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Abstract

With the development of portable and self-powering electronic devices, mi-
cro-electromechanical system (MEMS) and wireless sensor networks, re-
search on piezoelectric energy harvesting techniques has been paid more and
more attention. To enhance the ambient adaptability and improve the gene-
rating efficiency, the multi-directional piezoelectric energy harvesting tech-
niques turns to be a research hotspot. The current status of the mul-
ti-directional piezoelectric energy harvesting techniques was firstly reviewed.
The characteristics of existed multi-directional piezoelectric harvester were
then analyzed. An improved structure of multi-directional piezoelectric
harvester was finally proposed. The multi-directional piezoelectric energy
harvester has a good prospect in miniaturization, more sensitive to vibration
directions and better energy efficiency.
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1. Introduction

With the development of self-powering, wireless sensor networks and MEMS,
researchers have concentrated a great deal of interest on harvesting wasted
energy via electromagnetic, electrostatic and piezoelectric mode. Among these,
the technique of piezoelectric energy harvesting has more meaningful and at-
tracts much attention owing to its compatibility and higher energy density [1].
The number of published papers in the database of Web of Science [2] using
“piezoelectric energy harvester” (abbreviated as PEH) as the key word conti-
nuously increases between 2000 and 2018 and was more than 1,267 per year in

2018, as shown in Figure 1. The different research fields of piezoelectric energy
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harvesting were also researched via the same key word, as shown in Figure 2. It
can be seen that the piezoelectric energy harvesting technique has also been
widely studied on application of engineering, telecommunication as well as me-
chanics in addition to some basic research fields.

Among these published articles, most were focused on the structure of PEH.
Figure 3 shows the papers’ number ratio on these typical structures of PEHs, in-
cluding cantilever, cymbal and stacks, etc. It also reveals that researchers have
paid much more attention to the cantilever PEHs as its simpler fabrication
process and relatively larger strain.

Most of the existing cantilever PEHs are unidirectional piezoelectric devices
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Figure 1. Published papers about PEH between 2000 and 2018.
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Figure 2. Published papers about PEH via research fields between 2000 and 2018.
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Figure 3. Published papers ratio on typical structure of PEHs [2].

based on the technology of linear vibration theory so that demand for sensitivity
to vibration direction is stronger. It is very important to keep the main vibration
direction of PEH be consistent with the ambient vibration. However, most of the
vibration in ambient is irregular and even random. This leads to the difficulty of
existing the main vibration of the designed PEH and make harvesting energy ef-
ficiency lower in the specific application.

In view of the above problems, the multi-directional piezoelectric energy har-
vesting techniques will be developed in this paper. The structure of the paper
lists as follows: firstly, recent progress on multi-directional piezoelectric energy
harvesting techniques is present. Then, characteristics of the existed mul-
ti-directional PEHs are reviewed and summarized. Based on the above analysis, a
new structure of PEH is finally proposed to improve the harvesting efficiency

and make the structure smaller and more compact.

2. Recent Progress on Multi-Directional Piezoelectric
Energy Harvesting Technique

On improving the harvesting energy efficiency, many researches were focused
on broadband harvesting techniques [3]. However, there are few papers on mul-
ti-directional PEH. From the limited literals, the conclusion can be drawn that
the existing multi-directional PEHs are mainly based on cantilever beams which
are correspondingly arrayed along different directions to harvest multi-directional
ambient vibration.

A two-directional vibration energy harvester with radially distributed piezoe-
lectric array [4] was proposed, as shown in Figure 4. By employing radically dis-
tributed piezoelectric array, the proposed harvester could scavenge vibration
energy from various directions in a 2D plane. The maximum output voltage of
the PEH reached 11.6 V by connecting the symmetric PVDF elements in series,
whereas the maximum output power could obtain 13.5 uW by connecting the
symmetric PVDF elements in parallel. This proposed PEH is relatively compact
and more easily to be miniaturized. However, it was difficult for the cantilever
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beam to vibrate to excite the piezoelectric effect owing to a solid cylinder, even if
PVDF piezoelectric film was used as the piezoelectric material.

Using two cantilever beams to be arrayed in mutual orthogonal directions is a
more commonly used method for harvesting two-directional vibration energy in
ambient. A bi-directional piezoelectric energy harvester was designed by using
two piezoelectric cantilevers vertical to each other, as shown in Figure 5. The in-
fluence of additional masses on electricity generation performance of PEH was
studied [5].

The cube-type and dandelion-type of multi-directional PEHs were proposed
[6], as shown in Figure 6. The results show that the maximum load power of
cube-type harvester was 0.28 mW while the dandelion-type harvester was up to
0.68 mW. Furtherly, the direction selectivity of the cube-type was weaker than
the dandelion-type. Therefore, in multi-directional ambient vibration, the dan-
delion-type harvester was superior to the cube-type one.

A multi-directional PEH [7] was proposed by Habib A and Ananta A, as
shown in Figure 7. This proposed multi-directional PEH was similar to upper
half of the dandelion-type in Figure 6. Effects of key parameters of the harvester
on frequency and output voltage, including mass, beam thickness and length,

substrate thickness and length, were studied via the finite element method and

PVDF .Constructional steel

Electrode Polyurethane

Nz
Figure 4. Illustration of radially distributed PEH [4].

Principal piezoelectric Subpiezoelectric
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Wags Subpiezoelectric

Collection circuit oscillator

Figure 5. Schematic illustration of two-orthogonal PEH [5].
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(a) (b)
Figure 6. Two types of multi-directional PEHs [6]. (a) Cube-type; (b) Dandelion-type.

Figure 7. A multi-directional PEH [7].

experiment. Results show that the output voltage and the load power of the mul-
tidirectional vibration piezoelectric generator are larger than that of the unidi-
rectional piezoelectric generator. The energy collection efficiency of the piezoe-
lectric could reach the maximum when the vibration direction of the environ-
ment coincided with the piezoelectric cantilever beam. The cantilever beams
with multiple directions in the piezoelectric device could largely eliminate the
strong directional selectivity of the unidirectional piezoelectric generator.

In Ref. [8], a beam-roller piezoelectric energy harvester was reported to sca-
venge energy from both sway and bi-directional vibrations, as shown in Figure
8. The beam and the roller were sensitive to two orthogonal directions of am-
bient vibration. The roller was also designed to sense sway of the frame that
acted as the guide rail of the roller. Design and experimental verification of this

harvester showed that it was a feasible way for employing the roller to actuate
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Proof mass with
embedded magnet

(a) Configuration of the beam-roller PEH (b) lllustration of sway motion

Figure 8. Conceptual design of the beam-roller PEH [8].

the piezoelectric cantilever beam to vibrate for harvesting energy from both the
sway and bi-directional vibrations. The output from the beam-roller PEH could
charge a capacitor of 1 uF through a bridge rectifier from 0 V to more than 4 V
within a sway cycle. By embedding magnet within mass, this design adopts the
theory of non-linear design to expand the broadband of response frequency.
Meanwhile, by innovatively introducing a roller, the swing energy in a certain

direction can also be collected.

3. Analysis of the Existed Multi-Directional PEH

From the above review, the proposed multi-directional vibration PEHs had
higher energy harvesting efficiency and more sensitive to vibration directions
than the traditional unidirectional piezoelectric harvester. However, the existing
harvesters also have some shortcomings, which mainly embody in following:

1) Insufficient sensitivity to environmental vibration. The main reason is that
the above PEHs still use some cantilever beams which are only valid for some
certain frequencies and vibration directions in ambient, while most of vibration
sources in ambient are random and uncertain.

2) Larger volume of the harvester. Using cantilever array has been designed
and fabricated to harvest multi-directional energy from ambient in most literals.
However, the pure structure array obviously enlarges the volume of the harve-
ster, which is adverse to miniaturization of the harvester.

3) Overall inefficiency of the harvester. Most of PEHs are based on the linear
vibration theory which is more effective for the vibration of a certain frequency.
In fact, the ambient vibration is not only multi-directional, but also random.
Therefore, the overall efficiency of PEH is lower.

So, it is necessary to innovate the design theory of multi-directional piezoelec-
tric harvester by introducing nonlinear vibration theory to broadband vibration

energy harvesting techniques.

4. Improvement of Multi-Directional PEH

Based on our analysis of characteristics of the existed PEHs, improvement of
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Figure 9. Improved multi-directional PEH.

PEH is made. Taking the multi-directional PEH in Figure 4 as an example,
PVDF was used to increase the flexibility of the harvester, but the use of solid cy-
linder greatly limited the strain of the harvester, that will greatly reduce the sen-
sitivity to direction and magnificent of ambient vibration and energy harvesting
efficiency.

So, the improved structure in Figure 9 is proposed. Several radially symme-
trical arc-shaped cantilever beams and appropriate mass blocks at the free end
are adopted. With this improvement, the natural frequency of this device de-
creases by increasing the mass and decreasing the rigidity. The sensitivity to vi-
bration is also greatly improved in lower frequency ambient. Therefore, this
harvester can greatly improve energy harvesting efficiency and the sensitivity to
vibration. Meanwhile, the structure is modified to broadband vibration with
magnets as masses.

The proposed multi-directional piezoelectric vibration energy harvesting me-
thod will provide a new idea for the research of piezoelectric energy harvest. It
will be helpful to the practicality and popularization of piezoelectric energy har-
vesting technology. It also conforms to the current trend of miniaturization of
electromechanical devices. The finite element simulation and experiment will be
further done to study the electromechanical performance of the improved harve-

ster.
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