Indopmaniiini TexHosorii Ta INTepHeT y HABYAJILHOMY NPOLECi TA HAYKOBUX JOCTIIKEHHAX

ENERGY HARVESTING: AN INTERESTING TOPIC FOR
EDUCATION PROGRAMS IN ENGINEERING SPECIALITIES

Vassilenko Valentinal, Valtchev Stanimirz, J.Pamies T eixeim3, Paviov Serhii*

'Physics Department
*Electrical Engineering Department
*Mechanical and Industrial Engineering Department
Faculdade de Ciéncias e Tecnologia, Universidade Nova de Lisboa, Portugal
*Vinnytsia National Technical University, Ukraine

AHoTanisa

Hapas3i moociusicme 3aminu 6bamapeii, sx 0dicepena JKHCUueieHHs, abo 0151 OOCASHEHHS KPaujo2o
00C1y208Y8aHHA ICHYIOYUX YU 3MEHUIEHHA IX PO3MIDI8, € Oydce aKmyanrHow i Modce Oymu peanizo8anoio
3a 00NoMo2010 anvmepHamueHux, max 3eanux Enepeo-3oupanvnux (E3) memodis, sxi nonsearoms 8
OMPUMAHHI eHepeil 3 HABKOIUWHBbO20 Ccepedoguya abo GiOHOGNeHHs [ 30epicanHs eHepeil, o
BUPOONAEMbCA THOOCOKUM OP2AHIZMOM 8 NOBCAKOeHHil OisnbHocmi. Ilpome, ye eumazae cneyianvHux
MexHoN0zil I Mamepianie ma, AK NPAsUI0, MyTbMUOUCYUNTITHAPHOT KOMaHOU. 3 yiei npuyuHuy, 6KI0OYEHHs
memu npo eHepeo-30UpaibHi Memoou ma MexHoA02ii 8 OCBIMHI NPOSPAMU  THIHCEHEPHUX CheyianibHOoCmell
6 MEXHIYHUX B)3aX MAE 8elUKe 3HAUEHHS.

Y yitt cmammi mu nagedemo Oeski pesyrvmamu MiHcCOUCYUNTIHAPHO2O CRIBPOOIMHUYMBA Y YbOMY
Hanpsami, peanizosanoco Ha gaxkyrvmemi Hayku i mexnixu ¢ Hoea Jlicaboncvkozo yHisepcumemy.
Ilpusedeni pesynomamu excnepumenmie no E3, npogedeni, 6 OCHOBHOMY, 3 BUKOPUCHIAHHAM
n'e3o0enrekmpuunoeo eghexmy, 0 mo2o, uwjob po3pPAxXyHKY NOMYACHOCHI, AKA MOdce OYmu ompumana 3
PYXI8 2PYOHOI KIIMKU NPU OUXAHHI Ma 3 Hie NPU X00bOi.

Abstract

Nowadays some possible alternative methods to replace the batteries as power source, or to
achieve better maintenance of existing (or smaller) batteries, are the so called Energy Harvesting (EH)
methods, i.e. to obtain energy from the environment or recover and store energy generated by the human
body in its usual activities. However, this requires specific technology and materials and usually a
multidisciplinary team. For this reason, inclusion a topic on energy harvesting in educational programs
of several engineering specialties at technical universities is of great importance.

In this paper we present some results from interdisciplinary collaboration at Faculty of Science
and Technology at Nova University of Lisbon on the energy harvesting. Experiments were performed in
order to calculate the power that could be generated from the chest movements during breathing and
from the feet during walking, etc. For the experiments, mostly piezoelectric effect was explored.

Introduction

Currently, the energy supply for the portable and autonomous equipment comes almost
exclusively from the battery. Unfortunately the maintenance of those sources of energy brings
disadvantages due to the need for frequent recharging or replacement. In many cases the battery
brings extra weight and volume to the electronic equipment, limiting its autonomy. As an
example, the medical equipment has high costs, both because of the sophisticated technology
and because of the maintenance. The later factor is critical, mainly due to the frequent need for
replacement (or recharging) of batteries. The electronic devices implanted in the human body
are examples for this constant maintenance, requiring sophisticated medical operations too.
Unfortunately for the patient, the replacement of the batteries is absolutely necessary, due to
their short lifetime or their short recharging cycles. The chemistry research is pushing the
lifetime of the batteries to higher values but it means also higher technology, higher costs and
more pollution of the environment. There must be some other way to reduce the need for
batteries and battery maintenance, or if possible, to make unnecessary at all, the use of batteries.
Their role as energy storage elements is very well played by the supercapacitors, especially for
short time intervals.
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This article describes how the energy is harvested from the environment or from the
human body. The harvested energy is either directly used to supply an electronic consumer, or is
stored as said before. The modern electronic technology is so efficient that even lowest amounts
of energy harvested from the environment are enough for the proper functioning of certain
systems, e.g. MEMS systems

Environment Energy Sources

There are several techniques to obtain energy from the environment, either for storage or
for direct supplying the electronic consumers. The energy harvesting device generates electrical
energy from the environment applying different conversion methods. In an early work, S. W.
Angrist calls this conversion a “Direct Energy Conversion” [1]. Presently the converters are
carefully designed for each different source of environmental power. They are expected to have
high conversion efficiency, mostly due to the lowest values of energy collected from the
environment. Kinetic, thermal and electromagnetic energy are some of the possible examples,
presented hereafter.

A. Kinetic Energy

This source of energy is one of the most readily available to be converted from the
environment, and from the human body. The mechanical deformation of a certain structure and
the displacement of a mass are the basic principles of the kinetic energy conversion. Basically,
three methods could be applied to convert the mechanical deformations and movements into
electrical energy: piezoelectric, electrostatic and induction (electrodynamic or electromagnetic).

i. Piezoelectric Generator

The piezoelectric effect characterizes a class of certain crystalline structures that become
electrically polarized when subjected to pressure. The reverse effect is also known, i.e. when
electric field is applied to the crystal, its dimensions change according to the applied electric
field (inverse piezoelectric effect). Initially, quartz was the most well known piezoelectric
material, but now mostly ceramic materials based in metal-oxide are used due to the lower
price.

The piezoelectric effect is often applied nowadays to convert the mechanical into
electrical energy. In Fig. 1 a piezoelectric generator is shown that converts the force applied by
user jumps, in electrical energy.

The generator presented in Fig. 1 contains four piezoelectric transducers (tapes),
producing electric charge when subjected to compression. The generated voltage may be high,
but the value of the produced current is (unfortunately) low. Some piezoelectric systems tend to
achieve better performance through applying higher frequencies of mechanical vibrations. An
early study based on a MEMS harvester system [2] presents a (high frequency) vibrating
cantilever structure that is tuned electronically by capacitors in order to achieve higher
mechanical frequency of resonance.

Fig. 1 Piezoelectric generator

ii. Electrostatic Generator
The electrostatic harvester (generator) is based on two charged conductors that are in
relative motion (oscillation), varying their distance, i.e. forming a variable charged capacitor.
The energy stored in the capacitor varies, thus providing a mechanism for mechanical to
electrical energy conversion. One of the disadvantages of this converter is the requirement for
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an external voltage supply, used to charge the capacitor with an initial voltage, allowing the
conversion process to start. The easier integration in MEMS is one of the significant advantages
for this type of converters (harvesters). Figure 2 presents an electrostatic generator [3], able to
produce 100pW/cm’.
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Fig. 2 Electrostatic generator

iii. Electromagnetic Generator
The electromagnetic generator is based on Faraday's law, i.e. inducing an electric field by
variation of the magnetic flux. Moving a magnet whose flux is linked with a fixed coil is a
known technique to perform an electromagnetic generator. Moving a coil with in the vicinity of
a fixed magnet is another way to achieve the same results. An early work which employs this
principle is the Seiko Kinetic watch from SEIKO Watch Corporation (Fig. 3).

Oscillating
weight
Oscillating
weight gear
Transmission gear

Fig. 3 Seiko Watch using an electromagnetic generator

B. Electromagnetic Field Energy

The electrodynamic principle of operation is rarely applied as it requires an electric
current to be the source of magnetic flux.

The earliest known and used energy source in the technology history is the solar
radiation. Different photovoltaic systems allow energy conversion in a widest range, from
milliwatts to megawatts. The solar energy as a power source is used often in portable devices
due to its simple implementation and integration. As an example, the micro PV cells, produced
by the Sandia National Laboratory in Albuquerque, USA, are extremely small but can be used
on clothing like military uniforms, allowing soldiers to recharge their electric equipment while
walking. This is completely possible because of the high energy levels that the sunlight sends to
the Earth. E.g., the yearly outdoor irradiance in Tanzania is 2026kWh/m’, with the indoor
irradiance presenting values around 3.5 to 20W/m’ [4]. In Europe, at an average surface
irradiation of 1000W/m” using solar cells with 100 cm® and 10% of efficiency generates 1W of
power, which is completely sufficient for many electronic devices.

C. Thermal Energy

Thermal energy is a ubiquitous source that can be easily or not easily harvested from the
environment and also from the human bodies. Thermal harvesters are usually based on thermal
gradients and this is not so easy to apply to the human activities. Nevertheless there are devices
applied on persons, animals, etc. For example, the same SEIKO Corporation has a thermal wrist
watch.
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Human Energy Sources

The human body can be considered as a storehouse of energy. All the movements
dissipate energy, which may be harvested and stored. The actively and passively dissipated
energy during the simple human activities is given in the classical work of T. Starner and J.
Paradiso [5].

A. Body Temperature

Thermal energy can be converted into electricity due to the difference between the
ambient and body temperatures It is estimated that 14% of the human heat is lost through
breathing by warming and humidification of the exhaled air. The great part of of the rest of the
heat is lost through the skin [6]. The heat produced by the evaporation of sweat is estimated as
7%.

The Carnot efficiency limits the power to be recovered. Assuming a normal human body
temperature (310K, 37°C), with an ambient temperature of 20°C, the Carnot efficiency gives:
Thody Tambient — (310K-293K) _

= 5.5%

Thody 310K (D

This value decreases when ambient temperature increases. Considering the sleep task
from table 1, a power of 81W is available, so using the Carnot method to calculate the
recoverable energy leads to a value of 4.5W at 20°C. A typical model of a thermoelectric
generator consists in a thermocouple containing n and p semiconductor types, electrically
connected in series with a load and thermally in parallel. This generator (harvester) produces
difference of potential and hence, an electric current proportional to the temperature gradient
between hot and cold junctions. The principle of operation is the Peltier / Seebeck effect and
requires a temperature gradient between the semiconductor junctions and the environment (the
principle is similar to the metallic thermocouple sensor) [7].

B. Breath and Blood Pressure

Breathing and blood pressure are two other possible sources of energy. In exhalation, the
aid of a mask with a turbine is used to convert the mechanic energy of the exhaled air into
electricity. The mechanical power generated is approximately 1W [8]. Chest expansion during
inspiration can be used as another method to harvest energy. This process may use the
piezoelectric effect to convert the mechanical strain into electricity. The breathing is estimated
to develop a mechanical power of 0.83W in each of the 10 breaths per minute. Blood pressure is
presented as another method, developing mechanical power of 0.93W in each of the 60 beats
per minute (of the flowing blood through the aorta). Movements of the upper and lower limbs
(excluding walking) can also be used as energy sources.

Table 1. Generated power

Activity Mechanical Electrical Energy available
Power developed Power generated per movement
Blood Flow 0.93W 037" W 0.37J
Exhalation 1.00W 0.40"W 2.4]
Breath 0.83W 0.091" — 042" W 0.5-2.5]
Upper limbs 3.00W 0337157\ 1.5-6.7)
Fingers 6.9-19.00mW 0.76" — 2.1TmWw 143-266u)
Walk 67.00W s'—s4tw 8.3-14.0]

The mechanical energy cannot be converted completely in electricity due to losses in
harvesters and the other mechanisms. As a rule, the electronic devices must have extremely high
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efficiency both in energy conversion (harvesters) and energy consumption (the control circuits).
Larger losses in the various components are translated into lower conversion efficiencies, as
shown in Table 1. The data are presented considering the mechanical generator having 50%
efficiency; the turbine + generator reaching 40% efficiency; the piezoelectric generator having
11% efficiency and the double (including mechanical to mechanical and other) conversion
reaching 12.5% efficiency [8].

C. Walking
Walking is one of the daily activities that consumes more energy. Figure 4 presents a

model that describes a human gait as an inverted pendulum [9]. In [6], an expression that relates
the energy dissipated between each gait is presented:

E = E ini(sin?2a) 2)

Ecini is the accumulated energy in the previous gait. It can be calculated as a gain due to
exchanges between potential and kinetic energy of the previous gait:

1
E ini = mgl(1 — cosa) + Emvztop 3)

In the previous expression, / defines the length of the leg, m the mass of the user and g the
gravitational acceleration force. A dissipated energy of 47.24J is achieved if a person with 80kg
and 1.2m of leg length walks at 1.3m/s and an angle of 20° between each gait. If each gait takes
0.6s, a power of 79W is dissipated over the shoes, bones and muscles.

D. Limbs Motion

Generators driven by application of forces [10] and driven by vibrations [11] are other
typical generators. A shoe can be described as an example for the first ones. The force applied
by the foot produces the mechanical stress, which a sole made of piezoelectric material is often
used as harvesting mechanism that generates electric power, e.g. as in Fig. 5 (left view). The
same figure shows also a purely mechanical harvesting by rotation of electric generator.

Fig. 5 PVDF Insole Stave and simple shoe-mounted rotary magnetic generator
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Experimental Results: Power Extracted From Human Breath

Tests were performed in order to analyze the power generated by a piezoelectric tape
attached to a band fixed around the chest of a person.

For measuring and recording, a factory made respiratory effort transducer SS5LB was
connected to MP35 unit from Biopac, which has an internal microprocessor to control the data
acquisition. The SS5LB transducer measures the respiratory effort and transmits the signal from
the chest expansion and contraction to be recorded (Fig. 6). The transducer was applied to
determine the depth of the breathing and to calculate the breathing rate. By this measurement it
was possible to compare the normal breathing to the deeper one, and to observe the power
generated by the harvesting piezoelectric tape (Fig.7).

r R <8

B and its location

Fig. 6 ll.{ésplrat effort transducer S

The piezoelectric tape is a sensor composed by Macro Fibers (MFC) that offers high
performance, durability and flexibility. It consists of rectangular piezoceramic rods (wires)
sandwiched between layers of epoxy polymer, electrodes and polyimide film. The piezoelectric
tape used in this work is the M-1700-P2 (170mm x 7mm), developed for NASA and
commercialized by SmartMaterial Co. The piezoelectric tape presents a capacitance of 91nF,
free strain of -670ppm and a blocking force of -42N.

LR

Fig. TPiezoelectric apé,

The first step was to find the interrelation between the power consumed by the load
resistor, attached to the piezoelectric harvester, and the chest expansion while breathing
normally and deeply. The relation between the SS5LB sensor signal and the SSSLB extension is
shown in Fig. 8.
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Fig. 8. Relation between SS5LB output and SS5LB extension

Considering that the maximum output of the SSS5LB sensor is proportional to the
maximum depth of breathing, a relation between the chest expansion (in mm) and the output
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signal is possible to be achieved for each individual person. This kind of calibration allows to
find the relation between the chest expansion and sensor extension (in mm), useful for the
proper construction of the harvesting piezoelectric tape.

The second step was aimed at finding the ideal load for the piezoelectric tape harvester.
Figure 9 shows the continuous power absorbed in loads ranging from 1kQ to 2MQ.
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Fig. 9. Power produced by the piezoelectric tape generator

As it is seen, a load with a resistive value around 200kQ will dissipate continuously
620uW. This load is used in the experiments to achieve a relation between the chest expansions
vs. extracted power values.

The third step consists in finding the relation between the chest expansion, and the power
delivered to the load (200k€2). A person of 1.64m height and 60kg weight performed six normal
breathings and six deep breathings, resulting in an SS5LB output signal given in figure 10:

Fig. 10. SS5LB output signal

Fig. 11. scilloscope otput sial

The first six signals in Fig. 10 are related to normal breathings, as the next six signals are
related to deep breathings. As it is expected, the normal breathings give lower SS5LB output
signals (peak to peak) than deep breathings. An oscilloscope was used to measure the AC
voltage delivered to the load, resulting in signals presented in figure 11. The oscilloscope also
calculates the rms voltage, allowing the calculation of the active power available at the
(resistive) consumer. This power is given by equation 4, resulting in 9.8uW and 37uW for
normal and deep breathing, respectively.

2
p — VRus

R “4)

155



Indopmaniiini Texnosorii Ta IHTepHeT y HABYAIBLHOMY NPOLECi TA HAYKOBUX JOCTiIKEHHAX

Previously, it was found a relation between the chest expansion in normal and deep
breathings, resulting in an expansion between 2cm and 3.18cm while breathing normal, and an
expansion between 3.54cm and 4.05¢cm while breathing deeply.

Conclusion

From the obtained experimental results and taking into consideration equation 4, it is
possible to affirm that for a specific person, an expansion of the chest with 4cm can provide an
average power of 37uW to any electronic sensor that presents ideal input impedance, around
200kQ. Of course, a lot of work is necessary to achieve the adapting of the load to the
piezoelectric harvester. By better adapted electronic circuits, the output power value can be
improved. Another improvement must be obtained by the mechanical construction, enabling
maximum compression in the piezoelectric tape, at minimum breathing effort, to get closer to
the maximum possible values, as in Fig. 9.
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