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ENERGY HARVESTING FOR WIRELESS SENSOR 
OPERATION AND DATA TRANSMISSION 

RELATED APPLICATIONS 

[0001] This patent application is a divisional of US. 
patent application Ser. No. 10/379,223, incorporated herein 
by reference, and claims bene?t of provisional patent appli 
cation 60/362,432, ?led Mar. 7, 2002, incorporated herein 
by reference and provisional patent application 60/443,120, 
?led Jan. 28, 2003, incorporated herein by reference. This 
patent application is related to the following US. patent 
applications: 

[0002] Ser. No. 09/731,066, docket number 1024 
034, ?led Dec. 6, 2000, incorporated herein by 
reference; 

[0003] Ser. No. 09/757,909, docket number 1024 
035, ?led Jan. 10, 2001, incorporated herein by 
reference; 

[0004] Ser. No. 09/801,230, docket number 1024 
036, ?led Mar. 7, 2001, incorporated herein by 
reference; 

[0005] Ser. No. 09/768,858, docket number 1024 
037, ?led Jan. 24, 2001, incorporated herein by 
reference; 

[0006] Ser. No. 09/114,106, docket number 1024 
041, ?led Jul. 11, 1998, incorporated herein by 
reference; 

[0007] Ser. No. 09/457,493, docket number 1024 
045, ?led Dec. 8, 1999, incorporated herein by 
reference; and 

[0008] non-provisional patent application having 
docket number 115-004, Ser. No. 10/379,224, ?led 
the same day as this application, incorporated herein 
by reference. 

FIELD OF THE INVENTION 

[0009] This invention generally relates to collecting and 
transmitting data. More particularly, it relates to a device for 
sensing, storing and transmitting data. Even more particu 
larly, it relates to a device that can that can be attached to a 
structure or live subject and that can harvest energy from its 
environment to poWer sensing, storing and transmitting data 
about the structure or live subject. 

BACKGROUND OF THE INVENTION 

[0010] Several available devices convert mechanical 
energy in the local environment into electrical energy, 
including the Seiko “Kinetic” Watch and mechanical Wind 
up radios. An article, “Energy Scavenging With Shoe 
Mounted PieZoelectrics,” by N. S. Shenck and J. AParadiso 
httpz/computer.org/micro/homepage/may_june/shenck/in 
dex.htm, reports on systems that capture energy from the 
user’s environment to provide electricity to Wearable micro 
electronic devices Without batteries. The unobtrusive 
devices scavenge electricity from the forces exerted on a 
shoe during Walking. The devices include a ?exible pieZo 
electric foil stave to harness sole-bending energy and a 
reinforced pieZoelectric dimorph to capture heel-strike 
energy. They also report on prototype development of radio 
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frequency identi?cation (RFID) tags Which are self poWered 
by a pair of sneakers.6 A recent report by Meniger et al., 
entitled “Vibration-to-Energy Conversion”, discloses a 
microelectromechanical system (MEMs) device for the con 
version of ambient mechanical vibration into electrical 
energy through the use of a variable capacitor http://WW 
W.kric.ac.kr:8080/pubs/articles/proceedings/dac/313817/ 
p48-meninger/p48-men inger.pdf. HoWever, these MEMs 
systems only demonstrated 8 microWatts of poWer. Trans 
mission of RF data over distances of 20 feet or more requires 
milliWatt poWer levels. 

[0011] LoW poWer sensors have been developed, as 
described on commonly assigned US. patent application 
Ser. No. 09/731,066, to Arms, that includes a sensing unit for 
attaching to a structure or live subject for sensing a param 
eter of the structure or live subject. The sensing unit includes 
a sensor, a data storage device, and a transmitting device. 
The data storage device is for storing data from the sensor. 
PoWer is provided by a poWer supply such as a rechargeable 
battery or fuel cell. The rechargeable battery can be 
recharged by inductive coupling from an external control 
unit. 

[0012] Over the past years, sensors, signal conditioners, 
processors, and digital Wireless radio frequency (RF) links 
have become smaller, consumed less poWer, and included 
higher levels of integration. The Ser. No. 09/731,066 appli 
cation, for example, provides sensing, acquisition, storage, 
and reporting functions. Wireless netWorks coupled With 
intelligent sensors and distributed computing have enabled a 
neW paradigm of machine monitoring. 

[0013] Apaper, “Wireless Inductive Robotic Inspection of 
Structures,” by Esser, et al, proceedings of the IASTED 
International Conference, Robotics and Applications 2000, 
Aug. 14-16, 2000, Honolulu, Hi., describes an autonomous 
robotic structural inspection system capable of remote poW 
ering and data collection from a netWork of embedded 
sensing nodes and providing remote data access via the 
internet. The system uses microminiature, multichannel, 
Wireless programmable addressable sensing modules to 
sample data from a variety of sensors. The nodes are 
inductively poWered, eliminating the need for batteries or 
interconnecting lead Wires. 

[0014] Wireless sensors have the advantage of eliminating 
the cost of installing Wiring. They also improve reliability by 
eliminating connector problems. HoWever, Wireless sensors 
still require system poWer in order to operate. If poWer 
outages occur, critical data collected by the sensors may be 
lost. In some cases, sensors may be hardWired to a vehicle’s 
poWer system. In other cases hoWever, the need to hard Wire 
to a poWer system defeats the advantages of Wireless sen 
sors, and this may be unacceptable for many applications. 
Most prior Wireless structural monitoring systems have 
therefore relied on continuous poWer supplied by batteries. 
For example, in 1972, Weiss developed a battery poWered 
inductive strain measurement system, Which measured and 
counted strain levels for aircraft fatigue. Traditional batter 
ies, hoWever, become depleted and must be periodically 
replaced or recharged, adding an additional maintenance 
task that must be performed. This is particularly a problem 
for monitors used for a condition based maintenance pro 
gram since it adds additional maintenance for the condition 
based monitoring system itself. 
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[0015] None of the systems for sensing changes in the 
environment have collected available mechanical energy to 
provide the electricity for running the sensors, storing data 
from the sensor, or communicating the data externally. Thus, 
a better system for poWering sensors and storage devices, 
and for transmitting data gathered by sensors is needed, and 
this solution is provided by the folloWing invention. 

SUMMARY OF THE INVENTION 

[0016] It is therefore an object of the present invention to 
provide a scheme for poWering a Wireless sensor system 
With a source of energy that avoids the need to provide, 
replace or recharge batteries; 

[0017] It is a further object of the present invention to 
provide a scheme for poWering a load With energy harvested 
from an ambient source of energy in the local area, Wherein 
the rate at Which energy is harvested from the ambient 
source of energy is beloW that required for directly poWering 
the load. 

[0018] It is a further object of the present invention to 
provide a scheme for poWering a sensor system With ambi 
ent mechanical energy collected from the environment of the 
sensor system or With energy obtained from ambient mag 
netic ?eld coupled energy; 

[0019] It is a further object of the present invention to 
provide a netWork of sensor systems in Which sensors on the 
netWork are poWered With ambient energy collected from 
the environment; 

[0020] It is a further object of the present invention to 
provide a device for monitoring the health of a machine or 
another system in Which the monitoring device is poWered 
With ambient energy harvested from the environment. 

[0021] It is a further object of the present invention to 
provide a sensing system that includes a sensor that is read 
With electrical energy obtained from the harvested mechani 
cal energy; 

[0022] It is a further object of the present invention to 
provide a Wireless transmitter connected to receive and 
transmit information obtained by the sensor, in Which the 
Wireless transmitter is poWered With electrical energy 
obtained from the harvested mechanical energy; 

[0023] It is a feature of the present invention that a sensing 
system includes a component for harvesting ambient 
mechanical or magnetic energy and converts this energy into 
electrical energy; 

[0024] It is a feature of the present invention to provide a 
data collection device that is poWered by the electrical 
energy obtained from the harvested mechanical energy; 

[0025] It is an advantage of the present invention that the 
data collection device can provide information about the 
environment using energy harvested from the environment; 
and 

[0026] It is a further advantage of the present invention 
that the data collection device does not itself require main 
tenance for replacing or recharging batteries. 

[0027] These and other objects, features, and advantages 
of the invention are accomplished by a device for poWering 
a load from an ambient source of energy. The device 
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comprises an energy harvesting device for harvesting energy 
from the ambient source of energy Wherein the rate energy 
is harvested from the ambient source of energy is beloW that 
required for directly poWering the load. A storage device is 
connected to the energy harvesting device. The storage 
device receives electrical energy from the energy harvesting 
device and is for storing the electrical energy. A controller is 
connected to the storage device is for monitoring the amount 
of electrical energy stored in the storage device and for 
sWitchably connecting the storage device to the load When 
the stored energy exceeds a ?rst threshold. 

[0028] Another aspect of the invention is an energy har 
vesting system comprising a pieZoelectric transducer and a 
recti?er. The system also includes a reactive device having 
a high impedance approximately matching impedance of the 
pieZoelectric transducer at its operating frequency for ef? 
ciently transferring energy from the pieZoelectric transducer 
to the reactive device. The system also includes a loW 
impedance high capacity storage device. The system also 
includes a circuit for monitoring voltage across the reactive 
device, and for transferring the charge from the reactive 
device to the loW impedance high capacity storage device 
When the voltage across the reactive device reaches a 
speci?ed voltage value. 

[0029] Another aspect of the invention is a device for 
sensing temperature or pressure in a tire. The device 
includes a tire and a PZT mounted on the tire. The device 
also includes a circuit for harvesting energy from the PZT, 
Wherein the circuit comprises an element having an imped 
ance approximately matching impedance of the PZT. The 
device also includes a sensing module connected to the 
circuit, the sensing module including a sensor and a circuit 
for Wirelessly transmitting sensor information. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0030] The foregoing and other objects, features, and 
advantages of the invention Will be apparent from the 
folloWing detailed description of the invention, as illustrated 
in the accompanying draWings, in Which: 

[0031] FIG. 1a is a perspective vieW of an energy har 
vesting addressable Wireless sensing node of the present 
invention mounted on a machine or structure; 

[0032] FIG. 1b is a perspective vieW of components 
Within the energy harvesting addressable Wireless sensing 
node; 

[0033] FIG. 1c is a perspective vieW of the energy har 
vesting cantilever shoWn in FIG. 1b With variable mass for 
tuning to a vibration frequency of the machine or structure; 

[0034] FIG. 1a' is a schematic diagram of a base station for 
receiving said Wirelessly transmitted information; 

[0035] FIG. 2 is an alternative embodiment in Which a 
large sheet of PZT ?ber is embedded in material, such as a 
hull of ship so vibration or strain energy transmitted through 
the hull can be harvested; 

[0036] FIG. 3a, 3b are block diagrams of one embodiment 
of an energy harvesting addressable Wireless sensing node of 
the present invention in Which energy is harvested by a PZT; 

[0037] FIG. 4 is a block diagram of an alternate embodi 
ment of an energy harvesting addressable Wireless sensing 
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node of the present invention in Which energy is harvested 
from a power transmission line; 

[0038] FIG. 5 is a block diagram of the Wireless sensing 
module shoWn in FIGS. 3a, 3b; 

[0039] FIG. 6a is a timing diagram of voltage across 
capacitor C2 of FIG. 11; 

[0040] FIG. 6b is a timing diagram of voltage across 
capacitor C1 of FIG. 11; 

[0041] FIG. 6c is a timing diagram of voltage across the 
transmitter of FIG. 11 shoWing hoW charge gradually stored 
in long term storage capacitor C1 is used to brie?y poWer the 
transmitter or transceiver; 

[0042] FIG. 7 is a cross sectional vieW of a tire having an 
energy harvesting device of the present invention to poWer 
transmitting pressure and temperature sense data; 

[0043] FIG. 8 is a schematic diagram shoWing a receiver 
mounted in a vehicle that receives signals indicating tire 
sensor data transmitted by each of the tires on the vehicle; 

[0044] FIG. 9 is a diagram shoWing data from an experi 
mental test shoWing that the PZT provided the same loW 
current output as load resistance Was varied from 100 ohms 

to 50 Kohms; 

[0045] FIG. 10 is a diagram shoWing data from the 
experimental test shoWing that the optimum load imped 
ance, that delivers maximum poWer, Was found to be about 
500 Kohms; 

[0046] FIG. 11a is a block diagram of an improved 
embodiment of an energy harvesting addressable Wireless 
sensing node of the present invention having an additional 
stage of charge storage, monitoring, sWitching, and imped 
ance conversion betWeen the recti?er and the controller of 
FIG. 3a; 

[0047] FIG. 11b is a schematic diagram shoWing more 
detail than the block diagram of FIG. 11a; and 

[0048] FIG. 12 is a schematic diagram shoWing a Wireless 
Web enabled sensor netWork WSN) system that requires 
very little poWer. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0049] The present inventors recogniZed that substantial 
ef?ciency in collecting, storing, and transmitting data from 
Wireless sensors could be provided by harvesting energy 
from the environment. 

[0050] This invention is aimed at developing a neW class 
of sensing systems that can Wirelessly report data Without 
the need for maintaining or replacing batteries. Instead, the 
sensing systems rely on harvesting vibration, strain energy, 
or magnetic coupled energy from the local environment for 
conversion to electrical poWer for storage and use to collect, 
store, or transmit data by the sensing system. Thus, 
machines, structures, and live subjects can be monitored 
Without the need for replacing or recharging batteries or for 
a battery maintenance schedule. Truly smart structures and 
machines Will thus be able to autonomously report their 
condition throughout their operating life Without the mecha 
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nism used for reporting the data itself requiring mainte 
nance. The system can be used to run and communicate With 
actuators as Well as sensors. 

[0051] One important use of the present invention is to 
improve traditional condition based maintenance. Condition 
based maintenance provides a more accurate and cost effec 
tive maintenance program for equipment or structures. The 
present invention reduces unnecessary preventive mainte 
nance for the devices used to monitor. In addition to pro 
viding for Wireless communication Without batteries, the 
present invention provides the components necessary to 
realiZe the potential bene?ts of condition based monitoring, 
including information acquisition, analysis, storage, and 
reporting technologies that substantially loWer poWer 
requirements, making energy harvesting for condition based 
maintenance a realistic source of energy. 

[0052] An illustration of condition based maintenance and 
another important use for the present invention is aboard 
ships Where batteryless sensing systems may be used for 
Wirelessly monitoring oil debris or oil condition, tank & hull 
corrosion, combustion pressure, Water-lubricated-bearing 
Wear, and machine condition. The invention can also be used 
for integrated, hierarchical machinery diagnostics & prog 
nostics; machinery diagnostics & prognostics; open systems 
architecture condition based maintenance; human—com 
puter interface condition based maintenance; and diagnostic 
of insulation, such as Wire and Windings. The invention can 
also be used on land vehicles or aircraft for purposes such as 
to monitor and report tire temperature and pressure. In each 
case mechanical energy, such as the energy of vibration of 
the vehicle, can be used to poWer the sensor and its storage 
or communications apparatus. 

[0053] Batteries, and the additional maintenance burden 
for replacing or recharging batteries, are avoided in the 
present invention by providing Wireless sensing netWork 
systems Which can harvest energy from the local environ 
ment to provide the poWer needed for their oWn operation. 

[0054] Numerous sources of ambient energy can be 
exploited for energy harvesting, including solar, Wind, ther 
moelectric, Water/Wave/tide, rotation, strain, and vibration. 
For shipboard monitoring applications beloW deck and for 
monitoring tire pressure and temperature, mechanical 
energy harvesting devices, such as those that harvest strain 
or vibrational energy are preferred. In Navy applications, 
strain energy Would be available on engine mounts, ship hull 
sections, and structural support elements. Vibrational energy 
Would be available on diesel turbine engine components, 
propeller shaft drive elements, and other machinery and 
equipment. This energy could be harvested using electro 
magnetic devices (coil With permanent magnet), Weigand 
effect devices, and pieZoelectric transducer (PZT) materials. 
Of these, the PZT materials hold the most promise. 

[0055] Recent developments in single crystal PZT have 
led to signi?cant improvements in the mechanical-to-elec 
trical conversion coef?cients (coupling coef?cients), from 
60% ef?ciency to 90% efficiency. Single crystals also exhibit 
higher operating strain capabilities than conventional PZT 
materials (0.2% vs. 1.4%). These materials are available 
through TRS Ceramics (State College, Pa. http://trsceram 
ics.com/Single_Crystal.pdf). 
[0056] Furthermore, PZT ?bers have recently been made 
commercially available at loW cost for active damping of 
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sporting equipment, such as baseball bats, tennis rackets, 
and skis (Advanced Cerametrics, Lambertville, N.J., 
WWW.advancedcerametrics.com/pieZo_?ber.html). These 
?bers may be directly bonded to a straining element or 
structure to generate electrical energy that can be harvested. 
Major advantages of these ?ber piezoelectric materials is 
that they can tolerate the loss of many individual ?bers in a 
bundle and still function Well. Since they are in mass 
production, they may be obtained readily and at relatively 
loW cost. Because of these advantages the present invention 
describes the use of these PZT materials for energy harvest 
ing Wireless sensor netWorks. HoWever, other devices and 
other sources of ambient energy can also be used. 

[0057] The present inventors have used single crystal and 
PZT ?bers to create Working energy harvesting prototypes 
that provide suf?cient energy to poWer StrainLink Wireless 
sensor transmitters available from MicroStrain, Inc. (Strain 
Link, http://WWW.microstrain.com/slink.html). 

[0058] Energy harvesting addressable Wireless sensing 
node 18 can be attached to machine or structure 19 that is 
subject to vibration, as shoWn in FIG. 1a. In one embodi 
ment, PZT 20 is mounted to cantilever 22 Which can be 
tuned With variable mass 24, as shoWn in FIGS. 1b and 1c, 
to provide a device resonance frequency close to the vibra 
tion frequency of machine or structure 19, thereby optimiZ 
ing energy harvesting. PZT 20 can be either a crystal or a 
?ber. Cantilever 22 is mounted on PC board 25 in enclosure 
26. 

[0059] Alternatively, a large sheet of PZT ?ber 27 can be 
embedded in material of hull 28 of ship 30 so vibration or 
strain energy transmitted through hull 28 can be harvested, 
as shoWn in FIG. 2. Large sheets of PZT ?ber 27 are 
preferred because tuning is not readily available to harvest 
the strain energy. A structure, such as hull 28 or the deck of 
a bridge bends only a limited amount, and the bending 
cannot be tuned as can ?exural element by adjusting mass so 
as to take advantage of resonance frequency to harvest more 
of the energy. 

[0060] In the mechanical vibration embodiment, the 
source of mechanical energy, such as machine or structure 

19, is converted to electrical energy in energy harvesting 
addressable Wireless sensing node 18‘, Which includes a 
miniature electric generator, such as PZT 20, as shoWn in 
FIG. 3a. Aminiature electric generator can also be provided 
With a coil and magnet in relative rotational motion, as for 
eXample, Would be available in the vicinity of spinning 
machinery or Wheels. 

[0061] Electrical poWer generated in PZT 20 is recti?ed in 
recti?er 40, stored in electrical storage device 42, and once 
sufficient energy has been stored, is provided to a load, such 
as Wireless sensing module 44, by means of controller 46. 

[0062] In one experiment, a single crystal PZT 20 Was 
connected to the circuit shoWn in FIGS. 3a, 3b, While 
vibration Was applied to PZT 20. With a DC voltmeter across 
storage capacitor 42, upWards of 20 volts Was measured 
across the capacitor With approximately 0.08 inch de?ection 
of the PZT 20 at a 50 HZ rate. 

[0063] PZT 20 is inherently a high impedance device 
Which provides a nearly constant current, so the storage 
capacitor charges linearly With time. Thus, the time for 
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storage capacitor 42 to charge is found from T=CV/I Where 
C=capacitance value, V=voltage charged to, and I=the 
charging current. 

[0064] The Microstrain StrainLink transmitter is also a 
constant current load, so calculating the discharge uses the 
same formula. A 47 uF cap charged to 16 volts Will supply 
2.8 mA for 268 mS discharging to Zero volts. A loW poWer 
StrainLink transmitter can be connected as load 44 in the 
circuit of FIG. 3a, 3b and can run for 224 mS before 
reaching the reset voltage of 2.63 volts. This is enough time 
to transmit data from several sensors. Obviously a bigger 
storage capacitance Would supply a longer operating time as 
Would any reduction in load current presented by the trans 
mitter. HoWever, a longer time Would be needed to charge a 
larger capacitor. Furthermore, the practicality of such a 
system is dependant on the continued availability of vibra 
tion input energy. Thus, the present device is ideally suited 
to applications Where ambient vibration is continuous for 
long periods to provide for the self-discharge rate of storage 
capacitor 42, to provide poWer consumed by the circuit used 
to monitor charge and sWitch on the load, as Well as to poWer 
the load. 

[0065] In an alternative embodiment PZT 20 device could 
be replaced With coil Winding 47a that is closely coupled to 
poWer transmission line 47b that Would alloW energy in the 
magnetic ?eld around the transmission line to be harvested, 
as shoWn in FIG. 4. Such a con?guration could be used With 
thermocouples 47c to measure the temperature of transmis 
sion line 47b and detect an overheated condition in trans 
mission line 47b. As With the PZT embodiment, the fre 
quency of transmissions is proportional to current in the 
transmission line 47b. 

[0066] Wireless sensing module 44 includes microcontrol 
ler or microprocessor 48, Which controls provision of poWer 
to A/D converter 50, sensors 52, non-volatile memory 54, 
and RF transmitter 56, as shoWn in FIG. 5. Sensors can 
include such sensors as a temperature sensor, a strain gauge, 

a pressure sensor, a magnetic ?eld sensor, an accelerometer, 
or a DVRT. By selectively providing poWer to or Withhold 
ing poWer from these devices microcontroller 48 can 
achieve substantial energy savings. Microcontroller 48 also 
controls How of data from A/D converter 50, from sensors 
52, to and from nonvolatile memory 54 and to RF transmit 
ter 56. A transceiver can be provided instead of RF trans 
mitter 56 to enable tWo Way communication, all poWered by 
ambient vibrational energy. 

[0067] The strain or vibrational energy 57 from the ambi 
ent environment is provided to PZT transducer 20 mounted 
on a machine, structure, or live subject, as shoWn in block 
diagram form in FIG. 3a and in schematic form in FIG. 3b. 
As indicated above, electrical output of PZT 20 is recti?ed 
in recti?er 40. DC output of recti?er 40 charges storage 
capacitor 42. Controller 46 monitors charge stored on stor 
age capacitor 42, and When suf?cient, provides Vcc poWer 
to Wireless sensing module 44 for transmitting sensor data 
through antenna 68 to receiver 69a on base station 69b 
(FIG. 1d). Receiver 69a can be a transceiver. Controller 46 
includes monitoring device 70, and sWitch Q1, Which is 
formed of MOSFET transistor 72. When voltage across 
capacitor 42 is sufficient, monitoring device 70 turns on to 
provide Vcc to Wireless sensing module 44. To reduce 
leakage and ensure that Wireless sensing module 44 remains 
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fully off and does not load storage capacitor 42 When voltage 
across storage capacitor 42 is below a threshold, transistor 
72 is provided. When transistor 72 turns on, ground con 
nection from Wireless sensing module 44 is established. 

[0068] Transistor 72 is needed because When voltage 
provided by storage capacitor 42 is too loW, monitoring 
device 46 cannot provide its output in a knoWn state. 
Monitoring device 46 may turn on falsely and load doWn 
storage device 42, preventing it from ever charging up. 
Monitoring device 46 is not itself a reliable sWitch unless 
supply voltage is above a threshold. To provide for operation 
in the regime When supply voltage is beloW that threshold, 
sWitch 72 is provided to ensure that Wireless sensing module 
44 remains fully off. SWitch 72 connected betWeen Wireless 
sensing module 44 and ground and has a single threshold. 

[0069] In operation in one embodiment, monitoring device 
70 becomes valid at 1.8 volts. SWitch Q1 transistor 72 turns 
on at 2.0 V, enabling Wireless sensing module 44 When 
storage capacitor 42 has suf?cient charge to operate moni 
toring device 70 properly and can hold it off. Finally, When 
voltage at storage capacitor 42 reaches 6.3 V monitoring 
device 70 turns on and transfers charge from storage capaci 
tor 42 to poWer Wireless sensing module 44 for a brief 
period, until voltage discharges back to 2.9 volts, at Which 
point monitoring device 70 turns off further transfer, and 
monitoring device 70 therefore continues to be in a valid 
state for subsequent operation, Well above the 1.8 volts level 
needed for proper operation in a determinate state. 

[0070] Thus, When sufficient charge is provided to storage 
capacitor 42 to provide a voltage equal to a higher threshold, 
monitoring device 70 turns on and connects Wireless sensing 
module 44 to storage device 42. This discharges storage 
device 42 doWn to a loWer threshold voltage at Which point 
monitoring device 70 turns off, disconnecting Wireless sens 
ing module 44 from storage device 62. Storage device 42 
can then recharge from energy supplied from PZT 20. 
HoWever, if storage device 42 fully discharges, or if poten 
tial across storage device 42 falls beloW the loWer threshold 
then monitoring device 70 may not be suf?ciently poWered 
to operate correctly. It may not fully disconnect Wireless 
sensing module 44 from storage device 42, and thus, Wire 
less sensing module 44 may continue to load storage device 
42, preventing it from ever recharging. To prevent this 
possibility, sWitch 72 is provided Which disconnects Wireless 
sensing module 44 from ground When potential across 
storage capacitor 42 falls someWhat beloW the loWer thresh 
old. 

[0071] The present inventors found that impedance mis 
match betWeen PZT 20 and storage capacitor 42 limits the 
amount of poWer that can be transferred from PZT 20 to 
storage capacitor 42. They recogniZed that energy transfer 
Was limited by the fact that AC poWer generated by PZT 20 
is presented by the PZT at a very high impedance and at loW 
frequency. They observed that PZT 20 behaves as a constant 
current source, and that When pieZoelectric elements are 
used to charge capacitors, such as storage capacitor 42, 
charging is determined by the short circuit current capability 
of PZT 20. When storage capacitor 42 is charged from a 
constant current source, such as PZT 20, storage capacitor 
42 Will charge at a rate proportional to the current provided 
by the constant current source. They further recogniZed that 
since the current available from PZT 20 is loW, a long time 
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is needed to charge a large capacitance, such as storage 
capacitor 42, needed for poWering devices such as Wireless 
sensing module 44 or other transmitters. They recogniZed 
the further dif?culty that the larger leakage current presented 
by larger capacitors may exceed the charge rate of the 
constant current provided by PZT 20. 

[0072] The present inventors developed a circuit that 
ef?ciently converts poWer from a high impedance current 
source, such as PZT 20, to a loW impedance voltage source 
capable of charging a capacitor or battery storage device. 
The inventors also developed an ef?cient Way to determine 
When enough poWer has been accumulated and applying that 
accumulated poWer to a useful purpose. 

[0073] In addition, the present inventors recogniZed that if 
the available poWer in the pieZoelectric element Were to be 
ef?ciently converted from its loW current and high imped 
ance current source to a voltage source, the capacitor could 
be charged much faster than if the same capacitor Were 
charged directly from the short circuit current of the pieZo 
electric element Without this conversion. For example, if a 
voltage converter can present a 500K load to the pieZoelec 
tric element, approximately matching its impedance, the 
element Will deliver 17.5 volts at 35 uA or 610 microWatts. 
If this poWer Was then converted doWn to 100 ohms source 
impedance, even at 80% efficiency, the charge current Would 
be more than 2.2 mA. By comparison, the output at the same 
level of excitation of the pieZoelectric element When loaded 
to 100 ohms Without a converter, is 6 millivolts at 60 uA or 
0.36 microWatts, about 1,700 times less poWer. 

[0074] The inventors of the present invention conducted 
empirical tests on a sample of pieZoelectric material in order 
to determine a viable topology of conversion circuit. A test 
Was performed on a sample of highly ?exible pieZoelectric 
?ber. The sample Was mounted in a 3 point bending jig With 
a strain gauge attached to the material, and excited to the 
same strain levels at three different frequencies. A decade 
resistance substitution box Was used to load the output in 
order to determine the optimum load impedance for maxi 
mum poWer out of the material under these conditions. The 
same loW current Was measured as the load resistance Was 

varied from 100 ohms to 50 Kohms as shoWn in FIG. 9. The 
optimum load impedance, that delivers maximum poWer, 
Was found to be about 500 Kohms, as shoWn in FIG. 10. 

[0075] The present inventors found that further substantial 
improvement in energy harvesting is available by adding an 
impedance converter circuit to the circuit of FIG. 3a that 
provide better impedance matching to the high impedance of 
PZT 20, While still ?nally providing the large capacitance 
needed to poWer Wireless sensing module 44. The improve 
ment to energy harvesting addressable Wireless sensing node 
18“, illustrated in block diagram form in FIG. 11a and in a 
schematic diagram in FIG. 11b, provides an additional stage 
of charge storage, monitoring, sWitching, and impedance 
conversion betWeen recti?er 40 and controller 46 of FIG. 
3a. In addition to providing more ef?cient transfer of energy 
from PZT to long term storage device 42‘, the improvement 
alloWs a much larger capacitor or a battery to be used for that 
long term storage 42‘, and this enables more information 
transfer by Wireless sensing module 44. 

[0076] PZT 20 connected to a source of mechanical 
energy, such as vibration or strain 57, produces a high 
impedance AC voltage in accordance With the strain or 














