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Abstract: Wireless sensor networks (WSNs) offer an attractive solution to many environmental, security, and process monitoring
problems. However, one barrier to their fuller adoption is the need to supply electrical power over extended periods of time without the
need for dedicated wiring. Energy harvesting provides a potential solution to this problem in many applications. This paper reviews
the characteristics and energy requirements of typical sensor network nodes, assesses a range of potential ambient energy sources, and
outlines the characteristics of a wide range of energy conversion devices. It then proposes a method to compare these diverse sources
and conversion mechanisms in terms of their normalised power density.
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1 Introduction: Sensor networks and
their applications

Sensor networks are formed from a collection of sens-
ing nodes which communicate with one another, typically
through wireless channels, in order to collect spatially dis-
tributed data about their environment. Such networks have
the potential to provide better quality data than single or
small numbers of individual sensors in applications such as
natural and built environmental monitoring, process mon-
itoring, security and surveillance!’). Wireless sensor net-
works (WSNs) may be considered as the third wave of a
revolution in wireless technology. They promise to have
a significant beneficial impact on many aspects of our hu-
man existence. These benefits include more efficient utili-
sation of resources, better understanding of the behaviour
of humans, natural and engineering systems, and increased
safety and security. Pervasive computing also has some pos-
sible negative environmental impacts, particularly in phys-
ical waste and energy consumption[Q].

In order to be cost effective in many applications, the
sensor nodes must be low cost and low maintenance. This
presents challenges in terms of sensor calibration, packag-
ing for survival in harsh environments and, particularly, the
efficient supply and utilisation of power. While the perfor-
mance of battery technology is gradually improving and
the power requirements of electronics is generally dropping,
these are not keeping pace with the increasing demands of
many WSN applications. For this reason, there has been
considerable interest in the development of systems capable
of extracting useful electrical energy from existing environ-
mental sources. Such sources include ambient light, ther-
mal gradients, vibration and other forms of motion. In this
paper, we provide an overview of the energy sources avail-
able for energy harvesting or scavenging and a summary of
the main methods considered for converting these energy
sources into a form suitable for use in WSN nodes. The
characteristics and power requirements of sensor networks
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are outlined in Section 2, and the potential energy sources
discussed in Section 3. Section 4 describes the methods of
converting ambient energy into useful electrical power. Sec-
tion 5 compares the relative merits of different approaches.

1.1 Typical applications

A large number of potential applications of sensor net-
works have been reported ranging from early research in-
vestigations to commercial systems!!l. A review of a broad
range of applications is given in [3] as the basis for the pro-
posal of a design space model.

1.1.1 Environmental monitoring

A widely considered area for the application of sensor
networks is in environmental monitoring. Measurement of
glacier dynamics using nodes capable of measuring loca-
tion, temperature, pressure, and orientation at points in-
side the glacier over a period of several years was described
in [4]. The research described in [5] used nodes on the sea
bed to monitor pressure, temperature, conductivity, cur-
rent, and turbidity. These nodes were connected to buoys
on the surface to allow radio communication through self
organising ad-hoc wireless networks. The Argo project[G]
uses a sensor network to observe the temperature, salin-
ity, and current profile of the upper ocean. Nodes are at-
tached to free-drifting carriers which cyclically sink to a
depth of 2000 m and then resurface to allow communication
with a satellite. WSNs have been considered for precision
agricultural applications such as monitoring grape growing
conditions!. Here, nodes with temperature, soil moisture,
light, and humidity sensors are deployed on a 20m grid
across a vineyard to provide information to guide the adap-
tation of water/fertilizer/pesticide supply to the needs of
individual plants and to optimise harvesting.

1.1.2 Animal tracking and control

Tracking and controlling the movements of domes-
tic and wild animals presents interesting challenges in
WSNs. The breeding behaviour of birds was considered by
Mainwaring et al.l¥l using sensor nodes installed inside bur-
rows. Clusters of nodes, each capable of measuring humid-
ity, pressure, temperature, and ambient light level, along
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with infrared sensors to detect the presence of the birds,
form local networks and each cluster has a node fitted with
a long-range directional antenna to pass cluster data to a
base station. Nodes fitted to wild animals (e.g., wild horses,
zebras, and lions) capable of roaming over a very large
area was considered in [9]. Each node logs the animal’s
behaviour and environment and passes data to any other
node which comes within range. At regular intervals, a mo-
bile base station (e.g., a car or a plane) moves through the
observation area and collects the recorded data from the
animals it passes. In the case of [10], the WSN is used both
to monitor behaviour and to control it. In this case, the
positions of cattle are monitored and “virtual fences” cre-
ated by using an acoustic stimulus to discourage an animal
from crossing a defined line. The network of nodes are con-
nected to a base station so that feeding behaviour can be
monitored and virtual fences adjusted to improve usage of
the feedstock.
1.1.3 Safety, security, and military applications

WSNs have been developed to assist rescue teams in sav-
ing people buried in avalanches('!. By monitoring heart
rate, respiration activity, orientation, and blood oxygen
level, it is possible to automate the prioritization of vic-
tims and to guide rescuers to their location. Tracking of
military vehicles using networks of nodes deployed by un-
manned aerial vehicle (UAV) was considered in [12]. Data
collected from the nodes by a UAV was used to identify
the path and velocity of ground vehicles. Anti-tank land-
mines capable of self-monitoring for signs of tampering have
been formed into networks so that, if an individual mine is
disabled, a neighbouring device is able to take its place us-
ing rocket thrusters to effect the necessary movement[*?!.
Combining data from a network of acoustic sensors in or-
der to determine the location of a sniper and the direction
of the bullet based on the time of flight of muzzle blast
was considered by Simon et al.l™, Monitoring of buildings
and emergency response personal has been considered by
Yang and Frederick*®! with the aim of improving safety in
dealing with fires and other life threatening situations in
the built environment.
1.1.4 Built environment

Monitoring of the internal environmental conditions and
adaptation of heating, lighting, etc. in response to human
occupancy and activity is a major potential application for
sensor networks, whether based on wireless communications
or on wired connections. In [16], a WSN was developed
to monitor power consumption in large and dispersed office
buildings with the aim of detecting locations or devices that
are consuming a lot of electrical power.
1.1.5 Health

Health applications for WSNs include patient monitor-
ing, drug administration, tracking of patients at homel'"> 18]
and doctors in hospitals. Body sensor networks!'”! are used
in the medical sector; implanted medical devices with inte-
grated wireless technology are used for therapeutic and di-
agnostic applications. Physicians can use this technology to
monitor device performance and patient response without
the need for invasive surgery. Drug manufactures are also
interested in this technology to reduce their costs when in-
troducing a new drug. The patients can be monitored wire-
lessly and data about the patient’s internal chemistry can be

analysed for abnormal reaction and side effects over a secure
link. Yang!'” undertook a thorough analysis of the wireless
technologies available and concluded that the IEEE 802.15.4
wireless standard with provisions for body sensor networks
(BSN) in the ZigBee application layer was the most ap-
propriate for the body sensor networks. An analysis of the
performance of medical sensor body area networking[%] also
endorsed the advantage of using IEEE 802.15.4 and ZigBee
for medical sensor technologies.

2 Power requirements in sensor net-
work nodes

The power consumed by a network node can be split be-
tween the various functions it has to perform. A number
of authors have described the structure of a general sen-
sor network node®". The key elements are illustrated in
Fig. 1. It should be noted that not all of these elements will
be present in all types of nodes. The power requirement of
each element depends on the particular application and so
it is difficult to generalise about which parts of the node
consume the most power. For instance, it is commonly the
case that actuators, if present, consume a large proportion
of the total power. In addition, consumption depends on
the operating mode of a device such as whether it utilises
sleep mode to reduce consumption and how frequently it
transmits and receives data. Correal and Patwari®? con-
sidered the split of power consumption in a typical node
and concluded that communication functions consumed a
large proportion of total power. The same paper outlined
the design issues regarding the development of a highly en-
ergy efficient system architecture for embedded WSN; be-
ginning with device technology and progressing to the ap-
plication layer. The roadmap presented is claimed to be
generic across the field of WSNs.

Processing Ll M
and control emoLy

Energy Power 4 %
harvesting - went
device % o
t Communication

Energy
storage

Actuators

Sensors

Fig.1 A generic sensor network node with energy harvesting
device

2.1 Processing

The choice of processor is a major factor in determining
the size and power consumption of the node. The processing
unit is responsible for managing data acquisition, handling
communication protocols, scheduling and preparing data
packets for transmission once it has gathered, filtered, and
synchronised the data from the sensors. The consumption
and performance of the processor depend on the architec-
ture, technology, and clock speed utilised. A number of
chip producers are offering low cost, low power processors
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for sensor networks with power consumption in the region
of 12 pJ /instruction?!]

2.2 Communications

There is a wide range of wireless communication stan-
dards available for networks with the choice of standards
being determined by factors such as inter-node distance,
data rate, power requirements, flexibility of network struc-
ture, the time required to establish communications and
the cost of implementation. The most widely considered
standards are grouped within the IEEE 802.11 standard for
wireless local area networks (WLANSs) and the IEEE 802.15
standard for wireless personal area networks (WPANSs).

IEEE 802.11 is aimed at matching Ethernet speed, giv-
ing data rates of 2 Mbps to around 200 Mbps over a range
of 10-100 m with seamless roaming between adjacent cells.
In contrast, the IEEE 802.15 was focused on two main ob-
jectives; the space around a person or object that typi-
cally extends up to 10m in all directions; and on creat-
ing a specification for low cost, low power, short range,
and very small size radio transceivers. The working group
responsible for creating the WPAN standard further dif-
ferentiated the standard into three classes based on data
rate, battery drain and quality of service (QoS). The high
rate WPAN (IEEE 802.15.3) was classified suitable for mul-
timedia application that require very high QoS. Medium
rate WPAN (IEEE 802.15.1/Bluetooth) would handle cell
phone to personal ditgital assistant (PDA) communication
and have QoS suitable for voice communication. The low
rate WPAN (IEEE 802.15.4/LR-WPAN) classified for in-
dustrial, residential, and medical applications with very low
power consumption, low cost with relaxed data rate and
QoS overheads?% 231

Specific communication protocols frequently considered
for WSN applications include Bluetooth and its low end
variant Wibree and ZigBee. There are a number of other
systems developed for specific application areas such as
Z-wavel?' | designed for home automation and control,
and the proprietary communication standard developed by
EnOcean®! for devices such as energy harvesting light
switches.

In many sensor network applications, it is not necessary
for nodes to be constantly active and communicating. It is
often possible for nodes to enter a sleep mode for a signif-
icant proportion of time and wake up either at fixed time
intervals or in response to some external event. Key con-

siderations in this context are the time required for a node
to wake up and re-establish communications and the ability
to synchronise the waking of multiple nodes in a network.
From low power sleep mode, a Zigbee node can join an ex-
isting network in about 3 ms whereas a Bluetooth node can
take up to 3-10s to join a network[?%!.

Examples of the power consumption of a selection of com-
mercial sensor network nodes are given in Table 1 for a
range of operating conditions. The average values given in
Table 1 are based on an operating regime of communica-
tion (RX and TX, i.e., receive and transmit) for 1% of the
time, processing for 10% of the time and sleeping for the
remaining time.

3 Energy sources suitable for scaveng-
ing

In order for a sensor network to operate, it requires elec-
trical power and given that it is frequently desirable to in-
stall nodes in inaccessible locations, it can be difficult to
provide a sufficiently large store of energy for long term
operation or to replace the power source at appropriate in-
tervals. Although the performance of non-renewable energy
sources, such as batteries and fuel cells, has improved over
the years[so], this improvement is fairly gradual compared
with other areas of electronics®! and cannot satisfy all of
the simultaneous demands for long life, low volume, low
weight and limited environmental impact.

There are a great many sources of energy and con-
version devices which have been considered for energy
harvesting[32’33] and in order to compare different ap-
proaches, it is useful to consider the criteria for compar-
ison. Clearly, a key consideration is whether the energy
harvesting device can provide the level of power required
by the sensor node but it is also important that the elec-
trical power is at a suitable voltage and current level since
conversion between voltage levels implies some dissipation
of energy and, in general, the greater the ratio between in-
put and output voltage, the greater the power losses.

In order to achieve a desired power level, some conversion
devices can be appropriately scaled. Thus, for instance, if
a photovoltaic (PV) cell is considered then an increase in
power demand can be accommodated by an increase in cell
area. However, other sources/converters cannot be so read-
ily scaled. For instance, energy derived from human activity
cannot generally be scaled up without either increasing the

Table 1 Summary of power consumption of commercial sensor network nodes

Crossbow MICAz[?7]

Radio standard IEEE 802.15.4/ZigBee

Jennic JN5139[29]
IEEE 802.15.4/ZigBee

Intel IMote2!28]
IEEE 802.15.4

Typical range 100 m (outdoor), 30m (indoor) 30m 1km

Data rate (kbps) 250 kbps 250 kbps 250 kbps

Sleep mode (deep sleep) 15 pA 390 pA 2.8 uA (1.6 pA)
Processor only 8 mA active mode 31-53mA*™ 2.740.325 mA /MHz
RX 19.7mA 44 mA 34 mA

X 17.4mA (4+0dbm) 44 mA 34mA (+3dBm)
Supply voltage (minimum) 2.7V 3.2V 2.7V

Average 2.8mW 12mW 3mW

*Consumption depends on clock speed selected between 13-104 MHz
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effect on the person concerned or increasing the number of
people involved. While it may be possible to scale up a con-
version device, many applications of sensor networks require
nodes which are small and light weight. Thus, an impor-
tant consideration is the power density (in either W/m? or
W/kg) which can be achieved. In assessing power density,
the volume and weight of associated energy storage may
also be important.

A number of authors have proposed classification sys-
tems to categorise energy sources suitable for harvesting
which, while broadly similar, do exhibit some differences. In
[1], sources are grouped as human and environmental with
kinetic and thermal considered as sub classes. Biiren®*
uses a similar classification of thermal energy, radiant en-
ergy, and mechanical energy sources when considering wear-
able micro-generators. This classification will be adopted
here although mechanical source will be subdivided between
those which are continuously present over long periods, such
as air flow, those which involve vibration and those which
involve short periods of energy availability such as footfall
during walking.

3.1 Electromagnetic radiation

The electromagnetic spectrum contains regions where
ambient energy levels are very high and other regions where
the ambient levels are typically much lower. The efficiency
of conversion into electrical energy also depends on the part
of the spectrum considered. For convenience here, we will
consider radiation in the region of the visible part of the
spectrum and radio frequency radiation separately.

PV conversion of visible light to electrical power is well
established and PV devices provide relatively high efficiency
over a broad range of wavelengths. These devices are typ-
ically low cost and provide voltage and current levels that
are close to those required for microelectronic circuits.

The average solar insulation at the top of the earth’s at-
mosphere is approximately 1370 W-m~2 %, The energy
available for harvesting at a particular location on the
earth’s surface clearly varies with time of day, latitude and
atmospheric conditions and the efficiency of conversion de-
pends on the incidence angle to the PV device. Annu-
ally averaged surface received energy varies between around
300 W-m ™2 near the equator to around 100 W-m™~?2 near the
poles. For temperate regions, the daily average available
shortwave energy varies from around 25 MJ-m~2day ™' in
summer to 1-5MJ-m~2.day ™! in midwinter®®. This does
however depend on prevailing atmospheric conditions with
heavy cloud cover resulting in a drop in available energy
of approximately an order of magnitude. Given that com-
mercially available PV cells provide a typical efficiency of
around 15%, the minimum average electrical power over a
24 h period in a temperate location is around 2 W-m~2. An
important consideration in solar energy harvesting is that
the energy is delivered for only part of the day and, assum-
ing the sensor network is required to operate at the same
level at all times, the energy gathered during the day must
be stored for night time operation. Considering the same
temperate location as considered above, a total electrical
energy of 0.15MJ-m~? is harvested over an 8h period dur-
ing the day in winter and must be stored to provide for
the remaining 16 h of the day. Commercially available su-

percapacitors have energy densities of around 5kW-h-m 3.
Thus, over a 24 h period, an average power of approximately
200 W-m 2 could be sored. For a 10x10x 10 mm capacitor,
this figure would correspond to an average power of 0.2 mW,
a figure that lies within the range of typical WSN nodes op-
erating with extensive periods in sleep mode.

Ambient light levels in indoor environments are typically
significantly lower than those found outdoors, with a typical
light level being around 1 W-m~2 corresponding to about
0.15 W-m ™2 of electrical energy®”. The variation in light
level with time is highly dependent on the nature of the
indoor environment considered.

Although radio frequency signals can be used to power
passive electronic devices such as radio frequency identifi-
cation (RFID) tags, these must be carefully tuned to the
frequency of the radio source and are typically only capable
of transmitting power over a distance of a few meters(®®.
Without the use of such a dedicated source of radio fre-
quency (RF) energy, the ambient levels are very low and
are spread over a wide spectrum. Harvesting useful lev-
els of electrical energy in these ambient conditions would
require large broadband antennas.

3.2 Thermal

Extraction of energy from a thermal source requires a
thermal gradient. The efficiency of conversion from a ther-
mal source is limited by the Carnot efficiency to

P Tn —T.
S T,

where T}, is the absolute temperature on the “hot” side
of the device, and T. is the absolute temperature on the
“cold” side. Thus, the greater the temperature difference,
the greater the efficiency of the energy conversion. A po-
tential heat source in many environments would be a room
heater. A domestic hot water radiator typically delivers ap-
proximately 1.4kW-m~2 when heated to 50°C above am-
bient and so a relatively small section of such a radiator
could provide a useable power source. Starner®® 39 con-
sidered the use of body heat but noted that the relatively
small difference between body temperature (37°C and am-
bient (20°C means that the Carnot efficiency is limited to
5.5% and so the entire body area would only yield 6.4 W
from the total of approximately 116 W dissipated by a typi-
cal human while sitting. Using only part of the body would
cause the resulting power to decrease and, because blood
flow would be reduced in the area covered, the available en-
ergy would decrease further. Starner®! concluded that a
device covering just the neck could potentially deliver 0.2—
0.32 W. The available energy is also affected by the thermal
resistance of the source and sink of the thermal energy.

3.3 Mechanical energy sources

Sources of mechanical energy may usefully be grouped
as those dependent on motion which is essentially constant
over extended periods of time, such as air flow used in a
turbine, those dependent on intermittent motion, such as
human footfall and those where the motion is cyclic, as in
vibration sources. These different types of sources will be
considered separately.
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3.3.1 Steady state mechanical sources

Sources of ambient energy which are essentially steady
state are based around fluid flow, as in wind and air cur-
rents and water flow either in natural channels or through
pipes, or around continuous motion of an object such as
a rotating shaft. Fluid flow based sources of energy are
widespread and used on the macro scale for electrical power
generation as in wind turbines and hydroelectric plants but
have also been considered for smaller scale harvesting ap-
plications. Starner® considered the potential for energy
harvesting from blood flow and breathing in human sub-
jects and determined that significant power was available
but that these might not be acceptable to subjects.
3.3.2 Intermittent mechanical sources

Energy is available from motion which may be cyclic in
nature but in which the energy is only available for a short
part of the cycle. Examples of this type include energy
available from vehicles passing over an energy harvesting
device!®” and intermittent human activity such as walking
or typing where, for instance, footfall occurs over a period
of milliseconds during a gait cycle of around one second.
Harvesting of energy from these intermittent sources was
also considered by Starner®” who concluded that available
energy ranged from around 7mW from finger motion dur-
ing typing to 67 W for lower limb movement. This paper
also considered the effect that extracting this energy would
have on the subject and concluded that inconvenience to the
subject could only be avoided if significantly lower power
levels were extracted. A particularly attractive source of
energy in this context is footfall or heel strike since nor-
mal walking involves dissipation of significant energy in the
shoe and walking surface, so the user might be unaware
if some of this energy were converted to electrical energy.
It may readily be calculated that a subject weighing 60 kg
must apply a force of at least 588 N through the foot during
walking (the peak force is typically 25% above body weight
during walking and up to 2.75—-3 times body weight dur-
ing running[41]). If this is accompanied by a 10 mm deflec-
tion of the floor or shoe, then the available energy is 5.88 J
and assuming two steps per second, an available power of
5.88 W per foot. Similar calculations may be carried out
for the case of vehicles passing over a deflection device and,
given the far greater weight, a significantly greater energy
level is found (for example, a single 40t vehicle causing a
10 mm deflection could provide 4kJ), although clearly the
frequency of vehicle passage will affect the average power
level achievable.
3.3.3 Vibration

Vibration energy is available in most built environments.
The energy that can be extracted from a vibration source
depends on the amplitude of the vibration and its fre-
quency. It also depends on the extent to which the pres-
ence of an energy harvesting device affects the vibration.
This, in turn, depends on the mass of the harvesting device
relative to that of the vibrating mass. Vibration sources
vary considerably in amplitude and dominant frequency.
Roundy et al.l42 presents measurement for a number of vi-
bration sources that indicate that the amplitude and fre-
quency varies from 12m-s~2 at 200 Hz for a car engine com-
partment to 0.2m-s~2 at 100 Hz for the floor in an office
building with the majority of sources measured having a

fundamental frequency in the range 60—200 Hz. Vibration
present in most environments is not made up of a single
frequency but is typically made up of a number of funda-
mental frequencies and their harmonics. For instance, the
vibration data shown in Fig. 2, which is taken from a do-
mestic freeze, indicates a fundamental frequency of 50 Hz
with an acceleration amplitude of 0.1 m-s~2 with the 2nd
and higher harmonics present at lower amplitudes. As will
be seen in Section 4.1, the energy that can be extracted
from a vibration source depends on the frequency and am-
plitude and, since the majority of vibration based conver-
sion devices have a relatively narrow range of operating
frequencies, it is important that the nature of the source
be understood. It is difficult to establish a strong relation-
ship between the amplitude and fundamental frequency of
ambient sources because of the limited frequency range typ-
ically found. However, if a harvesting device is tuned to a
frequency above about 200 Hz, it may be necessary to use
harmonics rather than the fundamental frequency of the
source. The amplitude of these harmonics tends to be of
significantly lower amplitude than the fundamental.

Acceleration (m-s™)

0 50 100 150 200I250 300
Frequency (Hz)

(a)

Displacement (m)

0 50 100 150 200 250 300
Frequency (Hz)

(b)

Fig.2 Vibration amplitude as a function of frequency for a do-
mestic freeze. (a) Acceleration magnitude; (b) Displacement am-
plitude

It is also important to note that the frequency of the dom-
inant vibration modes depends, in many situations, on the
operating parameters of the equipment causing the vibra-
tion. Thus, for instance, the dominant vibration frequency
on a domestic fan changes when the air flow is partially
obstructed. Similarly, testes on an energy scavenging node
used to extract energy from a pump aboard a marine vessel
found that the energy generation fell substantially due to
changes in pump speed[43].
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4 Energy conversion devices

The effectiveness of an energy harvesting system depends
on both the available energy and on the efficiency with
which that energy can be converted to useable electrical
energy. A broad range of conversion devices is available,
each with its own advantages and disadvantages, as will be
discussed in the following sections.

4.1 Electromagnetic radiation

As noted in Section 3.1, electromagnetic radiation
sources may be grouped according to the part of the electro-
magnetic spectrum in which they reside. Radiation around
the visible light part of the spectrum contains abundant
energy in many environments and this energy may be con-
veniently converted to electrical energy. A detailed discus-
sion of photovoltaic conversion is beyond the scope of this
paper (see [44] for an extensive survey of the topic) but it
may be noted that conversion efficiencies of around 15-20%
are readily achievable in commercial devices. Conversion of
ambient RF signals to useful electrical energy is far more
challenging due to the broadband, low intensity nature of
the signals typically present. Systems have been reported
which are capable of harvesting sufficient energy for simple
electronic circuits but these must generally be positioned
close to the source of RF power. The limitations of such
systems are outlined in [45].

4.2 Thermal

Conversion of energy derived from thermal gradients is
the basis for many large scale power generation (e.g., steam
turbines) but such technologies are not generally scalable to
the level required for sensor network nodes. At this smaller
scale, solid state devices are more attractive. Although the
voltage and power levels associated with an individual ther-
mocouple is very low, arrays of multiple thermocouples may
be used in order to increase the voltage and power level.
Stordeur and Stark*® combined 2250 thermocouples in a
generator capable of producing 20 uW for a temperature
difference of 20 K. A commercial device based on similar
technology provides 100 uW from a 10 K temperature dif-
ference in a 9.3 mm diameter device 1.4 mm thick*™.

4.3 Steady state mechanical

Conversion of steady state sources of mechanical energy,
such as air or water flow, has been investigated by several
researchers. Yumita and Kumagai[48] describes a device
suitable for fitting to a domestic water tap capable of ex-
tracting energy from the water flow using a turbine. A
miniature turbine designed for use in air flow is described
in [49]. This device used a 13 mm diameter, 1 mm thick
turbine disk and was capable of producing 1 mW of elec-
trical power. A larger device designed for use in heating,
ventilating, and air-conditioning (HVAC) ducts is described
n [50]. A turbine with a diameter of approximately 10 cm
was shown to produce around 27 mW for an air flow rate
of 1000 feet per minute, which is within the range found in
an HVAC duct but greater than that found in most other
environments.

4.4 Vibration

Vibration based energy harvesting has received consider-
able research interest[*>°1=%3 In this section, the underly-
ing principles of vibration based conversion will be consid-
ered, and it will be shown how different conversion methods
affect this behaviour. The development of more sophisti-
cated types of converters, which aim to overcome some of
the limitations of simpler devices, will then be discussed.

Vibration based energy harvesting devices are generally
modelled as mass, spring, and damper systems of the type
illustrated in Fig. 3.

LA LLAAS,

Fig.3 Model of a translational inertial generator

The system is composed of a seismic mass, m, and a
spring of stiffness k. The seismic mass is suspended within
the outer case and the entire device moves relative to the
inertial frame with the position of the case at time ¢ de-
scribed by w (t). The position of the seismic mass relative
to its equilibrium position in the case is z(t). Losses within
the system and energy extracted are represented by the
damper. The characteristics of this damping element de-
pend on the type of energy conversion utilized but if it is
assumed that the damping force is proportional to velocity
Z (t) with viscous damping coefficient b, then the equations
of motion may be written as

ma () + bz (t) + kx (t) = —mii (). (1)

Assuming that the vibration of the device relative to the
inertial frame is described by w(t) = U sin (wt), then the
steady state solution for z(t) is

2Usin(u.zt—i—gzﬁ).

V0 =)+ ()

It can be shown!*? that the total power dissipated in the
damping element is

o mérY? (:; ) ’ w? @

- (2)] e (2]

where w, = /k/m is the natural frequency of the resonant
system and {7 = b/(2mwn) is the damping factor. For a
given amplitude of acceleration, A, the amplitude of the
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displacement decreases as Y = A/w?, and so (2) becomes

2 2w?
mér A w o3

272 2

(@) e ()
The relationship given in (3) is plotted in Fig. 4 using nor-
malized logarithmic axes for a range of values of &r. It can
be seen that the peak power occurs when the vibration fre-
quency matches the resonant frequency (w = wy). It may
also be noted that increasing the damping, £ has the effect
of reducing the peak power but increasing the bandwidth.
Thus, if the vibration has a fixed frequency then a low level
of damping is preferable but if the source frequency varies,
it may give better average power to use a higher damping
factor.

10'

Decreased
damping &,

=,

Normalised power dissipation (£,/(mA%))

0.5 0.7 1 1.4 2
MNormalised frequency (/o)

Fig.4 Relationship between total dissipated power and fre-
quency for vibration resonator

The peak power may be derived from (3) with w = wy,, as

_ mA?
a 4wn€T

If the total damping is split between the element repre-
senting energy converted to electrical energy, &., and the
parasitic element, &,, representing losses, then the useful
power can be written asl*?

Py (4)

_ mAZE,
‘ dwp (§e + 5p)2 .

This is maximised when £, = &, giving

_ mA2
T 16wnée’

e

This indicates that the power generated will tend to infin-
ity as & tends to zero. However, this increase is limited
by a number of factors. It is not generally possible to re-
duce the parasitic losses represented by &, to an arbitrarily
small value. The amplitude of z when operating at w = w,
is Z =Y /2¢r and so decreasing &. implies increasing the
range of movement which the resonator is capable of mak-
ing without damage. This also implies an increase in the
forces applied by the vibration source to the resonator and,

if these forces become sufficiently large, they will affect the
behaviour of the vibration source.

If it is assumed that the movement of the seismic mass is
limited to an amplitude of Z < Zmax then &7 > Y/(2Zmax)
and so & > Y/(4Zmax), which may be rewritten as & >
A/(4w,2LZmax) and hence

MAZmaxwn

P. < 4 . (5)

The mass of the seismic mass is limited by the linear di-
mensions and the material density and assuming a cubic
mass with sides of length d and density p, then (5) will be
rewritten as
dSpAZmaan 6
4 : (6)
The maximum vibration amplitude is likely to be propor-
tional to the linear dimensions of the seismic mass and so
setting Zmax = d, the maximum electrical power can be
written as

P. <

Promax = d' pAw,. (7)

Thus, for a given vibration source, the harvested energy is
proportional to the 4th power of the linear dimensions. Al-
ternatively, given that the mass is m = d°p, the maximum
power is limited by

Pemax = mgp_éAwn. (8)

The relationships given above predict the maximum power
which could be achieved if there were no losses in the me-
chanical to electrical transduction process. The efficiency
of this transduction is one of the key considerations in the
different types of conversion discussed below.
4.4.1 Piezoelectric conversion

Piezo electric materials exhibit the property that if they
are mechanically strained, they generate an electric field
proportional to the strain. Conversely, when an elec-
tric field is applied the material undergoes strain. These
anisotropic relationships are described by the piezoelectric
strain constant, d, which gives the relationship between ap-
plied stresses while the electro-mechanical coupling coeffi-
cient, k, describes the efficiency with which energy is con-
verted between mechanical and electrical forms. This lat-
ter coefficient is important in determining the efficiency of
a resonant generator since the overall efficiency of a piezo
element clamped to a substrate and cyclically compressed

at its resonant frequency isl?1
k2
2(1-k2)
= 2
+
Q " 2(1-k2)

where @) is the quality factor of the resonator. As @) be-
comes larger, the efficiency tends towards unity but for
typically achievable @ factors, the efficiency increases sig-
nificantly for higher values of k.

Although there is a wide range of materials that exhibit
piezoelectric behaviour, the most commonly used materi-
als in energy harvesting applications are lead zirconate ti-
tanate (PZT), barium titanate (BaTiO3) and polyvinyli-
deneflouride (PVDF). PZT is a brittle piezoceramic which
has a high electro-mechanical coupling coefficient, k, of up
to 0.75. PVDF is a polymeric material available as flexible
sheets and is more robust than PZT but has a much lower
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k value of around 0.12-0.15. Because of its greater stiffness
and higher k value, PZT has generally been preferred for
vibration based energy harvesting devices while impact and
other intermittent type harvesting devices have made use of
either PVDF or PZT, depending on the particular design.

The design of a piezoceramic vibration based energy har-
vesting device has to overcome a number of conflicting aims.
Because piezoceramics possess high stiffness, structures in
which they are formed tend to have high resonant frequen-
cies while, as seen in Section 3.3.3, ambient vibrations tend
to have greatest amplitude at relatively low frequencies.
Also, as seen in Section 3.3.3, there is a trade-off between
peak output power for a resonant device and the bandwidth
to which the device responds. In addition, efficient opera-
tion of the piezo material requires that all of the material
undergoes a similar strain. This strain should ideally be
large but should not be sufficient for the material to be
damaged. The development of piezoceramic resonators has
been a process of identifying materials, configurations, and
dimensions which attempt to balance these competing aims.

Due to the high stiffness of piezoceramics, they are not
generally used in compressive mode? since this results
in a resonant frequency significantly above the frequency
of vibrations found in most situations. A number of non-
resonant compressive mode devices are reviewed in [54]. A
more attractive configuration is to form the piezoceramic
into a cantilever arrangement as shown in Fig. 5 where lay-
ers of piezoceramics are bonded to a substrate, typically
made from a suitable metal. This structure allows a lower
resonant frequency to be achieved while producing large
strains in the piezoceramic. Where two layers of piezo ma-
terial are used, the structure is referred to as a bimorph. In
this case, the piezo layers may either be connected in series
or parallel. If only a single piezo layer is used, the structure
is referred to as a unimorph.

Seismic mass

Substrate

Piezoceramic

Fig.5 Piezoceramic cantilever resonator

The uniform cantilever arrangement shown in Fig. 5 re-
sults in a non-uniform distribution of strain in the piezo ma-
terial while a suitably tapered cantilever formation can en-
sure uniform strain. This was investigated in an early work
by Glynne-Jones et al.’l and subsequent modelling and
practical studies by Roundy and co-workers!®% 57 showed
significantly higher power for a given volume of piezo ma-
terial using a tapered cantilever. Straight cantilevers,
while not giving uniform material strain, are more read-
ily modelled®® than the tapered form. Roundy et al.[4?]
and Sodano et al.’% %% investigated a number of mate-
rial combinations and manufacturing techniques for straight
cantilevers. Comparisons between unimorph and bimorph
structures!® have shown that different structures are suited

to differing levels of excitation. A number of variations
on this type of structure have been investigated. Sev-
eral authors(®® 2 63 have investigated the use of initially
curved, or “pre-stressed” beams which have been demon-
strated to give significantly higher output power than non-
prestressed versions. A further development of this concept
by Baker et al.®” involved the use of a curved beam be-
tween two pinned joints which could snap between concave
and convex curves in response to excitation. This resulted
in improved efficiency compared to uncompressed beams.

As noted in Section 3.3.3, ambient sources do not nec-
essarily produce a fixed frequency of vibration but give
a range of frequencies depending on operating conditions.
Given that vibration based converters operate most effi-
ciently with a narrow bandwidth, they are not naturally
suited to variable frequency sources. There has therefore
been considerable interest in converters that can operate
over a range of frequencies. There are essentially three ap-
proaches to achieving this. The first approach is to tune
the resonant frequency of the converter to match the vibra-
tion present. This self-tuning may be achieved by adding
a passive auxiliary structurel® or by active tuning where,
for instance, the effective mass or stiffness are altered!% 961,
Although these have shown some improvement in efficiency,
it is not clear whether the extra power generated is greater
than that used by the self tuning system. The second ap-
proach is to make the converter respond to a broader range
of frequencies by combining several mass and /or spring ele-
ments. Shahruz(%7 %] considered using a series of mechani-
cally independent cantilevers tuned to different frequencies
with the electrical outputs combined. This gives a broad-
band converter but the size of the device and the complexity
of the electronics increases significantly. A more space effi-
cient approach has been adopted by Roundy et al.19% 67 in
which a single beam has been used but with three masses
attached in such a way that the structure is able to vi-
brate at several frequencies. This gives a broader frequency
band but it is not clear how this will affect the peak power
output. The third approach may be termed frequency con-
version. In the device proposed by Rastegar et al.[69], a low
frequency oscillator is tuned to ambient vibrations but this
is coupled into a high frequency resonant structure which
performs the conversion to electrical energy. Experimental
results for this proposed method are not presented but it is
apparent that ensuring efficient coupling between low and
high frequency oscillators is critical to the efficiency of the
overall structure. A fuller discussion of recent developments
in piezo based devices is presented in [54].
4.4.2 Electrostatic conversion

Electrostatic conversion is based on the formation of a
parallel plate capacitor onto which a charge is introduced
from an external power source. Once the external source
is disconnected then varying the capacitor configuration
(plate overlap area or plate separation) causes the voltage
and/or charge on the capacitor to vary. The varying volt-
age or charge may be extracted to provide electrical energy
to a load.

For a parallel plate capacitor with plate area A and plate
separation d, the capacitance is approximately

A_Q

C:Ed v (9)
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where ¢ is the dielectric constant of the insulating material
between the plates, () and V are the charge and the voltage
on the capacitor, respectively. The energy stored on the
capacitor is

1
E=,QV. (10)

If the charge is held constant, then combining (9) and (10),
the energy becomes

Q%
E= 11
2eA (11)
while if the voltage is constrained, the energy becomes
cAV?
E= . 12
9 (12)

Attempts to change the stored energy by moving the ca-
pacitor plates causes a reaction force. This reaction force
depends on whether the gap or the overlap area of the ca-
pacitor is varied and on whether the voltage or the charge
are constrained. For instance, if the separation of a parallel
plate capacitor is changed and the charge constrained, then
since force is the rate of change in energy with distance, the
force can be found from (11) as

Q2

=
2e A

while if the voltage is constrained, the force becomes

cAV?

F=
2d?

Thus in the first case, the reaction force is constant while
in the second it is proportional to 1 / d?. These differences
will affect the response of the resonant spring mass system,
particularly if the forces are larger than other sources of
damping.

Roundy considered three possible structures named
out-of-plane gap closing in which the separation of a simple
parallel plate capacitor varies (as described above); in-plane
gap closing, in which the separation of interdigitated fingers
varies and in-plane overlap varying in which the overlap
area of interdigitated fingers varies in response to vibration.
Fach combination of structure and voltage or charge con-
straint results in a different reaction force relationship!*?.
Roundym] went on to consider the relative magnitude of
fluid damping and electrostatic forces for each structure
considered and concluded that in-plane gap closing struc-
tures offer the greatest power output capability. This and
the other structures mentioned have been studied by a num-
ber of authors. In-plane overlap varying was considered
by Menigner et al.™ and Ma et al.""; in-plane gap clos-
ing by Despresse et al.l’”? and out-of-plane gap closing by
Tashiro et al.”®. A common issue in all of these electro-
static converters is that the capacitor requires charging from
an external source before harvesting can begin.

4.4.3 Electromagnetic Conversion

Electromagnetic transduction is based on the genera-
tion of voltage resulting from relative movement between
a magnet and a coil. The voltage generated in a square
coil made up of N turns of side length [ moving through
a magnetic field with flux density B at a velocity & (t) is
v(t) = NIBi(t). Assuming that & () varies sinusoidally

[37]

with frequency w and that the coil has resistance R. and
inductance L. and is connected to a resistive load Rpr, then
the load current is ¢ = v/(Rr + Rc + jwL.) and since the
resulting force is F' = BIN, the effective damping in (1)
becomes

B (NIB)?

~ Rp+ Re+jwl:

Because of the reactive behaviour of the inductance, there is
a phase shift in the damping but it is generally assumed that
the inductance is insignificant at the vibration frequency[m].
It can then be shown that the maximum electrical power
delivered to a matched load when tuned to the frequency
of the vibration source isl™® 74 7

2
P mA ( 1 Rc) .
16wn§m RL
This may be seen to be similar to the expression derived
for the piezo device operating in similar conditions except
that this takes explicit account of the effect of the internal
resistance of the coil.

A number of authors have considered electromagnetic vi-
bration energy harvesters ranging from micro electro me-
chanical (MEM) devices™~ " to larger scale devices with
dimensions of the order of a few centimetres!*? ™. A range
of material combinations and magnet/coil configurations
have been considered in research devices and a limited num-
ber of commercial units developed[so]. It has also been
shown that an optimised device is capable of converting
up to 30% of the total energy supplied into useful electrical
energy®!l.

b

4.5 Intermittent mechanical conversion

As noted when discussing energy sources in Section 3,
there are a number of sources of mechanical energy which
are repetitive but are non-sinusoidal. For instance, foot-
fall occurs at an approximately fixed frequency but is char-
acterised as a series of impacts rather than a continuous
sinusoidal variation. Conversion systems suitable for this
type of energy source are significantly different from those
used for vibrational sources. Given that these sources typ-
ically deliver power over a small part of the overall period,
the challenge here is to devise mechanically robust devices
able to convert the energy in an efficient manner without
being large or heavy. The majority of studies reported in
the literature have been aimed at capturing energy from
footfall, since this is one of the most promising sources in
human energy harvesting, although other researchers have
investigated energy harvesting from moving traffic/*?).
4.5.1 Piezoelectric conversion
Starner and Paradiso*® considered a number of shoe
insert energy harvesting devices. They predicted that an
insert constructed from 40 plies of PVDF positioned to
extract energy from the flexing of a shoe sole should be
capable of generating 5W when deflected by 5cm by a
52 kg user. The device constructed was smaller than that
used as the basis for these predictions and possessed fewer
PVDF layer. The measured peak power from this device
was 15 mW with an average over the entire gait of 1.3 mW.
A second device, based on a PZT unimorph, was developed
to capture energy from heel strike. This was found to de-
liver a peak power of 60 mW and an average of 1.8 mW.
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A further development of this device used two unimorphs
arranged back-to-back and achieved an average power of
8.4mW. It was noted that this represented an efficiency of
mechanical to electrical energy of only around 1%.

The efficiency of piezoelectric conversion is improved if
the device is operated at its resonant frequency and so con-
sideration has been given to methods to convert the low fre-
quency footfall energy pulses to higher frequencies matched
to piezo resonance. Antaki et al.l®? used a passive hydraulic
pulse amplifier to effect this frequency conversion and ob-
tained average power of up to 700 mW during walking while
Hagood et al.l®¥) used an active valve to chop the hydraulic
flow at the resonant frequency of a PZT resonator.

4.5.2 Electro-active polymers (EAP) conversion

A number of polymeric materials exhibit significant
strain when subjected to electric field and similarly are ca-
pable of generating electrical power when strained. Appro-
priate polymers are capable of undergoing significant strain,
give efficient conversion between mechanical and electrical
energy and have low density. A heel strike device based
on electro-active polymers (EAPs) has been demonstrated
which is capable of developing 0.8 J-step™!, indicating a
power of around 2W at normal walking speed if fitted to
both feet!® % The voltages generated by EAPs are gen-
erally high and so efficient conversion of these high voltages
to more usable levels remains problematic. The durability
of the materials has also been a matter for concern®¥.
4.5.3 Electromagnetic conversion

Given the design and material constraints imposed on
electrical machines, they typically posses a limited range
of speeds at which they operate efficiently. The major-
ity of machines are most efficient when operated at high
speeds and low force/torque. Thus, there is an inherent
mismatch with most intermittent sources of mechanical en-
ergy which have relatively high force but low average speed.
One method for improving this matching is through the use
of gears[%] but this introduces significant inefficiency and
increasing the gear ratio used typically increases the losses.

One approach to ameliorate the problems associated with
the high impact forces found in footfall and similar inter-
mittent energy sources is to attempt to store the energy so
that the conversion between mechanical and electrical en-
ergy can be performed over a longer period, thus making
use of physically smaller devices. Mechanical energy may
be stored in springs, moving masses or in fluid flow or a fluid
pressure vessel. Kymissis et al.’7l demonstrated a system
composed of gears, a spring and flywheel used to drive a
generator which was able to produce an average of 250 mW
from a 3cm deflection of the heel during normal walking.
It was noted that this device was obtrusive for the user.

A mechanism developed by the author, based on me-
chanical analogues of electrical switched mode power
supplies[87], has been used as an energy harvesting shoe heel
insert. In this device, energy supplied during compression is
stored in a spring, and when the heel lifts off the stored, en-
ergy is transferred through a set of gears and a freewheel de-
vice to a flywheel and generator. Since the impact energy is
only transferred to the spring, it is not necessary to use such
large and robust gears as those which would be required for
direct conversion during the heel strike impact. The device,
shown in Fig. 6, has dimensions 50x65x30 mm and allows a

deflection of 14 mm. When driving a matched load of 70 Q2
it is capable of producing an output energy of 90 mJ from
a mechanical input energy of 450 mJ at a peak voltage of
approximately 7V. Thus for a speed of 1.1steps-s™ ', this
represents an average power of 100 mW.

The lower voltages typically derived from electromag-
netic generators are more compatible with most electronic
circuits than the high voltages of around 150 V typically de-
rived from piezo converters!®®. While these high voltages
can be reduced to more appropriate voltages for electronic
circuits, this conversion process introduces further losses.

Generator

Freewheel
mechanism

Fig.6 Energy harvesting shoe insert

5 Comparison of practical energy har-
vesting devices

A comparison of available energy harvesting devices in
terms of their power output and power density is desir-
able but is difficult to achieve given the diverse operating
modes. Beeby®! presented tabulated results for a range of
vibration based devices grouped according to the conversion
method. The same group[S” presented a graphical compar-
ison based on normalised power density (output power nor-
malised for acceleration, Pout /AQ) but excluded the effect
of frequency. Mitcheson et al.189 presented a comparison
based on an estimate of efficiency which relied on assump-
tions about the input power supplied to the device. These
comparisons were for vibration based devices only. We seek
a comparison of the power which may be scavenged from
available sources for a wider range of device types. Thus, we
seek a comparison that combines the characteristics of the
energy source and the efficiency of the conversion system.
This necessitates a number of assumptions which may not
be valid in all situations. These are summarised below and
the numerical data for each device is given in Table 2. The
data is presented graphically in Fig. 7. In some cases, it has
been necessary to estimate values which are not explicitly
given in the publications. These values are shown in italics
in Table 2.

For vibration based devices, performance is quoted for
a given amplitude and frequency of vibration which may
not be found in real environments. Thus, it is necessary
to estimate the likely available vibration and normalise the
performance to this. The available vibration is modelled
as having an amplitude of 1ms~2 at a frequency of 100 Hz
with the amplitude being equal to 100/f above and below
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this frequency. It is further assumed that the power gener-
ated is proportional to the square of the amplitude and so
the normalised power becomes

__100P

= arp

This scaling does not attempt to take account of the fact
that some devices may work more effectively than others at
high or low amplitude vibrations.

The figures for shoe inserts have not been normalised
since the data presented is for similar weight users walking
at similar speeds. Solar cells, being essentially area devices,
are generally specified in terms of W-m~2. However, here
it is assumed that, in order to have sufficient mechanical
rigidity, they must have a finite thickness or a suitable sup-
porting framework and that as the device area increases,
the thickness of the support must also increase. It is fur-
ther assumed that the thickness is equal to 5% of the linear

P,

dimensions of the device so that volume, V' = 0.05 - Areas .
The available light for outdoor solar cell conversion is taken
as the daily average value in winter at a temperate latitude,
as discussed in Section 3.1, and the cell efficiency is assumed
to be 15%. The performance of PV cells is shown as a con-
tinuous line in Fig.7 since the technology may be readily
scaled to a desired size/power level. The thermoelectric
device is based on a temperature difference of 5 K.

It may be seen that similar types of devices give broadly
similar power levels and are of similar volumes. The ex-
ception to this is vibration based devices using electromag-
netic conversion but it may be noted that device 8 is a
micromachined device while 9 and 10 are hand assembled
“macro” machines. In terms of energy density, lines of equal
power density are parallel to the lines shown for solar con-
version, thus devices 1 and 10 demonstrate similar power
densities. The highest power density of the devices con-
sidered is for EAP conversion (device 15) at approximately
1.25 uW-mm ™2 although this device was not expected to
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give long term operation. The typical energy density for
the best performing devices is around 1 zW-mm 3.
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Fig.7 Comparison of energy harvesting solutions

6 Conclusions

The nature of many sensor network systems means that
energy harvesting is an attractive method of meeting their
energy requirements. However, it is clear that a good un-
derstanding of the nature of the various energy sources and
of the conversion mechanisms available is necessary if the
most appropriate solution is to be found. Based on the pub-
lished data considered, it can be seen that there is a large
range of power levels and device volumes but that similar
power densities are achieved for the best performing devices
in each size range. Given the typical maximum power den-
sity available of around 1 zW-mm 2 and the typical average
power demands of a network node of around 3mW for a

Table 2 Comparison on energy harvesting devices (pz: Piezo; es: electrostatic; em: electromagnetic)

Device Operating mode/ Authoplreference] Output power Frequency  Amplitude Normalised power  Volume

number material (W) (Hz) (ms™?2) (W) (mm?)
1 Vibration - pz Glynne-Jones!®?! 2.1 80.1 2.3 0.5 125
2 Vibration - pz Roundy et al.[12,65] 210 120 2.5 28 1000
3 Vibration - pz Roundy et al.[4?] 375 120 2.5 50 1000
4 Vibration - pz Marzencki et al.[?°] 0.6 900 9.81 0.0007 2
5 Vibration - es Mitcheson et al.[®%] 3.7 30 50 0.005 750
6 Vibration - es Despesse 1072l 1052 50 8.8 27 1800
7 Vibration - es Despesse 2172 70 50 9.2 1.7 32
8 Vibration - em Shearwood and Yates[””] 0.3 4400 382 4.7x1078 5.4
9 Vibration - em Glynne-Jones et al.[™] 180 322 2.7 7.7 840
10 Vibration - em Perpetuum et al.[®%] 4000 100 0.4 25000 30000
11 PVDF shoe stave Schenk and Paradisol®?! 1300 5000
12 PZT Dimorph Schenk and Paradisol®? 8400 1700
13 em shoe insert Schenk and Paradiso(®?! 60 000 56000
14 em shoe insert Gilbert (see Section 4.5.3) 90000 97 500
15 EAP shoe insert Pelrine et al.[®] 1000 000 50 000
16 Thermoelectric Applied digital solutions!*7] 50 41
17 PV cell (outdoor) 20000 500 000
18 PV cell (indoor) 1500 500000
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node volume of around 10000 mm?® (excluding the power
source) means that the volume of the energy harvesting de-
vice at around 3000 mm? is a significant proportion of the
overall node volume.
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