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Abstract—This paper presents an efficient way to improve the
performance of the MEMS piezoelectric energy harvester by
incorporating square shaped through hole to the classical can-
tilever configuration. The design constraints w.r.t PiezoMUMPs
fabrication process for this particular square hole based topology
have been discussed. The harvester characteristics such as voltage,
power, resonant frequency, stress and strain profile has been
studied for different configurations. In this work, the resonant
frequency has been improved by decreasing the stiffness of the
harvester without increasing the mass of the beam. It is observed
that not only resonant frequency reduces but also the voltage and
power of the piezoelectric energy harvester increases due to the
effect of hole. The square hole based piezo harvester produces 1.1
μW whereas the without hole based harvester produces only 131
nW for the overall harvester dimension of (1250 μm × 250μm).

Keywords—Energy Harvesting, PiezoMUMPs, Square Hole, De-
sign Guidelines, Piezoelectric Sensor

I. INTRODUCTION

The energy need of the different modules or sensors working

on the wireless sensors nodes, IoT nodes, structural health

monitoring fields and biomedical fields has been increased

significantly in recent decades. This motivates various re-

searchers to work out on the field of energy harvesting and

low power sensors. Thanks to MEMS technology, that made a

revolutionary step for reducing the high power requirement

of sensors in various applications due to development of

low power consumption based sensors. Piezoelectric energy

conversion mechanism is one of the few methods like elec-

tromagnetic, electrostatic, triboelectric etc, which presented its

strong potential in the field of energy harvesting. With increase

in demand of low-power high efficiency sensors, different

sensors have been fabricated using either customized process

or PiezoMUMPs process for biomedical applications, inertia

and vibration monitoring applications etc. Jia et.al explored the

micro cantilever based energy harvesters and experimentally

demonstrated different geometrically variation in cantilevers

[1]. In the above paper, the overall area of the AlN based

micro cantilever was kept 2000 μm × 500 μm and they were

able to get the power of maximum 2 μW for the coupled micro

cantilevers in simulation with the static loading of 1.5 mN . As

far as the energy harvesting is concerned, the parameters such

as resonant frequency, voltage generation capability and power

are to be taken care of in piezoelectric transduction mechanism.

Apart from classical topology, a cantilever on membrane based

harvester has been designed by Jia et. al and power amounting

of 2.2 μW was produced by the new design at 1g acceleration

[2]. To enhance the performance of the cantilever based energy

harvesters, an end mass length to cantilever length ratio has

been formulated and experimentally explored [3]. The maxi-

mum output power that can be expected from a piezoelectric

energy harvester mostly depends upon the geometry of the

structure, average strain experienced by the piezo layer and

obviously frequency of the excitation of the applied force

or acceleration. Nabavi et. al optimised the dimension of an

unimorph type piezo harvester and also demonstrated a T-shape

piezo harvester in [4]. They found that the proposed T-shape is

capable of producing voltage of 98 mV at resonant frequency

of 951 Hz with respect to 0.25g of input acceleration [4]. A

cantilever based harvester was designed through deposition of

AlN material in the higher stress region and the effect of

damping coefficient as well as vibration intensity was briefly

studied [5]. The fixed-free configuration as well as fixed-fixed

configuration based structures has been well explored so far

for the purpose of piezoelectric energy extraction. Rather than

conventional anchoring mechanism of the micro cantilevers, a

curved double clamped is proposed in [6] and they proposed

that the energy harvesting can be increased 2.66 times. Also,

the curved-anchor shaped piezo harvester yields 2.05 μW at

harvested voltage of 776 mV with resonant frequency of 668

Hz. To counter the fixed-free cantilever based designs, a cross-

shaped cantilever based harvester with centred proof mass has

been reported by Alameh et. al [7]. They studied the impact

of beam to mass length ratio as well as beam to mass width

ratio on resonant frequency, but the designed structures give

higher resonant frequencies like 9.8 kHz and 4.3 kHz which

limit the application of energy harvester to certain high ranges

of vibration. An inter-digitated fork cantilever based array

configuration was proposed in [8] and the resonant frequencies

achieved are 525 Hz and 585 Hz. In the fabricated structures,

two fork designs were able to produce power of approximately

3.4 μW and 2.65 μW at 0.5g acceleration input. The reported

works on energy harvesters uses complex structures and the

dimension of harvester is quite high. The harvesters also have

high resonant frequencies as well as low output harvested

voltage. A simpler design can be adopted and the harvesters

can be designed with lower resonant frequency and higher



Fig. 1: Proposed Piezoelectric MEMS Energy Harvester

voltage.

In our work, a square through hole has been incorporated to

the classical cantilever based energy harvester. The piezoelec-

tric based MEMS energy harvester has been modelled consid-

ering different constraints for designing hole based structures

w.r.t PiezoMUMPs fabrication process. The parameters that

are responsible for energy harvesting using piezoelectric ma-

terial such as effective mass, stiffness, average strain, active

piezoelectric area and resonant frequency have been discussed

w.r.t proposed energy harvester. Also, a thorough simulation

has been carried out to characterize the harvester performance

w.r.t voltage and power as well as the lay-out of the proposed

harvester has been presented. The modelling and design con-

straints as well as optimization of the MEMS piezoelectric

energy harvester are discussed in Section II. The simulation

results and discussion for the proposed energy harvester is then

illustrated in Section III. Finally, the section IV summarizes

this work.

II. MODELLING OF ENERGY HARVESTER

The cantilever based energy harvesters has been widely

appreciated for their potential in this field. However, it is

still challenging to harness the energy in different topologies

with high efficiency. Here, we introduced a square hole in the

cantilever based harvester and the proposed model is shown in

Fig. 1. In Fig. 1, the cantilever is in fixed-free configuration

and dimensions along with design constraints are presented in

Table I. An end mass having a thickness of 400 μm has been

attached to the free end of the cantilever and the thickness is

fixed as per guidelines of PiezoMUMPs fabrication process.

The details about the selection of the dimension of the piezo

harvester has been discussed briefly in subsequent sections.

A. Square Hole based Cantilever Topology

The incorporation of through hole to the cantilever topology

decreases stiffness more in comparison to mass reduction. This

motivates us to explore the effect of the through sqaure holes in

MEMS based energy harvesters. The length of the cantilever

has been choosen to 1250 μm and maximum length of the

cantilever should be less than 2200 μm. However, the length

of the cantilever can be increased beyond the above mentioned

dimension, but it may suffer from various issues which further

restricts its usability. The higher length based harvesters may

suffer from slagging of the cantilever and/or fatigue damage

TABLE I: Dimension of Piezo Harvester

Parameter
Dimension

(μm)
Design

Constraint
Comments

Length 1250
Length

<2200 μm

Higher Length Leads to
Slagging Issue after fabrica-
tion
Prone to fatigue Damage
Low Durability
Reliability Issue

Width 250 NA
Width to length ratio <0.4
Must not be Plate configu-
ration
Follow Euler Bernoulli
Beam

Total
Thickness

11.5 11.5
As per Design rules of
PiezoMUMPs

Si
thickness

10 10
As per Design rules of
PiezoMUMPs

AlN
thickness

0.5 0.5
As per Design rules of
PiezoMUMPs

TABLE II: Dimension of Square Hole

Parameter
Dimension

(μm)
Design

Constraint
Comments

Square
Side ’a’

min: 25 μm
max: 200 μm

a
<200μm

Depends upon width
of the cantilever
Pad Metal and
AlN layer design rules
limit the width of
the Hole

Hole
Location ’b’

100 μm from
fixed end

b
>100μm

Depends upon length
of cantilever
To avoid slagging issue
Proper anchoring at
the fixed end
Fabrication Reliability

No. of
Holes

01(Side a) NA

No. of holes can be
increased
Dimension of holes
should be modified
Distance between
holes must meet
design rules
Distance between
holes must be
minimum 50 μm

after post fabrication uses. Also, the durability and reliability of

the structure with respect to long term application may not be

assured practically. Now the width of the micro cantilever can

be selected with a width to length ratio less than or equals

to 0.4 for a particular length of the cantilever. The micro

cantilever may follow Euler Bernoulli beam theory and the

width of the cantilever must be such a way that it should be

realizable.

The proposed cantilever consists of Si layer of thickness

10 μm on which an Aluminum Nitride (AlN) piezoelectric

layer having dimension of 0.5 μm has been placed. The total

thickness of the micro cantilever is of 11.5 μm including 1

μm Al layer as electrode material. A square hole with its

side varied from 25 μm to 200 μm was designed on the

cantilever towards its fixed end. The detail dimension and

design constraints for the square hole is given in Table II. More

details about the design guidelines of the square hole in the

classical cantilever is discussed in Section II-B. The resonant

frequency of the proposed cantilever based harvester depends



Fig. 2: Effect of Square hole on the effective mass of Cantilever

upon its equivalent mass and equivalent stiffness and can be

given as in Eq. 1[9].

Mtotal = 0.243mbeam +mend (1)

In Eq. 1, Mtotal refers to total effective equivalent mass of

the energy harvester, mbeam represents equivalent mass of the

cantilever without tip mass and mend is tip mass. The factor

mbeam is calculated by considering the density ρ and volume

of the cantilever. The effective total mass of the square hole

based cantilever is represented in Fig. 2. In Fig. 2, the sqaure

hole with side 0μm refers to the without hole case. It can be

seen that the mass factor reduces with a very small factor as

the dimension of square holes varies. The equivalent stiffness

of the cantilever can be calculated by considering the moment

of inertia factor and is represented in Eq. 2.

Ktotal =
3EI

L3
(2)

Where, E, I and L refers to Young’s modulous, moment of

inertia and length of the cantilever respectively. The natural

frequency ω0 of the square hole based cantilever can be

represented by Eq. 3 [1].

ω2
0 =

KTotal

MTotal
(3)

The equivalent effective stiffness of the square hole based

cantilever can be computed semi-analytically by knowing the

resonant frequency. The calculated stiffness of the square

hole cantilever along with other parameters such as average

strain, resonant frequency, active piezoelectric area are given

in Section.III-A.

B. Design Guidelines for Square Hole

The parameters of the square hole such as its dimension,

location and number of holes play vital role in determining

the characteristics of the energy harvester. The location of

the square hole has been kept towards fixed end because

its stiffness will be lower in comparison to placing the hole

towards other end. The position of the square through hole has

been kept at 100 μm for all the cases as represented in Table

Fmin >  5 mSOI

Piezo

SOI Hole

Fmin >  5 m

Fig. 3: Minimum Design rule for Hole
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Fig. 4: Mechanical parameters w.r.t variation in dimension of Square
Hole

II. The side of the square hole initially kept for 10 μm, but

there is no significant change in the factors like stiffness as

well as mass of the harvester. So, the square hole dimension

of the harvester is increased with a step size of 25 μm to

study the behaviour of the hole on the performance of the

harvester. Now the location of the square hole is fixed and

the dimension of the through hole is varied upto 200 μm. The

design constraint of the hole size depends upon the cantilever

width and for this case we can do a square hole with its side of

maximum 200 μm. As per design guidelines of PiezoMUMPs,

the SOI layer must surround the piezoelectric (AlN) layer by

minimum boundary of 5 μm and the minimum rule that can

be followed for designing the hole based harvester is shown

in Fig. 3. Hence, in order to realize a hole on the cantilever,

a dimension of square hole (width) must be minimum 50 μm

less than the cantilever width. To overcome the slagging and

breakage issue, the position of the square hole must be as per

Table II. Increase in length of the harvester can lead to decrease

stiffness, but the harvester structure may not be realizable.

Hence, after fixing the position of the hole and dimension of

cantilever, the resonant frequency is observed with different

hole dimension. The electrical and mechanical characteristics

of the proposed harvester have been discussed in Section.III.



Fig. 5: Displacement Profile of different Square Hole based Harvester

Fig. 6: First Principal Strain vs. Harvester beam length

III. SIMULATION RESULTS AND DISCUSSION

A. Mechanical Characteristics (Stationary Analysis)

The proposed energy harvester has been modelled and

simulated using finite element method as per the dimension

mentioned in Table I and Table II. Different topologies of the

square hole based cantilever was subjected to 1g acceleration

along the z-axis. Initially, the eigen frequency analysis was

carried out and the mechanical properties such as von-mises

stress, first principal strain and displacement experienced by

the harvesters were observed. With a step size of 25 μm,

the square hole dimension has been varied till 200 μm, then

the above mentioned mechanical characteristics was observed.

Fig. 4 represents the effect of square hole on the performance

metrics such as mass of the beam (without end mass), resonant

frequency, active piezoelectric area, stiffness experienced and

average first principal strain. From Fig. 4, it is observed that

resonant frequency, active piezoelectric area and mass of the

beam reduces due to square hole whereas the stiffness of the

beam reduces drastically in comparison to mass of the beam.

Hence, the hole in the structure can be utilised to lower the

resonant frequency instead of increasing the mass which is a

conventional one. Fig. 5 and Fig. 6 shows the displacement and

strain profile for the different hole based harvesters respectively

whereas the stress profile for the same is presented in Fig. 6.

In the Fig. 6, the principal strain experienced by the harvester

in its hole region is much higher than the strain experienced

by without hole based harvester and the same observations are

noticed for the stress profile as in Fig. 7. The average stress and

Fig. 7: Stress Profile of the Square hole based Harvester

Fig. 8: Peak voltage response for different harvesters

strain in case of hole based harvesters are high in comparison

to without hole based harvester. This parameter contributes

high piezoelectric transduction factor to the energy harvesting

capability.

B. Electrical Characteristics (Frequency Domain Analysis)

After mechanical analysis, frequency domain analysis has

been carried out for different square hole based harvesters. The

sinusoidal acceleration having magnitude of 1g acceleration

is applied to the harvesters and the parameters such as peak

voltage, power extractable are observed. The transducted power

from the piezomaterial is a function of average strain, piezo

area, resonant frequency etc. and can be given as in Eq. 4 [1].

Ppiezo = f (εstrain, δstress, fres, tpiezo, apiezo, Epiezo, Cother)
(4)

where, Ppiezo, εstrain, δstress, fres, tpiezo, apiezo, Epiezo and

Cother represents the power, average strain, average stress,

resonant frequency, thickness of the piezo layer, piezoelectric

area, elastic modulus of the piezo layer and other piezo electric

constants respectively. The higher amount of strain experienced

by hole based cantilever leads to generation of higher voltage

than its counterpart. The peak voltage observed for different

harvester configurations at 1 MΩ load resistance as given in

Fig. 8. It can be observed from Fig. 8 that the peak voltage of

1.2 V is found with 200 μm square hole based harvester with

resonant frequency of 1.3 kHz whereas without hole it is 513

mV at frequency of 2.1 kHz. Similarly, the power plot for the

different square hole based harvester is shown in Fig. 9 and

the 200 μm square hole architecture is able to produce power

amounting of 684 nW and 131 nW is observed for the without



Fig. 9: Power Response w.r.t frequency of vibration

Fig. 10: Optimized Power Response w.r.t Load resistance

hole architecture. Also, the load resistance was swept with

ranging from 10 kΩ to 100 MΩ for different configurations

of the harvester and the load resistance optimised for different

hole based harvesters. The optimized power vs. load resistance

is illustrated in Fig. 10. The amount of power for the 200

μm square hole harvester is found to be 1.1 μW at optimized

load resistance of 420 kΩ. The performance of the proposed

harvester has been compared with available literatures and is

illustrated in Table III.

C. Lay-out of Proposed Energy Harvester

A five mask level process has been adopted in PiezoMUMPs

fabrication process. The PiezoMUMPs process uses PADOX-

IDE layer (0.2 μm), AlN piezo layer (0.5 μm), PADMETAL

layer (1.02 μm) on SOI layer. The lay-out for the MEMS

energy harvester (1250 μm × 250μm) has been drawn in

Tanner L-edit software and is presented in Fig. 11.

IV. CONCLUSION

The piezoelectric energy harvesters are widely being used

to act as auxiliary power sources in different structural health

monitoring applications. In this work, we have considered

the application of square through hole to the cantilever con-

figuration type MEMS harvester and performance of the

harvester has been discussed. The proposed harvester uses

only 0.5 μm AlN piezo layer and the design guidelines w.r.t

PiezoMUMPs fabrication process has been discussed. The hole

based topology outperforms the conventional one as well as

uses less volume of piezo material. The proposed technique

can further be enhanced by increasing the number of holes

and its locations.

Fig. 11: Lay-out of the Proposed Energy Harvester

TABLE III: Comparison of Harvester Performance with liter-

atures

Ref.
Frequency

(kHz)
Voltage

(V)
Accleration

(g)
Power

[1] 3.53 —— 2.04 0.03 nW
[4] 1.57 0.05 2 ——-
[6] 0.6 0.77 1 2.05 μW
[7] 9.77 0.3 1 0.45 μW

This
Work

1.3 1.2 1 1.1 μW
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