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ABSTRACT

Energy harvesting from oscillating structures receives a lot of research attention as these applications appear promising for
the continuous energy supply of low power devices. Recent studies indicate increased power production of piezoelectric
energy harvester configurations undergoing severe nonlinear vibrations, but the obvious drawback is the increased
complexity of the coupled electromechanical dynamic response of the harvester. The current study focuses on the
developmentofa robustand accurate numericaltoolcapable of modelling and design of such systems. This model is used
to simulate the electromechanical response of composite strip structures equipped with piezoelectric devices subjected to
nonlinear oscillations under compressive loading and near buckling instability conditions. The study is combined with
experimental verification studies on a fabricated harvester prototype aiming to validate the numerical tool and to
corroborate the electrical voltage generation on the piezoelectric devices. Additionally, a preliminary experimental study
is performed to quantify the available electrical energy that is produced from the oscillating structure. Three different
harvesting circuits are studied and their energy conversion performance is investigated. Measured results validate the
developed numerical tool. Moreover, the increased electrical voltage and charge generation during the geometrically
nonlinear oscillations as the prebuckling load increases, increasing also the available electrical power on the circuits, is
illustrated numerically and experimentally.
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1. INTRODUCTION

In thelast two decadespiezoelectric energy harvesting (PEH) hasbeen an active research and development field for low -
power devices in the context of Internet of Things (IoT) and relevant applications. Over the past decade it has been shown
that the piezoelectric energy harvesting (PEH) capacity is enhanced when the host structure undergoes large displacements
and rotations during vibration, as in the case of bistable structural systems!'I2], Besides improved power harvesting
capabilities, nonlinear systems enable efficient performance over anextended excitation frequency band width compared
to linear systems, as initially observed in cantilever PEH beams undergoing magnetic levitation*1-Cl, While several
deformation mechanisms leading to nonlinear response have been derived for emerging applications %171, buckled beam
configurations seem to be most prominent for highest power harvesting in the case of low-frequency excitation®]. The
current work focuses on PEH from a vibrating wind turbine bladel], thus falling into the latter configuration category,
which is shortly surveyed in the following paragraph.

The proof of concept of an axially compressed piezoelectric energy harvesterhas been derived by Leland and Wright[10],
Sneller et al.l'] studied the effect of central mass on open-circuit voltage of a clamped-clamped steel beam subjected to
harmonic base excitation. A similar configuration has been numerically and experimentally studied by Masana and
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Daqaq!¥, who developed a continuum model based on nonlinear Euler-Bernoulli beam theory. Cottone et al.l!3] applied
first-order shear kinematics and compared the response in nonlinear bistable and linear stable dynamic regime under
wideband random base excitation. Lumped-parameter models for axially compressed beam configurations have been
derived by Ramlan etal.'*land Liu et al. for single-model' 5! or multi-model!! response prediction. Recently, Speciale et
al.l'l designed, manufactured and tested a prototype employing a snap-through buckling mechanism. In most of these and
relevant works open- or resistive-circuits have been considered. This trend may be justified by the fact that a solid
background has been built since the early 2000s on improving the design of electric circuits in order to maximize harvested
power by optimizing electromechanicalinteractions and coupling between the vibrating structure and harvesting circuit(!8F
(23], The majority of reported models are either simplified lumped parametermodels or computationally expensive detailed
3D finite element models. It seems that thereexist a gap in theavailable modelling tools thatwill enable the efficient, yet
accurate and detailed enough design, enabling the understanding and optimization of the complex nonlinear dynamic
response, and elecromechanical coupling between the vibration structure and the energy harvesting system.

The current paperaims at presenting work in progress on numerical modeling and experimental verification of axially
compressed composite beams under dynamic base excitation. Three are the main objectives of the current study; the first
is to develop a robust numerical tool based on a reduced-order piezoelectric plate finite element, capable to describe the
nonlinear vibrations of piezoelectric composite beams; the second is to demonstrate a prototype configuration for the
electrical energy production via nonlinear vibrations assisted by the computational toolin order to tailor the mechanism
parameters and third to investigate the energy production from the oscillating structure using appropriate rectification
circuits. The developed numerical tool is an integrated (ply-laminate-structure) formulation, based on first-order shear
kinematics, encompassing initial stresses and large rotations. The formulation is implemented by means of a finite element
approximation at structural level to yield prediction of the coupled electromechanical response in open -circuit
configuration. An experimental configuration, designed in the context of the present work, serves for experimental
verification of the finite element predictions. In addition, three harvesting circuits have been tested on the experimental
set-up to provide an estimate of each individual circuit performanceand amount of powerthatcould be harvested.

2. THEORETICAL FRAMEWORK AND NUMERICAL MODELING

In this section, the piezoelectric laminate mechanics and the numerical methods utilized to numerical modeling are
introduced. At first, the material of each ply of the piezoelectric laminate structure is assumed to be under the linearregime,
whereas the linear piezoelectricity is also adopted. Thus, the constitutive equations which characterize the stress state at
ply level are given below.

o, = Cl.f‘TSj —-elE, i,j=1..6

M
T S,T —
D, =¢,S, +¢&," E, k,l=1.3
where o;, Si are the mechanical Piola-Kirchhoff stresses and Green’s engineering strains in extended vectorial notation
respectively, Cj;is the elastic stiffness tensor, eix is the piezoelectric tensor, Ex is the electric field vector, D; is the electric
displacement vector and ey is the electric permittivity tensor. Superscripts E, S, T represent constant voltage, strain, and
temperature conditions, respectively.

2.1 Kinematic Assumptions

To describe the kinematic assumptions of the state variables, the nonlinear multi-field piezoelectric laminate theory is
adopted, which combines first shear deformation assumptions for the displacement field with a linear layerwise electric
potential field28-301, The theory further considers large laminate rotations, according to the Von-Karman nonlinearity
assumptions. The equivalent Green-Lagrange strains take the following form:
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where u’, v’ are the midplane in-plane displacementsalongthe x and y directions, respectively, while w?is thetransverse
displacement; fx and f) are the bending rotation angles about the y and x axes, respectively. The three last RHS terms of
the S; strains (i=1,2,6) express the nonlinear strain components Sy; respectively, with all referred on the mid-surface 4.
The subscript “,” denotes spatialderivative in respect to the axis following the subscript.

The approximation of electric fields within a piezoelectric layerwhich is located between the thickness points zm+1 and zm
is provided by the following expressions:

B (x,.2) ==( @07 (e, ) ¥ () O, () ¥7 (2))
Ey (x,,2) ==(@7" (x,2) " (2)+ @7 (x,0) 9" () 3
E, (x,y,z) = —(CD”’+1 (x,y)— " (x,y))/hm

where hm = Zm+1-zm is the thickness of the layer; @"*/ and @" denote the electric potentials at the corresponding thickness
points, and P are interpolation functions through the thickness of the piezoelectric laminate.

2.2 Generalized Dynamic Equations of Motion in Variational Form

Based on the Virtual Work principle and neglecting the physical damping of the piezoelectric structure, the equations of
motion of the piezoelectric laminate plate, mandate that the work of generalized imbalances between externaland internal
multifield forces Wu and electric charges We, should vanish at equilibrium, at any time t over the volume V of the
piezoelectric laminated platel?°1:

8w ¥, = [8'S"'oaV + [5'u pliidV — [8'u” 'bdV ~ [ 5'v" 'FdT' =0 at equilibrium
Vv

vV 4 T

T

“)
5", = Ié'ET 'DAV - J S'e"'gdT =0 at equilibrium
Vv FH

where ‘b, p'ii denote body and inertia body forces respectively, '7,'g are the surface tractions and electrical charge

applied on the bounding surface I, and terminal bounding surface I',, respectively. The overdot represents time

q b
derivative.

2.3 Coupled nonlinear plate finite element

An eight-node coupled plate finite element, incorporating the previous coupled mechanics is implemented, which
approximatesthe electromechanicalstate variables on the reference mid-plane 4, with localinterpolation functions?°],

Discrete Dynamic Equations of Motion

Substituting the FE approximation into Eqgs. (4), assuming no actuators on the structure and introducing a damping tem
based onthe Rayleigh Damping model so asto simulate the physical damping of the piezoelectric structure, the following
coupled system of nonlinear discrete equations of motion is derived fortime step t, indicated asupper left symbol:
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where, u = {u, v, w, B, By} is the nodaldisplacement vector, ¢/ is the free nodalelectric potentialat the piezoelectric
elements. Ky, is the effective stiffness matrix including linear and nonlinear (first order and second order nonlinear
dependence on u) terms, Kye, Keu are the inverse and direct piezoelectric matrices including linear and nonlinear (first order
dependence onu) terms, Keis the effective electric permittivity matrix which includes only linear terms. 'Ry and ‘R are the
body end external force vectors, respectively. The above-described matrices are exhibited below along with their linear

and nonlinear components.
Ko J+[kk =[x )+ [R (u)]/2+[1’2 (uzﬂ/3

)

=[&o |+ k4] = [ ka |+ (R ()]/2 6)

(€)= alm]+ p[ K2 ]

where a, f§ are the Rayleigh dampingcoefficients.

The second of Eqgs. (5) describes the balance of electric charge in the piezoelectric elements. In particular, the [Ke,Ju term
indicates the electric charge generated at piezoelectric elements, [Ke]p' denotes the charge stored in their inherent
capacitance and ‘Qthe electric charge extracted from the piezoelectric element into an externalelectric circuit.

Based on Egs. (6), in nonlinear vibrations of prestressed structures, the electromechanical charge conversion in the
piezoelectric elements may be improved by the nonlinear piezoelectric coupling matrix [Kil] which produces electric

charge in the piezoelectric layers due to the nonlinearstain S; . Moreover, the nonlinear stiffness terms [KuLu] may also
increase the amount of elastic energy available for conversion in piezoelectric elements during nonlinear vibrations.

More details about the linear and nonlinear components of these matrices have been published in a previous work 301,

Solution Schemes for Discretized Coupled Nonlinear Equations of Motion

In this subsection, the solution schemes adopted for solving the coupled nonlinear equations of motion are briefly
described. At first, anaxial compressive displacementis applied at one end of the piezoelectric composite beam, while the
other end remains fixed. This loading stage could be characterized as pseudo-static, as no dynamic loading is exerted in
the structure. The method adopted forsolving the nonlinear equations is the Displacement Control method, and assuming
also that the solution point cannotbe directly achieved, the Newton-Raphson iterative technique is implemented to linearize
the coupled nonlinear equationsat each iteration.

After the end of prestress, the dynamic loading begins when the piezoelectric composite beam is exerted under a base
excitation. For that purpose, the trapezoidalrule of Newmark’s time integration method is adopted forsolving the discrete
coupled nonlineardynamic system of Egs. (6) at each time step, along with the Newton-Raphson technique 31,

It is important to note, that in Displacement Control method the total axial compressive displacement is applied
incrementally. Each increment is expressed as a discrete point in time domain although there is no physical correlation
with time, due to the pseudo-static characteristics of the loading.

Thus, the finallinearized system of equations, for both Displacement Control and Newmark’s time integration method, is:

|:t1?uu (u")}Au”l J{z—ue (ul)} " (uqu),-)
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where the tangential matrices indicated with the overbarare presented below:
(K ()] = A;;[M]+A%[C]+[E§u]+[1€;]+[ﬁ )]+ B ()]
[Kue (u)] = [Eze} [EH ~[&2)+[B ()]
[Rea ()] =| Ko o Re =[R2 ]+ [2o(w)]
7. ][R

The stress stiffness matrix K includes the effectof initial linear mechanicaland piezoelectric stresses in the tangential

®)

stiffness matrix. In case of Displacement Control, the mass and damping matrices [M], [C] in Egs. (5)-(8) are not
considered, whereas in the Newmark’s method these matrices are calculated. Detailed information aboutthe Newmark’s
method can be found in previous work 31,

3. EXPERIMENTAL APPROACH

3.1 Experimental configuration for nonlinear electromechanical response

A special experimental setup was built to enable dynamic tests on axially loaded composite beams. The experimentalsetup
is illustrated in Figure 1. The setup consists of a horizontal platform made of aluminum, which is capable to oscillate
laterally on a pairofhorizontalslides. A pairof vertical steel supports are mounted on the base. On the right vertical corner
(see Figure 1) there is the mount where the specimen is placed directly. On the other end the vertical steel corner block is
mounted on micrometer stage, providing accurate application of horizontal displacement to the specimen. Additionally,
the left mount is also equipped with a static canister load cell capable of measuring the axially generated force due to
horizontalcompression of the specimen from the mechanism. Finally, the left mount of the specimen is directly and rigidly
mounted on the load cell. Using the current setup, the specimen is mounted under clamped-clamped boundary conditions.
The whole setup is oscillated laterally via an electromechanical shaker mounted on the horizontal platform with simply
intervening a dynamic load cell to record the applied force from the shaker on the specimen. Additionally, there is a pair
ofaccelerometers mounted on the horizontalplatform and the specimen, respectively. The pairofaccelerometers was used

in order to extractthe net specimen acceleration.

Composite
Specimen

A
- Axial Force Load Cell

17

Electromec.hanical
Shaker

A

Figure 1. Experimental setup.
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3.2 Piezoelectric Energy Harvesting circuits

Three types of PEH circuits have been studied: i) in-house (cc-ih), ii) custom, using off-the-shelf commercial hardware
(ce-ch) and iii) commercial, designated as E-821.00 by PI (cc-PI)26]. In addition, for validation purposes of the numerical
methodologies presented in Section 2, measurements have been performed on a resistive circuit (cc-R) and an open-circuit
configuration (oc). In the above notation “cc” denotes closed circuit. Each PEH circuit is explicitly described in the
following paragraphs.

3.2.1 In-house PEH circuit (cc-ih)

The in-house harvesting circuit, see Figure 2, consists of a diode rectifier due to the alternating input current, a capacior
which charges accumulating electric current and a load with a switch which discharges the capacitor. The coupled
electromechanical system servesasa current source via the piezoelectric patch, thus ensuring constant current forcharging
the capacitor. Consequently, the capacitormay be discharged in a controlled mannerto a battery.

i Controller
Diode 8 \
Rectifier [~ S F Ao A =
AC | ¢ P 7 NVVN—
C s 3 Resistive Load
urrent (7 8 . 10nm
Source ‘ ’ ° { \\/)} [ \\’\/ b)) d
| J P —
: N-channel ™
g T oSt (gl
S+

Figure 2. Schematic representation of the cc-ih PEH circuit.

3.2.2 Custom commercial PEH (cc-ch)

The custom commercial PEH circuit includes an SPV1050 energy harvester?7], a STEVAL-ISV020V1 evaluation board
and a battery charger. The SPV1050 is an ultralow power, high-efficiency energy harvester and battery charger, which
implements the maximum power point tracking function (MPPT) and integrates the switching elements of a buck-boost
converter. However, the SPV1050 lacks the rectifying stage needed for piezoelectric sources, asit is intended for PV
applications. In order to enable its use for the current application a full-wave rectifier hasbeen designed and implemented,
which additionally includes a Zener diode for protection of the integrated circuit against voltage overshooting. The custom
commercial circuitry and board are shown in Figure 3.

I:l Full Wave SPV1050
Rectifier Evaluation Board

Figure 3. Custom commercial PEH circuitry and board.
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3.2.3 Commercial PEH (cc-PI)

The commercialcircuit E-821.00 manufactured by Plis an integrated circuit thatincludes a diode rectifier and a capacitor
that charges due to the alternative current produced by the piezoelectric crystal. When the voltage of the capacitorreaches
the 12V mark, an automatic switch is activated which allows part of the electrical energy in the capacitor to be released
into a secondary sub-circuit. The automatic switch is turned off when the voltage of the capacitorfalls at 6V. The switch
is implemented by a MOSFET controlled by an operational amplifier which compares the voltage of the capacitor to a
reference voltage. The secondary circuit consists of a buck converter and voltage clipper thatassures that the outputof E -
821.00is a pulse of constant volta ge. The commercial PEH circuit is shown in Figure 4.

I
[ ]

Ready

zls REF
GND

Figure 4. Commercial PEH circuit and board.

4. RESULTS AND DISCUSSION
4.1 Open-circuit (OC) response

Performance of the numerical tool

The 1*t part of the experimental study focuseson Table 1. Mechanical properties of GI/Epoxy composite beam.
the investigation of the performance of the

developed numerical tool correlated with the Property Composite Material
described experimental facility. Simulations and Density (kg/m?) 19515
measurements were performed on a composite Ei11(GPa) 41.45
beam equipped with a pair of piezopolymer E2; (GPa) 12.5
sensors. The specimen was simulated under E33 (GPa) 12.5
clamped -clamped boundary conditions (Figure 1) Gi2 (GPa) 455
having 366 mm free length, 20 mm width and Gi3 (GPa) 4.55

2 Amm thickness, while it was made of GI/Epoxy Gos (GPa) 4.46

with [0]s laminate configuration (material Via 0348
properties are shown in Table 1). Additionally, Vi3 0348
there was a concentrated 5g mass. The FE mesh Va3 04

density was 20x1 elements for all numerical
cases.

During the experimental procedure the specimen was axially loaded by applying displacement via the left mounted
micrometer stage (Figure 1). The loading was interrupted in steps of axially generated force on the static load cell and a
modaltesting was performed on the specimen with lateral mechanism excitation via the electromechanical shaker. The
actuation signal was a swept sine in the range 0 to 100 Hz with 13.2 s duration and during the actuation the acceleration
was acquired by the pairof accelerometers to provide the net specimen acceleration. FRFs were extracted using the net
specimen acceleration and the measured force through the dynamic load cell. Fitting the FRFs with a numericaltool based
on complex and exponential terms the modal frequency of the specimen’s 15t bending mode was extracted. Similar
simulations were performed using the numerical tool. The correlations between the numerical simulation and the
experimental measurements were performed for the static stable buckling path and the corresponding variation of the
small-amplitude fundamentalmodalfrequency ofthe beam and are shown in Figure 5 (a)and (b) respectively.
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Figure 5 (a) Static response of the piezoelectric composite beam under axial compressive displacement and (b) Small
amplitude vibration response of the piezoelectric composite beam under axial compressive displacement.

According to the previous Figures, an excellent correlation is presented between experimental measurements and
simulations, especially in Figure 5 (b). The only noticeable difference among the results take place near the criticalbuckling
load value, which was calculated at 279 N (where the fundamental frequency of the beam reaches the minimum point),
while experimentally was about 260 N. This difference was deemed to be the outcome of an initial imperfection in the
physical beam which may notbe easily quantified, yetit plays a significant role in a region close to buckling,

“z Net Specimen Acceleration vs Frequency, Forward Sweep, mass=5g, Axial Preload=50 N
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Figure 6. (a) Predicted and measured net acceleration of the transversely vibrated piezoelectric beam in prebuckling regime
subjected to 50 N axial preload, under forward 0->100Hz sweeping base acceleration (b) Predicted and measured net
acceleration of the transversely vibrated piezoelectric beam in prebuckling regime subjected to 50 N axial preload, under reverse
100> 0Hz sweeping base acceleration
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The next step following the agreement between the numerical and experimentalresults at pseudo-static loading and small
amplitude vibration response was the validation of the specimen dynamic response under base excitation. As described in
the previous case loading was interrupted in steps of SON and forevery step a swept sine base excitation was applied with
shakeramplitude selected in the manner that generates 1g magnitude of the base acceleration. Two different swept sine
signals were applied the forward with increasing frequency (0>100Hz) and reverse sweep decreasing frequency
(100> 0Hz). To perform representative simulations the measured base acceleration was applied as input to the
computationaltoolperformingthe actuation signaland simulating the composite beam transient response. Correlations are
presented in Figure 6 and Figure 7, for SON and 200N axialload to the specimen respectively.
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Figure 7. (a) Predicted and measured net acceleration of the transversely vibrated piezoelectric beam in prebuckling regime
subjected to 200 N axial preload, under forward 0> 100Hz sweeping base acceleration (b) Predicted and measured net
acceleration of the transversely vibrated piezoelectric beam in prebuckling regime subjected to 200 N axial preload, under
reverse 100> 0Hz sweeping base acceleration

These figures present the variation of the specimen net acceleration within the range of sweep actuation, capturing the
increase to the specimen acceleration during the excitation of the 15tbending modalfrequency. Each Figure containsa pair
of graphs, the 15 presenting the increasing sweeping actuation and the 2™ the backwards actuation. Generally, very good
agreement is presented between numericaland the experimentalresults. Noticeable differences are related to the ability of
the model to simulate accurately the maximum amplitude and the exact frequency of the specimen oscillation atthe zone
of modal frequency. As presented in Figures 7 and 8, a very good agreement was captured between simulation and
experiment away from the range of the modal frequency. Near the modal frequency there is some shifting between
experimental and numerical results which is attributed to two effects not sufficiently captured by the present model: (1)
differences between the actual and modelled initial imperfections of the strip which seem to affect the onset of
nonlinearities in the vibration due to large rotations. (2) limitation of the Rayleigh Damping scheme to model the real
physical damping of the composite strip, which previous studies have shown to be highly sensitive to the pre -stress load
and buckling stateB3'. However, it is worth mentioning that the oscillation amplitude decreases suddenly afterthe sweep
excitation crossesthe zone of the 15t bendingmode. This behaviourbecomes more severe as the compressive load increases,
is duplicated from both measurements and simulations, and appears only in forward sweeping actuation.

The next case study focuses to the correlation of the net specimen acceleration between the experimental and numerical
results in the case of constantexcitation frequency. Similarto the previous case, the specimen axialloadingwas interrupted
in steps of 50N axial forceand a constant sinusoidalactuation signal was applied from the shaker at SOHz resultingto 1g
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sinusoidal base acceleration amplitude. Also, the measured base acceleration provided the transient response simulation
actuation signal in the same manner described in the previous case. Figure 8 (a) and (b) present the correlation between
measurement and simulation of the net acceleration of the specimen. The dynamic response from both simulations and
experiment are presented after a short period in the mannerthat the transient phenomena are eliminated. Correlations
present an excellent agreement between model and experiment. Especially correlations of Figure 8 (b), presenting the
oscillatory specimen behaviour almost SON before the critical buckling load indicate the model efficiency to describe the
nonlinear structural response. These results indicate the model efficiency to accurately simulate the static and dynamic
response of a composite beam under various actuation signals and during the axial loading.
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Figure 8. Predicted and measured net acceleration of the transversely vibrating piezoelectric beam under 50 Hz sinusoidal base
oscillation in the prebuckling regime and subjected to (a) 50 N and (b) 200N axial preload.

Simulations of the sensory voltage
This case study presents solely simulations of the generated sensory voltage. The composite beam, identical to the one
used during the previous cases was simulated with a special, compliant Dura Act, piezoelectric device (P-876.A12 of PI).
Considering the increased stiffness of the beam due to the piezoceramic presence, the variation of the small-amplitude
fundamentalmodal frequency asa function of the applied axial load is presented in Figure 9 capturinga small increase in
the critical buckling load and modalfrequencies.
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Figure 9. Small amplitude vibration response of the piezoelectric composite beam under axial compressive displacement.
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In Figure 10, both the generated electrical voltage (a) atthe terminals of the special compliant piezoceramic sensor as well
as the net specimen acceleration (b) are presented as a function of'the duration of the swept sine excitation. Similar to the
previous cases the piezoelectric composite beam response was simulated forbase forward swept sine excitation frequency
(0> 100Hz)and the simulations presented in the aforementioned figure are for 250 N axialcompressive load. Both curves
exhibit the same period of time where their amplitudes appearto increase, with the maximum value occurring atthe same
time. Thus, it is deduced thatthe generated voltage a cross the piezoelectric materialterminals follows the net acceleration

amplitude trend.
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Figure 10. Time response of (a) the generated voltage and (b) the acceleration of the transversely oscillated piezoelectric
beam due to the base acceleration for 250 N axial preload and a forward swept excitation frequency (0> 100Hz).

The last study of the open circuit response investigates the effect of the prestress level on the voltage generated at the
terminals of the piezoceramic sensor. Each of the three plots of Figure 11 present the predicted sensory voltage for 0, 150
and 250N axial compressive force respectively. All three plots were generated for the same base excitation signal. The
first obvious conclusion is the predicted increase in the range and the lower frequency range of the sensory voltage
oscillation, as the prestress increases. This suggests improved electromechanical conversion due to the increase of the
nonlinearity in the oscillated structure. Additionally, the increase appearsto be nonlinearas the load approaches the critical
buckling load. Finally, it is worth mentioning the fact that the numerical model is capable to capture the specimen
imperfection due to loss of symmetry through-the-thickness and induced bending-extension coupling in the specimen, as
the piezoelectric is bonded only from the one side of the specimen. This is illustrated at the figures by the asymmetric
oscillation ofthe voltage and its offset from the 0 Volts.
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Figure 11. The generated voltage at the terminals of the DuraAct piezoelectric sensor under forward swept base
excitation frequency (0> 100Hz) and (a) 0 N (b) 150N and (c) 250N axial preload in prebuckling regime.
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4.2 Closed Circuit (CC) response

Current section presents the investigation of the closed circuitry performance of the electromechanicalprototype described
in the previous section. The composite beam used for this study hasidentical properties, is equipped with the same Dura Act
sensor and the only difference was the composite beam width, which was 30mm. Four different circuits were connected at
the terminals of the piezoceramic. The 15t consisted of a resistive load, while the other3 were harvesting circuits; (a) an

in-house, (b) a modified commercial and (c) an off-the-shelf solution.

Closed-circuit response with electric resistance (CC-R)

In Figure 12a and b the effect of excitation frequency on voltage and current measured at a resistive load of 11.9 kQ
connected to the piezoelectric patchis shown. The beam is subjected to 100 N axial load and vibrates under a base
excitation of 1g. The eigenfrequency of the beam under the current loading conditions is at 84 Hz. Thus, excitation at 80
Hz leads to higher voltage, as expected. The relatively high power producednearresonance (in the order of tens of mW)

should be also noted in this case.
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Figure 12. Effect of excitation frequency on resistive voltage and current derived in a closed-circuit configurated
vibrating beam subjected to an axial load of 100 N.

Closed-circuit response with harvesting circuits
As observed in the previous experimental sections, the most efficient excitation frequency is near the eigenfrequency of
the beam,around 80 Hz. Thus, all harvesting circuits have been tested under sinusoidal excitation at this frequency. The
axialcompressive load remains 100 N and the applied load results to magnitudelgbase acceleration.

In Figure 13 output voltage and current at the in-house harvesting circuit (cc-ih) connected to the patch are presented.
Concerning voltage, the charging circuit switch on/off thresholdscan be extracted from Figure 13a.
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Figure 13. Response of in-house harvesting circuit (cc-ih).

The response of the modified commercial harvesting circuit (cc-ch) is shown in Figure 14a-b. Compared to the in-house
circuit the higher frequency of power extraction should be noted, as indicated by the timescale of the current time signal.
This circuit proved to be most prominentin terms of harvested power.
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Figure 14. Response of modified commercial harvesting circuit (cc-ch).

The response of the commercial harvesting circuit (cc-PI) is shown in Figure 15a-b. Figure 15a presents the voltage
response at the capacitor of the charging circuit and reveals that the threshold for discharging into the battery never got

reached.
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At a first comparison approach of the three harvesting circuits on the basis of these preliminary measurements some general
observations may be summarized as follows: i) the modified commercial circuit appears to harvest most power, ii) a major
advantage of the in-house harvesting circuit is its capability to harvest energy in a much wider range of externalload and
excitation frequency compared to the other two, iii) the maximum harvested power appears to be in the range of tens of
mW, which is a considerable amount forIoT applications.

5. CONCLUDING REMARKS

A computational nonlinear structural dynamics framework, including stress stiffening and large rotations effects, was
expanded to predict the nonlinear coupled dynamic electromechanicalresponse. The dynamic response was demonstrated
in terms of acceleration and electric voltage, of prestressed vibrating beams with attached piezoelectric sensors. This model
provides the basis for designing and tailoring the parameters of an electromechanicalsetup ideal for energy production
from oscillated beams. Additionally, a prototype experimental setup was built based on the idea of electrical energy
production from a transversely oscillated beam subjected to axial load till the critical buckling state. The experimen tal
apparatus initially provided the required computational tool validations, first in the range of linearized small amplitude
vibrations and subsequently under highly nonlinear dynamic oscillations in the prebuckling regime. Furthermore, its
performance was studied under open and closed-circuit conditions. The OC simulations presented a nonlinearly increased
electrical voltage generation at the terminals of the piezoceramic sensor. This observation agreed with the prototype design
assumption based on the energy production due to geometrical nonlinearity. On behalf of the CC response performance,
three different circuits were studied experimentally, and presented potential to generate some power from the oscillated
structure, but the obtained results are considered to be still preliminary and require further investigation. In any case the
harvested powerrange has been quantified and the capabilities/shortcomings of each circuit have been recognized in order
to proceed to the development ofa successful prototype.
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