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Abstract: This paper presents a pattern less piezoelectric harvester for ultra low power energy applications. Usually
patterned cantilevers are used as vibration energy harvester which results additional fabrication process. Hence, to
reduce the process, a four layer cantilever configuration is used to design the harvester with Aluminum, Silicon and
Zinc Oxide. The device dimension is settled to 12x10x~0.5009 mm?® with =300 nm deposition thickness for each
layer. The modeling and fabrication processes are demonstrated in detail. The induced voltage by the cantilever is
obtained through the analytical and practical measurements. From the measurements, it is found that, the maximum
induced voltage is 91.2 mV from practical measurement with voltage density of 1.517 mV/mm?3. It is evident from
the results that, this pattern less model can be useful for next generation vibration energy harvester with simpler
technology.
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1. Introduction

Wireless devices have drawn the commercial attention and become the trend of modern technologies recently. With
enormous potential, the major advantage of these devices is the ease of storage platform, i.e., the device does not rely on
the storage to function. As a potential, the portable or embedded batteries can be removed from the system entirely by
wireless energy harvesting technology [1, 2]. Now, wireless energy harvesting for low power applications can be achieved
either by using a stationary energy source or harvesting ambient energy. For the latter case, available ambient energy is
harvested and delivered to the application. To do so, electrostatic, thermal, piezoelectric and magnetic strategies are the
mostly practiced methods [3]. More specifically, piezoelectric (to harvest vibration and acoustic energy) is more
advantageous due to the broad material availability [4, 5].

To harvest the vibration energy, circular shaped piezoelectric cantilevers are practiced widely. However, the
rectangular cantilever model can be adventurous for high pressure medium [6, 7]. Among rectangular shape, both
patterned and pattern less cantilever are available [8]. However, pattern less cantilever, which is composed of simple
sandwiched layers are very particular. These devices have the simplest form of configuration, as they only have electrode,
base and energy harvesting layers. Also, no pattern (i.e. zigzag, curved, spring shape) is available on the device. Hence,
it requires fewer and less complex fabrication steps which results financial benefits [9, 10].

From these motivations, we propose a cantilever based piezoelectric vibration energy harvester for ultra low
frequency in this paper. We have considered less than 40 Hz, more precisely, 1 - 40 Hz as ultra low frequency. The
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cantilever model is designed by following a four layer configuration using Aluminum and Zinc Oxide with the Silicon
base. Zinc Oxide (ZnO) is used for the piezoelectric layer. Top and bottom electrode layers are developed by Aluminum.
The base layer is confirmed by Silicon and the thickness is settled to ~0.5 mm whereas all other 3 layers have ~0.0003
mm thickness each. The length and width of the cantilever is 12 mm and 10 mm respectively. Hence, the total device
size is approximately 12x10x0.5009 mm?,

The rest of this paper is distributed as follows; section 2 presents an analytical model for the cantilever. In the
following section, the design and fabrication process of the cantilever are described in detail with the device
performances. The performance is considered in the context of induced voltage. Lastly, the paper is concluded with some
prospective future agendas.

2. Governing Equations

2.1 Force voltage relationship

An analytical proposal is developed by classical unimorph cantilever model. The model is a base clamped rectangular
cantilever and has four layers configuration. The layers include two electrode layers, one piezoelectric layer and a base
layer, as depicted in Fig. 1(a). A force can be applied on the cantilever which causes an induced voltage in the
piezoelectric layer. We can describe the model in terms of induced voltage against an applied force, as equation (1) and
(2). To describe the model, let us consider a force, F is applied on a base clamped rectangular cantilever. Then, the
induced voltage, E can be defined as [11],
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Fig. 1 - Proposed cantilever (a) classical descriptions, (b) fabrication process of cantilever beam, (c)
fabricated cantilever (12 x 10 x 0.5009 mm?3)
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Here, N (in v/n) is the transducer ratio, C (in m/n) is the compliance and M (in kg) is the effective mass of the
cantilever. Yielding for a four layers configuration results,
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Where, gs; is the piezoelectric constant (V-m/N), p is the density of the material, Y3 represents Young's modulus of
the materials. I, w and t are the length, width and total thickness of the cantilever, respectively. Total thickness can be
expressed in terms of the layer thickness of ZnO, Al and Si as,

t=tzno t+ 2ty +tg (6)

The resonant frequency, F, of a rectangular cantilever can be expressed by,
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Where, e, is the Eigen value of n-th mode which is 1.875 for the fundamental mode of the cantilever. It is noticeable
from the equation (7) that, the length of the cantilever has the inverse relationship with the resonant frequency. Hence,
smaller length results larger frequency.

3. Cantilever Fabrication Process

Based on the analytical results, we have developed the rectangular cantilever by depositing layers using electron
beam physical vapor deposition (EBPVD) machine. There are several materials to choose for the piezoelectric layer from
the potential list [12, 14]. Among them, Lead Zirconate Titanate is being used most frequently. However, it is not
environment friendly as it contains lead. Additionally, it is strongly affected by the temperatures and cannot be used for
long duration due to the mechanical properties. In the alternatives, Zinc Oxide (ZnO) and Aluminum Nitride (AIN) are
found as the active piezoelectric material, which do not contain lead. Hence, they are relatively more bio-compatible
[15]. However, ZnO is more available with comparatively lower cost with longer life cycle. Again, ZnO has better voltage
coefficient which implies better output against an applied stress, in terms of volts [16]. Reasonably, we are provoked to
consider ZnO as the deposition material. ZnO pellet is used as the deposit for the target layer. The pellet is selected from
the industrial grade granule white ZnO. The physical descriptions of the cantilever are presented in Table 1.

Table 1 - Parametric device descriptions

Parameter Values  Symbol  Unit
Cantilever
Length 12 I mm
Width 10 w mm
Thickness ~0.5009 t mm

Layer thickness

Zn0O ~0.0003 tzno mm
Al ~2x0.0003 tal mm
Base Si ~0.5 tsi mm
Density
ZnO 5.606 Pzno g/cm3
Silicon 2.333 psi g/cm3
Aluminum 2.700 PAI g/cm®

Young's modulus

piezoelectric [13] 40 GPa
Si wafer 163 Yh GPa
Al 69 GPa

Poisson's ratio

Si wafer 0.27

ZnO 0.39

Al 0.334
Piezoelectric constant -9 O31 V—m/N
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3.1 Cantilever layer deposition

The proposed and fabricated cantilever is presented in Fig. 1(a) and 1(c). The consequent layer descriptions are
depicted in 1(b). From the figures we can see, the cantilever has four layer configuration. The base platform of the
cantilever is the silicon wafer, on which the piezoelectric layer is deposited. The silicon wafer is sliced from a commercial
grade 100 mm N-type silicon wafer disk. The disk is one side polished and has 0.525 mm initial thickness. Top and
bottom electrodes are deposited accordingly over the piezoelectric layer and beneath the silicon platform. Aluminum is
selected as the electrode deposition material. The electrode layers are selected as flat pattern similar to the piezoelectric
layer in length and width.

Layers

100X

Fig. 2 - Microscopic photograph of the deposition layers, deposited aluminum surface (top), ZnO and Al
layers of the cantilever (bottom)

The fabrication takes four steps to complete as follows,
Etching

ZnO deposition

Top electrode deposition and

Bottom electrode deposition

NS s

Firstly, the sliced wafer block is prepared for deposition by initial cleaning and etching. Potassium hydroxide (KOH)
is used for the thickness etching from =0.525 mm to approximately 0.500 mm. The wafer is then ready to be deposited
with the desired materials. The layer of ZnO is deposited by the EBPVD machine in the next step. After that, the model
undergoes for the thickness and layer inspections by atomic-force microscopy (AFM) and thickness meter. The deposited
ZnO layer has the thickness of approximately 300 nm.

In the following steps, the Al layers are deposited and confirms the top and bottom electrodes with =300 nm of
thickness for each layer. Again, another round of thickness and layer inspections are performed. Lastly, the prototype is
checked for any external damage. These whole deposition steps are performed in the room temperature. The details are
depicted in Fig. 1(b). The microscopic images are presented in Fig. 2.

3.2 Experimental Setup and Tests

We have performed three tests to evaluate the performance of the cantilever in ultra low frequency. One with a
programmed shaker as shown in Fig. 3. In other two tests, the cantilever is mounted on a motor bike and a car, in both
running and parked mode. The results are shown in Fig. 5 (a) and 5 (b). The details are given in the following discussions.
In the first test, we have applied a range of programmed force on the cantilever and read the consequent output. The force
applied is ranged from minimum 10 g to maximum 120 g, which are equivalent to 0.098 N to 1.17 N. Fig. 4 (a) shows
the relationship between the induced voltage and the applied force, for both the theoretical and measured values. We have
observed the effective output achieved from different position of force from the clamped base of the cantilever. It is
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worthy to point that, the force applied on the tip of the cantilever has benefited the output with maximum values. Hence,
we are presenting the force applied on the device tip only.

We have added the road test to extend our experience in the ultra low frequency real environment with the proposal.
To do so, we have mounted the cantilever on a motor bike and later on a car. Then, we have recorded the vibration
responses while the vehicles are in parking and running mode. In parking mode, the vehicle is not moving but the engine
was turned on. The vehicles were driven at less than 25 km/hr in running mode. Fig. 3 shows the test road for running
mode. We have chosen the road due to the availability of road cracks and the bumps, as it tests the stability of the device.
As mentioned earlier, Fig. 5 (a) and 5 (b) are showing the device output in terms of the induced voltages.

Test road

Vibration
system

Fig. 3 - Experimental setup (Indoor and outdoor Test Road)

4. Performance Analysis of The Cantilever

4.1 Numerical analysis and indoor tests

The theoretical values are calculated by applying equation (2) while the measured data are achieved by performing
actual force. In theory, the voltage can be as high as 9.04 mV with maximum applied force and as low as 0.94 mV with
the minimum force, respectively. Practically, the maximum voltage is induced when 1.17 N force is applied, which is 8.7
mV. However, the increment of the output is not smoothly linear which lies within the values of 0.5 mV to 8.7 mV.
Again, the difference between the theoretical and practical measurement is caused by the not perfect device fabrication.

To extend our observation, we have tested the device with very low frequency ranged from (1 Hz — 40 Hz) to trace
the energy potential. We have used a programmed shaker as depicted in Fig. 3 which varies the shaking frequencies from
1 Hz to 40 Hz. We have increased the shaking frequency by 5 Hz in each step. The cantilever was shaken under open
load mode. One end of the cantilever was attached with the shaker as depicted in Fig. 3. The obtained results are
summarized in Fig. 4 (a) and 4 (b). From the Figures, we can see that, maximum 10.21 mV output is found when the
maximum frequency of 40 Hz is applied. Again, the minimum output is found from applied frequency of 1 Hz for free
load mode which is expected. It is noticeable that, the development of the output is linear to the progression of the applied
frequency, i.e. higher the frequency, higher the output.
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Fig. 4 - (a) Induced voltage vs. applied force, (b) Induced voltage vs. applied frequency
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Itis evident from the results that, the cantilever did not achieve the output of its resonant frequency with the applied
force. We can apply equation (7) to find the resonant frequency. According to the equation, the resonant frequency of the
cantilever is 345.0434 Hz. Hence, it is unexpected to achieve that in less than 50 Hz applied frequency.

4.2 Under nonuniform force

The prototype was tested under high and nonuniform force ranged from 1 N to 19.61 N to evaluate its stability. We
have applied maximum 2 kilograms or 19.61 N on the prototype. We have received the voltage response against the
applied force. The responses are shown in table 2 and Fig. 6. From the table 2 and Fig. 6 we can trace that, the device
produces linear responses against the nonuniform applied force. Maximum 91.2 mV is found from 19.61 N applied force.
However, 40.1 mV output is found when 9.81 N or 1 kg force is applied.

4.3 Outdoor tests

Fig. 5 (a) and 5 (b) suggest that, maximum 7.8 mV is induced from the car and 6.7 mV from the motor bike in
running mode. However, in parking mode, motor bike performs better with 4.7 mV induced voltage compared to 0.9 mV
from the car.

Table 2 - Applied force response
Applied force (N) Voltage response (mV)

9.81 40.1
11.77 51.2
14.71 65.6
16.67 72.3
19.61 91.2
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Fig. 5 - (a) Induced voltage vs. applied force, (b) Induced voltage vs. applied frequency
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We have compared our proposed cantilever with several existing models. The summary is presented in table 3. From
the table, it is quite clear that, this work results very competitive and optimal induced voltage density, if the design
complexities are considered. This work is completed using the pattern less model, simplest fabrication process and
available materials. Yet, compared to 16.43 and =1.535 mV/mm? from [22] and [23], this work has achieved 1.517
mV/mm?3. However, falls behind in the terms of induced voltage in <50 Hz. Nevertheless, some of them are not
appropriate for force and vibration dual energy harvesting [22, 24]. Also, [20] requires higher force to achieve the
mentioned performances. [25] requires the operating temperature to be above than the room temperature.

Again, most of the high performance models are very complicated to design, hence costly, even for the commercial
production [22, 24, 19, 18]. [19] is not applicable for outdoor application due to the fragile configuration. [18] is one of
the most appropriate energy harvester for ultra low frequencies. However, the fabrication process and cost are acting as
the barrier for commercial production. [25] shows the moderate induced voltage with 290 mV. However, the fabrication
complexity provides a significant bottleneck to the performance tradeoff. Again, [21] was another proposal for
multidimensional energy harvesting with very high induced voltage. However, the device can harvest only the vibration
energy, not both with force energy. Also, the device configuration pulls some drawbacks due to the additional stress from
the attached pendulum.

Table 3 - Summary of device comparison

Reference Induced Voltage Materials Device Dimension Voltage Density
in <50 Hz (mV/mm?)
[21] =45V PZT-5H 115.25x5.28%0.45 mm?3 16.43
[22] ~13V Hybrid Piezoelectric = 8466.59 mm?® ~1.535
This work ~91.2 mV ZnO ~12x10%0.5009 mm? 1517
[24] =49V Piezoelectric 160x85%85 mm?® 4.238x10-3
[18] 280 mV PZT Film 10 x 10 mm? 2.8 (mv/ mm?)
[25] <100 mV ZnO Film 1cm? 1 (mv/ mm?)
[16] NA PbZr0.52Ti0.4803 0.6 mm3 NA
[19] NA ZnO 500x100x0.3 pm? NA
[20] NA ZnO Film 50 x 50 mm? NA
[17] 0mvVv Piezoelectric 2039.68 mm? NA
[23] NA ZnO Film 14.5x14.5x0.5 mm? NA

The aforementioned discussions and presented data suggest that, the fabricated cantilever can harvest vibration
energy under high force and very low frequencies. The used materials to construct the device are highly available at low
cost. They are bio-compatible as well. At the same point, our proposal has met the optimized performance with very low
cost and simple fabrication process. Again, as the cantilever is patternless, hence, the design of it is comparatively easy.
In addition, the device fabrication requires only four steps to be completed and can be implemented for hybrid energy
harvesting platforms [26].

5. Conclusions

An energy harvester based on piezoelectric cantilever is presented in this paper. The modeling of the device is
described in detail with the analytical and experimental explanation. The fabrication of the device is discussed in detail.
The validation of the proposal is presented by the force induced voltage. In addition, a range of frequencies (which are
less than the resonant frequency) are applied to observe the impact under a free load mode. From the findings, it is obvious
that, the proposed harvester can produce voltage as high as 91.2 mV with 19.61 N applied force. However, when shaken
with prescribed frequencies, the induced voltage can be as high as 10.21 mV. Hence, it is evident that, the proposed
device can sustain under high stress. Additionally, the device can harvest ultra low frequency (1 Hz - 40 Hz) vibration
energy. Therefore, the proposal is highly suitable for vibration energy harvesting and can be beneficial in acoustic energy
transfer and ambient vibration energy harvesting. Future research will focus on the application of this cantilever in
underwater environments to harvest the ocean energy.
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