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ABSTRACT

The appeal of energy harvesting systems lies in the possibility of capturing free
energy that would be dissipated and is therefore obtainable without costs. Today,
advanced techniques and devices exist for capturing from the environment, storing,
and managing quotas of natural energy, which are made available in the form of
electrical energy. At the same time, the most recent microprocessors grant an
extremely high power efficiency, which permits their operation with minimal power
consumption. As a consequence, low-consuming devices can be power supplied by
using energy harvesting systems. If this concept is applied to wearable electronics, the
most efficient choice is that of exploiting the energy released when the users walk, by
developing systems that are embedded in the shoe sole. At each step, the force exerted
on the device can be transformed into a relatively high amount of electrical energy,
for example by using piezoelectric elements and electromagnetic induction systems.
The paper describes the design of four different solutions for smart shoes that make
use of energy harvesting apparatuses for the power supply of sensors and complex
monitoring systems, for example aimed at GPS localization. An initial comparative
assessment of the four architectures is reported, by weighing production costs, ease of
manufacture and energy harvesting performance.
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1. INTRODUCTION

In the last years, thanks to the increase of efficient systems to energy recovery, and the
continuous research of materials and systems able to capture and to translate different type of
energy into electrical form, a high number of wearable electronic devices has been introduced
and developed [1],[2]. They have been used for monitoring human activity, and they allowed
not only to examine the state of body and the health of persons, but also to recover much
information concerning different fields of application: human motion [3], geolocalization [4],
security and many others [5].

A better solution is to generate power where it is being used, overcoming, in this way, the
problem of storage and distribution. In the past years, many attempts have been made in this
direction, considering different technologies [6] that go from the construction of
electromechanical generators [7]-[9] to surgically positioning of piezoelectric [10] material in
the animals [11], [12].

In a previous study, it has been also calculated that up to 67 Watts of power is available
from heel strikes during a brisk walking (68 Kg, 2 step/sec, heel moving 5 cm) [13]. This
value of power extraction from walking would surely interfere with one’s gait.

About wearable electronics devices, one of the most efficient systems for energy capturing
are those that use Energy Harvesting systems [14] inserted into the shoes. These systems are
installed into the soles where, during the walking and/or the running, the force is exerted.
Using piezoelectric elements and electromagnetic induction systems, this force allows re-
covering a high quantity of electrical energy useful for sensor supply and complex monitoring
systems [15]-[17]. For that, it is necessary to analyse in detail the pressure distribution along
the sole of the shoes during the walking and/or the running [18], in order to optimize the
positioning of the elements useful for the energy recovering.

The aim of this work is to present four different typologies of smart shoes able to recover
sufficient energy to supply a geolocalization system of a person. The following solutions are
different concerning the Energy Harvesting systems used and for different positioning, inside
the sole, of the elements designed for the energy recovering. Preliminary comparative results
of 4 different solutions are compared on the bases of costs, production feasibility and energy
harvesting capabilities.

2. ENERGY HARVESTING

Energy Harvesting is the process of recovering and using free energies from the environment,
as for example light, electro mechanic vibrations and small thermal gradients, capturing
amounts of free energy from the surrounding environ-ment [19]-[21].

These forms of energy, once unusable, are today object of study and great interest. The
always smaller request of energy by micro devices, as for example sensors, and the increasing
efficiency of devices that capture energy allowed exploiting these energy sources. Many are
the advantages of exploiting these solutions as, for example, to supply devices without using
traditional and expensive batteries, and so ensuring energy saving and protecting the natural
environment. There is also the possibility to place sensors and actuators in positions
previously difficult to reach.

The energy sources usable by Energy Harvesting devices mainly are:

mechanic: deriving from vibrations, sounds, deformations and elastic stresses;
thermal: waste heat from furnaces, heaters, motors, and different kinds of attrition;
light: sunlight and artificial light, with photodiodes or solar panels;
electromagnetic: inductors, coils and transformers;
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e natural: wind, tides, waves, ocean currents, solar energy;

e human body: both thermal and mechanical, generated by the normal functioning of
a living organism, such as walking;

e Others: chemical energy or biological sources.

In detail, kinetic Energy Harvesting requires a transduction mechanism to generate
electrical energy from motion and the generator requires a mechanical system that couples
environmental displacements to the transduction mechanism [13]. The transduction
mechanism generates electricity exploiting mechanical strain or relative displacement that
occurs in-side the system. The strain event uses the deformation of the mechanical system,
employing active materials, such as piezoelectric, piezoceramic and piezopolymer. The
vibrations are actually considered the most rising source both for the discrete power density
and for the abundance of resources. An Energy Harvesting device consisted of three main
components: a module dedicated to the capture and to energy conversion such as a
piezoelectric element that can translate energy into electrical form. The second element is a
device that stores energy, as an accumulator, a condenser. Finally, there is an end application
device as, for example, a sensors or an antenna. Apart from these three principal elements,
there is an additional module of storage energy and/or a system of energy management.

The application fields of Energy Harvesting devices are manifold. They can be used for
supplying of monitoring systems of human body vital parameters, for the localization, for
verifying the correct functioning of machineries placed in inaccessible locations, for
providing security and emergency devices, and finally, for reloading portable electronic
devices, mobile phones or laptop, and radio devices.

3. GAIT ANALYSIS

The introduction of gait analysis [22] is important both for the choice of materials and for the
optimization of the positioning inside the sole. In a study of kinematics and biomechanics of
human locomotion, the gait cycle is always considered. The gait cycle is defined as the period
between two successive support of the same foot to the ground. This period is divided into
two distinctive phases:

e Phase of stance, during this phase, the foot is in contact with the terrain. In the
normal-gait, this phase covers ap-proximately 60% of the gait cycle, reducing
significantly itself during the running, and reaching the 37% during the fast
running. This is the most useful phase of the walking cycle, which allows
recovering a part of the mechanical energy responsible for the deformation of the
sole.

e Phase of swing, in which the leg is carried forward to prepare for the support to the
ground.

The point of application of the force exchanged between the foot and the terrain moves
along the foot in relation to the motion of the gravity centre of the human body and to the
distribution of the muscular power required to control and to produce the movement of the leg
for maintaining the body balanced. The trend of the vertical component of the ground reaction
forces changes with the speed of progression of the step. The map of plantar pressures allows
us to know the areas of greatest load. Analysing the argument, it has been deduced that the
soles discharge considerable forces, which exceed 220% of body weight during the running.
Furthermore, two zones in which the pressure exerted by the foot is greater have been
identified; an area that is under the heel and another one is under the front of the metatarsal
zone. Figure 1 show the map of the foot zones where the pressure is the greatest. The same
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color identifies a zone subjected to the same pressure. The zones with the highest pressure are
highlighted in red.

Figure 1 Map of the foot zones highlighting different pressures.

4. STATE OF ART

In recent years, several prototypes of energy harvesting shoes were made using different
technologies. In the MIT Media Laboratory [15]-[17], three prototypes are realized. The first
integrates a device consisted of a flexible plastic sheet on whose faces are glued 8 sheets of
PVDF piezoelectric material with dominant polarization 31. The system recovers energy from
the flexion of the sole, obtaining a mean power of 1.1mW. The second device has been
produced in order to recover energy from the pressure exerted by the heel and uses a layer of
PZT a layer of piezoelectric ceramic material mounted on a sheet of spring steel, generating a
mean power of 1.8 mW. The last device adapts a standard rotative electromagnetic generator
trough a backplate located under the heel and activated by the body weight, generating a mean
power of 0.23 W.

Some Chinese researchers have tried to exploit the horizontal movement of walking
instead of the vertical using a linear generator with permanent magnets [24]. The device
consists of an external statoric cylinder in which windings and an internal cylindrical core on
which are positioned a series of magnets have been arranged. These last translate in the
external cylinder due to their inertia.
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Figure 2 Representation of the three prototypes realized by the MIT Media Laboratory.

Figure 3 Representation of the prototype realized by Chinese researchers.
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The SRI team, in California, realized a prototype based on an electrostatic generator
located in the heel of the shoe. The energy was captured by the deformation of dielectric
elastomer loaded. Researchers in Portugal have created a prototype of a sole using two PVDF
piezoelectric sheets placed in zones subject to greater change of pressure [25]. In order to
increase the energy, piezoelectric elements are coupled to an electrostatic generator.

\

Figure 4 Representation of the prototype realized by Portuguese researchers.

5. FOUR SOLUTIONS FOR AN ENERGY HARVESTING SYSTEM

In this section, four different types of smart shoes have been proposed. The soles used smart
energy harvesting systems incorporating piezoelectric PVDF, buzzer and piezostack with the
aim of showing four different possible solutions to recover the energy needed to supply a GPS
module able to provide coordinates to a high level software [23]. Figure 5 resumes all the
solutions described in the next sections, highlighting the different positioning of the sensors,
and they have been labelled basing on the following description.

Figure 5 Four prototypes proposed to supply a GPS modules.

The different soles below proposed have been designed for maximizing the recovery of
energy by positioning the energy harvesting devices in the points inside of the sole where
there is a greater pressure exercised by the foot during walking.

The four solutions, even if different between them, efficiently allow to accumulate, at
regular intervals and not continuously, the power necessary to supply a GPS module that need
to run on average of about 10 - 15mW to feed.

5.1. First solution

In the first approach, a sheet of PVDF piezoelectric material has been positioned
corresponding to the heel of the sole. The maximum stresses to which a sole has been
subjected concern the walking phase. During its life, the shoe may be subject to considerably
higher stresses that are difficult to estimate. Therefore, all piezoelectric materials
characterized by brittle behaviour have been considered unsuitable and the choice has fallen
on the PVVDF material which presents marked characteristics of flexibility.
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A plastic base allowing exploiting the curve surface formed on the upper part as a limit to
the deformation of the piezoelectric sheet has been realized to anchor the piezoelectric
material. In this way, the achievement of critical tensions has been avoided, allowing the
PVDF material to move both for traction and for compression.

Inside the base of the device, a dedicated space for the installation of the GPS module and
various electronic devices has been created. The upper part of the base holds the piezoelectric
sheet, attached by two trapezoidal bars fixed on the base through captive screws which allow
the material to move.

The positioning of a plantar pushes the piezoelectric in the suitably shaped surface, by
deforming under the action of the foot. This curve surface has to limit the maximum
elongation of the piezoelectric element, in fact, it has been dimensioned in order to reach the
maximum tensions of traction about 20 MPa (the yield stress of the piezoelectric sheet is
about 50 MPa). The description of the mounting of the device in the first sole has been
represented in the following figure 6.

The electrical connections are made through two thin sheets of copper, in contact with two
faces of the piezoelectric and kept in position by tightening of the trapezoidal bars.

Figure 6 Description of the mounting of the device.

5.2. Second solution

The second solution uses two energy recovery systems: one placed on the rear of the sole that
uses four buzzers and the second placed on the front part that uses a film of PVDF
piezoelectric material. This version is certainly the most expensive and elaborate, but is the
most efficient during the device operation even in emergency situations.

The uses of dual power supply system ensures the transmission of the signal even in case
of failure or malfunction of one of two systems and, also, ensures the adaptation to any style
of walking. As previously said, the charged areas of the foot are essentially two: the heel, with
a vertical load, and the forefoot, with a vertical load and a flexion. Figure 7 shows the bottom
of the sole, indicating the measures for a medium-sized foot.

The total system of Energy Harvesting allows using the energy discharged from the foot
in both areas, optimizing the energy recovery process. Indeed, different styles of walking will
exploit otherwise the two areas of energy harvesting: one step swiped, which uses less
oscillation and hence flexion of the foot, will solicit further back area with buzzer. While the
walking lighter with a more complete motion will maximize the anterior areas, with the
PVDF film.

The GPS system has been positioned in the central part of the sole, where the foot
download less weight.

This solution certainly complicates the production of the sole and inevitably affects the
wearability and the comfort of the shoe, but it allows reaching a high level of reliability.
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5.3. Third solution

In the third solution, an Energy Harvesting system based on B-PVDF material capable of
producing electric current not only if stepped on, then if stressed in compression, but also if it
Is bent, has been effectuated. In order to exploit this feature, the piezoelectric sheet must be
kept folded and for this reason it has been fixed to a bracket of a harmonic material. The
harmonic steel is very flexible and perfectly adapts to the problem enduring the constant
deflections which would be submitted once integrated into the system.

Figure 7 Representation of the bottom of the sole for the second solution.

A number of piezoelectric sheets have been merged (16 sheets: 8 above the steel strip and
8 below this last) in order to produce enough voltage to supply the GPS device. These sheets
with the bracket of harmonic materials are tightened to a chassis made of ABS to form an
angle of 10 sufficient to maintain folded the piezoelectric material. The plastic support has
been realized to contain inside the geolocation system. The flexion of piezoelectric element is
represented in figure 8.

Figure 8 Representation of the device installed inside the sole

5.4. Fourth solution

Also in the fourth solution, two different systems of Energy Harvesting have been used: one
positioned in the heel area and consists of 12 piezostack and the other in the forefoot area
achieved using a folded sheet of piezoelectric material.

The piezostacks in the heel are placed inside a support realized through a 3D printer,
which has as its main purpose to provide a rigid support base to piezostacks that otherwise
would sink into the rubber of the sole dispersing large part of their deformation and thus the
power generated. It was also realized an insole to provide a pressure support as uniform as
possible also in the upper end of piezostacks and thus increasing the comfort of the whole
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system. The area of the forefoot, unlike that the heel, has a thickness available for a very
modest holding of the piezoelectric, making it impossible to use piezostacks as for the heel.

In this area, a sheet of piezoelectric material folded with interposed polymeric material
highly deformable between the different layers has been used, creating in this way a
rectangular cell. Tests performed on piezoelectric have shown that it provides a higher voltage
when subjected to flexion rather than crushing.

The implemented configuration, therefore, allows deforming efficiently the sheet of
piezoelectric and in many areas by increasing the voltage further generated.

Also in this case it was necessary to achieve a rigid base in order to maximize the
deformation, always using rapid prototyping. Figure 9 shows the arrangement of the various
components of energy harvesting. Note how the GPS module has been allocated in the central

part of the sole.

Peostacks

Pemelectnc
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Fase for
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Figure 9 Disposition of the different components of energy harvesting system.

5.5. Comparative results

In this section comparative results are presented. Results, even if preliminary, are reported
here following to perform a comparative analysis of the proposed techniques not only from
the energy harvesting point of view but also from the industrialization perspective.

The simulation was performed to obtain a comparison between the proposed solutions
from 3 different point of view:

i. level of energy harvesting measured counting the number of steps necessary to
accumulate the charge needed to a position transmission (GPS localization plus
GPRS message transmission); the value is measured in 10 trials and the number
reported is an average

ii.  ease of installation on a production line measured in a scale from 1 to 10 evaluated
as the average of 3 different shoe makers opinion;

iii.  solution cost per shoes normalized in a scale from 1 to 10 for a standard size shoe.
iv.  comfort measured in a scale from 1 to 10
The following table reports comparative results:

Item
ID Ref i) i) iii) iv)
1 A. First solution 13.80 8 7 8
2 B. Second solution 11.00 7 9 9
3 C. Third solution 12.50 9 8 9
4 D. Fourth solution 13.30 7 7 9
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Final comparison is based on an average of the parameters reported in the table. At this
step of the project we decided to give to shoe makers the possibility to define a final metric to
define the better solutions. Results, even if preliminary, are a useful comparison of different
Energy Harvesting system designs with a particular focus on ease installation and costs.
Further investigations in that direction will follow in the progress of the current project.

6. DISCUSSION AND FUTURE WORKS

This paper examined different devices that can be built into the shoes, where excess energy
can be promptly recovered, and used for producing electrical power while walking. The
project indented to design and to realize innovative and general purpose devices integrating
polymer and ceramic piezomaterials achieved by injection mouldings.

Four different types of soles with energy harvesting systems for supplying a GPS module
have been proposed.

On the basis of the walking cycle and the study of the distribution of the pressure exerted
by the foot on the shoe through the gait analysis, the zones of the sole where to position the
elements of energy harvesting in order to maximize their effectiveness have been identified.
Energy recovery was achieved using piezoelectric material, buzzer and piezostacks inserted
into the sole. All the elements have been integrated into the shoe creating also supports
allowing the anchoring of energy harvesting devices and the integration of electronic
components needed for geolocalization.

This work is in a preliminary phase, since there is only a description and comparison of
performance of the systems without a strong experimental phase. In order to evaluate the
ability of the systems in the energy recovering, it is necessary to compare their performances
making two different tests. The first in laboratory making use of a machine for fatigue tests
and performing measurements in open and closed circuit. The second test in a real application
(on the road) wearing for a few days the finished prototype of the shoes in order to evaluate
the energy recovered during a daily use of the shoes, the actual wearability and the comfort
level.
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