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Abstract:

The developments of autonomous systems such as for self health monitoring, embedded systems are
increasingly used in industrial applications. The energy supply is a key point for the development of such
systems. Solutions based on battery have limited life time and the power supplies through wires aren’t always
appropriate and easy to install. Furthermore, the battery recycling is complex and an expensive process. The
researches on power supply through harvesting systems are increasing in the same way the autonomous systems.

The paper focus on bistable harvester designed and invented by the laboratory SYMME using APA® technology
and the industrial know how of Cedrat Technologies. Usually, bistable systems are based on magnetic
interaction or buckled beams. The proposed solution is a buckled spring-mass (BSM) harvesting solution using
amplified piezoelectric actuators (APA®). The description of the architecture and the concept are presented in
the first part of this document. In the second part, the presentation of labs prototype based on standard
APA120S" is given and described. The second prototype based on APA50 uXS® has been designed and
modelled. The band-limited noise excitations are used to evaluate the proposed harvester’s performances. The
experimental results are given through a manufactured prototype test campaign. The comparison with the

expected behaviour is also shown.
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Introduction

The developments of embedded solutions are rising
in wide range of application from industrial field to
commonly used products. Large applications are
linked to the automotive, aerospace, machine tools
and railways field. Also, the medical sector is an
emerging field searching for autonomous and bio-
compatible solution to be integrated in implants.
The constraint in such applications is the size
limitation of the system and also the low frequency
of mechanical vibration available.

The work presented in this document begins with a
presentation of available solutions. The new solution
based on buckling structure is a bistable mechanical
structure. A first lab prototype has been
manufactured in order to understand and present the
concept. In a second step, a new design has been
miniaturized and manufactured in one monolithic
mechanical structure. The mechanical behaviour and
the expected electrical power are evaluated using the
model of the harvester. The manufactured
prototypes have been tested and results are
compared to the simulations.

Technology solutions

Mechanical wasted energy is the most common
energy available is a large field of application.
Usually, the vibration energy harvesters (also called
resonant harvester) are based on the electromagnetic,

electrostatic and piezoelectric transduction. The
piezoelectric technology is more advantageous for
compact solution and low power requirement [1].
However, it is generally difficult to combine a low
frequency resonance and compact dimension in the
same harvesting solution [2].

In order to meet the low resonance frequency, a
harvester based on low stiffness at the active
material level and high inertial mass are generally
designed. Commonly, harvesters are composed of
an active beam with inertial mass. Several variants
of this architecture are proposed with different
beams (bimorph / unimorph) [3]. The shapes of the
active beam are also optimised: rectangular beam,
spiral circular membrane.

The advantage of resonant system is the mechanical
quality factor at the resonance which allows
amplification of displacement. However, the narrow
bandwidth of resonant systems implies a frequency
tuned harvester. The main electrical power falls
about 80 to 90 % if the excitation frequency changes
by about 20 % [4]. Furthermore, the resonant
harvester assumes that the mechanical excitation is
harmonic which is not common. A large bandwidth
harvester is much more adapted for non harmonic
mechanical vibration [6]. The proposed concept aim
is to allow a large band width harvesting capability.
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The harvester concept

The bistable harvester proposed by the SYMME
laboratory is shown in Fig. 1. The system is based
on buckled spring and mass architecture. The
inertial mass is installed between two piezoelectric
components and connected trough flexural hinges.
In the same way, the whole parts are connected to
the frame with flexural hinges. The mechanical
vibration ‘y(t)’ is applied to the frame.
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Fig. 1: The scheme of the harvester

From a dynamic point of view, the inertias of all
parts are neglected compares to the inertial mass
(M). The piezoelectric devices are placed such that
they bear the maximum stress and thus produce the
maximum electric energy. The two APA devices are
electrically connected in parallel. Flexible hinges are
used to avoid dry friction and backlash. However,
their flexural stiffness has to be taken into account
because of their effect on the initial buckling level
‘Xo’. The modelling of the BSM system is done
according the equation hereafter [6]:
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A first experimental prototype has been designed
and manufactured in order to validate the harvester
behaviour [6].

The new design

A new prototype has been designed based on
monolithic structure. The flexible hinges, the inertial
mass and the elliptic shell of the APA® are directly
manufactured in one part (Fig. 2). The second
version prototype is based on APA50 uXS®.
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Fig. 2: The second harvester prototype

The second version of the harvester prototype
includes holes to preload the flexural hinge.
Additional holes are also installed for mechanical

interface (I/F) with an embedded electronics and the
packaging. The end stops are installed in each side
of the inertial mass to control its stroke.

Mechanical simulation

The mechanical properties used in simulations are
presented in table below (Table I). The piezoelectric
material (MLA) is a multilayer piezoelectric stack.
The monolithic structure has been manufactured with
two different materials (APX4 and MARVAL-18).

Table 1: Mechanical properties of simulation parts

Elasticity | Coef. Yield
modulus | Poisson | Density | Strength

Material [GPa] [1 [Kg!ma] [MPa]
APX4 211 0.29 7700 950
Marval-18 186 0.29 8000 1780
MLA 41 0.29 7900 100
6063-T6 68 0.29 2700 145

The displacement amplitude limitation

The allowed amplitude of vibration of the inertial
mass depends on the generated level of stress on the
whole harvester. For the simulation, the harvester is
considered clamped at the interface holes location
and 1.2 mm of displacement is applied upon the
inertial mass (Fig. 3).

Fig. 3: The amplitude of displacement of inertial mass
In this case, the generated stress (Fig. 4) upon the
flexible hinge is about 600 MPa (compare to the
950 MPa yield strength of the material).

Fig. 4: The stress level on the flexural hinges
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The residual stress generated upon the APA® by the
installation of the piezoelectric material is higher
compare to the stress during the dynamic phase. On
the APA" shell, the stress is less than 75 MPa.

The electromechanical modelling

The modelling of the harvester allows evaluating the
amplitude of vibration and the electrical power
expected for the different frequencies. The amplitude
of vibration corresponding to 1.5 mm is represented
with dash lines (Fig. 5) and corresponds to the stress
limitation on harvester. This amplitude of vibration is
reached at 50 Hz and 1 g of acceleration.

Fig. 5: Amplitude of displacement of the inertial mass
The electrical power at the maximum allowed
mechanical excitation is about 15 mW (Fig. 6). At
this level, the stiffness of flexural hinges is
neglected on the electromechanical model

Fig. 6: Amplitude of electrical power

Prototyping

Three different prototypes have been manufactured
two based on the APX4 material (N1 and N2) and
the last one made in Marvel-18 (N3). The
dimensions of the harvester and the initial buckling
tools are given (Fig. 7).

Fig. 7: The harvester installed upon the initial
buckling tool

The over all dimension of the harvester are
50x39x9 mm’ and the weight is 26 gr.

Test campaign

The validation and test campaign has been split on
two parts: quasi-static case for the assembly and
well buckling validation and dynamic case to
evaluate the generated power for a given level of
acceleration.

The static evaluation

In quasi-static case, the harvester is buckled until the
inertial mass reach 0.5 mm of displacement on one
side (position 1 or position 2).

Fig. 8: The buckling level of the inertial mass

The end stop screw is used to push the inertial mass
from the stable position 1 to the opposite 2. The
voltage is measured during the displacement. The
maximum voltage corresponds to the passage of the
inertial mass by the unstable equilibrium position
(Fig. 9). The same test is done from position 2 to the
position 1.
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Fig. 9: The voltage generated by the rocking of the
inertia mass from one stable position to another and
vice versa

The generated voltage is about 7 V for 0.52 mm of
buckling level. The same voltage is obtained in both
direction of displacement.

The dynamic behaviour

The electrical power is measured regarding dynamic
excitation. The measurement is done with a given
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mechanical vibration setting: acceleration amplitude
(6 m/s%), the frequency range (15-100 Hz), the forward
sweep (0.05 Hz/s), the initial buckled level (0.51 mm)
the electrical load up the piezoelectric material (open
circuit). The results correspond to the prototype N1
(based on APX4 material). The amplitude of vibration
and the generated voltage is measured and compared to
the simulation one (Fig. 10).
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Fig. 10: Measurement and simulation comparison

The theoretical allowed excitation frequency takes
into account the stiffness of the flexural hinges
(unlike Fig. 5).

For a given setting of mechanical vibration
excitation (7able 2), the simulation and the
measured electrical power are compared

Table 2: The setting of mechanical excitation
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x af | 2E
APX4 - N1 043 B
APX4 - N2 0.51 9
MARVAL18-N3| 051 10

The electrical power measured upon the prototype
N1 and N2 fit well with the simulation. For the last
prototype (N3), the measured power is higher at the
same frequency (Fig. 1I). Nevertheless, the
experimentation stops at 40 Hz because for higher
frequency a non desired resonance shape appears
(out of plan rotation).
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Fig. 11: Measured and simulated electrical power
comparison

In order to understand the transduction capability for
each prototype additional measurement has been
done. The coupling coefficient and damping factor
have been measured on the three manufactured
prototypes (7able 3).

Table 3: The harvester properties comparison
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APX4 -N1 0.015 0.034
APX4 - N2 0.017 0.016
MARVALI8-N3 0.025 0.041

Conclusion

The large bandwidth harvester based on buckling
spring and mass has been presented. Three
prototypes have been manufactured. The harvester is
able to generate an electrical power from 20 to
70 Hz. The maximum power generated is 2.5 mW at
0.6 g and 70 Hz.
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