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ARTICLE INFO ABSTRACT

Keywords: This study is to develop structures with the ability to convert a compression force into radial extension or shear
Wave force, to increase power output through piezo shear mode. In this work, a piezoceramic-spring system was
Belville developed with two types of force-spreading spring configurations, the Belleville disc springs and the crinkle
Crinkle X . . . . .

Washer washer. A force loading profile is applied to a piezoceramic element and structure causing the force to be
Shear distributed in different directions when compared to a conventional helical spring damping system or
Piezo compression. The performances of these novel structures were studied using Multiphysics simulation and ex-

Piezoelectric
Energy harvester
Piezo energy harvesting

periments. This work shows that both the Belleville disc and crinkle washer produce improved energy output
between 15 and 22% compared to compression alone, whilst the Belleville disc spring outperformed a crinkle
washer in both simulations and experiments. The results show that converting compression to shear force in

energy harvesting could be a potential approach to increase the energy efficiency and energy density.

1. Introduction

Energy harvesting is used in any scenario where energy is wasted in
an inefficient process (combustion systems such as engines, general
motion of vehicles or humans [1,2] from high drag or friction) or
ambient energy that is harvestable such as light, heat and kinetic [3,4].
Energy harvesters are gaining traction in electronic devices such as
sensors in structural health monitoring [5,6], wearable electronics, and
mobile phones or Internet of Thing (I0T) devices [7,8]. Wireless sensors
in remote environments are an area where the possibility to provide
energy harvesting systems to electronics that communicate with the
Internet of Things is a big advantage over continuous re-supplying of
batteries [9-12]]. With lower energy consuming electronic devices,
some energy harvesting systems that where once seen as un-feasible
because of the low power output are now verging on capable [13-15].
Further research is needed in the power density and activation struc-
tures that not only allow or more stable and reliable electrical energy
production but can increase the efficiency of mechanical force to elec-
trical energy.

Piezoelectric energy harvesters are systems that require the input of
mechanical force and can convert it to an alternating current (AC)
output, combined with a power rectification component (full bridge
rectifier), the AC can be converted to Direct Current (DC), this electrical
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energy can be stored in batteries, capacitors or used directly in elec-
tronics. [16]

The mechanism that activates a piezoelectric material is stress and
strain on the internal crystalline structure of the piezoelectric element,
which results in electrical polarisation and forms charge fluctuations
that can be collected by electrodes and further stored in capacitors and
batteries. The method by which the piezoelectric element is stressed or
strained determines the electrical output in proportion to the force
applied. The mode of mechanical energy transfer to the piezoelectric
structure determines the amount of energy that is converted to useful
electricity. Compression, bending/stretching, and shear movement are
the 3 modes of piezoelectric activation. There are limitations to each
mode of piezoelectric activation, with piezoceramics being a brittle
material, bending and stretching will lead to cracking and quick failure
of a piezo structure [17-19]. The challenge is the adding of a structural
mechanism for load distribution and understanding the feasibility of
manipulating compression force to shear force.

A piezo element can be activated in a 3-Dimentional sense, and the
energy produced is characterised by the piezo materials charge con-
stants (ds3, dis, d31) and voltage constants (g33, g15, g31). Simply, if a
force is applied to a piezo material, depending on the direction of the
input force, an electrical field and voltage potential-difference is pro-
duced which can be collected by electrodes and stored.
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Shear force activation is not as simple to achieve as PZT (Lead
Zirconate Titanate) and piezoceramic elements in general are often
brittle materials. Thin discs and plates would require first compression
to create adequate grip/coupling. Another issue around the converting
compression to shear force for most applications is being able to match
the input force and frequency with a spring mass dampener into limited
space but with capable stiffness and spring rate.

Different manors of system design have been demonstrated to acti-
vate shear stress on discs. Rastegar et al. [20] demonstrated the use of
Belville washers (Fig. 1-A) for absorbing much high forces combine with
a piezoelectrical system and a mass, with the system achieving 1-2 J.
Further experiments in cymbal transducers have led to the novel shapes
such as the wagon wheel [21], from the fist conception of rectangular
structured bridges [22], and the earlier conception of the cymbal by
Fernfindez and Dogan [23]. The curvature structures mentioned dis-
tributes the force on a piezoceramic elements face between compression
and shear mode, activating the d33 & d15. [24-27].

A different kind of spring or washer construction is the wave spring
design. The wave spring design has been seen to store similar forces to
conventional springs at a reduced size, the crinkle washer, which is a
simplified version of the wave spring (Fig. 1-B), [28] which also shows
the characteristics of radial expansion and shearing. Implemented by
Zhu [29], this wave shape is a circular washer that integrates bridge
structures concentrically to the circumference. This works with the same
principle of the bridge structure or cymbal, transforming compression
into shear force, but in the case of the wave washer it is perpendicular to
the cymbal force direction. However, the crinkle washer is a lesser
explored structure compared to that of a cymbal or Belleville disc
[30-33] (disc spring - Fig. 1-A) which have been the focus of much
research for shearing piezo elements but has the potential to exhibit
similar radial shearing and could allow for a higher energy density
structure for multi-stack piezoelectric devices. The effects of this washer
are pinch points and expansion points leading to alternating pressure
distributions on the piezo elements face. With multiple waves in the
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Fig. 1. - Belville Disc Spring[A] & Wave/Crinkle Washer[B].
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design, the face of the piezo element no longer has a singular directional
displacement and instead it becomes an alternating pattern of
compression and expansion, this might negatively affect charge collec-
tion on the electrodes as there is the presence of opposite charges on the
same electrode face, effectively cancelling out the charge.

In this work, both disc spring and crinkle washer were studied by
simulation and experiment to understand their deformation mechanisms
and shear mode performance created by their rotationally symmetrical
structures. The Crinkle washer structure has an added customisable
variable compared to the disc spring, which is number of waves in the
circumference which allows it the stability to sit against 2 faces. This
characteristic is explored to demonstrate it can be beneficial in con-
verting compression into shear force in piezoelectric discs with the aim
to develop a novel and highly tuneable force spreading structure, that is
more powerful and compact for end use in a high force energy har-
vesting structure.

2. Methodology
2.1. Voltage & electrical energy

2.1.1. Piezo compression equations
Voltage produced is a key output to calculate the electrical energy
produced. Voltage is calculated using the following equation:

V= —(gnuhl)= — <833h§> (€D)]

V=Voltage, g33= Piezoelectric Voltage Constant (Vm/N), h = Thickness
(m), T = Force applied/area (mz), F = Force (N), A = Area (mz).

Using the equations stated below, the theoretical energy produced
can be calculated:

E=_(CV)(1-k%) 2

1
2

E = Energy, Cy = Capacitance (Farads), Voltage = V, q = Charge), k, =
Coupling factor (Compression of a thin disc k, < ks3).

2.1.2. Piezo shear equations
The shear calculations are the same as the compression calculations,
but they use the d;s, g15 and k.

dis
e’y

815 = # 3

g1s= Piezoelectric Voltage Coefficient (Shear strain) (Vm/N), dis =
Piezoelectric Charge coefficient (shear strain) (C/N), €"11 = Permittivity of
ceramic (F/m)

F
V= *(glshT) = - (815}1;) “4)
V=Voltage, g15= Piezoelectric Voltage Constant (Shear strain) (Vm/N),
h = Thickness (m), T = Force applied/area (mz), F = Force (N), A = Area
(m?)
E= % (CV*)(1-k7) )

E = Energy, C, = Capacitance (Farads), Voltage =V, q = Charge), k, =
Coupling factor (Shear of a thin disc)

T e’y
€1 = ——.€0 (6)

ey, = Permittivity of ceramic (F/m), &, = Permittivity of free space =
8.85 x 1072 (F/m).
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2.1.3. Power equations with matched circuit resistance

V 2
Prax = R @
(Zl + RL) t

P,ox= Power max (W), V=Voltage, Z; = Impedance (£2), R; = Matched
circuit Resistance (£2)

The Piezo disc samples used in this study are made from the material
PIC 255 by PI Ceramics. The sample chosen is PRYY + 0170 (*prop-
erties in the appendix).

2.1.4. Simulation

A simulation was created to mirror the setup of the experimental
system, using a material with close electrical properties (PZT 5 A) and
importing the load and velocity profiles from the experiment into the
COMSOL Multiphysics.

3. Experimental

To create a force input, an Instron 5kN press with programmable
force and speed inputs is used to compress a Piezo disc between 2
machined aluminium plates acting as the piezo holder (lower plate) and
compression face (upper plate). The Instron used is a 5965 with a max
return speed of 3200 mm/min and a max load of 5kN set up with 2 flat
plates for compression (Appendix).

3.1. Washer loading force

A pre-test was needed before the electrical testing was started to
understand the loading characteristics of the washers themselves, with
this, the spring rate and the flattening force is understood. The set up
used just the parallel metal compression plate faces of the Instron, and a
4KN maximum limit was set to protect the machine and load cells.

3.1.1. Piezo electrical set-up

The second stage of testing various washer designs on the top piezo
face. Electrodes made of thin metal tape with conductive adhesive were
used on either side of the piezoceramic disc because of the ease of cut-
ting to shape, strength, and flexibility.

The electrical set up consisted of 1: AC (directly to oscilloscope) and
2: DC (with electrodes connected to a full bridge rectifier, variable
resistor and then to oscilloscope) measuring the voltage outputs (Ap-
pendix). The output voltages can be referenced to the hand calculations
that show the predicted voltage and power outputs and the COMSOL
simulation voltage and power outputs. The testing included different
sizes and thicknesses of Disc Spring; the disc spring chosen to directly
compare to the crinkle washer (Disc Spring Type 1) refers to the
thinnest disc spring used of 0.4 mm thickness, (the crinkle washer used
was 0.55 mm thick). When exploring off-the-shelf washers with different
thicknesses, the inner and outer diameters correspond to the bolt di-
ameters. To keep consistency, simulation was used so that one variable,
the thickness, of the washer could be changed,

3.1.2. System fabrication & set-up

Using an Instron 5965 in compression mode, the system can be
compressed to a known force and with a known velocity. The base plate
of the Instron does not move in this assembly, but the Instron upper plate
does and travels downwards. The piezo is contained between the top and
bottom aluminium holder plates (Appendix) and the force is applied
vertically. The piezo has limited moving capability in the horizontal
direction because of the base plate walls holding it in place. This can be
seen in the section view diagram. The aluminium holder was coated in
paint to prevent electrical leakage. A Silicone layer was also applied
between the base plate and the piezo to allow small adjustments, this is
important with a machined surface that may have small machining
grooves.
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3.1.3. Instron variable force & acceleration inputs

The first Instron experiment, (Variable force), uses a RAMP profile
(Fig. 2-C) that incrementally compresses the piezo from a pre-
compression of 40 N in steps of 200 N, up to 2200 N at a velocity of
0.75 mm/s. In this experiment the piezoceramic disc stays the same and
is not changed (unless destroyed) and washers are changed to compare
voltage outputs produced by the change in design.

The second Instron experiment (Variable speed) (Fig. 2-D), incre-
mentally increases the velocity by 0.2 mm/s from 0.2 mm/s — 1 mm/s.
Ramping the velocity does introduce a change in force caused by the
Instron feedback system limitations. Above 1 mm/s, the system could
not stay within 20% of the 1500 N.

4. Results
4.1. Theoretical results

The theoretical calculations (Figs. 3) are static calculations (or sta-
tionary) that does not take into consideration un-even/non-uniform
spreading, previous states of the system over time, piezo breaking,
different force concentration spots on the piezo and other real-world
losses.

The shear results have a much higher voltage output than that of only
compression and shows the maximum voltage value if there were perfect
conditions.

4.2. Simulated force ramp simulation
The simulation was set up to use the Instron load profile (Fig. 3 - H).

A function plot: Interpolation and importing the Force/Time data. The
Piezo material used in the simulations was PZT 5 A as it is of similar

[C] Force Ramp Load Profile 200N - 2200N (0.75mm/s)
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Fig. 2. - Instron Force Ramp Load Profile[C] & Instron Velocity Ramp Load
Profile[D].
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Fig. 3. - Theoretical Piezo Voltages[E], Simulated Voltages (stationary)[F],
Simulated Force Ramp Energy Outputs (stationary)[G], Simulated Crinkle
Washer Energy Output (Thickness and wave changes) [H].

Table1-D
Characteristics PZT 5 A & PIC255.
PZT5 A PZT PIC255
D33 [C/N] 3.74¢71° 4710
D31 [C/N] —1.71e71° —1.81e71°
D15 [C/N] 5.84e710 55e 10
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characteristics (Table 1). The voltage characteristics under no load
correspond with the results from the experimental tests and close to the
hand calculations. Thee electrical and mechanical dampening condi-
tions were set to isotropic loss factor of 0.00625 (although the material
is anisotropic, otherwise it would require populating the young's
modulus on all directions), this calculated by the equation = i with Q

= Quality Factor of 80 [34]. The simulation pictures have been stopped
at 21.4 s to analyse the force and electrical distribution at the time of the
highest force input.

The simulations did allow for a faster turnaround in testing different
thicknesses and, (for the Crinkle washer), more variations in the design
such as number of crinkles (waves). It was seen (Fig. 3- G) that
decreasing the number to waves to the minimum number of 3 and
effectively increasing the angle between the piezo surface and washer
wave, tripled the energy produced from 0.17 mJ to 0.61 mJ.

Compression of the piezo shows minimal electrical potential created
in the horizontal plane and nearly all the force in the vertical plane
which would keep most voltage in the compression d33 range. The edges
do receive small shear movement, but this is because of the material
having no other direction to expand into and the base of the piezo being
fixed (Fig. 4 —I).

The crinkle washer has produced electrical potential in the horizonal
plane where it touches the piezo disc. There is also electrical potential
produced in the vertical plane. This indicates that the crinkle washer can
convert compression into shear d15 (Fig. 4-J).

The disc spring washer shows a strong indication of electrical po-
tential in the horizontal plane and small areas of electrical potential in
the vertical plane where the disc spring is touching the Piezo disc (Fig. 4-
K).

The COMSOL simulation results show that the shear activation does

Fig. 4. - Piezo Only Compression[H], Crinkle Compression[I] & Disc Spring
Compression[J].
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increase the voltage when the force is increaed in standard compression
with the Disc Spring Type 1 have the largest voltage increase.

The Crinkle Washer has also improved the voltage output but not as
much as the Disc Spring Type 1 with a difference of 0.9 mJ energy (only
15% of the disc spring systems energy) at 2200 N. There is a clear effect
the Crinkle washer is producing which differs from the Disc Spring in
terms of the field direction, with them being perpendicular to each
other.

4.3. Simulated velocity ramp

The immediate results from the change in velocity of impact (Fig. 5)
show that the Disc Spring has the biggest impact on the energy pro-
duced, the crinkle spring does also have an increased energy output over
the piezo alone. The piezo alone shows minimal energy produced, and
this could be from how COMSOL is setup.

4.4. Experimental validation of simulated results

4.4.1. Washer force loading profiles

Using a loading capacity of up to 4 kN (to protect the load cell and
Instron system) the crinkle washer and disc spring were tested until
flattening (Table 2).

The results (Fig. 6) show that the crinkle washer is stiffer than the
Disc Spring and more force is needed to compress the structure fully.

The crinkle washer has a more gradual force/displacement in com-
parison the disc spring which has a much smaller extension (Fig. 6). This
difference could be due to the disc springs shape constricting the shapes
expansion until it experiences a buckling overload. There are 3 different
spring rate zones for all the disc spring washers:

o first zone rate in which there is easy extension to minimal force.

e second zone there is the most extension,

e third and last zone rate where there is little extension, and the
washers are going towards flattening.

The characteristic of all the washers in the final spring rate zone is
the steep vertical force displacement when the there is no longer a spring
characteristic, and the washer is flattened and still under continued
compression (which did cause permanent deformation). The washer
characteristics shown in zone 2 show the most extension and the results
show that the thickness and potentially the design affects the washer
stiffness, the crinkle having the highest extension.

4.5. Experimental force ramp experiment
The first set of tests focused on the change in force at a fixed velocity.

These tests were carried out between 200 N - 2200 N and velocity of
0.75 mm/s, the speed and force range chosen was simply to get results

Velocity Ramp COMSOL Max Energy Output

0.80 Piezo Only

'Tg 0.60 Disc Spring
g T=0.4mm

% 040 Disc Spring

|.|:J 0.20 T=0.55mm
. 4 Crinkle
0.00 T=0.4mm
0 0.5 1 4 Crinkle

Velocity (mm/s) T=0.55mm

Fig. 5. - Simulated Energy Outputs.
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Table 2
- Washer Force/Extension Rates.

Name Disc Spring Type 1 Crinkle Washer
Outer Diameter OD (mm) 18 19.6

Inner Diameter ID (mm) 6.2 10.5

Washer Thickness T (mm) 0.4 0.55

Washer Height H (mm) 1.2 1.7

Zone 1 Rate (N/mm) 112 198

Zone 2 Rate (N/mm) 167 731

Zone 3 Rate (N/mm) 9426 2758

Disc & Crinkle Washers: Force VS Extension

Zone 1 Zone 2 Zone 3
3000 : $ fil A Crinkle
2500 ; ‘ / ' Washer
Z 2000
¥ 1500 :
= ¥ \ IS \
£ 1000 ! P’ - Disc
500 ! ' /// Spring
0 1y — Type 1
0.00 1.00

Extension (mm)

Fig. 6. - Instron Load Profiles for both washer types.

while staying in the working limits of the Instron and maintaining ac-
curacy (Fig. 7).

Compared to the theoretical static calculations and simulations, the
energy output was much lower. This is because of the many real-world
conditions that are not seen in simulation such as mechanical

[L] Experimental Force Ramp - Piezo Voltage Output
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Fig. 7. - Instron Force Ramp Voltage Outputs[L] & Instron Force Ramp Energy
Outputs[M].
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imperfections in the piezo, uneven surfaces, friction, thin material layers
(paint, foil electrodes). Also, electrical isolation and washer alignment
may also have been detrimental to the experiments results, causing short
circuiting and uneven loading. The washers themselves may have not
had a good bonding to the piezo disc surface and slid instead of gripped
the piezo face, reducing transmitted shear force. Breaking was an
obvious loss of energy caused by excess radial space, uneven loading,
and a loose disc.

The force ramp experiment energy results show that the shear
structures work in their intended manor and do increase electrical en-
ergy output. The experiment produced less energy than predicted by
COMSOL, which is expected. There was an added dampener to the real
experiment that could also have slightly increased the energy output
(silicon), this was not added to the simulations because of increased
degrees of freedom and much bigger and time-consuming simulations.
The Instron machine itself was not always the same each test and time
variations did occur, especially in the piezo only experiments, which,
with no extension, reached force much faster than the other experiments
with washers.

4.6. Experimental velocity ramp experiment

The variable velocity results (Fig. 8) show that there is increase in
generated electrical energy with a Disc Spring shear-structure and en-
ergy loss with the crinkle washer compared to a piezo disc alone. The
results are comparable to the COMSOL simulations with energy pro-
duced, except the piezo only that produced minimal in simulation. The
crinkle washer caused the piezo disc to fail as gaps likely allowed the
piezo to shift into open space and deform in the centre. (Radial
compression could limit this issue). The experiments produced less en-
ergy than the COMSOL simulation, again because of the experimental
losses not accounted for in a simulation. The Disc Spring still produced
noticeable more energy with a steeper gradient and proportional rela-
tionship of velocity to energy.

4.7. Disc spring & crinkle washer piezo disc failures

During the testing, many Piezo Disc samples experienced breakages
that caused results to shift, and energy loses in some circumstances. The
patterns can be seen (Fig. 9) as concentric rings and breaks in the outer
circumference, due to the high force expanding the piezo outwards, the
concentric rings are likely due to open space created by the Disc Springs
& Crinkle Washer under full compression and the washers' sharp edges
digging into the surface.

5. Discussion

These experiments show that Disc Spring and Crinkle washers can

Experimental Velocity Ramp - Piezo Energy Output

(Max)
0.5
0.4 Piezo
= Only
Eo3
9_>5 5 Disc
E 0. Spring
0.1 - Type 1
— Crinkle
0
0.2 0.4 0.6 0.8 1

Velocity(mm/s)

Fig. 8. - Instron Velocity Ramp Energy Outputs.
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Crinkle
washer
inner
diameter

Fig. 9. - PIC255 Piezo Disc Breakages.

activate shear mode when under compression as they deform and
expand radially, and the outer circumference expands while gripping
the piezo face. This shear mode activation generates an increased elec-
trical energy output of a piezo disc under compression. The highest
experimental recorded energy outputs ranging from 0.76 mJ (Piezo
only) to 0.93 mJ (Disc Spring) from a single hit (Instron Force Ramp)
showing a 22% energy increase, with the Crinkle washer achieving 0.88
mJ, a 15% energy increase.

The simulation results showed a maximum of 1.1 mJ from the Disc
Spring in the mirrored experimental set up. The Crinkle washer showed
a minimal energy of 0.19 mJ which under predicted the energy output
produced on the Instron, but by changing the crinkle thickness and
number of waves/crinkles as shown in simulated force ramp (Fig. 3), the
maximum energy jumped to 0.61 mJ, a 220% energy increase.

Under changing velocity, in the experiments the Disc Spring showed
more reactivity with a definite upward trend and yielded a higher en-
ergy output with the highest being 0.45 mJ at 1 mm/s compared to the
0.1 mJ from Crinkle Washer which fell under the piezo alone. The
simulated Velocity Ramp experiments show a similar trend to the ex-
periments, with the 0.4 mm Disc Spring producing 0.73 mJ at 1 mm/s
and the 0.55 mm Crinkle Washer producing 0.13 mJ and the same ve-
locity. However, the Crinkle result was plagued by multiple failures in
piezo discs in this experiment which could have disadvantaged the re-
sults in the case for the Crinkle washer and would need further
investigating.

Failures in the experiments could have been from the open internal
radius of the Crinkle Washer and the Disc Spring enabling the piezo
element to bend into the open space, expand and break. Force concen-
trations caused by the Crinkle washer having only 4 points touching the
surface, and the potential for unevenly loaded edges could have also
been the reason for some of the breakages. The Disc Spring does not
suffer from this as often as it has a uniform circular face touching the
piezo disc and 1 point of force input, but the sharper edges could
eventually cause piezo disc cracking.

Methods which could prevent the breaking of the piezo could include
radial compression, even load distribution, centred washer/springs, and
removal of sharp edges, and using adhesive bonding over a larger sur-
face area.

In the simulation the crinkle washer was observed to create some
radial expansion like the disc spring with added pinch points also
observed in the experiments. The pinch points exhibited high electrical
potential, whereas areas of expansion did not. A decreased spring
deflection of the crinkle washer (the washer height) could be matched to
the maximum expansion limit of the piezo disc, and this could stop
mechanical failures from occurring which was the biggest issue with the
crinkle washer. The simulations also showed that the crinkle washer
when customised by changing the height, inner and outer diameter
lengths, thickness, and number of waves showed a correlation with
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energy generation. The disc spring in comparison can also be customised
with height, inner and outer diameter lengths, and thickness, before
having to alter the shape entirely. Losses of energy in the disc spring has
been identified and seen in the study by Ganilova [16]. The limiting
factor is attributed to the stress build up in the outer and inner
circumference of the disc, with the solution to add radial cuts into the
circumferences thus allowing further expansion, but negatively affecting
the spring rate. The stress build up is clearly visible in the simulations as
shown in Fig. 10. The Crinkle Washer also exhibits stress build ups
created by the inner radius of the crinkles.

Despite this study showing the disc spring outperforming the crinkle
washer, the advantage of the crinkle washer can be utilised using multi-
stacked piezoelectric discs. These washer designs both have similar
characteristics of radial expansion, which increase energy generation by
activating the piezo in shear mode. The crinkle washer does not produce
as much useful shearing as the disc spring but is able to do the same
shearing action on both surfaces (upper and lower) (Fig. 10) which the
disc spring cannot achieve as a single washer. Using the results found in
this research, it is possible to see that there is a potential for a combi-
nation of these washer structures to create a structure that can harness
the best traits of each with decreased internal stresses and dual face
radial expansion. Replacing disc springs with crinkle washers would
effectively remove the requirement for 2 separate washers and could
reduce open space inside a piezoelectric stack device. Removing open
space (dead space) inside an energy harvester would decrease the
package volume.

6. Conclusion

In this paper, a theoretical and experimental analysis of two types of
washers was performed to characterise the shearing effects of a crinkle
and disc spring structure and what electrical response is created on a
piezoceramic disc for the purpose of improving power generation in a
high force piezo electrical energy harvesting device.

The experimental results are limited to the commercially available
washers which sizes did not perfectly correspond to each other, but the
corelations and characteristics, could be investigated and paralleled.
The energy generated was compared to identify the best performing
structure for use at high forces and high velocities.

e The Disc spring compared to the crinkle washer as a force spreading
structure has shown superiority for working with a piezo in a me-
chanical to electrical generator. The Belleville disc spring increasing
electrical energy produced by a maximum of 22% under changing
force and a maximum of 125% in changing velocity.

The Crinkle Washer design, although not as effective showed a power
improvement of 15% under changing force and — 50% with chang-
ing velocity, although this result suggests the piezo breaking caused
large electrical losses.

The Crinkle Washer does have important differences compared to the
Belleville disc spring with the extra degrees of tunability which was
seen by changing the number of waves in the circumference, which
added 220% more energy. The difference in these washer types does
show that both washers are doing a similar function at different
angles.

Future work could refine these designs to create a washer that can
both perform the radial expansion with or without the pinch points, with
the ability to mirror the shearing effect on both the upper and lower
faces. In this research there is evidence that the inner diameter of the
Crinkle washer and the disc spring should be adjusted to remove the
stiffness build up and allow better shear force distribution. This would
allow piezo electric devices and piezo stacks to benefit from shear mode
and allow for space saving in the device, which would then increase the
power conversion and power density.
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