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Abstract: Fuzzy logic-based control systems are widely used in various fields like home appliances,
medical instruments, automobiles, textile machinery, agriculture equipment and aviation for process
control and data analysis. Fuzzy logic technique has shown great potential to solve the complex
problems of physical world due to similarity with human understanding. Its advancements have
gained widespread attention in different research areas. In several cases, it is very suitable for
electronic devices which need to be precisely self-powered. In this work, an ANSYS-based simulation,
fuzzy analysis, development and testing of a microelectromechanical system (MEMS)-based energy
harvester have been presented. Zinc oxide (ZnO) nano rods were synthesized on an anodic aluminum
oxide (AAO) template to form the MEMS energy harvester and study the effect of energy generation
by applying force. The power of 5.16 nano Watts has been obtained by taking the numerical value
of voltage (Voc) and current (Isc) as 3.16 mV and 0.985 pA respectively using fuzzy logic tool.
Experimental testing of the harvester shows that the range of V. is 3-6.4 mV and I is 0.45-1.5 pA.
The results depict that this device can be used for touch screens to generate energy that can be further
utilized for charging smart devices.

Keywords: anodic aluminum oxide; fuzzy logic; piezoelectric harvester; ZnO nano-rods

1. Introduction

Energy harvesting utilizes energy sources like surrounding temperature, pulsation, the flow of
air, solar power, thermal energy, wind energy and piezoelectric sources. Harvested energy can be
analyzed using the fuzzy logic technique. The fuzzy approach is versatile and authentic. It is a method
through which the limitations of various systems can be improved significantly. Fuzzy systems are
rule-based, which depends on the real understanding of the worker [1]. Using such technology for the
betterment of human life is a considerable research topic nowadays. Among various emerging devices,
smart energy harvesters have achieved enormous attention. These systems are mainly comprised of
piezo material. Microelectromechanical (MEMS) energy harvesting provides a platform to enhance
system capabilities. Sensors are a significant element for monitoring and controlling vast amounts of
real-time and remote data. These sensors are mainly used for light, weather, humidity and temperature
measurements. However, the piezoelectric sensors are mostly used to detect mechanical energy (in the
form of pressure, force, or vibration) applied to a material that can be further converted to electrical
energy [2]. This mechanism of generation of electrical energy can be further utilized in touchpad
and cell-phone charging, smart communication devices, laptops and tablets. Voltage and current
are the main parameters that need to be optimized during the development of the energy harvester.

Energies 2019, 12, 807; doi:10.3390/en12050807 www.mdpi.com/journal/energies


http://www.mdpi.com/journal/energies
http://www.mdpi.com
http://www.mdpi.com/1996-1073/12/5/807?type=check_update&version=1
http://dx.doi.org/10.3390/en12050807
http://www.mdpi.com/journal/energies

Energies 2019, 12, 807

20f15

The deviations of these constraints are based on numerous important factors, and one of them includes
the physical properties of the material. Zinc oxide (ZnO) is the most common material that has been
used for the synthesis of nanostructures to develop the energy harvester. Variations of current and

voltage for ZnO nanostructures on various substrates are given in Table 1.

Table 1. Variations of voltage and current for a ZnO nano-structures-based energy harvester.

. Deposition Simulation Diameter Length  Voltage Current
References Material Technique Technique Substrate (am) (um) (@mV) (uA)
Custom
Opuko 2015 ZnO. Hydrothermal build test Au/Ti-PEN 115+ 64 097 £ 22 -
[3] nano-wires 0.38
bench
Salman - AAO
Ahmed khan Micf;‘_cv)vires hthlg Clzwfl‘ Elf;‘;teem template -p 5065 6-9 46 051
2015 [4] graphy type Si wafer
Liao 2014 [5] ZnQ Hydrothermal - Carbon Fiber ~200 ~2 18 35
nanowires
Qui 2012 [6] ZnO  pydrothermal  ZPNG Common 9999 4 10 0.1
nano-rods paper
4n0O finite
Riaz 2010 [7] nano-wires VLS n-Si 50-200 14 30-35 -
Element
array
ZnO
Zhu 2010 [8] Nano-wires PVD HONG Si Substrate ~200 ~50 20-30 1.07
Array
Zn0 finite
Riaz 2010 [7] nano-wires ACG n-Si 50-200 1-4 5 -
Element
array
. Synthetic .
Pu Xian 2007 ZnO. Chemical ) Plastic 100-350 1 45 )
[9] nano-wires Substrate
Approach
Vibrational =~ Nano-porous
Zinc Oxide Template energy poly
Ou 2016 [10] . assisted ; 240 £40 84421 - -
nano-wires harvesting carbonate
Hydro-thermal
system template

When stress is exerted on a material along certain planes then electric voltage is produced.
The mechanism behind the generation of voltage is the dislocation of the center of gravity of the
positive and negative charges [11]. This movement of the charge produces dipole movement which
results into the polarization of the material that can be measured as the voltage across the terminals [12]
as shown in Figure 1.
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Figure 1. The basic working principle of a piezoelectric harvester.
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By applying mechanical stress to a particular crystal, the electrical charge appeared. Piezoelectricity
generation is actually a material property [13]. It is widely used with piezoelectric materials like Lead
Zirconate Titanate and ZnO nanostructures. ZnO nanostructures have gained considerable attention
due to their low cost [14], wider band-gap (i.e, 3.37 V), and competent excitation emission at ambient
temperatures because of the large exciton bonding energy and immense pyroelectric and piezoelectric
properties [15]. Due to the superior piezoelectric properties of ZnO nano-rods and wires [16,17], stress
applied to the length of nano-wire will result in a flow of electric current [18]. Previously, ZnO nano
rods and wire-based structures have been deposited on a huge variety of substrates, including glass,
silicon, aluminum, textile fabric, paper, carbon fiber, aluminum oxide, plastic, polymer [19]. Various
techniques are used to sensitize nano-rods/wires, including aqueous solution [20], hydrothermal
growth [21], and advanced techniques [22] like PVD, top-down lithography, and seedless growth [23].

Simulation is a good idea before the fabrication of an actual device and always leads to cost
reduction. Various languages and software have been used for simulation, and among them, MATLAB
and ANSYS are very good for simulations. It has been observed that by utilizing fuzzy tools and
systems, improved results were obtained. These systems are arrangements of multi-valued logic 0
and 1 integers. Many researchers have done wonderful work by applying fuzzy simulations [24-27].
Many researchers use the fuzzy logic controller technique in designing energy storage systems by
using a fuzzy proportional integral derivative (PID) controller. The control performance of the fuzzy
PID has been verified for numerous working conditions by using the PSCAD/EMTDC simulating
method [28]. In another research article, the momentary transient response and power are confirmed
by the simulation and experiment [29]. It is reported that the asymmetrical MPPT algorithm for
photovoltaic systems used the fuzzy logic controller MPPT method, and transient time and trailing
accuracy were enhanced by 42.8% and 0.06%, separately [30]. In analyzing a real-time Simulink,
the suggested charging stratagem helped complete the battery recharging in 9.76% less time than
the CC/CV technique [31]. In developing a charging method, the proposed technique leads to 98.6%
smallest cost for homes, and therefore it achieved the lowermost normal expenditures with the use of
a fuzzy controller [32]. Fuzzy logic based energy management strategy was reported [33]. ANSYS was
used to study piezoelectric energy harvester systems [34-37].

The software COMSOL was used in the simulation of the piezoelectric energy harvesting system.
The assessment of three piezoelectric materials, PZT-5H, PMN-0.33%Pt, and PVDF was studied with a
frequency of 153 Hz by using COMSOL [38]. In infrared solar energy collection, COMSOL simulation
was used, which proved that the changed electric field in curved nano-antennas was greater than that
in dipole and bow-tie nano-antennas [39]. ABAQUS software was used in the study of the resonant
system in energy harvesting applications. This research has revealed a resonant reaction appropriate
for combining piezoelectric material for energy harvesting [40]. For energy harvesting using MEMS
devices in a non-linear system, the FE simulation of the energy harvester was directed with ABAQUS,
and good results were perceived between both analytical and numerical simulations [41]. The software
CATIA was also used in speed bumps for the mechanical energy harvesting method, which was a
novel technique for improving the mechanical energy transformation with pulsed energy [42].

CATIA simulation was also used in the study of electrical and motorized models made for the
evaluation of the quantity of recovered energy [43]. Among all the techniques, fuzzy logic methods
are the most accurate and reliable. Fuzzy systems are used in many areas like aerospace, automotive,
defense, electronics, control of automatic exposure in video cameras, humidity in a clean rooms,
air conditioning systems, washing machine timing, microwave ovens, vacuum cleaners, finance,
industrial, manufacturing, marine, medical, medical diagnostic support system, control of arterial
pressure during anesthesia, multivariable control of anesthesia, radiology diagnoses, fuzzy inference
diagnosis of diabetes and prostate cancer, securities, transportation, automatic underground train
operation, train schedule control, railway acceleration, and braking and stopping systems. On the
other hand, a 3D cad simulator like ANSYS is also a powerful tool for performing structural, fluid,
thermal, electric, piezoelectric, magnetic, etc. analysis. In this work, the authors have designed a
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system for the generation of current for smart MEMS energy harvesters. Fabrication and testing of
the device are also performed. ZnO nano-rods on an anodized aluminum oxide template using were
synthesized using a self-designed chemical bath deposition setup. Before fabrication, the structural
simulation of the AAO template was performed to check the suitability of the template for the MEMS
energy harvester. These results were also tested and verified by using fuzzy simulation. Anodized
aluminum oxide is a widely used hexagonal closed pack nanostructure produced from Aluminum.
It has wide applications in the field of chemical and bio-sensing, with photonic cell culturing owning

to its high pore density and nano-porous configuration. Self-assembly is generally used to sensitize
such porous structures.

2. ANSYS Simulation

The ANSYS Workbench has been used for the structural analysis of an anodic aluminum oxide
nano-porous template. The strength of the AAO template has been examined because this template
has been used as a base of the piezoelectric MEMS energy harvester. This was done in order to find
out how much load this structure can bear before disintegrating. It also has conducting properties and
it can serve as a part of an electrode. In the structural analysis, a template with a diameter of 20 mm,
a thickness of 80 um, and a pore diameter of 70 nm has been generated in the design modeler. After
meshing the 3D structure, the analysis was set up by applying the boundary conditions like fixing the
bottom of the template and applying the force of 3 uN on top of the surface. Then, the simulation was
run, the solution was converged, and results were analyzed. The results of total deformation, stress

intensity, and strain intensity tests have been studied. The 3D model geometry and meshed design are
shown in Figure 2.
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Figure 2. (a) Model in the design modeler; (b) the meshed model in mesh analysis

Meshing is a compulsory part of the simulation in ANSYS so that the loads are uniformly
distributed around the geometry to obtain the real time results. The results of total deformation,
strain intensity, and stress intensity were obtained and analyzed to check the mechanical properties,
and these are shown in Figure 3.

By increasingly applying force on the nanoporous anodized aluminum oxide template, the rate of
applied stress increases, which can be seen in Figure 4.
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Figure 3. (a) Total deformation; (b) strain intensity; (c) stress intensity.
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Figure 4. Graph of the relationship between stress and force.
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It has been observed that with increases in applied force from 1.0 uN-3.8 uN, the applied stress
on the nanoporous anodized aluminum oxide template has been increased from 200 GPa-450 GPa, as
shown in Figure 5.
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Figure 5. The stress intensity legend for the forces of (a)1.0 uN; (b) 1.9 uN; (¢) 2.7 uN; (d) 3.3 uN; and
(e) 3.8 uN.
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Structural analysis shows that all the values are under the limits of the elastic modulus. After the
ANSYS simulation, the fuzzy simulation is carried out for the calculation of power, with voltage and
current as inputs. ANSYS is used only for the structural simulation to foresee the mechanical properties
before fabrication of the nanostructure on the AAO substrate. It has been observed during simulation
that the AAO template can be used as a substrate. A simulation of the fuzzy logic is presented in the
next section. It has been performed for the estimation of power and efficiency.

3. Fuzzy Simulation

Fuzzy conditions are very close to ideal conditions and are found to be more accurate. They can
provide thousands of infinite values between zero and one. Therefore, they are more dependable. In
the literature, it is found that the fuzzy logic has been used in many appliances like blood pressure
apparatuses, glucometers, washing machines, dryers, air conditioners, etc. Therefore, fuzzy logic
has been used to estimate the power and efficiency of the MEMS energy harvester. In this fuzzy
logic simulation, the energy harvester fuzzy logic controller (EHFLC) is designed in the fuzzy logic
MATLAB toolbox. The input parameters are voltage and current, while the outputs are power and
efficiency. EHFLC is shown in Figure 6 below.

Voltage EHEES Power
// AmEmea, [~
i ~
XX ) M
Current Efficiency

Figure 6. The energy harvester fuzzy logic controller (EHFLC).

After the simulation, the power 5.16 nano Watts with 0.363 efficiency has been obtained by taking
the numerical value of voltage and current as 3.16 mV and 0.985 pA, respectively. It is shown in the
rule viewer in Figure 7.

AOHBORLY) =8 5 Sumenhifg=0.805 Power(nW) =5.16 Efficiency = 0.363

Figure 7. Rule Viewer of EHFLC.
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The relationships between voltage, current, power, and efficiency are shown in the three-
dimensional surface viewer graphs in Figure 8.

Efficiency

a Current{uA) 0 o Voltage V) b Current(pA) 0o Voltage (V)
Figure 8. 3D graphs for EHFLC.

The 3D graphs in Figure 8 show how power and efficiency are dependent upon current and
voltage. The variations in current and voltage lead to variations in power and efficiency. The fuzzy
simulation shows that suitable power can be obtained from the EHFLC system and can be used
for smart electronic devices. After simulation, a mathematical calculation has been performed to
calculate the error. For the percentage error confirmation, Mamdani’s formula was used for the
mathematical calculations. It was found that the 5.17 nanoWatt power and 0.363 efficiency were
obtained. The difference between the fuzzy simulated values and the Mamdani mathematical values
is 0.01, with just 0.1% error.

4. Experimentation

All equipment and substrate were carefully cleaned using acetone and isopropyl alcohol (IPA).
The aluminum substrates were washed with distilled water and acetone. Then they were cleaned by
using IPA. It was then further electro-polished. After electropolishing, the substrates were sonicated
in distilled water, ethanol, and acetone for 15 minutes, followed by air drying at 80 °C. The cleaned
aluminum substrates were then subjected to self-designed anodization setup for the growth of nano
pours template and further treated in a chemical bath for the growth of nano rods. Both setups are
shown in Figure 9.

Figure 9. Self-designed setups (a) anodization (b) chemical bath deposition.

The first step is the mild anodization. In this step, 0.4 M oxalic acid solution was used as an
electrolyte, the aluminum substrate was used as the anode, and a lead rod is used as a cathode. The first
step was carried out at 38 V for 20 min. The voltage was gradually increased to 120 V. The anodization
at 120 V was carried out for 15 minutes. The prepared sample was then etched using 4% phosphoric
and chromic acid for 20 min at 80 °C. In step 2, hard anodization was performed. The electrolyte and
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the cathode were the same as in the mild anodization; however, the process was carried out at 110 V
for 4 h. The barrier layer formed was removed by changing the electrolyte to 0.3 M KCl and applying
a opposite polarity voltage for 6 minutes. The prepared sample after step 2 of the anodization was
etched in mercuric chloride solution for 15 min to remove all the impurities. The prepared anodized
aluminum oxide membrane was coated with gold.

The porous gold coated membrane was first dipped in dodecanthiol solution for growth and
sticking on ZnO nano rods for 2 h followed by drying at 60-70 °C. The solution was prepared by
adding 1 mL of dodecanthiol in 100 mL of ethanol. The solution was stirred until a homogeneous
mixture was created. The porous membrane was dipped. Then nano-rods were grown on the substrate
using a self-designed chemical bath deposition set-up. Then, 20 mM solution of zinc acetate di-hydrate
and hexa-amine was prepared in DI water. The porous membrane already dipped in dodecanthiol
solution was inserted into the chemical bath deposition setup. The nano-rods were grown on the
substrate for 6 hours at 95 °C. After the deposition process, the samples were washed using D.I water
and followed by annealing at 400 °C. The process schematic is shown in Figure 10. It was further gold
sputtered to form the electrode followed by testing.

(2)

®) (<) (d)
7, F o o
ey ¥ 2y 2

O]

™
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Dodecanethiol

@® ® ®
A - 4y -
1N
/]

Zinc Acetate Di-hydrate

Hexa-amine

Figure 10. (a) The aluminum substrate; (b) the porous membrane formed after 1st step of anodization
(mild anodization); (c) the porous membrane formed after the 2nd step of anodization (hard
anodization); (d) the gold coating; (e) dipping in 1% dodecanthiol solution; (f) growth on the ZnO rods
in the chemical bath; (g) ZnO nano rods on the AAO template; (h) sputtered gold electrodes.

5. Characterization and Testing

The surfaces of the AAO template and ZnO nanostructure were characterized to study
morphology, optical, and electrical properties. The phase purity was studied using X-ray diffraction.
The morphology and size of the prepared porous membrane and nano-rods were studied using
scanning electron microscopy. The absorption band-gap was studied using a UV-Vis spectrophotometer.
Similarly, the voltage and current outputs of the prepared film were studied using a self-designed cam
follower setup shown in Figure 8 and attached with a SIGLENT SDS 1052DL digital storage oscilloscope.
The pear-shaped cam follower setup consists of a frequency control VS Mini ]J7 and a rotating shaft
with a movable stage and a fixed stage. The shaft is directly connected with the controller, which
means that with an increase in frequency the shaft’s rotation increases. The piezoelectric harvester is
packed with a thin plastic layer and placed in between the two stages. The pulsating movement of
shaft results in a force applied on the piezoelectric harvester in the dz3 direction. The outputs of the
harvester are attached in a series-parallel combination along with a bridge circuit. The output voltage
and current can be seen on the screen of the SIGLENT SDS 1052DL digital storage oscilloscope and can
be connected to a computer for analysis. The testing setup is shown in Figure 11.
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Figure 11. The self-designed cam follower Piezo harvester testing setup. (a) The schematic; (b) the

experimental setup.

The structural morphology of the aluminum anodic oxide nano-porous template was studied
using field emission scanning electron microscopy (FE-SEM). Figure 12 shows FE-SEM images of the
AAOQO nano-porous template with and without sputtered gold coating.

Figure 12. FE-SEM micrographs of the AAO nano-porous membrane (a) without gold sputtering (b)
with gold sputtering.

The image revealed a structure that was highly ordered, uniform, and which contained an even
layer of nano-pores. The pores have an aspect ratio of 500-800. The diameter of the nano-pores was in
the range of 80 nm. The phase purity of ZnO nano-rods fabricated using chemical bath deposition
on an anodized aluminum oxide substrate was studied using X-ray diffraction (XRD). The XRD
pattern shown in Figure 13 of ZnO nano-rods prepared on AAO substrate shows distinctive peaks at
20 =31.73°,34.41°, 47.51°, 54.58°, and 69.85°, which can be assigned to (100), (101), (111), (311) and
(220) planes respectively, with a hexagonal ZnO crystal structure.

(101} —_

3
2 (100)
=
T (311) (220)
s (111)
]
=

r T T T T T T T T T T T

20 a0 40 50 60 70 80

20 (degree)

Figure 13. The X-ray diffraction pattern of ZnO nano-rods deposited on the AAO template.
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The SEM micrographs of the ZnO rods are shown in Figure 14 and show the smooth growth
of ZnO nanorods on the AAO substrate. The periodic arrangements on the ZnO nano-rods orderly
spread in an orderly way with great uniformity.

Figure 14. SEM of ZnO nano-rods deposited on the AAO template. (a) 1 um; (b) 5 um; (c) 10 um; (d) 20
um.

The optical properties of the prepared ZnO nano-rods array deposited on the AAO template were
studied to analyze the band-gap of the prepared material from wavelengths ranging from 300-1100 nm.
The absorption coefficient was 390 nm, calculated by the tangential fitting of the linear portion of the
spectrum as shown in Figure 15. Called cut-off wavelength, it gives the onset wavelength of light
that is absorbed. Using the graph between absorption and wavelength, Eg (band-gap) was calculated
using transmittance, %T = (logm*A) /100, where A is the absorbance. Eg = 1240/A (nm), where A is the
wavelength, and Eg (eV) is the band-gap. The absorption coefficient was calculated using « =1/t In
(1/%T), where %T is the % transmittance of the solution. The band-gap was calculated to be 3.22 eV.

35

f——27n0 nano-rods| as

3.0

2:5 1

2.0+

(e (e e )2

1.5

Absorbance

104 hv (eV)

0.5

0.0 T T T T T L T
400 600 800 1000
Wavelength (nm)

Figure 15. The absorption spectrum of ZnO nanorods and Tauc plot extracted from the absorption
spectrum.

For piezoelectric generators, the mechanical resonance frequency is the required frequency
at which the optimum power is harvested. However, in a condition when excitation vibrational
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frequencies are different from the resonance frequency, then the generator would not generate the
optimum power output. In such conditions, power generation is enhanced using the impedance
load matching technique. To achieve such a state, the impedance of the piezoelectric generator is
matched with a load circuit so that the maximum power is transferred to the load. This impedance
matching was achieved using an energy harvesting circuit. The piezoelectric properties of the prepared
piezoelectric generator with an effective area of 4 cm were studied by applying a cyclic force. The open
circuit voltage was measured with both the polarities and was found to be in the range of 3-6.4 mV.
Similarly, the short circuit current was also measured in the range of 0.45-1.5 pA in both the polarities.
These results are shown below in Figures 16 and 17.
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Figure 16. For 100 seconds: (a) Open circuit voltage; (b) short circuit current.
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Figure 17. For 10 seconds: (a) Open circuit voltage; (b) short circuit current.

The output of the MEMS energy harvester depends upon various factors like the growth
of the vertically aligned nanostructure, material properties, cyclic force contact angle, harvesting
methods, and the impendence matching circuit. In literature the various energy harvester, maximum
power at the output can be obtained by adding load with matched impedance to source and
load. The impedance matching has been obtained by using the maximum power transfer theorem.
As piezoelectric generators act like capacitive circuits, reactive and resistive loads were used for
impedance matching [44]. In piezoelectric generators, resonance frequency with mechanical mode was
needed frequency where highest power can be harvested. When resonant frequency do not matched
with excitation frequency, then no output would be obtained from the generator. In such a condition,
the power generation can be boosted by using load with matching method of impedence [45]. This
impedance matching was achieved by using circuits such as bridge circuits or DC-DC buck converters
attached to the energy harvester circuit. The internal series resistance of the prepared ZnO based
nano-harvester was calculated by J-V characteristics.

The slope of the non-linear curve provides the value of internal series resistance. The increase in
Rs leads to increases in the I;Rs and power losses which decrease the power density and Voc. Similarly,
increased Rs caused the decrease in Jsc of the device, and consequently the efficiency reduced for
system. The internal series resistance of the prepared system was 0.022 k(). For impedance matching,
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the output of the piezoelectric sensor subjected to pressure using a cam follower setup was connected
to a bridge circuit, as shown in Figure 11. For an efficient energy harvesting system, the attached load
was matched with the internal resistance, i.e, 0.022 k() of the energy harvester. The inductor was tuned
to match the internal resistance [46] of the piezoelectric source so that maximum power output can
be achieved.

6. Conclusions

In summary, a small piezoelectric energy harvester was mechanically and physically studied for a
smart MEMS system. The harvester was a combination of ZnO nano-rods fabricated on an anodized
aluminum oxide template with accurate patterned growth of the nanostructures. The anodized
aluminum oxide template featuring 80 nm pore-sizes was synthesized and ANSYS simulation predicted
that by applying force, stress is produced on the template under the elastic limit. A uniform array
of ZnO nano-rods was grown on AAO and the optical study shows that a band-gap of 3.22 eV was
measured. The piezoelectric property was studied by using a self-designed cam follower setup with
a harvester effective area of 4 cm by applying a cyclic force using a variable frequency controller.
The open circuit voltage and short circuit current were measured with both the polarities and were
found to be in the range of 3-6.4 mV and 0.45-1.5 uA, respectively. The power of 5.16 nW has been
obtained by taking the numerical value of the voltage (Voc) and current (Isc) as 3.16 mV and 0.985 pA,
respectively, in the fuzzy logic MATLAB simulation. The impedance of the piezoelectric generator
is matched with a load circuit for the maximum power transfer. By connecting these harvesters in a
series-parallel combination, the overall current and voltage can be enhanced for further use in large
scale energy harvesting.
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