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Abstract

IMPROVING POWER DENSITY OF A CLASS OF
PIEZOELECTRIC POWER HARVESTERS
THROUGH PROOF MASS OPTIMIZATION
by
Wen Guang Li
Master of Applied Science in Mechanical Engineering

Ryerson University, Toronto, 2009.

This thesis presents a method to optimize the proof mass of the cantilever
piezoelectric power harvester. With this novel proof mass, a lower fundamental
frequency and a higher power density (output power per unit volume) were achieved.
Prototypes of 0.242 cm’® in volume were fabricated and tested and a power density of
1446 pW.fcm3 was achieved for sinusoidal excitation of 0.75 g. It was experimentally
shown that the new power harvester lowered the fundamental frequency by 26% and
increased the power density by 68% in comparison with the conventional harvesters.
When tested on a shoe, the new power harvester generated an average power of 48.4 uW

at 3.0 mph walking speed on a treadmill.
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Chapter 1: Introduction

1.1 Low Power Electronic Devices

Advances in integrated circuit (IC) manufacturing, low power IC circuits and
MEMS technology have enabled many electronic devices to be more energy efficient.
These low power devices include wireless sensors, implanted medical devices and hand-
held electronic devices. They consume tens to hundreds of microwatts of power [1]. A
few examples of low power electronic devices are pressure sensors, acceleration sensors,
wireless sensor network nodes and artificial pacemakers. A MEMS pressure sensor
(SMD500) by Bosch Sensortec is shown in Figure 1.1a. The 5 mm x 5 mm x 1.5 mm
pressure sensor consumes 18 uW of power. Another MEMS sensor by Bosch Sensortec,
shown in Figure 1.1b, is the triaxial acceleration sensor (SMB380). The 3 mm x 3 mm x
0.9 mm acceleration sensor consumes 720 uW of power in operation mode and 3.6 pW

in idle mode [2].

v

(a) (b) (©) (d)

Figure 1.1 Photographs of various low power consumption devices: (a) a pressure sensor
[2], (b) an acceleration sensor [2], (c) a highly integrated single-chip wireless network
node [3], and (d) an artificial pacemaker [4].

A highly integrated single-chip wireless network node (Spec) by JLH Labs is
shown in Figure 1.1c. A CPU, memory, an analog to digital converter for reading sensor
data and an ultra-low power radio transmitter are all integrated onto a single 2.5 mm x

2.5 mm piece of silicon [3]. Each wireless network node consumes less than 10 uW of



power in idle mode and when combined with a sensor, the entire system can last several
years with a single battery charge.

An implanted medical device is the artificial pacemaker (Microny K 2535K) shown
in Figure 1.1d. The size of the pacemaker is 5.9 cm® and weights 12.8 g, its life with a

single battery charge is approximately 5-8 years [4].

1.2 Problems With Battery Powered Electronic Devices

The predominant power sources for low power electronic devices are disposable
and rechargeable batteries. Disposable batteries (e.g., alkaline) are discarded after being
used once and rechargeable batteries (e.g., lithium ion) can be recharged and re-used for
many times. The main drawbacks of battery powered systems include: 1) limited energy
supply, which limits the duration of operation; 2) frequent battery maintenance and
replacement, which are inconvenient or impossible for some applications such as
implanted medical devices and remote monitoring/tracking devices; and 3) adverse
environmental effects. Millions of batteries are thrown away each year, which are non-
recyclable and non-biodegradable [5].

An alternative source of green and reliable energy can be found in low-level
vibrations, which occur in many different environments (e.g., bridges, buildings,
machinery, human body, etc.). This vibration energy can be harvested for low power
electronic devices such that batteries can be eliminated or the life of batteries can be

extended.

1.3 Power Harvesting From Mechanical Vibrations

There are three typical methods to harvest electrical power from mechanical

vibrations. They are electromagnetic [6-9], electrostatic [10-12], and piezoelectric [13,



14] power harvesting. Electromagnetic power harvesting is the result of the relative
motion of an electrical conductor coil in a magnetic field. The relative motion between
the coil and the magnetic field causes a current to flow in the coil (see Figure 1.2). The

main advantage of electromagnetic power harvester is that no additional electrical power

3 can only produce

source required. However, an electromagnetic harvester of 1 cm
voltage of 0.1 V and typical electronics require 2 V to 5 V to operate. Also,

electromagnetic power harvesters cannot be easily integrated with electronics and

microsystems [15].

——spring

— mass

— coil

permanent |~ o=
magnet

Figure 1.2 Schematic of an electromagnetic power harvester [7].

Electrostatic power harvesting is the result of the relative motion between charged
electrodes (variable capacitor). As shown in Figure 1.3, charges are applied to the fixed
and moving electrodes of the harvester. As distance between the charged electrodes
varies, the capacitance between the electrodes varies [11]. When the capacitance
increases, the voltage can be increased with a constant charge. When the capacitance
decreases, the charges can be increased with a constant voltage. In either case, the energy
in the variable capacitor increases [15]. The advantages of electrostatic power harvesters
are: 1) easy integration with electronics and Microsystems, and 2) produces useful

voltage levels from 2 to 10 volts. A major drawback of electrostatic power harvesters is

3



that an additional power source is required to supply the initial charges [15].

Fixed
(symmetric)

+q

Figure 1.3 Schematic of an electrostatic power harvester [11].

Piezoelectric power harvesting utilizes the piezoelectric effect of smart materials,
such as Lead Ziconate Titanate (PZT), to convert mechanical vibrations into electrical
power. When such a piezoelectric material is strained, electrical charges are produced
(see Figure 1.4). The major advantages of piezoelectric power harvesters are: 1) no
additional electrical power source required, 2) production of useful voltage levels from 2
to 10 volts, and 3) the highest power density (power per unit volume) among the three

power harvesting methods [15].

o

Piezoelectric
composite beam

D AC Voltage

v

Figure 1.4 Schematic of a piezoelectric power harvester.
In summary, piezoelectric power harvesting offers the advantages of both

electrostatic and electromagnetic power harvesting, i.e., produces a useful voltage from 2



to 10 V, and requires no additional power source. In addition, the high power density
allows piezoelectric power harvesters to produce same amount of power with a smaller

3

size, typically ~1 cm” in volume. Piezoelectric power harvesting is studied in this thesis.

1.4 Conventional Piezoelectric Power Harvesters

There are many different piezoelectric power harvester designs in the literature,
e.g., cantilever beam design [14-28], piezoelectric windmill design [29-34], and
piezoelectric stack design [35-43]. Comprehensive reviews of the latest technologies in
piezoelectric power harvesting can be found in [44-47].

The most popular piezoelectric power harvester design is the cantilever beam
design. A block mass is usually attached at the free end to increase the strain in the beam
(see Figure 1.5a). The advantages of the cantilever harvester design include low stiffness
and high strain for a given size and input vibrations [15]. Hence, it is suitable for
scavenging power from low frequency and low amplitude ambient vibrations, which
ranges from 1 Hz of heart beating frequency to 120 Hz of rotating machinery frequency.
When the power harvester’s natural frequency (usually the fundamental frequency for
cantilever beam harvester) matches the input frequency, it generates the highest power
[16]. The power density of a power harvester is often used as an indicator for its
performance.

The piezoelectric power harvester requires a protective casing to prevent it from
bending beyond the maximum allowed displacement during operation and handling. The
overall volume of the power harvester is the box volume (dashed line shown in Figure

1.5b) that encloses the piezoelectric beam and the proof mass [15].
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Figure 1.5 (a) Schematic of a conventional piezoelectric power harvester with a block
mass and (b) volume of the block mass power harvester.

1.5 Proposed Solution to Improving the Cantilever Power Harvester
To increase the power density of the cantilever power harvester, a great deal of
research has focused on:
1) Utilization of different piezoelectric materials
- polymer piezoelectric beams and Polyvinylidene Fluoride (PVDF) were
used to reduce the fundamental frequency and achieve higher strains in
beam to increase generated power [17-19].
- piezofiber composite beams were used to increase the generated power
[19-22].
2) Utilization of different piezoelectric beam geometry

- triangular and trapezoidal beam shapes were used to increase the



generated power [23-25].
3) Optimization of power harvesting circuit

- Using techniques such as synchronous switch harvesting on inductor and
step-down DC-DC converter to increase power transfer compared to

standard circuits [48-56].
In this thesis, the proof mass of the conventional cantilever harvester is optimized. As
shown in Figure 1.5b, the volume of conventional cantilever harvester is not fully utilized
by the block shape mass and a lot of space above the beam is wasted. This thesis presents
a new proof mass that utilizes the wasted space to increase the mass of the system
without increasing the overall volume. This new proof mass results in a lower

fundamental frequency and higher power density.



Chapter 2: Optimal Shape of Proof Mass'

The optimal proof mass for the cantilever piezoelectric power harvester is
presented in this chapter. A detailed design procedure of the proof mass is demonstrated
using an example piezoelectric power harvester and iterations in FEM simulations are

used to complete the new design.

2.1 Curved L-Shape Mass

A curved L-shape proof mass, shown in Figure 2.la, is proposed for the
piezoelectric power harvester. The mass extends from the beam tip back to the base with
its curved bottom surface following the fundamental mode shape of the beam (see Figure
2.1b). Thus, the curved L-shape mass design utilizes the space above the beam, wasted
space of block mass design, to introduce more mass without increasing the overall
volume (see Figure 2.2). Since more mass induces more strain on the piezoelectric beam,
more power is generated for the same input excitation. Therefore, the curved L-shape
mass harvester achieves a higher power density than the conventional block mass
harvester [15]. In addition, the curved L-shape design results in a lower fundamental
frequency because it accommodates more mass for a given volume. A lower fundamental
frequency is preferred for many practical applications with low frequency ambient
vibrations (e.g., human body movement, building vibration, wind-induced vibration, etc.)
because the power harvester generates the highest power when its natural frequency

matches the input frequency [15].

' A paper “Improving Power Density of a Cantilever Piezoelectric Power Harvester Through a Curved L-
shape Proof Mass” based on the contents of Chapter 2, 3, 5, and 6 has been accepted for publication in
IEEE Transaction on Industrial Electronics.
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Figure 2.1 (a) Schematic of a piezoelectric power harvester with a curved L-shape mass,
and (b) curved L-shape mass profile that follows the mode shape of the beam.
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Figure 2.2 Overall volume of curved L-shape mass harvester compared with block shape
mass harvester.



2.2 Design of Curved L-Shape Mass Harvester
2.2.1 Design Constraints

An example piezoelectric power harvester is used to demonstrate the design
procedure of the curved L-shape mass harvester. The example harvester consists of a
bimorph beam (two layers of piezoelectric material) and a Tungsten alloy proof mass.
Their properties are given in Table 2.1. The design was constrained to a fundamental
frequency (f) of 65 Hz, a safety margin (ds) of 0.2 mm when the tip displacement
reaches a maximum value 1 mm (see Figure 2.3c). The safety margin was used to prevent
the mass from contacting the beam and accommodate for any fabrication and assembly

€ITorsS.

Table 2.1 Properties of the piezoelectric beam and tungsten mass

Brass Tungsten

Quantity PZT Shim Mass
Young’s modulus (10” Pa) 62 100 450
Poisson’s ratio 0.34 0.34 0.28
Density (kg/m®) 7800 8400 17500
Strain Coefficient (10 m/V) 320 = .
Dielectric constant (&/s,) 3800 - -
Length (mm) 32 32 .
Width (mm) 32 3.2 3.2
Thickness (mm) 0.139 0.102 -

10
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Figure 2.3 (a) Schematic of a flat L-shape mass in the undeformed state and (b) wasted
space of the flat L-shape mass in the deformed state. (c) utilizing the wasted space with a
curved mass that follows the mode shape of the beam and (d) schematic of a piezoelectric
power harvester with curved L-shape mass.
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The total length of the beam was 32 mm; 5 mm was reserved for bonding the base
(’base) and 5 mm for bonding the mass (/,nqss). Thus, the free bending length (/pcng) Was 22
mm (see Figure 2.3d). Since the beam was bonded to the base at the bottom surface, the
mass can go beyond the bonding part and a 30 mm total mass length (/,,.;) was used. The
widths (w) of the mass and beam were 3.2 mm. The mass height (,n,55) Was used to tune
the fundamental frequency of the harvester to 65 Hz and the gap height (/,,) was used to
tune the safety margin (ds) to 0.2 mm (see Figure 2.3d). The design parameters are
summarized in Table 2.2.

Table 2.2 Design parameters of the beam and proof mass

Quantity Beam Proof Mass
Ipase (Mm) 5 b
Ipena (mm) 22 @
Lpags (mm) 5 5
!.'omf (I'[lIIl) = 30
Pipnass (mm) - Design variable

hsﬂ (mm) Design variable

Equations (2.1) [57], equation (2.2) [57], equation (2.3) [14] and equation 2.4 were

used to estimate an initial A, for the ANSYS simulations [58].

1 |k
f = 2.1

“27\m

Where fis the fundamental frequency of the system, £ is the stiffness of the beam and m

is the proof mass (assumed to be a point mass).

k=—5 22)
Ibemf

Where E,, is the equivalent Young’s modulus of the composite beam; / is the moment of

inertia of beam cross-sectional area; and /4.n is the free bending length of the beam.
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eq

£ £
E I=E, .%"’—+2Epz, [%+w—tm, -dzJ (2.3)

Where Ejj is the Young’s modulus of the shim; E,, is the Young’s modulus of the PZT;
w is the width of the beam, 7, is the thickness of the shim layer; f,., is the thickness of the
PZT layer; and d is the distance between the center of the PZT layer to the center of the

shim layer (see Figure 2.4).

V=W Dot Pres = Py (Bt =P ) | = 2.4)

m
P
Where ¥ is the volume of the proof mass; p is the density of the proof mass; /i is the
maximum length of the mass; /. is the length of the interface between the mass and the
beam; Ay, is the height of the mass; and hgg, is the height of the gap between the mass
and the beam (see Figure 2.3a).

The proof mass was calculated by substituting equation (2.2) and (2.3) into
equation (2.1). Then an initial value was chosen for hgg, (€.g., 1 mm) and A Was
calculated by using equation (2.4). Using the estimated initial Ay, Simulations in
ANSYS were performed to fine tune the Ay and hg, to achieve a fundamental
frequency of 65 Hz with a safety margin of 0.2 mm.

Iterations in ANSYS simulations were required to determine the final values of
hmass and hggp and equations (2.5) — (2.7) were used to estimate values of Apmass and Agg, for
the next simulation trial. Equations (2.5) — (2.7) were developed based on trial and error

of many rounds of simulation.

2 I @2.5)

h =
o - | massig
b, =, H(I 65Hz), -



e, =g, (i, ~0.2m) @6)

hg“PH B hsq":—z

L=

i-1 i-2

W +( f —65Hz)- @7

1

2.2.2 ANSYS Model

The bimorph PZT piezoelectric beam, which consists of two PZT layers
sandwiched onto a brass shim layer (see Figure 2.4), and tungsten alloy proof mass were
modeled in ANSYS (see Figure 2.5). The properties of the composite beam and proof

mass are given in Table 2.1.

lpzt _I - ___________ __I )

PZT

w
Figure 2.4 Cross-section of the piezoelectric composite beam.

Figure 2.5 ANSYS model of curved L-shape mass harvester with base not shown.

The element type used for the two PZT layers, shim layer and curved L-shape mass
volumes was Brick 8 node 45 element. The volumes were glued together to complete the

3D model. Mesh Tools was used to apply the mesh and properties of PZT, brass shim,
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and tungsten proof mass to the 3D model. Block mesh from 0.1 mm to 1 mm was tested
and it was found that a 1 mm block mesh was sufficient to obtain accurate results. The
mesh size of 1 mm and properties given in Table 2.1 were applied to the model (see
Figure 2.6). The cross-section of the beam at the boundary condition was fixed (see
Figure 2.5a). Then the fundamental frequency was determined by solving the modal
analysis using subspace mode extraction method. The fundamental mode shape data was
obtained from the nodal displacements. For structural free vibration analysis, only the

mechanical properties were needed, not the piezoelectric properties.

Figure 2.6 ANSYS model of curved L-shape mass harvester with mesh.

2.2.3 Procedure For Designing the Curved L-shape Mass Harvester

The completion of the curved L-shape mass harvester begins with finalizing the flat
L-shape harvester. Then the flat mass bottom surface is converted into a curved mass
bottom surface. The design procedure of the power harvester is given below.

1. Estimation of reference hpass for ANSYS simulations

Using equations (2.1) — (2.4), an initial A, was estimated for the ANSYS

simulations.
2. Determination of actual hygss
A 3D model of the flat L-shape mass harvester with the reference /g, and A5 Was

simulated in ANSYS (see Figure 2.7). Using the modal analysis tool, the fundamental

mmASEaT A

= 1 LG VERSITY LIBRARY



frequency of the system was determined. If the simulated frequency did not match the
designed frequency of 65 Hz, then the design variable A,,,;; was adjusted using equation
2.5, i.e., increasing or decreasing the mass of the system, until a frequency of 65 Hz + 0.2
Hz was achieved. Hence, a new reference A, was obtained. Then the nodal
displacement results were recorded and these results were matched with the 3D model
through the node numbers (see Figure 2.7b). Only the nodes of the beam and mass in the

XZ plane were used in the data processing and they are shown in Figure 2.8.

Figure 2.7 ANSYS model of a flat L-shape mass, (a) undeformed state and (b) node
numbers in each element of the mesh and (c) deformed state showing the mode shape of
the beam.

Z (1mm)

-4 1 6 11 16 21 26
X (mum)

Figure 2.8 The beam and mass nodes used in the data processing of the simulation results.
3. Calculation of safety margin dsap.

The value of ds,e was calculated as the distance between points A and B in the
deformed state (see Figure 2.3b). Using the nodal displacement results obtained in Step 2,

ds.e Was calculated based on a maximum beam tip displacement of 1 mm. If the
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calculated dy,e did not match the designed dye of 0.2 mm + 0.02mm, then hg,, was
adjusted using equation 2.6 such that dyr equals to 0.2 mm (while keeping A
constant). Hence, a new reference hg,, was obtained and re-simulated in ANSYS to
determine the new fundamental frequency. Then a new reference A5 was calculated by
using equation 2.7.
4. Finalization of hpass and hggp

Step 2 and step 3 were repeated until the values of Ay, and Ag,, converge and
result in a frequency of 65 Hz + 0.2 Hz and a d,, of 0.2 mm + 0.02 mm respectively. The
tolerance of 0.2 Hz and 0.02 mm were used because an accuracy of 20% of 1 unit was
sufficient.
5. Convertion of finalized flat L-shape mass into a curved L-shape mass

The flat mass bottom surface of the finalized flat L-shape mass was then converted
into a curve that followed the mode shape of the beam. Using the nodal displacement
results obtained in Step 4, twenty six points on the mass bottom surface were shifted to
follow the mode shape of the beam while maintaining a dyy of 0.2 mm (see Figure 2.3¢
and Figure 2.3d). This curved L-shape mass has increased the mass of the system and
changed the frequency and mode shape. Simulations in Steps 2 and 3 were repeated for
the new curved L-shape mass harvester until the values of Apas and hgq, converge and
result in a frequency of 65 Hz + 0.2 Hz and a d, of 0.2 mm + 0.02 mm everywhere. The
ANSYS simulation of the final curved L-shape mass design is shown in Figure 2.9. The
results of intermediate steps are listed in Table 2.3 and the change in mass profile of flat
L-shape mass to curved L-shape mass is shown in Figure 2.10. The final A, was

determined to be 1.98 mm and the final gap between the mass and the beam varied from
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0.2 mm ~ 0.84 mm respectively (see Figure 2.11). The final curved L-shape proof mass

was 2.779 grams. The overall volume of the curved L-shape mass piezoelectric power

harvester was 0.242 cm’. The steps of the procedure are summarized in a flow chart (see

Figure 2.12).

(a)

F'
-- e
S T U A S A""’i e
?‘ ‘ S:t‘" ” J"".?al ‘I"I e

(b)

Figure 2.9 ANSYS model of the curved L-shape mass, (a) undeformed state and (b)
deformed state showing the mode shape of the beam.

Table 2.3 Results of intermediate steps to the final curved L-shape mass design

25
2
’é‘ 15
e |
0.5
0

Figure 2.10 Change of mass profile from final flat L-shape to final curved L-shape.

Trial Pmass (mm) Ay, (mm) m(g) f(Hz) diqfe (Mm)
0 1.76 1.00 1.55 76.5 0.35
1 2.02 1.00 1.99 70.0 0.34
2 2.23 1.00 2.35 65.8 0.33
3 223 0.87 2.53 64.6 0.19
4 2.19 0.87 2.46 65.3 0.19
5 2.20 0.87 2.48 65.1 0.19

curved L-shape mass transformation
6 2.20 0.2-0.88 3.12 61.6 0.20-0.22
7 2.08 0.2-0.86 2.94 63.4 0.20-0.20
8 1.97 0.2-0.86 2.75 65.3 0.20-0.20
9 1.99 0.2-0.86 2.79 64.9 0.20-0.20
10 1.98 0.2-0.84 2.779 65.1 0.20 - 0.20
B e 4
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Figure 2.11 Graphical illustration of the finalized curved L-shape mass.
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Figure 2.12 Flow chart for design of curved L-shape mass Harvester.
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Chapter 3: Comparison of Simulation Results of
Curved L-Shape Mass Harvester With
Conventional Mass Harvesters

The curved L-shape, block shape, and U-shape mass harvesters are compared based
on two scenarios, i.e., 1) a fixed fundamental frequency, and 2) a fixed overall volume.
For the first scenario, the different proof mass harvesters will result in different volume.
For the second scenario, the different proof mass harvesters will result in different

fundamental frequencies.

3.1 Fixed Fundamental Frequency

The design of the curved L-shape mass harvester in Chapter 2 has an overall
volume of 0.242 c¢m’ for a fixed fundamental frequency of 65 Hz. The volumes of the
block shape mass and U-shape mass harvesters are determined when the fundamental

frequency is fixed at 65 Hz.

3.1.1 Block Shape Mass Harvester

An example block mass harvester was designed using the same piezoelectric beam
and tungsten proof mass material. The properties of the beam and mass are shown in
Table 2.1 of Section 2.2.1. Using the same constraints as the curved L-shape mass
harvester, i.e., 5 mm for base bonding (/p,s), S mm for mass bonding (/nass) and 22 mm
for the free bending length (/5enq) (see Figure 3.1). The widths of the mass and the beam
were 3.2 mm.

Iterations in ANSYS simulations were performed to achieve a fundamental
frequency of 65 Hz. Equations (2.1)-(2.4) were used to estimate an initial A, for the

ANSYS simulations. The Ay, was adjusted, which increased or decreased the mass of

21



the system, and re-simulated in ANSYS. Four iterations were required to achieve a
fundamental frequency of 65.1 Hz. The ANSYS model of the block shape harvester is
shown in Figure 3.2 and the results of intermediate steps are listed in Table 3.1. The final

hmass was determined to be 3.60 mm. The overall volume of the block mass harvester was

0.408 cm’.
A
BIUCk hmn:s
mass
' 3
AR
sk —s
lba_;g lbend Imtm

Figure 3.1 Schematic of a piezoelectric power harvester with a block shape mass.

(b)

Figure 3.2 ANSYS model of the block shape mass harvester, (a) undeformed state and (b)
deformed state showing the mode shape of the beam.

Table 3.1 Results of intermediate steps to a 65 Hz block shape mass harvester.

Trial Pimass (Mm) m (g) Jf(Hz)
0 5.54 1.55 52.7
1 424 1.19 60.2
2 3.41 0.95 66.9
3 3.64 1.02 64.8
4 3.60 1.01 65.1
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3.1.2 U-Shape Mass Harvester

A U-shape mass, shown in Figure 3.3, was used in [15, 16]. The U-shape design
consists of two gaps between the mass and beam. Similar to the flat L-shape mass (see
Figure 2.3b), the space of two gaps between the beam and mass is not fully utilized to
accommodate as much mass as possible.

The U-shape mass harvester was design using the same constraints as the curved L-
shape mass harvester, i.e., 5 mm for base bonding (/34s), 5 mm for mass bonding (/mass)
and 22 mm for the free bending length (/p.nq) (see Figure 3.3). Since the mass is
symmetric, it cannot go beyond the bonding part of the beam and a mass length (/) of
27 mm was used instead of 30 mm used for the curved L-shape mass. The widths of the
mass and the beam were 3.2 mm.

Iterations in ANSYS simulations were performed to achieve a fundamental
frequency of 65 Hz. Equations (2.1)-(2.4) were used to estimate an initial A, for the
simulations. The Amass and hg,, were adjusted by following steps 1 to 4 of the procedure in
Section 2.2 and three iterations were required to achieve a fundamental frequency of 65.1
Hz. The ANSYS model of the U-shape mass harvester is shown in Figure 3.4 and the
results of intermediate steps are listed in Table 3.2. The Ayqss and hg,, were determined to
be 2.58 mm and 0.62 mm respectively. The overall volume of the U-shape harvester was

0.303 cm’.
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Figure 3.3 Schematic of a piezoelectric power harvester with a U-shape mass.

Figure 3.4 ANSYS model of the U-shape mass harvester, (a) undeformed state and (b)
deformed state showing the mode shape of the beam.

Table 3.2 Results of intermediate steps to a 65 Hz U-shape mass harvester.

Trial Amass (M) Aggy, (Mmm) m(g) f(Hz)  dp (mm)

0 2.66 1.00 1.55 69.3 0.58
1 2.66 0.63 247 64.0 0.21
2 2.59 0.62 240 64.8 0.20
3 2.58 0.62 237 65.1 0.20

3.1.3 Comparison of Different Proof Mass Harvesters With Fixed Fundamental
Frequency

The simulation results of the curved L-shape mass (from Chapter 2 Section 2.2.3),
block shape mass, and U-shape mass power harvesters are summarized in Table 3.3. The
results showed that for a fixed fundamental frequency of 65 Hz, the volume of the curved

L-shape mass harvester (0.242 cm®) was 69% and 25% smaller than the volume of block
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shape mass harvester (0.408 cm®) and U-shape mass harvester (0.303 cm’) respectively.
For applications of high input vibration, e.g., real-time pressure monitoring inside car
tires, the three different mass shape harvesters can all reach the maximum allowed tip
displacement of 1 mm, which is determined by the composite beam strength and free
bending length (see Figure 3.5). Therefore, the three harvesters will have the same output
power because they have the same fundamental frequency and approximately the same
mode shape.

Thus, for the same fundamental frequency of 65 Hz, the curved L-shape mass
harvester can achieve a power density that is 69% and 25% higher than that of block

shape and U-shape mass harvesters respectively.

Figure 3.5 Maximum allovu:éd tip displacement of: (a) curved L-shape mass harvester, (b)
block shape mass harvester and (c) U-shape mass harvester.
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Table 3.3 Simulation results of different proof mass power harvester with 65 Hz
fundamental frequency.

Desiens lbase lbend lmass w f.'ufa! hbeam hgap hmss v f

& (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (cm’) (Hz)

B [] 5 2 5 32 5 038 - 3.60 0.408 65.1
""" Block Shape

] 5 22 5 32 27 038 0.62 2.58 0303 65.1
U-Shape

— (R 22 5 32 30 038 02~084 198 0242 65.1

s
STTTT

Curved L-Shape

3.2 Fixed Overall Volume

The design of the curved L-shape mass harvester in Chapter 2 has a fundamental
frequency of 65 Hz for a fixed overall volume of 0.242 ¢cm’®. The fundamental frequency
of the block shape mass and U-shape mass harvesters are determined when the overall

volume is fixed at 0.242 cm>.

3.2.1 Block Shape Mass Harvester

An example block shape mass harvester with an overall volume of 0.242 cm® was
designed using the same piezoelectric beam and tungsten proof mass material. The
properties of the beam and mass are shown in Table 2.1 of Section 2.2.1. The same
constraints as the curved L-shape mass harvester, i.e., 5 mm for base bonding (/pss), 5
mm for mass bonding (/nass), 22 mm for the free bending length (/4.ns), and 3.2 mm for
the width of beam and mass were applied to the block shape harvester (see Figure 3.1).

Based on the fixed volume of 0.242 c¢m?, the Ajqs Was calculated to be 1.98 mm.
The block shape proof mass was determined to be 0.554 grams and the fundamental

frequency of the block shape mass harvester was simulated to be 85.7 Hz.
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3.2.2 U-Shape Mass Harvester

An example U-shape mass harvester with a volume of 0.242 cm® was designed
using the same piezoelectric beam and tungsten proof mass material. The constraints of 5
mm for base bonding (/ps), S mm for mass bonding (/,4s5), 22 mm for the free bending
length (Ipeng), 27 mm for mass length (/;0s7) and 3.2 mm for the width of beam and mass
were applied to the U-shape harvester (see Figure 3.3).

Based on the fixed volume of 0.242 cm3, the A4 Was calculated to be 1.98 mm
and hg,, was determined to be 0.63 mm in ANSYS. The U-shape proof mass was
determined to be 1.442 grams. The fundamental frequency of the U-shape mass power

harvester was simulated to be 76.7 Hz.

3.2.3 Comparison of Different Mass Harvesters With Fixed Overall Volume

The simulation results of the curved L-shape mass (from Chapter 2 Section 2.2.3),
block shape mass, and U-shape mass power harvesters are summarized in (see Table 3.4).
The results showed that for a fixed overall volume of 0.242 cm3, the fundamental
frequency of curved L-shape mass harvester (65.1 Hz) was 24% and 15% lower than that
of the block shape (85.7 Hz) and U-shape (76.7 Hz) mass harvesters respectively. Hence,
the curved L-shape mass harvester is more suitable for many practical applications such
as harvesting human body movement and rotating machinery, which always have low
frequency vibrations. The curved L-shape mass design (2.779 grams) has 400% and 93%
more mass than the block shape (0.554 grams) and U-shape mass (1.442 grams) designs
respectively. Since more mass means more generated power for a given input vibrations,

the curved L-shape mass can generate the highest power density.
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Table 3.4 Simulation results of different proof mass power harvester with 0.242 cm? fixed
overall volume.

; w / h h M Mass f
D total gap mass
e (mm)  (mm)  (mm)  (mm) (M) (grams) (H2)
. ] 32 5 - 198 0242 0554 857
“Block Shape
_— 2 27 0.63 198 0242 1442 767
U-Shape

_——— 42 30 02~084 198 0242 2779 651

STTTT

Curved L-Shape
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Chapter 4: Fabrication and Assembly of Prototypes

The fabrication and assembly procedure presented in this chapter were developed
based on trial and error of more than ten successful and unsuccessful prototypes. The
result is a procedure that can produce robust prototypes with high success rates.

Four piezoelectric power harvester prototypes, using a baseline power harvester
volume of 0.242 cm3, were fabricated and assembled; three curved L-shape mass
prototypes and one block shape mass prototype (see Figure 4.1). The components of
each power harvester include a Tungsten proof mass, a PZT composite beam, a base and

a casing (see Figure 4.2).

Figure 4.1 Piezoelectric power harvester prototype with, (a) Tungsten block shape mass
and (b) Tungsten curved L-shape mass.
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.'.1 rl L B 2
Figure 4.2 Components of the piezoelectric power harvester prototype.

4.1 Tungsten Proof Mass

The proof mass is tungsten nickel alloy and the raw material was purchased from
Federal Carbide Company. The tungsten nickel alloy has a very high density (17.5 g/cm®)
compared with steel of 7.8 g/cm?® and lead of 11.35 g/cm’. A denser material for the proof
mass is always more advantageous because more mass can be included in a given volume.
Thus, a power harvester that has a denser proof mass can incorporate more mass for a
given volume, which lowers the fundamental frequency and produces more power.

As shown in Figure 4.3, the shape of the curved mass profile was cut out using
wired electrical discharge machining (EDM) (LP Precision Form Tools Ltd) to achieve
the required accuracy of 0.0lmm. The exact coordinates of the curved and block mass
profiles are shown in Figure 4.4 and the number above each point indicate the vertical

position of the point.
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Figure 4.4 Graphical illustration of (a) curved L-shape mass profile and (b) block shape
mass profile. All dimensions are in millimeters.

4.2 Bimorph Piezoelectric Beam

The bimorph PZT piezoelectric beam was purchased from Piezo Systems Inc.
(T215-H4-103Y [59], see Figure 4.5). It consisted of two PZT layers that were
sandwiched onto a brass center shim (see Figure 4.6). The addition of the brass shim
layer improves the strength of the beam. The top and bottom surface of the beam has a

very thin layer of nickel, which acts as an electrode, to collect the charges produced by
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the PZT. The thickness of the PZT and shim are 0.139 mm and 0.102 mm respectively.

The length and width of the entire beam is 32 mm and 3.2 mm respectively.

32 mm

IJ
< rl

Mass-beam
interface

Figure 4.5 Piezoelectric composite beam (T215-H4-103Y).

o § \ Nickel

Lsh 1_ . f o . plated
electrode

Figure 4.6 Schematic of the PZT composite beam cross-section.

There are two methods to connect the PZT beam (series connection and parallel
connection). When the two PZT layers are connected as Figure 4.7a, the top and bottom
layer are in series because the voltage produced by each layer will add. When the two
PZT layers are connected as Figure 4.7b, the top and bottom layer are in parallel because
the current produced by each layer will add. Connecting the beam in series or parallel
only changes the voltage to current ratio and it does not change the power output. For the

prototypes in this thesis, the PZT beams were connected in parallel.

Series poling Parallel poling

/| F /‘ ¥

z, &)

AC Volta
e ol e
AC Voltage
/ / v
@ (®)

Figure 4.7 Connections of the piezoelectric beam in (a) series and (b) parallel.
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The procedure to prepare the beam for parallel connection is as follows. First an
area of the brass shim was exposed by removing an area of the top PZT layer (see Figure
4.8a). The beam was held on a flat surface with double sided tape. The flat surface will
ensure that the beam does not bend and break during the machining process. The area to
be removed (approx. 1.5 mm x 1.5 mm) was marked with a black marker. Use of pencil
is not recommended as it may scratch off the electrode or damage the material. Using a
hand-held Dremel tool with a grinding bit shown in Figure 4.8b, the marked PZT area
was removed with a few passes. The hand-held Dremel worked because the hand can feel
and control the force applied and PZT material of only 0.139 mm thick was easily
removed without damaging the shim. After exposing the shim, the beam was removed by

slowly peeling off the tape along the width direction.

Grinding bit

Figure 4.8 (a) Exposed shim area of the piezoelectric beam and (b) Grinding bit used to
expose the shim.

The nickel electrode at the interface of the PZT beam and proof mass was removed
to prevent short circuiting (see Figure 4.5). Using fine sandpaper, approximately 5 mm x
3.2 mm of the electrode at the tip of the beam was removed and the colour of the surface
changes from light grey to dark grey. A multi-meter was used to ensure that the

sandpapered part was not connected to the rest of the beam.
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4.3 Base and Casing

The base and casing were both made of clear polycarbonate plastic and they were
CNC machined to the specifications shown in Figure 4.9 and Figure 4.10. The base was
designed to be L-shaped (4 mm tall, 25 mm long, and 5 mm wide) for several reasons.
First, the L-shaped base allowed the cantilever power harvester to stand on its own,
which improved handling of the power harvester during assembly. Second, the 4 mm
height allowed for 2 mm clearance between the PZT beam and casing to compensate for
any assembly errors. Third, the 25 mm base was 7 mm shorter than the beam, which left
enough room for clamping the proof mass to the beam (see Figure 4.12b). Finally, the
width of the base was 5 mm, which was 1.8 mm wider than the beam, because after the
beam was glued onto the base, the base can be clamped (instead of clamping the beam)
for soldering the wire for electrical connections. The beam was glued to the base at 5 mm
and left 1 mm free (interface between the beam and the base was 4 mm) to solder the
wire for the bottom PZT layers (see Figure 4.11). The base was designed to be slid and
glued into the casing.

25

o

25

]

Figure 4.9 CAD drawing of the base (dimensions are in millimeters).
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Figure 4.11: Attachment of the beam to the base.

The PZT beam, base, and mass were assembled to complete the piezoelectric power
harvester. The beam was glued onto the base using LOCTITE dual syringe epoxy
(E20HP). The epoxy was applied to the beam and base and any excess glue was cleaned
away using Q-tips and Isopropyl alcohol. Then a vice was used to clamp the beam to the
base. Because the vice has a hard metallic surface, a piece of plastic was placed between
the vice and the PZT beam to avoid damaging the PZT (see Figure 4.12a). The beam was
clamped to the base for 24 hours to allow the epoxy to cure properly. The mass was

clamped to the PZT beam by following the same procedure (see Figure 4.12b).

35



Figure 4.12 Clamping the piezoelectric beam to (a) plastic base and (b) mass.

The electrical connections of the PZT beam were soldered at the fixed end of the
beam because the solder, if placed near the boundary, can affect the beam stiffness and
change the fundamental frequency of the power harvester (see Figure 4.13). A flux
solution for soldering was applied before the solders were placed. The top and bottom
PZT layers were connected as one terminal and the shim was connected as the other
terminal (see Figure 4.13). Then epoxy was applied over the solder to permanently secure

the connections.

PZT connection

Figure 4.13 Soldered connections of the wr harvester. o

A working prototype of the power harvester was completed (see Figure 4.14). For
practical applications, it is important to limit the tip displacement of the power harvester
to avoid failure of the beam. The input accelerations can be very high and cause the

power harvester to bend beyond its limit. The tip displacement of the power harvester

was confined to 1 mm with the help of the casing and stoppers (see Figure 4.15). The
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stoppers were built with many layers of tape. The same procedure was repeated for the
three curved L-shape mass prototype and the block shape mass prototype (see Figure 4.1a

and Figure 4.1b.)

gols %

Figure 4.15 Limiting the tip displacement of using the casing and stoppers.
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Chapter S: Experimental Testing on a Shaker

The three curved L-shape and the block shape mass power harvester prototypes are
tested on a standard shaker (VTS VG-100) (see Figure 5.1). The fundamental frequency
and power output of each power harvester are measured by performing a frequency
sweep from 10 to 120 Hz at input accelerations of 0.25 g to 0.75 g. Each power harvester
is individually tested on the shaker without the casing because the input acceleration can

be controlled.

Aluminum plate

Figure 5.1 Setup of the power hari}ér on the sakcr. |

5.1 Setup of the Shaker Experiment

The complete setup of the shaker experiment is shown in Figure 5.2. The shaker
control software was used to increase/decrease the output frequency and acceleration of
the shaker. The output terminals of the power harvester were connected to the
oscilloscope and data acquisition card (DAC). The oscilloscope displayed the voltage
signal in real-time and the DAC recorded the output signal into data files. The settings
used for the DAC was 5,000 samples/second and 10,000 samples were obtained for each

measurement. The DAC hardware resolution used was 16 bits, which ensures that the
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dynamic range was high enough to detect small signals in the presence of large signals. A
block diagram of the equipments setup is shown in Figure 5.3. The shaker supplied a

sinusoidal base excitation of a set frequency and acceleration to the power harvester. The

output of the power harvester was AC voltage that was measured by the DAC.
Shaker control
software

PTRP— acquisition L
i card acquisition
e = software

Figure 5.2 C-c.u.r.npl'ete setup of the shakr xperiment.

0O

Sinusoidal l —0
i R T
excitation . .
Piezoelectric
AC Voltage DAC
Shaker > power g v
O

harvester /\./ I’

Figure 5.3 Block diagram of the setup of the shaker experiment.

5.2 Shaker Test Results of Curved L-Shape Power Harvester 1,2 and 3
5.2.1 Fundamental Frequency of Curved L-Shape Mass Harvester

The fundamental frequency of each curved L-shape mass harvester was determined
by measuring the open-circuit voltage output of the harvester from 10 to 120 Hz. An
open-circuit voltage measurement of curved L-shape harvester 1 for 60 Hz @ 0.75 g is

shown in Figure 5.4 and the signal is AC voltage of approximately £16 V.
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Figure 5.4 Open-circuit voltage output of curved L-shape harvester 1 at 60 Hz @ 0.75 g.

The peak open-circuit voltage of curved L-shape harvester 1 from 55 Hz to 75 Hz
at 0.25 g, 0.55 g and 0.75 g are shown in Figure 5.5 (solid lines). When the input
frequency approached the fundamental resonant frequency, the voltage increased
significantly, the voltage then peaked at resonance and gradually decreased as input
frequency moved away from the resonant frequency. For example, at 0.75 g of curved L-
shape harvester 1 in Figure 5.5 (solid line), the voltage increased from 7.88 V @ 58.5 Hz
to 11.6 V @ 59 Hz and to 15.3 V @ 59.5 Hz. The voltage reached the maximum of 16.0
V at the fundamental frequency of 60 Hz. Then the voltage dropped as the input
frequency increased and moved away from 60 Hz.

The measured fundamental frequency decreased with increasing input acceleration.
As shown in Figure 5.5, the fundamental frequencies of curved L-shape harvester 1 were
63.5 Hz, 61.0 Hz and 60.0 Hz when the input accelerations were 0.25 g, 0.55 gand 0.75 g
respectively (solid lines). The fundamental frequencies of curved L-shape harvester 2
were 72.5 Hz, 71 Hz and 69.5 Hz when the input accelerations were 0.25 g, 0.50 g and
0.75 g respectively (dotted lines). The fundamental frequencies of curved L-shape

harvester 3 were 65.5 Hz, 64.0 Hz and 63.0 Hz when the input accelerations were 0.25 g,
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0.50 g and 0.75 g respectively (dash lines). The change in fundamental frequency with

input acceleration is attributed to the electro-mechanical properties of the piezoelectric

beam.
25
Curved L-shape | —&—025g —8—055g —e—075g
Curved L-shape 2 — & -025¢g —8-050g —&—075¢g
20 Curved L-shape 3 ---a---025g ---Br--050g =---&---075g

Peak Voltage (V)

55 60 65 70 75 80 85
Frequency (Hz)
Figure 5.5 Peak open-circuit voltage versus frequency of curved L-shape harvester 1, 2
and 3 at different input accelerations.

5.2.2 Power Output of Curved L-Shape Mass Harvester

The power output of each curved L-shape mass harvester was determined by
measuring the voltage output at different resistive loads for a frequency sweep of 10 to
120 Hz. An example of the voltage measurement, when curved L-shape harvester 1 was
connected to 80 kQ at an input of 60.5 Hz @ 0.75 g, is shown in Figure 5.6. The
measured signal was AC voltage of approximately +7.6 V. The RMS value of the AC

voltage was used to calculate the average power output of the curved L-shape harvesters.
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Voltage (V)

0 0.05 01 0.15 0.2

Figure 5.6 Voltage measurement of curved Ezel':sa)pe 1 at 60.5 Hz @ 0.75 g for a resistive
load of 80 kQ.

The voltage versus frequency of curved L-shape 1, 2 and 3 for different resistive
loads at a fixed input acceleration of 0.75 g are shown in Figure 5.7. The peak voltage
increased with increasing resistive loads. For curved L-shape harvester 1, the peak
voltage of 30 kQ, 80 kQ, 200 k€ and 500 kQ curves were measured to be 4.3 V, 7.6 V,
11.2 V and 13.9 V respectively (see Figure 5.7a). For curved L-shape harvester 2, the
peak voltage of 40 kQ, 100 k€, 300 kQ and 500 kQ curves were measured to be 5.2 V,
8.4V, 12.6 V and 13.8 V respectively (see Figure 5.7b). For curved L-shape harvester 3,
the peak voltage of 40 kQ, 117 k€, 300 k€ and 500 k2 were measured to be 5.3 V, 9.3
V, 12.8 V and 14.1 V respectively (see Figure 5.7c).

The resonant frequency of the power harvesters (input frequency that matches the
natural frequency of the system) varied at different resistive loads. For curved L-shape
harvester 1, the resonant frequencies at 30 kQ, 80 kQ, 200 kQ and 500 kQ were
measured to be 58.5 Hz, 60.5 Hz, 61.0 Hz and 60.5 Hz respectively (see Figure 5.7a). For

curved L-shape harvester 2, the resonant frequencies at 40 kQ, 100 k€2, 300 k€2 and 500

kQ were measured to be 69.0 Hz, 70.5 Hz, 70.5 Hz and 70.5 Hz respectively (see Figure
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5.7b). For curved L-shape harvesters 3, the resonant frequencies at 40 kQ, 117 k€, 300
kQ and 500 k2 were measured to be 62.0 Hz, 64.0 Hz, 64.0 Hz and 63.5 Hz respectively
(see Figure 5.7c). The variation of resonant frequency with different resistive loads is
attributed to the extra electrical damping induced on the power harvester system by the
resistive loads.

The power versus frequency for curved L-shape harvester 1, 2 and 3 at different
resistive loads for a fixed input acceleration of 0.75 g are shown in Figure 5.8. For curved
L-shape harvester 1, the highest power output was measured at 80 kQ with 60.5 Hz
resonant frequency (see Figure 5.8a). For curved L-shape harvester 2, the highest power
output was measured at 100 kQ with 70.5 Hz resonant frequency (see Figure 5.8b). For
curved L-shape harvester 3, the highest power output was measured at 117 k2 with 64.0

Hz resonant frequency (see Figure 5.8c).
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Figure 5.7 Voltage versus frequency at different resistive loads for a fixed input
acceleration of 0.75 g. (a) curved L-shape harvester 1, (b) curved L-shape harvester 2 and
(c) curved L-shape harvester 3.
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Figure 5.8 Power versus frequency of different resistive loads for a fixed input

acceleration of 0.75 g. (a) curved L-shape harvester 1, (b) curved L-shape harvester 2 and
(c) curved L-shape harvester 3.
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The voltage versus resistive load for curved L-shape harvester 1, 2 and 3 at a fixed
input acceleration of 0.75 g are shown in Figure 5.9. The voltage increased with
increasing resistive load. For curved L-shape harvester 1, the voltage increased from 3.0
V to 13.9 V when the resistive load increased from 20 kQ to 500 kQ (see Figure 5.9 solid
line). For curved L-shape harvester 2, the voltage increased from 3.0 V to 13.8 V when
the resistive load increased from 20 k2 to 500 k€2 (see Figure 5.9 dotted line). For curved
L-shape harvester 3, the voltage increased from 3.1 V to 13.9 V when the resistive load
increased from 20 k€ to 500 kQ (see Figure 5.9 dash lines).

The power output versus resistive load of curved L-shape harvester 1, 2 and 3 are
shown in Figure 5.10. For curved L-shape harvester 1, the maximum power output was
371 uW at the optimal resistive load of 80 kQ (see Figure 5.10). For curved L-shape
harvester 2, the maximum power output was 329 uW at the optimal resistive load of 100
kQ (see Figure 5.10). For curved L-shape harvester 3, the maximum power output was
349 uW at the optimal resistive load of 117 kQ (see Figure 5.10). The optimal resistive
load is attributed to the internal impedance of the power harvester. When the external
impedance (applied resistive load) matches the internal impedance, the power harvester
generates the highest power.

The average power of the three prototypes was 350 uW. Since the volume of the
prototypes were 0.242 cm’, the average power density of the curved L-shape mass power

harvesters was 1446 pW;"cm3 .
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Figure 5.9 Voltage versus resistive loads for curved L-shape harvesters 1, 2, and 3 at an
input acceleration of 0.75 g.
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Figure 5.10 Power versus resistive loads for curved L-shape harvesters 1, 2, and 3 at an
input acceleration of 0.75 g.

5.3 Shaker Results of the Block Shape Power Harvester
5.3.1 Fundamental Frequency of Block Shape Mass Harvester

The fundamental frequency of the block shape mass harvester was determined by
measuring the open-circuit voltage output of the harvester from 10 to 120 Hz. An open-
circuit voltage measurement of block shape harvester for 87 Hz @ 0.75 g is shown in

Figure 5.11 and the signal was AC voltage of approximately +11.5 V.
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Figure 5.11 Open-circuit voltage output of block shape harvester at 87 Hz @ 0.75 g.

The peak open-circuit voltage output of block shape harvester from 80 Hz to 100
Hz at 0.25g, 0.50 g and 0.75 g are shown in Figure 5.12. When the input frequency
approached the fundamental resonant frequency, the voltage increased significantly, the
voltage then peaked at resonance and gradually decreased as input frequency moved
away from the resonant frequency. For example, at 0.75 g in Figure 5.12, the voltage
increased from 6.8 V @ 85.5 Hz to 10.3 V @ 86.0 Hz and to 11.8 V @ 86.5 Hz. The
voltage reached a maximum of 11.8 V at the fundamental frequency of 87.0 Hz. Then the
voltage dropped as the frequency increased and moved away from 87.0 Hz.

The measured fundamental frequency decreased with increasing input acceleration.

As shown in Figure 5.12, the fundamental frequencies of block shape harvester were 90.0

Hz, 88.5 Hz, 87.0 Hz when the input accelerations were 0.25 g, 0.50 g and 0.75 g.
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Figure 5.12 Peak open-circuit voltage versus frequency of block shape harvester at
different input accelerations.

5.3.2 Power Output of Block Shape Mass Harvester

The power output of block shape mass harvester was determined by measuring the
voltage output at different resistive loads for a frequency sweep of 10 to 120 Hz. An
example of the voltage measurement, when block shape harvester was connected to 40
kQ at an input of 86.5 Hz @ 0.75 g, is shown in Figure 5.13. The measured signal was
AC voltage of approximately +4.4 V. The RMS value of the AC voltage was used to
calculate the average power output of the block shape mass harvester.
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10 1

Voltage (V)
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Time ()
Figure 5.13 Voltage measurement of block shape harvester at 86.5 Hz @ 0.75 g for a
resistive load of 40 k€.
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The voltage versus frequency of block shape harvester for different resistive loads
at a fixed input acceleration of 0.75 g is shown in Figure 5.14. The peak voltage
increased with increasing resistive loads. The highest voltage of 10 k2, 40 kQ, 150 k€,
and 500 kQ curves were measured to be 1.8 V, 4.4 V, 7.9 V and 10.4 V respectively (see
Figure 5.14).

The resonant frequency of block shape harvester (input frequency that matches the
natural frequency of the system) varied at different resistive loads. The resonant
frequency at 10 k€, 40 k€, 150 k€ and 500 kQ curves were measured to be 83 Hz, 86.5
Hz, 88 Hz, and 87.5 Hz respectively (see Figure 5.14). The variation of resonant
frequency with different resistive loads is attributed to the extra electrical damping
induced on the power harvester system by the resistive loads.

The power versus frequency for block shape harvester at different resistive loads
for a fixed input acceleration of 0.75 g is shown in Figure 5.15. The highest power

output was measured at 40 kQ for 86.5 Hz resonant frequency.
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Figure 5.14 Voltage versus frequency of block shape harvester at different resistive loads
for a fixed input of 0.75 g.
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Figure 5.15 Power versus frequency of block shape harvester at different resistive loads
for a fixed input of 0.75 g.

The voltage versus resistive load for block shape harvester at a fixed input of 86.5
Hz @ 0.75 g is shown in Figure 5.16. The voltage increased with increasing resistive load.
The voltage increased from 1.4 V to 9.6 V when the resistive load increased from 10 kQ
to 500 kQ.

The power output versus resistive load of block shape harvester is shown in Figure
5.17. The maximum power output was 208 pW at the optimal resistive load of 40 k.
The optimal resistive load is attributed to the internal impedance of the power harvester.
When the external impedance (applied resistive load) matches the internal impedance, the
power harvester generates the highest power.

Since the volume of the block shape mass harvester was 0.242 cm’, the power

density was 859 pW/cm’.
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Figure 5.16 Voltage versus resistive loads for block shape harvester at a fixed input of
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Figure 5.17 Power versus resistive loads for block shape harvester at a fixed input of
86.5Hz @ 0.75 g.

5.4 Comparison of Block Shape and Curved L-Shape Power
Harvester’s Shaker Results

For an input acceleration of 0.75 g, the average fundamental frequencies of the
three curved L-shape mass harvesters were 60.0 Hz ~ 69.5 Hz and the fundamental
frequency of the block shape mass harvester was 87.0 Hz. Thus, for the same power
harvester volume, the curved L-shape mass harvester reduced the fundamental frequency

by 20% ~ 31% compared to the block shape mass harvester.
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The average power output of the three curved L-shape harvesters was 350 pW. The
average power output of the block shape harvester was 208 pW. Thus, for the same
volume of 0.242 cm’, the curved L-shape mass harvester increased the power density by
68% compared to the block shape mass harvester.

The discrepancy between the measured and designed fundamental frequencies (7%
difference for curved L-shape harvester and 2% different for block shape harvester) and
the variation in the performance of three curved L-shape mass harvesters can be
attributed to manual assembly of the prototypes, which causes errors and variations in the

free bending length /.4 (see Figure 1.5a and Figure 2.1a).
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Chapter 6: Power Harvesting from Human Body’s
Motion

The curved L-shape mass power harvester 3 was attached to a shoe at the heel
location to determine how much power can be generated from walking (see Figure 6.1
and Figure 6.2). The potential application of harvesting power from walking is health
monitoring of the human body, i.e., measuring pulse rate, body temperature and blood

pressure.

6.1 Setup of Treadmill Experiment

The athlete walking on the treadmill was 1.85 m tall and weighed 82 kg. A block
diagram of the treadmill experiment setup is shown in Figure 6.3. The impact from
walking provides periodic impact inputs to the power harvester. The output of the power
harvester is decaying oscillating voltage for each impact input and the DAC was used to

measure the output voltage.

Power harvester
and accelerometer

Figure 6.1 Setup of the wali experiment.
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Figure 6.2 Attachment of the power harvester on the shoe.

Periodic impact l o
hase .
excitation | piosoelectric Decaying —
Walking b power voltage v
harvester oscillation 1’ l
o]

Figure 6.3 Block diagram of the treadmill experiment setup.

6.2 Measured Acceleration and Voltage Output of Curved L-Shape
Harvester

As shown in Figure 6.4, the measured accelerations at the power harvester location
for different walking speeds were periodic impacts. The measured impact acceleration
increased as walking speed increased from 1.0 mph to 3.0 mph (see Figure 6.4). The
highest measured acceleration was 15 g at a walking speed of 3.0 mph.

The output voltage of the power harvester was decaying oscillations for each
impact acceleration input (see Figure 6.5). The output voltage of the power harvester
increased with increasing walking speed. When the walking speed was higher (impact
acceleration magnitude was high, see Figure 6.4), the magnitude and frequency of the
output voltage was higher. The open-circuit RMS voltage of the power harvester at 1.0
mph to 3.0 mph walking speed is shown in Figure 6.6. The open-circuit RMS voltage
increased from 0.85 V to 2.96 V when the walking speed increased from 1.0 mph to 3.0

mph.
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Figure 6.4 Measured acceleration versus time at different walking speeds.
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Figure 6.6 Open-circuit RMS voltage versus walking speed.

6.3 Power Output of Curved L-Shape Harvester

The power harvester was tested at different resistive loads and the measured
voltages were used to determine the power output of the harvester. The RMS voltage
versus resistive load at different walking speeds is shown Figure 6.7. The RMS voltage
increased with increasing resistive load, e.g., at 3.0mph, the voltage increased from 1.0 V
to 2.4 V when the resistor increased from 20 k€ to 350 kQ. The power versus resistive
load at different walking speeds is shown in Figure 6.8. The power increased with
increasing walking speed, e.g., the maximum power generated at 1.0 mph, 2.0 mph and
3.0 mph was 16.7 uW, 29.2 uW and 48.4 uW respectively. The highest power generated

by the power harvester was 48.4 uW @ 40 kQ at a walking speed of 3.0 mph.
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Figure 6.7 RMS voltage versus resistive load at different walking speeds.
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Figure 6.8 Power output versus resistive load at different walking speeds.
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Chapter 7: Conclusions and Recommendations for
Future Work

A cantilever piezoelectric power harvester with a curved L-shape mass was
developed and tested under various conditions. Simulation and experimental results
showed that the curved L-shape mass power harvester has a lower fundamental frequency
and higher power density compared with the conventional block shape and U-shape mass
harvesters.

The curve L-shape, block shape, and U-shape mass harvesters were designed and
compared based on having the same overall volume and having the same fundamental

3, the curved L-shape mass design has a

frequency. For a volume of 0.242 cm
fundamental frequency that was 24% and 15% lower than the block shape and U-shape
mass designs respectively. For a fundamental frequency of 65 Hz, the curved L-shape
mass design has a volume that was 69% and 25% smaller than the block shape and U-
shape mass designs respectively, which leads to an increase of 69% and 25% in power
density respectively.

Three curved L-shape mass harvesters and a block shape harvester were fabricated
and tested on a shaker. At an input acceleration of 0.75 g, the curved L-shape mass
harvester lowered the fundamental frequency by 20% ~ 31% and increased the power
density by 68% compared to the conventional block shape mass harvester. The curved L-
shape mass harvesters generated an average power of 350 uW with a power density of
1446 pW/cm’.

An application of power harvesting from human body’s motion using the curved L-

shape mass power harvester was demonstrated. The power harvester was attached to a
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shoe of a person walking at 1.0 mph to 3.0 mph on a treadmill. At a walking speed of 3.0

mph, the curved L-shape mass power harvester generated 48.4 uW.

1)

2)

The future work of this project should focus on the following:

Reliability of the curved L-shape mass harvester prototype: It was observed
during the treadmill test that when the harvester is subjected to high input
accelerations (during jogging speed from 5 mph to 10 mph), the power harvester
has difficulty surviving. The industrial strength epoxy that bonds the proof mass
and beam can fail, which results in the mass getting off the beam or the beam
getting off the base. The piezoelectric beam itself could fail due to the high
stresses in the beam. A new and better method should be developed to
strengthen the bonding of components and to better protect the piezoelectric
beam in high acceleration conditions. A potential solution to strengthen bonding
is wrapping the components using a thin (yet strong) wire and sealing the wire
with epoxy. A potential solution to better protecting the piezoelectric beam is to
use softer (rubber type) stoppers.

Development of curved L-shaped mass harvester based on applications: For
example, real-time pressure monitoring inside car tires and health monitoring of
human body during walking/jogging/running has abundant vibration energy. A
curved L-shape mass harvester that is even smaller can be designed and
fabricated to harvest the abundant power to extend battery life or eliminate the

need for batteries.
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