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ABSTRACT: Since a few years the demand for sources of renewable energy is strongly increasing and hence, energy
harvesting has experienced substantial attention among researchers and stakeholders. Piezoelectric materials are able to
convert mechanical into electrical energy and vice versa. The principle idea of piezoelectric energy harvesting is based
on the conversion of pressure (impact) applied by pedestrians or vehicles traversing a floor or road into electricity. In
this study, the design, realization and working experience of an energy harvesting floor tile (50 x 100 x 3.5 cm)
installed at the administration center on the main campus of Technical University of Munich is presented. This
demonstrator uses 117 sintered PZT piezoelectric ceramic boards (capacity: 23 pF) to produce electrical energy. The
output of the floor tile was captured using an oscilloscope connected to a data logger. Over a one-year period nearly
80,000 steps producing an average voltage of 1.97 V and an energy amount of 288 puJ per step were recorded. This field
experiment confirmed the robustness of the piezoelectric floor tile design which required virtually no maintenance over
the one-year period. Thus, this concept is very promising for use in highly frequented areas such as subway stations or
even roads to harvest energy without any CO, emission and to reach the target of climate neutrality.
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I. INTRODUCTION

The global demand for energy is expected to continuously increase in the next decades (see Fig. 1a) and hence, an
increase from 542 quadrillion British thermal units (Btu) in 2010 to 886 quadrillion Btu in 2050 is anticipated which
corresponds to an annual growth rate of 1.24 % and a total increase of 63 % according to the U.S. Energy Information
and Administration (EIA) [1]. Moreover, the main increase in energy demand stems from countries outside the
Organization for Economic Cooperation and Development (OECD). In particular, by 2050 non-OECD countries in
Asia including India and China are expected to account for about 400 quadrillion Btu (45 %) of the global energy
consumption. Even though the carbon intensity of energy generation is expected to decrease around the world because
of the promotion of renewable energy sources, global carbon dioxide (CO,) emissions will continue to rise as is shown
in Fig. 1b.Worldwide annual CO, emissions will continue to increase to ~ 43 Gt in 2050 which is 30 % more than in
2010 [1]. While within OECD emissions are expected to slightly decrease, for non-OECD countries an increase of
about 10 Gt from 2010 to 2050 is presumed [1]. This implies that the expansion of renewables will rather compensate
the increasing energy demand than replace fossil sources in countries outside the OECD. With regard to global
warming, starting from around 1920 and especially since 1970, the global temperature has increased steadily by about
+ 1.2 °C in 2022, which is far above the previous long-term average using data from Berkeley Earth organization (see
Fig. 1c) [2]. This rise in temperature is mainly caused by the accumulation of CO, and other greenhouse gases (GHG)
in the atmosphere. Considering the globally increasing demand for energy and the resulting emissions, a continuous
increase in the atmospheric GHG concentration and even higher global temperatures are expected. Extrapolation of the
trend observed since 1980 would result in a temperature increase of 2.0 °C by 2060, as is illustrated in Fig. 1¢c. Such
noticeable temperature increase has substantial consequences including rise of the sea level, melting of glaciers, strong
temperature fluctuations and, in addition to desertification of some areas, also unusually strong floods and intense rain
falls. The latter result from a higher moisture uptake by a warmer atmosphere [3]. If the aim of the Paris Agreement on
climate change of keeping the global temperature increase below 2 °C is to be reached, then a substantial progress in
limiting GHG emissions needs to be made. Since the combustion of fossil energy carriers including coal, natural gas
and liquid fuels was identified as the main source for CO, emissions, their replacement with sources of low or zero net
CO; emission is required to control climate change.
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Fig. 1 (a) Global primary energy consumption; (b) global energy-related carbon dioxide (CO,) emissions, starting from
1850 with projections to 2050 [1]; (c) development of median global temperature anomaly from 1850 — 2022 [2].

The idea of environmentally friendly energy harvesting is based on the generation of electrical power from natural
(abundant and carbon-neutral) sources of energy. For high power generation in the range of megawatts, this is
commonly achieved via wind, solar (photovoltaic), hydroelectric or geothermal energy harvesting. In the case of low
power generation in the range of milliwatts, vibrations, RF (radio frequency), IR (infrared), light, motion, etc. can be
utilized [4]. These energy sources have high potential to be used e.g. in low-power microelectronics, displays, sensors,
etc., which enables the design of self-powered devices. Piezoelectric energy harvesters use impact and vibrations of
machines or the motion of humans, animals or vehicles to generate electricity from mechanical stress. In this way, the
“waste energy” e.g. from a pedestrian stepping and walking over a piezoelectric floor can be harvested and converted
into electricity. Once manufactured, such tiles produce energy at zero CO, emission. This system can be used e.g. to
power emergency lights on roads or signs on subway stations.

In this study, the design and implementation of an energy harvester based on a piezoelectric floor tile installed at the
main campus in Munich’s downtown area is presented. The aim of this field test was to assess the energy output of the
tile over a one-year period (from Sept 2021 to Aug 2022) and to test the robustness and applicability of such floor tile
in an outdoor environment where it is exposed to seasonal weather and public users.

II. FUNDAMENTALS OF PIEZOELECTRICITY

The effect of piezoelectricity describes the reversible conversion of mechanical into electrical energy (direct
piezoelectric effect) and vice versa (converse piezoelectric effect) and was first observed by Jacques and Pierre Curie in
1880 [5, 6]. Piezoelectricity only occurs in non-centrosymmetric crystalline materials such as a-quartz, BaTiOs,
Ba,NaNbsOs, Bi,Ti50,,, La;GasSiO,,, LiNbO3, LiTaO; and Pb[Zr,Ti;]O; with 0 < x < 1. The latter — lead zirconate
titanate, commonly known as PZT — presents the most common piezoelectric material used in various applications [7].
While its energy yield may be relatively low as compared to other piezoelectric materials, its affordability often makes
it the material of choice.

In theory, piezoelectricity is a phenomenon involving electromechanical interconversion between mechanical stress,
strain and electrical charges in the structure of piezoelectric materials. Their relationship is generally expressed by the
linear coupling equations given in stress-charge form (Egs. (1) and (2)) and strain-charge form (Egs. (3) and (4)) as
indicated below [6]. This implies that in the case of the converse piezoelectric effect, the total mechanical stress is
presented by the sum of stress related to mechanical strain and stress caused by the applied electrical field, while the
total electric charge results from the sum of the electric displacement due to mechanical strain and the displacement
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caused by the applied electrical field. In contrast, for the direct piezoelectric effect the total mechanical strain yields
from the sum of strain attributed to mechanical stress and the strain induced by the electric field, while the total electric
charge is caused by the sum of the electric displacement caused by mechanical stress and the displacement due to the
electrical field.

T = cES—e'E (1)
D = eS+ ¢5E @)
S=sET+d'E 3)
D= dT +¢"E “

where:

T = stress;

S = strain;

D = electric charge density displacement;

E = electric field;

cF = elastic stiffness coefficient at constant E;

e’ = transposed piezoelectric stress coupling coefficient (converse piezoelectric effect);
e = piezoelectric stress coupling coefficient (direct piezoelectric effect);

&5 = dielectric permittivity at constant S;

sE = elastic compliance coefficient at constant E;

dt = transposed piezoelectric strain coupling coefficient (converse piezoelectric effect);
d = piezoelectric strain coupling coefficient (direct piezoelectric effect);

eT = dielectric permittivity at constant T.

On a molecular level, the direct piezoelectric effect relies on the distortion of the crystal structure upon mechanical
impact which leads to a charge separation due to displaced ions or ion clusters inside a non-centrosymmetric crystal.
Consequently, when such charge separation occurs in a piezoelectric material, it induces ferroelectric polarization. This
leads to an electrostatic potential across the material, which can be measured as voltage. Fig. 2 depicts the crystal
structure of a PZT material at non-pressurized condition (Fig. 2a), and under mechanical stress resulting in charge
separation (Fig. 2b). The principle of voltage generation via mechanical force utilizing a PZT-based piezoelectric plate
is shown in Fig. 2c.

(b) (c)

Mechanical
o* force (F) PZT ceramic
Metal plate (lead zirconate titanate)
Mechanical Mechanical ‘
stress stress
+ X+ + + + + +f+H]+ 4+
@ T+, 2rt .pb=+ Q- @ T+, 2t .pb=+ Q- Mechanical force (F)

Fig. 2 (a) Crystal structure of a piezoelectric PZT material in non-pressurized state [8]; (b) crystal structure of PZT
under mechanical stress [9]; (c) principle of voltage generation utilizing a PZT-based piezoelectric plate via
ferroelectric polarization induced by mechanical force.

The charge separation process is completely reversible (= elastic), hence in theory a piezoelectric element can be used
indefinitely. In this way, it is suitable for various piezoelectric sensors such as microphones and can be used as a power
source, e.g. for energy harvesting. A common and well-known example of a piezoelectrically powered device is the
quartz wrist watch which no longer requires a battery. Actuators, which utilize the converse piezoelectric effect to
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transform electrical energy into motion, allow for precise and long-lasting movement. Popular examples for such
device are piezoelectric speakers which generate sound by converting electrical signals into vibrations.

III. LITERATURE SURVEY

After the initial discovery of piezoelectricity and its subsequent manifold application in sensors, since the millennium
several research works have focused on the concept of energy harvesting using piezoelectric materials. The aim was to
seek practical technologies to harvest energy from vibrations or human and vehicle movements. In 2007, two students
from the Massachusetts Institute of Technology (MIT), Thaddeus Jusczyk and James Graham, brought up the idea of
energy harvesting by utilizing human movement in crowded areas which they referred to as “crowd farms” [10]. They
had employed a prototype harvester at a train station in Torino, Italy, and were able to power four LEDs using the
generated energy. In another project in 2008, the East Japan Railway Company installed a piezoelectric energy
harvesting floor at the entrance of a train station in Tokyo where on average 0.1 W of electrical output was generated
every second when a commuter walked two steps upon the floor tile [11]. In 2017, Shreeshayana et al. developed a
prototype piezoelectric energy harvesting floor using PZT-based ceramic discs embedded in high-density foam to
demonstrate the energy harvesting potential for India [12]. Similarly, in 2022, Moussa et al. presented such piezo floor
installed inside an Egyptian metro station with an estimate of almost 57,000 passengers per day passing by who could
produce enough electricity to self-power this metro station for the entire year [13]. In another study in 2022,
Thainiramit et al. from Thailand reported on a triboelectric energy harvester built from polytetrafluoroethylene (PTFE)
films and aluminum foil which was able to generate sufficient energy to power 150 LEDs by a 60 kg person who
stepped less than two times per second onto the floor [14]. Furthermore, the potential of piezoelectric materials applied
as energy harvesters in intelligent buildings has been discussed. For example, in 2014 Li et al. presented the concept of
a piezoelectric energy harvester based on floor tiles which according to their model would roughly produce 1.1 MWh
of electricity per year, if applied in a central hub building at Macquarie University in Sydney, Australia [15]. Moreover,
the potential of energy harvesting from passing vehicles was studied. In 2017, Guo et al. compared the potential of
piezoelectric and thermoelectric energy harvesting technologies based on the roadway network in Florida, USA. They
found that theoretically the piezo-based system would be able to yield 4.04 MWh of electricity per day [16]. However,
they conclude that a thermoelectric pipe-based system would be more cost-effective. In another study in 2020, Hong et
al. reported on landfilled road-capable piezoelectric harvesters which can effectively convert stress induced by passing
vehicles into electrical energy to be used for supplying emergency lights or deliminators [17].

This literature overview demonstrates the increasing interest on energy harvesting using piezoelectric materials and the
high potential of this technology, especially in much crowded areas such as metro stations, and also in densely
populated mega cities like in India or China. The possibility of sustainable energy generation without any GHG
emissions while in use makes this approach highly attractive.

IV. ENERGY HARVESTING FLOOR TILE DESIGN

The piezoelectric ceramics (PZT, 60 x 30 x 0.2 mm) used in this study were produced at the University of Jinan, China
(group of Prof. Cheng) via a sintering process at ~ 900 °C followed by tempering near the Curie temperature in an
electric field and successive cooling. This process provides memorized orientation of the Weiss segments and enables
unidirectional ferroelectric polarization upon mechanical stress. These PZT layers were then coated on one side with a
thin aluminum layer and fixed onto a brass base plate to yield the cantilever-type piezo elements shown in Fig. 3a. If
such cantilever element is subjected to perpendicular deflection it will generate an electric potential on the PZT surface.
To quantify the amount of energy produced by pedestrians walking across this floor tile, a total of 117 piezo elements
were connected in parallel circuit and the voltage generated which dropped over the effective ohmic resistance of a
voltage divider (R.fy) as a function of time was measured with an oscilloscope connected to resistor R1, as is depicted
in Fig. 3b. The voltage divider was employed to protect the oscilloscope from any damage provoked by voltage spikes.
The factor of voltage division is essentially determined by the Rff/R; ratio. This correlation is presented in Eq. (5).

R1 >‘1 _ U1 * Refs

U®piezo = U®r1 + UOrz = U (R1+R2 R1 ®

where:

U(t)piezo = voltage induced by piezoelectric elements as a function of time;

U(t)g, = time-dependent voltage at ohmic resistor R1 and U(t)z, = time-dependent voltage at ohmic resistor R2;
R.rr = R1 + R2 = effective ohmic resistance of voltage divider with resistors R1 and R2 connected in series.
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Fig. 3 (a) Design of the piezoelectric element used in the study: PZT ceramic supported on brass plate (cantilever); (b)
Circuit design used for monitoring electricity generation achieved with a total of 117 piezoelectric elements
incorporated into the device.

The utilized oscilloscope captured a set of 12,288 data points at a rate of 10 kHz (~ 1.23 seconds per data set) upon
triggering (trigger level set for Uy, =20 mV). The trigger allows for counting the footsteps and, without an active
trigger level, the recorded data would be very noisy. In the following processing steps, at first the captured data were
cut at 10,000 data points equal to 1.0 second of recording and hence, a data set of 10,000 intervals of 0.1 ms each was
obtained for every trigger event (= each footstep). Secondly, from these voltage increments the electrical power was
calculated according to Eq. (6) using the correlations P =U-landU =R - 1.

U2 U',R12' R fr ' Ugi * R i .
= Relff — L Rlz e Wlth Ui = % = UO- e( /‘L’) and T = Reff'Cpiezo (6)

P;

where:

P; = electrical power increment;

U; = voltage increment and U; g;= voltage increment at ohmic resistor R1;
U, = initial voltage induced by piezoelectric elements;

t = time;

T = time constant;

Cpiezo = capacity of piezoelectric elements.

The capacity of all 117 piezo elements connected in parallel was measured as Cp;e,, =23 uF. For the resistors,
R1=1.47kQ and R2 = 3.04 kQ were chosen which results in Ro¢r = 4.51 kQ and 7 = 104 ms.

Finally, the amount of energy generated per data set (1.0 s) E 0, was calculated as the sum of the 10,000 increments
of electrical power multiplied with the constant time increment At = 0.1 ms, as is shown in Eq. (7).

10000

10000 R At
E g ff’
Ei,step = P - At = Ui,Rl2 ’ eRlz @)

1

The total amount of energy generated by the harvester, E;yq; Was calculated from the sum of all E; 4, recorded (see
Eq. (8)).

n
Erorar = ZEi,step (3
1

To harness electrical energy from cantilever-type piezo elements, it is essential to induce bending to the piezo ceramic
elements and subsequently allow them to return to their original state. Typically, the higher the extent of deflection, the
greater the electrical output obtained. However, excessive bending of the piezo elements increases the risk of breakage,
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compromising their functionality. Therefore, a bending support was developed and incorporated into the floor tile
which consists of a 5.0 mm PVC plate, two M2 screws and certain ring washers to hold the piezo element as well as a
3.0 mm high silicone spacer to ultimately limit the degree of deflection to 1.5 mm, as is depicted in Fig. 4a. In the final
substructure of the floor tile (see Fig. 4b), several M10 setscrews were integrated to limit the deflection to 1.1 - 1.3 mm
and a number of silicone buffers with a hardness of 55 °Shore A were installed to prevent premature bending caused by
the weight of the top plate (made from 6 mm thick stainless steel and covered with a vinyl flooring). The bending
support, deflection limiters and silicone buffers were mounted on a 6 mm thick stainless-steel base plate. Additionally,
the piezo elements were fully coated with a thin rubber film after all the solder joints were completed to protect them
from moisture and subsequent corrosion processes.

(a) (b)

Rubber-coated piezo element

71,0 mm ~
-[L | L. Silicone spacer
‘ M2 screw AR 7
| Piezo element = — !
! ! @ ¢ = = 2 <}
1. 10,0 mm % &
E
E| £
£ .y = - o b Lol
& 5 £ -3 - e
—————1 @ PVC support plate | -8 =
== = \
( J
; A |

Silicone buffer Deflection limi
(55 °ShA) eflection limiter

Fig. 4 (a) Design of the bending support for the piezo elements; (b) photograph of the final floor tile substructure.

Regarding data logging and displaying, an acquisition and processing electronic unit was designed, as is shown in
Fig. 5. It can be seen there that at first, the raw signal from the piezo floor enters the voltage divider which is connected
to an oscilloscope BitScope Micro via a BNC probe adapter. The oscilloscope captures the signals and transfers them to
the connected Raspberry Pi 4 computer (§ GB RAM, RTC module, Class 10 MicroSD) which processes and logs the
data using a Python script running on it. The final data is written into a .csv file stored on the MicroSD card of the Pi 4
and is also transmitted graphically to an information screen using a HDMI wireless extender. In addition, to power the
Pi 4 and the HDMI sending unit, a 5 V DC power supply was necessary. Moreover, the base plate of the piezo floor
was grounded to prevent electrostatic discharge.

BNC probe adapter HDMI wireless

extender (sender)

Raspberry Pi
Digital oscilloscope
RTC module

Voltage divider DC power supply

AC in

Signal connector

(to piezo floor) GND (to piezo floor)

Fig. 5 Photograph of the data acquisition and processing electronic unit utilized for logging and displaying which was
placed underneath the piezoelectric floor tile.
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V. RESULTS AND DISCUSSION

In 09/2021 this piezo floor tile was installed by Prof. Plank’s group at the entrance of TUM’s main campus in
downtown Munich and remained in service until 08/2022. Fig. 6a shows the installed setup including floor tile,
information screen and information panel which explained the experiment. Additionally, Fig. 6b provides a closer view
of the information screen featuring a graphical representation of the data, and Fig. 6¢ offers a detailed view of the
substructure of the floor tile, illustrating the arrangement of the piezoelectric elements.

(a) (b)

TUM Energy Harvester

- You just generated:

4.8 Volts max
0.84 pJoules

Piezo Capacity: 23uF

Fig. 6 (a) Setup of the energy harvesting floor tile in the entrance hall of TUM’s main campus in Munich; (b)
information screen displaying the recorded data; (c) installed floor tile substructure holding the 117 piezo elements.

The harvester proved to be highly robust against seasonal weathering and also to students who often heavily jumped on
it while taking selfies. Even under such heavy impact, the device did not collapse. Due to the use of comparatively
massive stainless-steel parts, no deformation or corrosion was detected. However, slight corrosion at some solder joints
was found after a few months where the rubber-coating around the piezo elements did not seal the soldering sufficiently.
The applied combination of silicone buffers and setscrews effectively allowed for good relaxation while limiting the
degree of deflection of the piezo elements. The vinyl flooring was damaged one time when some students had
exercised high impact, but it could be fixed very easily.

Fig. 7 depicts the total number of steps and energy amount as well as energy yield per step for this demonstrator
recorded during the entire period of service from Sep. 2021 to Aug. 2022 (Fig. 7a), and during one representative week
in Oct. 2021 from 10/18 to 10/25 (Fig. 7b). During the entire test period, a total number of 78,311 steps were captured
which yielded 22.5 mJ or 6.3 uWh of energy. Note that from mid of Nov. 2021 to mid of Jan. 2022 the harvester had to
be removed to make space for a traditional Christmas tree. For the entire period, the average voltage generated per step
was 1.97 V, and the maximum voltage was measured at 18.4 V, corresponding to energy amounts of 288 nJ and 9.1 pJ,
respectively. Extrapolation of the data to a full one-year period results in an energy amount of ~ 25 mJ generated using
this device.

A one-week breakdown of the data recorded is displayed in Fig. 7b where for every day the step count and energy
harvested is indicated. According to this data, traffic activity was not only during workdays, but also on Saturday and
Sunday, obviously by citizens from Munich who walked across the campus at the weekend and tested the energy
harvester. Within this specific week, a total of ~ 5,000 steps were recorded and ~ 2.8 mJ of energy were harvested.
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Fig. 7 (a) Data recording from the energy harvester over the entire service period (09/2021 — 08/2022); (b) breakdown
of steps and energy data captured during one week in October 2021 (10/18 — 10/25).

This energy harvesting device has been in continuous operation without any need for repair or maintenance (except for
the minor damage on the vinyl flooring) and generated significant interest among students and citizens. Even though
the amount of energy harvested seems rather low and was not directly stored in a battery for further use, the feasibility
of this concept and design of this model floor tile has been proven. The use of more efficient piezoelectric materials
could significantly increase the yield of the energy generated. Moreover, in highly crowded areas and countries with
dense population the electricity output of such energy harvester can be expected to be multiple times higher.

VI. CONCLUSION

This study aimed to demonstrate the potential of an energy harvester based on a relatively simple floor tile design using
the piezoelectric effect which converts mechanical stress into electrical energy. Moreover, the practical aspects of
design, installation and durability of such device were evaluated. During an 11-month exposure test, a total energy
amount of 22.5 mJ were generated by ~ 78,000 steps, without any substantial need for maintenance or repair work.
Placement of the floor tile was relatively simple, and different cantilever-type elements made from piezoelectric
materials other than the PZT ceramics used in this harvester which yield a higher energy output could be placed in this
way. The PZT-based piezoelectric ceramics used in this harvester are inexpensive, but yield a relatively low amount of
energy per step. Significant optimization is possible by installing more efficient materials. Apart from the electrical
energy generated emission-free, a positive effect of the experiment was the generation of public awareness of the
problem of energy supply in general and rising consumption by our society. According to the feedback received from
the people who tested the harvester it inspired them to save energy where possible. At present, global anthropogenic
greenhouse gas emissions still are increasing as a consequence of growing population, ongoing industrialization and
higher standard of living. Thus, application of piezoelectric energy harvesting devices which — once installed — operate
without any noticeable CO, emission e.g. in train or underground stations, highways or railways can contribute to
control the ongoing climate change.
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