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Preface

Shock & Vibration, Aircraft/Aerospace, Energy Harvesting represents one of ten volumes of technical papers presented at
the 33rd IMAC. A Conference and Exposition on Structural Dynamics, 2015. organized by the Society for Experimental
Mechanics, and held in Orlando, Florida, February 2-5, 2015. The full proceedings also include volumes on Nonlinear
Dynamics: Dynamics of Civil Structures; Model Validation and Uncertainty Quantification; Dynamics of Coupled Structures;
Sensors and Instrumentation; Special Topics in Structural Dynamics; Structural Health Monitoring & Damage Detection;
Experimental Techniques, Rotating Machinery & Acoustics; and Topics in Modal Analysis.

Each collection presents early findings from experimental and computational investigations on an important area
within Structural Dynamics. Topics represent papers on practical issues improving energy harvesting measurements, shock
calibration and shock environment synthesis and applications for aircraft/aerospace structures. Topics in this volume include:

Energy Harvesting

Adaptive Support

Shock Calibration
Operating Data Applications

The organizers would like to thank the authors, presenters, session organizers, and session chairs for their participation in
this track.

Blacksburg, VA, USA Randy Allemang
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Chapter 1
From Preliminary Design to Prototyping and Validation of Energy

Harvester for Shoes

Elvio Bonisoli, Francesco Di Monaco, Nicoldo Manca, Maurizio Repetto, and Stefano Tornincasa

Abstract Powering a remote wireless sensor is a challenging task if batteries are not suitable or enough capacious and their
substitution is not feasible. In this project a remote wireless sensor is placed inside training shoes with the aim to collect and
transmit data to evaluate and track the performance of an athlete. The primary energy source is the impact between the shoe
and the ground while walking or running. The harvester has been designed by means of a multi-physics optimization based
on an integrated electromagnetic-mechanical-electric-electronic simulator. Thus an automated optimization of the device
with respect to volume constraints, magnets dimensions, induction coils placement and sizes and electric/electronic coupling
have been performed to increase the average power extracted from the device at different speeds. These parameters are used
as starting point for the product development phase in order to obtain a consistent number of prototypes and validate the
simulations on these physical demonstrators. Finally, experimental outcomes evince the expected performance and a more
than satisfactory agreement with the models, confirming the feasibility of the application.

Keywords Magneto-mechanical generator * Design and optimization ¢ Shoe mounted device * Product development
Experimental application

1.1 Introduction

Powering remote wireless sensors exploiting the energy of the environment with the aim of making their life independent
from some energy limited power source like an electrochemical battery, is a challenging task. In addition, batteries are often
not suitable or not enough capacious, their substitution is not feasible or simply annoying and they introduce some problems
due to the toxicity of their chemicals.

Due to the growing of the wearable electronics market, one of the most debated topics in the field of energy harvesting is
the power supply of all those devices where the energy source is the human body motion.

The present study proposes a wearable device totally powered by an Energy Harvester (EH): an electrically autonomous
bluetooth step-counter placed in the sole of training shoes. This sensor allows collecting and transmitting data to a bluetooth
receiver device, as a smartphone, to evaluate and tracking the athlete performance. Figure 1.1 schematically represents the
working principle: at each step energy is harvested and used to power the electric interface.

Two possible strategies are available to collect energy in shoes during a step, usually by piezoelectric or electromagnetic
transducers: sole deformation caused by the contact with the ground and shocks due to the impacts of the heel on the ground.

Piezoelectric devices using sole deformation are described by [1, 2] while inertial piezoelectric generators, composed by
a cantilever beam with a mass on the free end, are described in [3, 4]. References [5, 6] present two linear electromagnetic
generators with one or more magnets sliding into a guide placed horizontally in the shoe. These devices do not have any
kind of springs. A rotary generator activated by a harm extending under the sole is described in [7]. A generator using a flow
between two pumps placed in the front and in the rear of the sole is presented in [8].

The proposed device is an electromagnetic energy harvester that exploits as primary energy source the impact of the heel
on the ground during each step of walking or running activity. Differently from the devices presented in [5, 6] this one is
placed in the heel with vertical sliding axis.
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The harvester has been designed by means of a multi-physics optimization based on an integrated electromagnetic-
mechanical-electric-electronic simulator. Thus, an automated optimization of the device with respect to volume constraints,
magnet dimensions, induction coils placement and size and electric/electronic coupling have been performed to increase the
average power extracted from the device at different walking speeds. These parameters represent the reference configuration
for the product development phase in order to obtain a consistent number of semi-industrialized prototypes and validate the
simulations on these physical demonstrators.

1.2 Device Description, Design and Optimization

The device consists of the main parts: the transducer for the vibrational energy harvesting and the conversion in electric
energy, and the electric interface for step monitoring and data sending.

1.2.1 Harvester

The transducer is an electromagnetic linear generator. Its layout is shown in Fig. 1.2: a magnet can slide into a guide
suspended between two springs and two coils are winded around the guide in opposite direction one each other. Inertial
forces, due to the impact between the shoe housing the transducer and the ground during walking or running activity, induce
motion in the magnet. The movement of the magnet causes a variation of the flux linkage in the coils and, consequently, a
voltage is induced between the ends of the coils.

It is possible to represent the device as a single degree of freedom base-excited mass-spring-damper system where the
transducer is considered as an inertial device, so that the forces act on its base and the mass vibrates freely. Two differential
equations, one for the mechanical and one for the electrical domain, describe the system. In case of a generic electric load
the two equations are:

@y _ _Cam _ cdy _ k, 4 X

dr o dr m dr m Zr + mI (I 1)
di _ _R; Vi Mdz '
F = =Ty

where m is the mass of the moving magnet, k is the sum of the stiffness of the two springs, ¢ is a generic dissipative
viscous mechanical damping, z;,, is the base motion, z, the relative position between magnet and base, A’ is the derivative
of the magnetic flux linkage with respect to the relative displacement, R and L are respectively the resistance and inductance
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of the transducer coils, V(i) is the voltage on the load, and i is the current [9, 10]. An accurate modelling of the system
usually requires considering non-linearity of k and A that are function of the relative displacement [11, 12].

1.2.2 Electric Interface

The simplest electric load is a resistor directly connected to the ends of the coils of the transducer. This solution provides
the maximum electrical power, but it does not allow energy storage; it follows that the EH can feed an electrical device only
when the floating magnet of the transducer is moving. In order to store the recovered energy a capacitor is connected to
the coils terminals and, as the provided current is alternating, a rectifier bridge is interposed between the capacitor and the
transducer. Although this configuration represents the easiest way for storing, due to the voltage drops in the diodes of the
rectifier, it implies very worst performance with respect to the previous case. Moreover, if the voltage between the ends of
the rectifier is lower than the voltage of the capacitor, the transducer does not charge it.

To overcome the limits characterizing the bridge rectifier, an active electronic interface consisting in a step-up and a
buck converter have been developed. The electronics interface is directly connected to the positive and negative terminal of
the transducer. It consists of a full wave active boost converter with a transducer current control; this provides an optimum
resistive load emulation independently from the signal provided by the transducer (shape and voltage level) and from the
voltage stored on the output capacitor.

The interactions between the mechanical and electrical phenomena depend heavily on the power transferred by the seismic
mass to the electrical load. In linear system response conditions, the optimal matching follows the well known maximum
power transfer theorem. For instance, in [13] it has been demonstrated that the energy recovery in response to a sinusoidal
vibration input whose frequency matches the resonant frequency of the mechanical system, is maximum in adapted load
condition, namely when the resistive load Ry is:

R. = Raparr = R (1.2)

However, due to the nonlinear effects present in the system, mainly the mechanical dissipative effects and the limited stroke
of the floating magnet, the optimal resistor value is different from the one in (1.2) and it is typically larger. A theoretical
analysis of this effect is present in [14], while here the best matching resistance value is calculated according to experimental
evidences of the maximum power. Thus, the following equation is adopted through experimental evidence:

R; = Ropr = Raparr + RapD (1.3)

1.2.3 Application Constraints, Vibrational Input and Energy Requirements

The nature of the specific application imposes very stringent dimensional constraints to the device: a cylindrical shape volume
of about ® 27 x 16 mm that must contain the magneto-inductive energy harvester system for the power supply, the electronic
interface for the data sending and the housing for the placing and the protection of the device itself in the sole of the shoe.
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As Fig. 1.3 shows, the typical input acceleration profile for walking and running consists of a very limited in duration and
amplitude excitation at each step comparable to a series of impulses.

Figure 1.4 represents the shape of the current consumption of the electric interface for the via bluetooth data transmission
at each step, with the energy demand corresponding to each phase.

The total energy need of 87 |uJ represents the minimum energy required for the transmission of the step. Considering the
harvester interface and electric components efficiency, the energy that the transducer must provide for the step detection is
104 .

1.2.4 Device Optimization

The stringent constraint imposed to the dimensions, the energy requirement of the electric interface for the step detection
and the low intensity energy source imply a strict coupling between the mechanical and electrical characteristics upstream
and downstream of the transducer with the objective of maximize the average power extracted from the device.

The implemented optimization algorithm exploits Pattern Search algorithm [15], a well know Oth order deterministic
technique extensively used in the automated optimization environment.

Figure 1.5 summarizes the optimization loop steps based on an integrated electromagnetic-mechanical-electric-electronic
simulator. This is a complete Matlab/Simulink model made to study the dynamic behavior of the device integrated in
the optimization algorithm in order to maximize performance. Starting from the geometrical dimensions all the operative
parameters (mass, springs, motion amplitude, dimensions of coils, number of turns in coils) are calculated. Through an
automatic FEM model the flux linkage as a function of the magnet position is calculated. Then the system is simulated using
a proper acceleration profile to excite the device. A full description of the simulation model is available in previous articles
[16, 17]. Finally, the objective function implemented in the optimization algorithm is evaluated.

Figure 1.6 shows the evolution of the parameters and the objective function. A consistent improvement of the performance
is found mainly due to the tuning of the elastic characteristic. Moreover the magnetic mass is increased by the extension of
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Fig. 1.6 Evolution of parameters (a) and objective function (b)

the magnet height, reducing the available stroke. The upper-coil length is also slightly increased. The simulation result
emphasized the fact that initial device did not exploit all the available length of the stroke. The problem is fixed by softening
its elastic characteristic and increasing the magnet height.
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1.3 Product Development

The geometrical parameters resulting from the optimization process represent the reference configuration for the product
development phase. The aim is to convert a virtual prototype in a real device ready for the medium-large scale production,
fully functional and ready to use when placed in training shoes. In this context, a consistent number of prototypes have been
made to experimentally validate the design process and prove the project feasibility.

1.3.1 Virtual Prototype

Starting from the reference configuration, a virtual prototype has been developed in according with the manufacturing
requirements. The device consists of three plastic components, the case, the cap and the backcap, holding the cylindrical
magnet and protecting the coils and the electronic interface. In order to optimize the available space, the elastic characteristic
is obtained by means of two conic springs. As the step-counter will be insert in the sole of training shoes, a very important
aspect is the design of the housing that must be sufficiently resistant to support the external load during the running and
walking activity but, at the same time, not too thick in order to do not subtract space to the functional components. Therefore,
3D modelling, FEM analysis and the selection of the most suitable materials were key aspects in the product development of
this device. The geometries that characterize the structural elements have been studied to minimize the internal stresses but
always thinking to the ease of mounting. Figure 1.7 shows the section view of the device and an example of FEM analysis
result.

Device behavior has been simulated in almost ideal condition neglecting friction. Figure 1.8 shows the simulated electrical
performance in terms of average harvested power over 22 s of activity with the first step after 2.5 s, voltage trend and energy
recovery with respect to the energy requirement of the tenth step. As it can be observed, the energy harvested during the step
in this condition is fully sufficient to support the electric interface requirements.

1.3.2 3D Printed Prototypes

The first testing phase has been conducted on the 3D printed prototypes shown in Fig. 1.9. Tests have been performed
reproducing on a shaker the same vibrational input used for the design process. Experimental evidences revealed that the
springs, even if made of ductile iron, due to the strength of the magnetic induction of the floating element, shift on the lateral
side of the magnet, precluded the right working of the device. To maintain the spring coaxial to the magnet, two plastic
centering rings have been pasted on its flat surfaces. This allows the right linear oscillation of the floating elements but
considerably reduces its available stroke resulting in a loss of performance of about 20 % when running as demonstrate by
Fig. 1.10. Due to the smaller oscillation caused by the walking input, in this operative condition performance is the same as
before; in fact, the stroke reduction do not affect magnet displacement when walking while strongly influence the behavior
when running causing violent bumps that dissipate lot of energy.

Real performance is much lower than simulated in almost ideal condition due to friction between floating element and
guide, materials efficiency, components production uncertainty, assembling imperfection and all the inconvenient that differs
the real from the ideal world.

In order to overcome the loss due to the stroke reduction caused by the centering rings, ad hoc magnets, characterized
by the same overall dimensions of the previous but presenting two centering holes on the flat surfaces, have been used.
Exploiting larger stroke balances the smaller flux due to the smaller magnet volume. In addition, little adjustments of the
guide component allowed reducing friction extending the magnet oscillation duration and increasing case resistance to the
soldering high temperature.

1.3.3 Molded Prototypes

A consistent number of molded prototypes have been produced through a semi-industrialized manufacturing process, see
Fig. 1.11. Plots in Fig. 1.12 demonstrate the convenience of adopting ad hoc magnets and the effectiveness of the adjustment
performed on the main plastic component. No significant differences of the device performance is registered under walking
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Fig. 1.9 3D printed prototypes

E - Hunnir'\g sim no friction =
E 12 Walking sim no friction =
5 --—- Running exp 3 3
2 ql-— Walking exp g o
o o
a > , o ) )
B 08 ] 0 005 01 015 02 025 03
] e el Time [s]
2 o8 g™ !
e N ='1000 f
T 04 o 82
r it e s 7] g o —_—
g 0.2 N o T 2 8 500 T
9 ¥ A AP SRS @ 2 o
< ! A N T N = oo i it o e
0 2 4 6 8 10 12 14 16 18 20 0 0.05 0.1 015 02 025 03
Time [s] Time [s]

Fig. 1.10 3D printed prototypes performance

input, while, when running, a broad increase in the energy harvested is shown, both in simulation and in real test, about 40 %.
The experimental recovered energy during a running step is about five times the required for the activity detection and data
sending. Storing the energy surplus compensates the difference with respect to the requirements under very low intensity
input allowing detecting every step during activity.

1.4 Conclusions

With the aim of feeding a bluetooth step-counter placed in the sole of a shoe for walking and running activity monitoring,
a semi-industrialized set of EH prototypes with a dedicated electronic interface has been designed, produced and tested in
order to demonstrate the feasibility of the project and validate the simulation model. Energy harvesting is performed with a
magneto-inductive transducer designed to maximize the recovery in response to the vibrating input due to the impact between
the shoe and the ground during walking or running. The electronics interface consists of a step-up and buck converter, and, by
means of a full wave active boost converter with a transducer current control, provides an optimum adaptive load emulation
independently from the signal provided by the transducer and from the voltage stored on the output capacitor. The device
has been designed in according to the manufacturing requirements for a medium-large scale production and taking into
account the severe environment in term of external load where it will be placed. Numerical and experimental results show
the effectiveness of the developed EH step-counter device demonstrating that the energy recovered during the impact is
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Fig. 1.12 Molded prototypes performance

maximized and it is sufficient to support the power requirement of the electronic interface allowing the step detection and the
data sending also during the walking activity. Considering running activity, the harvested energy at each step is about four
times the required. Storing this energy surplus compensates the difference with respect to the requirements under very low
intensity input allowing detecting every step during activity.
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Chapter 2
Issues in Experimental Testing of Piezoelectric Energy Harvesters

Paulo S. Varoto

Abstract The main goal of this article is to discuss current vibration testing procedures and their effects on the dynamics
of beam type piezoelectric energy harvesters. The device is a cantilever beam partially covered by piezoelectric material
with a mass at the beams free end. Governing equations of motion are derived for the harvester considering the excitation
applied at its fixed boundary. Also, we consider the nonlinear constitutive piezoelectric equations in the formulation of the
harvester’s electromechanical model. The prototype is subjected to a series of laboratory tests in order to investigate how
different testing procedures can affect the overall dynamics of the device under study. Nonlinear effects are also included
in order to check their benefits on the harvester’s dynamics in terms of the resulting electrical power as well as increase of
usable frequency range.

Keywords Energy harvesting ¢ Nonlinear vibrations ¢ Piezoelectric materials ¢ Electromechanical model ¢ Energy
scavenging

2.1 Introduction

Piezoelectric energy harvesting (PEH) has become a topic of increasing interest among several research areas as well as
engineering majors, as it is the case of the aerospace and automotive industries. The possibility of converting certain amount
of mechanical energy into usable electrical energy through has enabled the application of fundamental concepts from the
theories of mechanical vibration and piezoelectricity in the development of new energy harvesting methodologies and
devices, specially dedicated to power small electronics. Despite the difficulties just mentioned, recent contributions have
shown promising results for piezoelectric energy harvesting either in employing linear [1—4] and nonlinear [5—8] modeling
approaches in the mechanical to electrical conversion process or in developing new transduction and storage circuitry.

The well known cantilever beam model is probably the most commonly employed technique to model and design
piezoelectric energy harvesters. In this case a metallic beam (substrate), is covered (partially or fully) by piezoelectric ceramic
on both sides, forming a bimorph structure. The piezoelectric layers are connected in series or in parallel and are polled in the
transverse direction in order to generate electrical signals from the bending vibrations induced to the beam by some external
excitation source. The cantilever harvester is then designed to operate at its fundamental natural frequency for optimum
electrical energy conversion, although in principle it can also be used to harvest energy from higher order mode shapes. The
harvester’s fundamental natural frequency can be tuned to a desired value by using a tip mass that is attached to the free end
of the cantilever beam. The value of the tip mass is chosen such that the fundamental natural frequency of the device falls
into an usable frequency range covered in most field applications (e.g. 0100 Hz for environmental vibration signals).

From the testing viewpoint, once a prototype of a given energy harvester is available, it is subjected to a series of vibration
tests, mostly in the laboratory environment in order to provide experimental data that will be used to validate the device’s
mathematical model. In this case, acommonly employed testing technique consists in performing transmissibility base driven
tests [9]. The energy harvesting device is mounted on the armature table of an electromagnetic vibration exciter through a test
fixture and the overall combined structure (harvester and fixture) is driven by an input signal that covers the frequency range
of interest, that must contain at least the harvester’s fundamental natural frequency. The nature of the input signal that can be
used to drive the system can be selected from commonly employed excitation signals in modal and vibration testing, as it is
the case of harmonic, random, pseudo-random, chirp, among others. Usually the output signals that are measured consist of
the cantilever base acceleration and voltage from the piezoelectric layers, which are used to compute the harvester’s voltage
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