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Abstract:

A mechanical structure based on serial stacking of level arm has been designed in order to amplify the ingoing
force of the the harvester system. The outgoing force is applied upon the smart material. The deformation of the
mechanical structure is based on flexural pivots using four truncated circular collars. The last amplification is
based on the APA® (Amplified Piezoelectric Actuator) shell and already patented solution by Cedrat
Technologies. The force amplification structure has been designed upon the request of a small volume allocated
(0.3 cm®) and low frequency resonance (20 Hz) harvester. The given paper aim at describing the layout of the
level arms on the mechanical structure, the efficiency and the amplification ratio of this structure, the modelling
of the dynamical behaviour, the evaluation of the electrical power generation by simulation and the feasibility of
the mechanical structure on the machining point of view.
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Introduction

In last years, several researches have been performed
on the recovery energy systems especially for the
development of wireless sensor networks
applications. Solutions based on batteries integration
are possible but have lifetime limitations and a high
mass (volume) to electrical power ratio. Recovery
energy systems are more and more relevant in the
embedded applications as for medical application.
The design of recovery energy systems is directly
linked the available mechanical energy and the
allocated volume. In the particular case of medical
applications, the vibration appears at low frequency.
The energy recovery using electromechanical
converters are widespread in several industrial
applications. The conversion is based on the
different type of technologies. The most common
solution for miniature systems working at low
frequency are based on bender which use a beam
with a thin layers of active material (mostly
piezoelectric). They have a low stiffness which
means low seismic mass needed. Contrariwise, the
piezoelectric quantity of material is limited.
Different structures are proposed in the aim to
increase the volume of the active material by zigzag
or spiral structure [1, 2]. Instead of seismic mass,
S.P. Beeby [3] uses a coil which moves near a U-
shape magnet. In this case, the energy conversion is
piezoelectric and electromagnetic.

Concept

The force amplification structure has been designed
by Cedrat Technologies upon the request on the
miniature harvesting system with low frequency
resonance for medical application. The required

performance is the generated power (20 uW) after
DC/DC  conversion electronics. The system
constraints are based on the allocated volume
(0.3cm3) and non magnetic solution (for MRI
compatibility). Active materials are preferred for
this application.

The aim of the mechanical amplification structure is
to increase the ingoing force (mechanical vibration)
which implies increasing the stress upon the active
material. The amplification is obtained with three
level arms stacked in serial. The kinematic scheme
of this structure shows the flexible pivots and collars
layout (Fig. 1). The last level of amplification is
based on the APA" elliptical shell inside of which is
installed the active material. The aim of elliptic shell
is to obtain a mechanical amplification and to
generate a preload upon the active material. The
piezoelectric  material (MLA: Multi Layers
Actuator) has been selected by Cedrat Technologies
for this application. The piezoelectric material is
preferred because of its potential for miniaturisation.
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Fig. 1: The amplification mechanism scheme
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Design

The force amplification mechanism has been
designed parting a way that allows monolithic
manufacturing. The flexural pivot solution could be
achieved with several circular collars (Fig. 2). The
force (Fe) is applied on a virtual point that
corresponds to the centre of gravity of the seismic
mass.
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Fig. 2 : The working concept

The force amplification ratio and the efficiency
depend on the thickness of the collars and also on
the level arm position. The efficiency of the
amplification structure is computed with the
following formula:

Fs.Xs

Fe.Xe (Eg-1
The force amplification ratio obtained is about 51
and the efficiency is about 67 %.

The full design of the harvester is presented here
after (Fig. 3). The assembly of the seismic mass
(tungsten material) upon the force amplification
structure is realised with two pins.

Force amplification stmctie  + 1
Fig. 3: The harvester design

Based on the dimensions of the amplification
mechanism and the seismic mass, a mechanical
analysis has been performed and focused on two
aspects: the resonance frequency of harvester and
the generated stress within the collard shape.

Mechanical analysis
The properties of the materials for each component
are presented in the following table (Tab. 1).

Material | Part Elasticity | Tensile
modulus | Strength
[ GPa] [ MPa ]
Al7075 Amphﬁ.catlon 7 505
mechanism
MLA PZT material Compressive
41 40

Tab. 1: Material properties

The amplitude of vibration increases with the level
of stress within truncated circular collar and also by
the encumbrance constraint. The design of the
truncated circular collar has been done with the aim
to reach an infinite lifetime of the harvester motion.
Therefore, the maximum stress should be lower than
the third of the tensile strength for the given
material. A FEM simulation has been performed in
the static case. A displacement is applied at centre
of gravity of the seismic mass and the lower part of
the amplification mechanism is constrained (Fig. 4).

Fig. 4: Applied boundary conditions
The thickness of the truncated circular collar is
modified in the aim to ensure that the generated
stress fit with lifetime constraint.

The highest generated stress is located in the
truncated circular collar (50 um thickness) and
reaches 137 MPa (Fig. 5) The maximum stress is
compared with the tensile strength of the given
material 505 MPa. The generated stress fit with the
lifetime constraint.

Fig. 5: Generated stress upon the amplification
mechanism

Mechanical end stops are planned to prevent
overstressing of the amplified mechanism. The end
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stops are obtained by a contact between the seismic
mass and the amplification mechanism.

The stiffness depends on the thickness of the
truncated circular collar. Based on the same
thickness (50 um) the resonance frequency of the
harvester is computed. In the case of the seismic
mass, the selected material is DENAL based on the
tungsten material which has a density about
19.3kg/dm”3. The mass of the seismic mass is about
3.55 gr. The computed resonance frequency of the
harvester is about 19.21 Hz for the first Eigen mode
which correspond to the desired vibration.
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Fig. 6: The first Eigen shape of the amplification
mechanism
The second Eigen mode is about 33 Hz and
corresponds to vibration perpendicular to the plan.
This Eigen mode could not be activated. Indeed, the
seismic mass has a U shape and embeds the
amplification mechanism.
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Fig. 7: The second Eigen shape of the amplification
mechanism

The following Eigen mode appears at 350 Hz which
is high compared with both previous ones.

Modelling

The harvester is based on several level arms
stacking. Therefore, the real displacement of the
seismic mass is an angular displacement. For
modelling simplifications, the harvester vibration is
assumed to be linear since the angles very small
(<3°).

The damper mass system equivalent to the harvester
is built at the centre of gravity of the seismic mass.
Modal masses are connected at each ends of the
spring and damper (Fig. 8). The first mode mass is
connected to the excitation (mechanical vibration).
The second modal mass is connected to the seismic
mass.
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Fig. 8: The harvester modelling

The electromechanical coupling of the piezoelectric
material is computed with the following formulation
(Eq. 2 and 3). These formulations link between the
Force and the electrical charge trough the
displacement, the voltage and the electromechanical
properties of the harvester.

S=s"T+dE ~ F=-kPAu+NV--(Eq.2)
{D=dT+€TE {Q=NAu+CSV ----- (Eq.3)
The current could be computed from the Eq. 3 by
derivation.

dQ . dAu

dt dt
The equivalent electromechanical scheme is built
with respect to the harvester properties (Fig. 9). The
input of the model correspond to the mechanical

vibration (acceleration/force) and output to the
generated electrical current.

= [=N.Ai...(Eq.4)
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Fig. 9: The electromechanical modelling

The properties of the harvester included in the
modelling are explained here after:
F:  Applied force [N]
K" Stiffness [N/m]
Au: Strain [m]
V: Voltage [V]
N: Force factor [V/N]
Q: Electrical charge [Cb]
CS: Capacity of the PZT material [F]
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Simulation

The expected electrical power has been simulated
through electromechanical modelling of the
harvester. The complete model of the harvester (Fig.
10) includes both mechanical (mass, stiffness,
damping) and electronic branch (ideal diode bridge,

capacitor and resistive load).
Force input ’—/’i

Harvester ’—\

Electronics ’—\

Fig.- 10: Harvester including

Results

The electrical power is computed at the electrical
resistance level. The applied vibration is sinusoidal
with three different levels of acceleration (0.2, 0.5
and 1 m/s?). The generated electrical power depends
on the electrical resistance as presented here after
(Fig. 11)
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Fig. 11: The generated power vs. electrical
resistance

The generated electrical power is about 12 pW for
0.1g acceleration at frequency resonance of the
harvester.

Prototyping

The amplification structure is machined in one
single part. The collars have been machined using
the (EDM) Electrical Discharge Machining (Fig.
12). The thickness of the truncated circular collar is
about 50 pm with 1.65 mm depth. For the first
prototype, five samples of the amplification
mechanism have been manufactured (Fig. 12). The
measurement and the control of this part show a
difference; between the design and the real part, of
the thickness of the truncated circular collar. The
real thickness varies between 46 and 53 pm instead
of 50 pm.

Fig. 12: The amplification mechanism view

The real value thickness has been injected in the
FEM model and shows a slight variation of
frequency resonance from 19.21 to 17.78 Hz.

The first prototype of harvester has been assembled
and installed upon a dedicated test bench bracket
(Fig. 13). Several harvesters have been assembled
with different piezoelectric materials.

Fig. 13: The first harvester prototype upon a
test bench brackets

Conclusion

The amplification mechanism has been presented of
energy recovery system. Its shape allows
amplification of force and reduction of the stiffness
(reducing of the frequency resonance). The
harvester frequency is about 17.78 Hz.  The
expected generate electrical power is about 14 uW
(by simulation).
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