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In recent years, vibrational energy harvesters (VEHSs) have attracted onsiderable
attention since it is believed that it could be a promising alternative source to power
microelectronics by converting ambient vibrations into electricity. Big attention has

been paid to piezoelectric VEHs (pVEHSs) because of its simple energy conversion
mechanism. pVEHSs with linear-resonant suffer from a drawback of narrow bandwidth.
For the practical applications, various strategies for broadening the operating bandwidth
of pVEHs have been addressed. Nonlinear energy harvesting, which is based on
nonlinear resonance concept, is one of the strategies. Typically, there are two methods to
introduce nonlinearity within the vibrating structure, which are magnetic coupling and
inherent structural nonlinearity. The nonlinearity can be categorized into monostable,
bistable and tristable oscillators. The degree of stability depends on the wells allowed in
the oscillator. The monostable oscillator is divided into softening and hardening based on
the restoring force of oscillator. This study focused on the theoretical analysis of
linear-resonant and monostable nonlinear pVEHSs, and on the development of bistable
pVEH for human motion.

This thesis is divided into two parts; the first part focuses on the comparison between
the linear and monostable nonlinear pVEHSs for human motion based on the theoretical
simulation using analytical harmonic balance and numerical methods. The role of
nonlinear stiffness in the performance of pVEHs was discussed. The electromechanical
responses of pVEHs were analyzed based on Duffing oscillator at a deterministic

harmonic excitation of fundamental vibration characteristics (2 Hz, 1 m-s'z), which



corresponds to human walking. From the analytical calculation, it was found that strong
nonlinearity is difficult to achieve for the softening case because of the small potential
well.

Therefore, the response of linear and hardening nonlinear pVEHs to a combined
vibration, which consists of a fundamental deterministic vibration and a second vibration,
was analyzed numerically. The fundamental vibration has a frequency of 2 Hz and an
acceleration of 1 m-s ~and the additional second has an acceleration of 0.5 m-s “and a
frequency varied from 1.5 to 2.5 Hz. The numerical calculation showed that the
linear-resonant pVEH has much output power than the hardening pVEH. This is
reasonable because for a nonlinear system the linear superposition is not obtained
principally. Despite the general believe of the benefits of the nonlinear VEHs compared to
the linear VEHSs, the numerical results obtained within this part indicate that
nonlinearity does not have a significant advantage on the energy harvesting from human
walking, which consists of a fundamental vibration with additional small vibration.
Therefore, the bistable pVEH was developed for the human motion.

Three methods are reported to induce the bistability states within vibrating
beam-structure, which are the use of buckled beams, the nonlinear magnetic coupling,
and the inverted pendulum of beam. However, the integration of magnets and
piezoelectric parts, and the low robust structure limit applications. Bistable states can be
created by applied an axially compressive force, of magnitude larger than first critical
buckling load, on the beam. In addition, the buckling states of beam-structure can be
induced during the fabrication process. This brings easy fabrication of micro-and
macro-scale devices using the buckled beams.

The conventional bistable pVEHs based on pre-buckling beams with 3
hinged-hinged and clamped-clamped end conditions suffer from the high triggering
force required for snapping process. The second part of thesis presented a pVEH
based on an axially constraint buckled beam to solve this issue. For the developed
structure, the energy harvesting functionality can be enhanced via nonlinear
interwell vibrations triggered at low frequencies and small amplitudes. A prototype of
the pVEH was fabricated and investigated experimentally. The second part of thesis
divided into two portions.

In the first portion, the electromechanical responses of the nonlinear bistable
pVEH for slow hand shaking vibrations with a frequency of 1-2 Hz were investigated.
Form the static characterizations, the direct correlation between the strain and
displacement was experimentally observed. This correlation was used to interchange
the phase portraits of velocity and displacement with voltage—strain diagrams, rather
than voltage-input acceleration diagrams as a measure of the snap through action of



bistable buckled beam structure. The attached mass to the beam played an important
role in minimizing the acceleration needed to snap through action. The minimum
input acceleration for the snapping transition was 11.6 m/s’at the attached mass of
14.6 g. A maximum generated power was 11.3 pW at a buckling height of 0.5 mm and
the mass 26 g. The proper buckling states and the associated attached mass for
human motion were discussed.

In the second portion, the contributions of interwell and intrawell motions to the
power output were discussed. It was observed that the presence of the sub-resonance
frequencies, due to the inrawell motions, has a significant contribution to the power
generated at the deeper buckling states. The results indicate that the low-frequency
motional energy is up-converted to higher frequencies on the proposed axially
constraint bistable system. The proposed structure leads to not only operation at low
operating frequency, 1.3-3.2 Hz but also with peak amplitudes of 11.3-33.7 m/s *. 4

This thesis focused on the application of nonlinear pVEHSs for human motion. It
was found that linear-resonant pVEH generates high energy than the nonlinear
counterpart for human motion with low frequencies 1.5-2 Hz. The bistable pVEH
based on axially constraint buckled-beam was exploited to harvest the electrical
power from the human motion. Moreover, the experimental results indicate the
up-conversion of a low-frequency motional energy to higher electrical frequencies for
the applied vibrations.
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