expected to obtain 324.40 mW.
The reduction, in this case, was 30%, which is considered low when the difference between
the resistances is analyzed, which is 0.81 kΩ in the test phase in UTM-25, and 3.5615 MΩ,
calculated by using Equation (3) with optimal resistance. This resistance reduction is
equivalent to 99.98%.

Another important observation is related to the increase of power with the variation
of the space between the piezoelectric cells. For the computer simulation stage, a larger
space between the piezoelectric elements represented an average increase of 0.39% in
electric power. However, in the laboratory stage, this average increase was 30%, even after
considering that the last three applications of force for the frequency of 20 Hz resulted in
greater power for the layout with four cells.

In the Multiphysics simulations, the combination of more widely spaced cells resulted
in the highest levels of harvested energy, reaching a response of 648.80 mW for 20 Hz
and 10.2 kN. When the same application is compared to the laboratory test, the value
obtained was 33.47 mW, which is a reduction of 94.84%. Again, it is worth noting that this
difference is directly related to the electric resistance, which, for the computer simulation,
had an optimum of 7.1230 MΩ, and in the laboratory, only 0.99 kΩ was obtained, which is
a reduction of 99.99%.

While varying the frequency of 5 Hz to 10 Hz in the computer simulation stage, there
was an average increase of 72%, 167%, and 249% in the electric power for the three ranges
of resistance simulated in each frequency and combination of cells from largest to smallest,
respectively. When the same interval was analyzed in the laboratory stage, the increase
was 44% on average. This percentage rose above 72% only with the application of four cells
and eight cells, representing 89.20% and 75.80%, respectively.

By performing the same analysis of the variation from 5 Hz to 20 Hz in the simulation
stage, an average increase of 110%, 359%, and 832% occurred for the same ranges of
resistance. In the laboratory, this increase was an average of 3450.00%, mainly due to the
differentiation of the curve of 20 Hz about the other.

As far as the frequency variation is concerned, ranging from 10 Hz to 20 Hz resulted
in an increase of 22%, 72%, and 167% in the harvested energy for the same resistances in
descending order. The results obtained in the UTM-25 demonstrated an average increase of
2256.00% in the power value for the duplication of the frequency adopted.

It is therefore possible to observe that for the four-cell and four widely spaced cell
arrangements, the reduction was around 97%. It was noticeable that the decrease was less
for the frequency of 20 Hz. In the layout with sixteen cells, the percentage difference also
decreases with the increase in force applied. At the other frequencies, this behavior can also
be observed. However, it does not occur proportionally, as there is some inference. It was
also possible to observe that the curves presented a similar behavior, mainly in the 20 Hz
curve, which had an exponential trend. As for the combination of eight cells, the results
showed an inverse behavior. The percentage difference increased with the growth of the
force applied. However, results were lower when compared to the other three situations.

As for the 20 Hz frequency, the lowest difference was obtained with the application of
8.5 kN, resulting in a reduction of 15.86%. Thus, positive results were obtained for loads of
3.4 kN, 5.1 kN, and 6.8 kN, which shows that power values were being obtained above the
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optimal ones found by the software. This can occur because even if the same load is applied
to the specimen, this force might be unevenly distributed to the piezoelectric cells, resulting
in higher stresses and, thus, increasing the voltage and the electric power as a consequence.

It is worth noting that, despite the high percentage differences, the power and electric
voltage values follow the same behavior as those obtained from the computer simulation,
which allows us to compare them, even though they present different electric resistances.
This problem would be solved with the use of a resistance box to equalize the internal
and external resistances, the assistance of an oscilloscope to measure the voltage, and flat
copper boards for even contact with the piezoelectric cell.

The results demonstrate that the electric piezoelectric prototype will respond effec-
tively and efficiently to situations where the road speed is as high as possible, while
considering issues related to road safety and for higher load applications such as trucks.
Additionally, by controlling the electrical resistance, it becomes possible to obtain the opti-
mum power values for any load application situation. In the supplementary material all the
data obtained in the laboratory tests and the comparisons with the computer simulations
were made available, from Tables S1–S6 and Figure S1.

3.3. Simulation of Energy Production

It was possible to determine the ideal combination to apply in the prototype in the
field through a comparative analysis. At this stage, the real-life application scenario was
decided according to the Multiphysics simulation. The pavement of the BR-222 highway
had small or insignificant longitudinal irregularity and the electric resistance was controlled
by resistance boxes inserted close to the edge of the road. The resistance adopted was the
one that yielded the highest energy values in the 10 Hz simulation, given the enforced
speed limit of 60 km/h.

The prototypes were inserted 5 cm beneath the top coating layer, i.e., between it and
the binder course. The copper boards did not have any irregularities, providing even
contact with the piezoelectric cells.

Considering the dimensions (10 × 10 cm) of the prototype, it was installed in the
average contact location of the tire/pavement, spaced evenly, 10 cm apart. In order to
perform a maximum simulation, it was established that at least one wheel of all the vehicles
would pass over each of the prototypes installed on the road. Thus, for a 1 km length of the
road, 10,000 prototypes would be installed, 5000 on each side of the road.

As per Section 2.3, the traffic considered was 296 vehicles per hour of passenger cars
with wheel load equal to 1.98 kN, and 47 vehicles per hour of two-axle bus and truck types
with wheel loads equal to 24.50 kN. The total traffic was allocated 50% for each direction
with all vehicles traveling at the enforced speed of 60 km/h.

Therefore, for this case, the four more widely spaced cell layout was used with the
frequency of 10 Hz and resistance of 14.2460 MΩ. Thus, the electric power would be
obtained by Equation (12) (y = 3.1061 × L1.9977), in which L is the load applied. The
entire load of the car wheels was transmitted to the piezoelectric elements. For trucks and
buses, which have a tire contact area of approximately 355 cm2, we performed a ratio of
absorption of the energy generated by the prototype equal to 28.17% of the load applied,
given the copper boards had an area of 100 cm2. Table 11 presents the power obtained for
the simulated situation at this stage.

Table 11. Simulated power for a section of BR-222 in the ideal situation.

Type Power Unit

Car tire/module 0.01212 W
Bus and truck tires/module 0.14679 W

Car tire/day/module 86.12717 Wh
Bus and truck tires/day/module 165.57828 Wh

Car tire/year/module 31.43642 kWh
Bus and truck tires/year/module 60.43607 kWh
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If 10,000 prototypes were applied on the road, in one year it would be possible
to generate up to 918.76 MWh, which is 76.56 MWh per month. In 2021, the average
monthly electric energy consumption in the Brazilian northeast region was 125.20 kWh
per household [44], which means that the energy harvested from 1 km of the road would
be able to supply up to 611 residences. The number of residences (NR) was calculated
from the average consumption of electricity in the state of Ceará, Brazil. It was obtained
from the application of the accumulated monthly energy values, derived from the vehicle
traffic in Table 8 and the results of Table 11 in relation to the mentioned monthly electric
consumption Equation (32).

NR
76.56× 106

125.20× 103 = 611 residences (32)

4. Final Considerations

The main contribution of this research was the comparative analysis of laboratory
tests and computer simulations related to the capture and generation of energy from traffic
on road pavement. Laboratory tests were performed with piezoelectric elements inserted
into a specimen of asphalt mixture with a high elastic modulus, from which electric energy
was obtained from the application of loads, frequencies, and different combinations of cells.
The results allowed us to conclude the electric resistance, load level, stresses, frequencies,
number, and layout of piezoelectric cells affecting the electrical response of the prototype.
From the simulation of the application of the prototype based on a real road section, it was
possible to estimate the generation of 76.56 MWh of electric energy on a monthly basis for
an ideal scenario. The laboratory tests also contributed to highlighting the exponential
behavior of the electric power and the linear voltage, with the curve of 20 Hz always
graphically more distant from the others. The combination of eight cells gave the best
results for the electric power. However, its application would be impracticable under
the same conditions used in the laboratory. In addition, the results demonstrated that
the electric piezoelectric prototype would respond efficiently and effectively in situations
where the speed on the road is as high as possible, taking into account road safety issues,
and in applications of greater loads, such as from trucks. Considering the electric resistance
control, it is possible to obtain the optimized values of power for any situation of load
application. Finally, it was possible to observe that the piezoelectric energy alternative
is energy efficient and could be a viable alternative to complement the electric grid of a
particular region of a country.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/su14159584/s1, Figure S1: Electrical power comparisons between
laboratory tests and simulations; Table S1: Electric power of laboratoy tests; Table S2: Percentage
differences between laboratory and simulations; Table S3: 4 cells; Table S4: 4+e cells; Table S5: 8 cells;
Table S6: 16 cells.
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