
 

Abstract—Energy harvesting from the human body is 

considered as an effective solution for powering biomedical 

systems. More particularly, the piezoelectric energy recovery from 

the human body associated mechanical vibrations is discovered to 

represent a highly promising solution. Relevant research works as 

perceived, in the related literature, turns out to reveal showed that 

the harvested power depends on several intervening factors such 

as the geometry, size and materials used in the construction of the 

piezoelectric cantilever. In addition, the reduction and the change 

of the design of the piezoelectric system appear to constitute 

important factors in output power enhancing process. In this 

context, the present work is conceived to propose a novel design of 

the piezoelectric cantilever. Accordingly, a special study dealing 

with conventional rectangular shape of the piezoelectric energy 

harvester is conducted. Hence, the major contribution of this study 

consists in an attempts to provide a newly designed cantilever of a 

new shape in a bid to enhance the scavenged power for low 

frequencies. To this end, various structures are tested and 

compared through implementation of the finite element method 

(FEM). The proposed associated performance is analyzed in terms 

of such factors as the von Mises stress, displacement, voltage and 

output power. The ultimate simulation results prove to indicate 

that the proposed architectural design turns out to be able to 

generate an electric power of a range of 14.11 µW at a resonant 

frequency of 8.5 Hz. It is also worth noting that the advanced novel 

shape is discovered to exhibit the most effective performance levels 

in respect of some other observed designs subject of investigation. 

 
Index Terms—Cantilever, energy harvesting, human body 

vibration, medical device, new shape, piezoelectric.  

 

I. INTRODUCTION 

ith the growth of medical systems associated 

miniaturization, the choice of power supply optimal 

options turns out to stand as a rather too difficult and an critical 

issue. More particularly, such systems are powered by local 

batteries that are difficult to replace or recharge. As a means of 

coping with the energy restriction problems, a considerable 

interest has been directed to the energy harvesting alternative 

[1].  
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In effect, the energy harvesting process appears to represent a 

promising solution whereby batteries can be replaced and to 

deal with problems related to conventional power supply 

methods attached problems can be effectively handled such as 

those relating to the short life time and environmental pollution 

phenomena. This procedure consists in converting ambient 

energy (vibration, light, thermal, etc.) into electrical energy to 

be reused in powering electronic devices [2]. 

More interestingly, the human body recovered energy 

represents an effective solution to provide the medical systems 

with equitable power supply. Actually, the human body 

constitutes such an intense source of energy [3], that it can 

produce electrical energy stemming from different sources 

(movement, walking, breathing, heat, etc.) [4]. Among these 

sources, the kinetic energy turns out to be accessible in different 

parts of the human body.  

In this context, harvesting energy from the human body 

related mechanical vibrations are considered as promising 

energy sources to supply low power electronic devices thanks 

mainly to the great power density and versatility they can 

provide.  

More particularly, body motions such as the hand, wrist and 

arm action, walking, joint movement have been considered to 

stand as attractive sources of mechanical energy whereby 

biomedical devices can be powered as these diverse movements 

are characterized with a huge moving distance without the 

constraint of time [5]. To this regard, various studies have been 

elaborated in the subject of scavenging electrical energy from 

the human body excepted motion. Worth citing, in this respect, 

is Moro and Benasciutti conducted study dealing with a special 

shoe-mounted to harvest energy from heel accelerations [6]. As 

for Pillatsch et al, they developed an energy harvester based on 

human body vibration [7]. In [8], Ylli et al. advanced two 

inductive energy harvesters: the first is designed to generate 

energy from the swing motion with the second is conceived to 

collect electricity from the acceleration pulse upon heel strike. 

With respect to Delnavaz and Voix, they put forward a special 

head-mounted to harvest energy from jaw movements [9]. 

Similarly, Yang et al. developed a special garments enabling to 

produce electricity from knee and elbow joints. 

More recently, three major frameworks have been typically 

applied to convert vibration into electrical energy namely, the 

electromagnetic [11], electrostatic [12] and piezoelectric [13] 

techniques.  
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Among them, the piezoelectric conversion proves to be most 

commonly used mechanism applied to convert vibration into 

electrical energy thanks to associated advantages of efficiency, 

simplicity, ease of use and materials variety [14]. 

In this regard, different piezoelectric structures conversion 

has been suggested. The most frequently applied among them 

is the cantilever thanks to the simple structure and high 

deformation response features it displays [15]. In this report, 

several attempts and efforts have been made in a bid to enhance 

the piezoelectric energy harvesting value relevant output power. 

Among these methods, one can cite the use of different forms 

of piezoelectric cantilever [16]. In [17], Mehraeen et al 

demonstrated that the cantilever of tapered shape proves to be 

rather efficient in producing power as compared to the 

trapezoidal and rectangular forms culminating in increased 

energy recovered. Besides, Benasciutti et al, they put forward 

presented two different trapezoidal cantilever structures 

enabling to further enhance the harvested power [18]. Similarly, 

Sameh et al highlighted that a trapezoidal cantilever would 

generate greater energy amounts relevant to a rectangular 

shaped cantilever [19]. In [20], Ben Ayed et al investigated a 

linear and quadratic shape for a cantilever as means for 

improving the power consumptions scores. The reached results 

proved to reveal that the quadratic form turns out to generate 

twice as much power as the conventional rectangular shape. In 

the same line of thought, the authors in [21] envisaged to design 

a non-traditional cylindrical shaped cantilever that is attached 

to a certain number of piezoelectric material made patches.  

Hence, an examination of the entirely of the reviewed works 

reveals well that they have been focused on three major 

parameters, more specifically, the piezoelectric structure 

associated dimensions, the materials used as well as the relevant 

structural to provide the greatest possible amount of energy 

supplies as collected from the piezoelectric energy harvesters 

for supplying medical systems. However, there still a great need 

is still perceived for an effective energy harvesting system to 

ameliorate the power output.  

In this respect, it is necessary to choose the appropriate 

dimensions and geometry of the piezoelectric structure in order 

to enhance the harvested power. What makes our work different 

is that we aim at defining new shape of piezoelectric cantilever 

which is characterized with a truncated form to ameliorate the 

harvested energy amount. 

In this context, an investigation study of the cantilever related 

ordinary form is conducted. The aim is to improve the form 

relevant specifications, thus, improving the relating power 

recovery capacity. In this regard, a variety of structures are 

proposed to help reduce the size of the conventional shape. 

Besides, a great care is dedicated to the cantilever relating 

different geometric forms whether trapezoidal, triangular and 

shrunken-triangular.  These forms are modeled and simulated 

by means of the FEM. The achieved simulation results are then 

compared for the most appropriate shape likely to generate the 

most optimal energy amount to be selected. 

The paper is organized as follows. Section II is devoted to 

describes the piezoelectric mechanism. Section III deals with 

depicting the cantilever structure relevant modeling and design 

features of citing different related shapes and simulation 

materials. Section IV, it is reserved to highlight the simulation 

results reached in regard to the rectangular, trapezoidal, and 

triangular structures, along with those relating to the newly 

advanced format. A comparison dealing with these different 

forms associated total displacement, output voltage and output 

power is established and relevant results reached are then 

reported. Finally, Section V involves the major concluding the 

paper. 

II. BACKGROUND 

A. Piezoelectricity Basic features 

Piezoelectricity was initially discovered by the brothers 

Pierre and Jacques Curie in 1880. It has been defined by two 

major effect. First, the direct effect which is characterized with 

the applied material polarization as witnessed under the effect 

of a mechanical stress. Second, the inverse effect which 

corresponds to the appearance of a mechanical deformation as 

noticed under the effect of an electric field applied to the 

material [22]. On exerting a force on the piezoelectric material, 

a deformation of the material is manifested causing the 

generation of an electric potential.  

Both of the consecutive equations (1) and (2) respectively 

depict the piezoelectric system related electrical and 

mechanical behavior [23]. The two formulas depict the 

interaction between piezoelectric material in terms of stress, 

strain, charge density displacement and electric field.  

 

𝑆 = 𝑠𝐸𝑇 + 𝑑𝑡𝐸                                                                   (1) 

   

    𝐷 = 𝑑𝑡𝑇 + 𝜀𝑇𝐸                                                                   (2)                                                                                                                                                  

 

where  

S is the mechanical strain.  

T denotes the applied mechanical stress. 

E represents the electric field. 

D designates the electric displacement. 

𝑠𝐸  is the matrix of elasticity under conditions of constant 

electric field. 

dt is the piezoelectric coefficient matrix. 

εT denotes the permittivity matrix at constant mechanical 

strain. 

Concerning the mechanical model, the device can be modeled 

in the form of a resonance system with one degree of freedom 

(DOF), comprising a rigid mass (M), a damper (C), a spring(K) 

and the piezoelectric element [24]. An applied external force 

excites the system and the piezoelectric layers scavenged 

energy should be immediately measured by means of the 

external resistive load R, connected to both electrodes. The 

spring mass model is illustrated on Fig. 1, below. 

Actually, the model can be described through these equations 

[25]: 

 

 

𝑀𝑍̈(𝑡) + 𝐶𝑍̇(𝑡) + 𝐾𝑍(𝑡) + 𝜃𝑉(𝑡) = 𝐹(𝑡)                               (3) 

  

𝜃𝑍̇(𝑡) − 𝐶𝑝𝑉̇(𝑡) −
𝑉(𝑡)

𝑅
= 0                                                  (4) 
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 𝐹(𝑡) = −𝑀𝑌̈(𝑡)                                                                  (5) 

 

Where: 

 

M is the total mass (kg). 

K is the total effective stiffness (N/m). 

C is the mechanical damping (Ns/m).  

θ is the piezoelectric coupling coefficient (N/V). 

Z(t) is the tip displacement (m). 

F(t) is the applied external force (N). 

y  : is the vibration acceleration (m/s2). 

V(t): is the electric load voltage (V). 

Cp is the capacitance of the piezoelectric layer (F). 

 

 
                  Fig. 1. General mechanical model of piezoelectric system. 

 

In effect, the three equations (3), (4) and (5) can be clearly 

depicted through an equivalent electric circuit representation 

[26], as illustrated on Fig. 2.  

 

 
Fig. 2. Equivalent circuit for 1 DOF piezoelectric resonator. 

 

The cantilever structure is the most commonly used 

mechanism useful for harvesting piezoelectric energy owing 

mainly to the important responsiveness to low vibrations and 

easy manufacturing properties it displays as compared to other 

structures. Additionally, based on the mechanical vibrations, 

strong constraints can also be generated. More essentially, the 

resonant frequency of the cantilever associated fundamental 

mode proves to be very low compared to any other piezoelectric 

devices associated vibration modes. 

According to the relevant literature, various kinds of 

cantilever structure can be depicted. The most widely applied 

among them are the unimorph and bimorph cantilever. 

Commonly, also it is the rectangular shape which turns out to 

be adopted. Actually, the unimorph type of cantilever is 

modeled with two layers of various natures, the first is an active 

and composed of piezoelectric material, while the second layer 

is inactive and is made of non-piezoelectric material (a metal 

layer). As far, the bimorph cantilever is composed of an inactive 

layer inserted between two piezoelectric layers. The general 

architecture relevant to this cantilever is illustrated on Fig. 3, 

below. 

 

 
                 

Fig. 3. Structure of the unimorph and bimorph cantilever. 

 

III. THE ENERGY HARVESTER AND STRUCTURAL 

MODIFICATION RELATED DESIGNS 

A. The conventional rectangular structure 

1) Materials’ selection 

The choice of materials and relevant dimensions has a great 

impact on the cantilever based power recovery process [18]. In 

this respect, several types of piezoelectric materials have been 

suggested in the relevant literature. Among these materials, 

PZT (Lead zirconate titanate) and PVDF (Polyvinylidene 

fluoride) prove to be frequently applied for energy recover 

purposes.  

As a polymer, the PVDF displays several advantages as 

compared to the piezoelectric ceramic PZT. Indeed, it is highly 

flexible and light weight material. Moreover, the PVDF has 

small Young’s modulus which makes it able to provide the 

device with a low resonant frequency character [27]. It is, 

therefore, more adequately fit for maintaining the energy 

scavenging from low frequency vibration such as the frequency 

of the human body movements. Actually, the PVDF has been 

widely used in various human body based energy harvesting 

applications.  

Hence, the fit form usually proposed for the piezoelectric 

system to take turns out to be the rectangular shape. It is 

composed of two layers made up of different materials. Indeed, 

the PVDF material is usually selected to construct the 

piezoelectric layer while copper, as a material adequately fit for 

the human body, is chosen usually for the metal layer. The 

properties of the materials [28], as used for simulation purposes 

are illustrated on Table I, below. 

 

2) Selecting the cantilever appropriate dimensions 

In this regard, recognizing the source vibration frequency is 

paramountcy critical, as the piezoelectric proves to produce the 

highest power range when its resonant frequency appears to 

correspond to the vibration frequency. It is also worth 

mentioning that the output power tends to decrease dramatically 
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once the source vibration frequency proves to diverge from the 

resonant frequency [29]. 
 

TABLE I 

 THE TWO PVDF AND COPPER MATERIALS ASSOCIATED PROPERTIES  

 

 PVDF Copper 

Young’s modulus (GPa) 4 110 

Poisson ratio 0.33 0.35 

Density (Kg/m3 ) 1780 8960 

Piezoelectric constant d31 (C/N) 23 x 10-12 - 

Piezo voltage constant e31  (Vm/N) 216 x 10-3 - 

Relative permittivity εr 16 - 

 

Hence, the natural resonant frequency associated with the 

piezoelectric system ωn is given by the following equation (6):  

 

     𝜔𝑛 = √
𝐾

𝑀
                                                                 (6) 

 

For our study case, the mechanical vibration from the human 

body usually proves to correspond to very low frequencies 

ranging, more specifically between 1 HZ and 30 Hz [30]. 

Hence, for a lower resonant frequency to be specified, several 

methods have been applied, worth citing among which, is the 

approach of adding a mass to the end of cantilever, which turns 

out to be the most is efficiently fit for our case. The desired 

cantilever turns out to have a structure bearing one fixed end 

and another free end for vibration purposes. The conventional 

unimorph cantilever architecture is illustrated through Fig. 4, 

below. 

 
 

Fig. 4. Structure of the unimorph cantilever with proof mass. 
 

Table II illustrates the different dimensions of a common 

cantilever can have. 

 
TABLE II 

THE DIFFERENT PARAMETERS RELEVANT TO THE RECTANGULAR 

CANTILEVER  

 

 Piezoelectric 

material 

PVDF 

Substrate material 

Copper 

Length (mm) 20 20 

Width (mm) 10 10 

Height (mm) 0.01 0.04 

B. Application of different forms of cantilever 

The design associated with a unimorph rectangular ordinary 

cantilever is illustrated through Fig. 5. where L designates the 

length, W denotes the width, ρp and ρs stand respectively for the 

piezoelectric and non-piezoelectric density, tp and ts represent 

the piezoelectric and substrate thickness, while Ep and Es denote 

the Young's modulus relevant to the piezoelectric and substrate 

layers, respectively. 

 

 
 

Fig. 5. Geometry of a conventional unimorph cantilever. 

 

The structure related geometry has a considerable impact on 

the power to recuperate. The major challenge associated with 

an energy harvester lies in obtaining the maximum possible 

amount of power. In this regards, several researchers have 

attempted to increase the size of this recovered power through 

implementation of various methods.  

Based on the above cited scientific research, variation in 

cantilever related shapes can be considered to stand as an 

important factor for improving the amount of harvested power, 

where by the relevant performance can be remarked by 

improved. Hence, the major objective lying behind conducting 

the present study consists in constructing optimal form of the 

cantilever likely to help in maximizing the amount of stored 

energy. Bearing this, an appropriate structure must be chosen to 

enhance this power. 

By varying the shape of the piezoelectric system, it is 

necessary to opt for shapes that bear the smallest size possible 

for the related performance to be noticeably promoted. Based 

on the conventional form a cantilever can make, we consider 

attempting to minimize the relevant size, which a way as the 

relative structure may turn out to be more a singly truncated. As 

stated in most of   the previously conducted research works [31], 

the more truncated the cantilever structure process to be, the 

more increased voltage and therefore the output power 

increases. Accordingly, we consider producing with reducing 

the relative triangular shape, in order to obtain the new shape 

proposed, which we dub: shrunken- triangular.  

Accordingly, we have designed different shapes: rectangular, 

trapezoidal, triangular, and the proposed shape and considered 

to establish a comparison of their respective performances. The 

entirely of all these configurations associated geometry all 

shapes are illustrated through Fig. 6, below. 

Based on associated dimensions relevant to the rectangular 

shape of the above figuring cantilever selected above, we 

reckoned setting different dimensions concerning of the other 

structures. The different cantilever structural forms under 

review, along with the relating respective geometrical 

parameters are depicted through Fig. 7 and on Table III, below. 
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Fig. 6. Cantilever related shapes: (a) rectangular shaped cantilever (b) 

trapezoidal shaped cantilever (c) triangular cantilever (d) the proposed shape. 

 

 
 
Fig. 7. Various forms and dimension :(a) rectangular shaped (b) trapezoidal 

shaped (c) triangular shaped (d) proposed shaped. 

 

TABLE III 
GEOMETRICAL PARAMETERS ASSOCIATED WITH THE DIFFERENT SHAPES  

 

Cantilever  

form 

Length 

(mm) 

Width 

(mm) 

Piezoelectric 

thickness(mm) 

Substrate 

thickness(mm) 

Rectangular  L= 20 W1=10 0.01 0.04 

Trapezoidal  L= 20 W1=10            

W2= 4 

0.01 0.04 

Triangular  L= 20 W1=10 0.01 0.04 

Proposed 
form 

L1= 20   
L2= 12 

W1=10  
W3= 4 

0.01 0.04 

C. Analytical modeling of a unimorph piezoelectric 

cantilever 

Euler Bernoulli's theory is applied to obtain the mathematical 

modeling of the structure. The equation that defines the motion 

of a beam with a single piezoelectric layer under the influence 

of the basic excitation is as follows [32]: 

𝜕2 𝑀(𝑥,𝑡)

𝜕𝑥2 +
𝜕2

𝜕𝑥2 (𝐶𝑠𝐼(𝑥)
𝜕3𝑧(𝑥,𝑡)

𝜕𝑥2𝜕𝑡
) + 𝐶𝑎

𝜕𝑧(𝑥,𝑡)

𝜕𝑡
+

𝑚(𝑥)
𝜕2𝑧(𝑥,𝑡)

𝜕𝑡2 =  −[𝑚(𝑥) + 𝑀𝑡𝛿(𝑥 − 𝐿)]
𝜕2𝑧𝑏(𝑥,𝑡)

𝜕𝑡2       (7)                                                                                              

 

where  

M(x,t) is the internal moment of the beam. 

Cs and Ca are equivalent strain rate and viscous air damping 

coefficient. 

z(x,t) is the transverse displacement of the neutral axis.  

zb(x,t) is the base excitation displacement. 

 I(x) is the area moment of inertia.  

m(x) is the mass per unit length of the beam. 

and Mt is the tip mass. 

In this case, the width of the piezoelectric layer is identical to 

the width of the substrate layer, noted by w. The internal 

moment M (𝑥, 𝑡) is determined by integrating the stress moment 

through the thickness, it can be written as: 

 

𝑀(𝑥, 𝑡) = − ∫ 𝜎𝑠𝑤(𝑥)𝑧 𝑑𝑧
𝑡𝑠

− ∫ 𝜎𝑝𝑤(𝑥)
𝑡𝑝

𝑧 𝑑𝑧                   (8)                                     

 

Where 𝜎𝑠 is the normal stress in 𝑥 direction at substrate and 𝜎𝑝 

is the normal stress in 𝑥 direction at piezoelectric layer. These 

two terms are defined by: 

 

𝜎𝑠 = 𝐸𝑠𝜀1
𝑠(𝑥, 𝑡)                                                      (9)                                                                                          

𝜎𝑝 = 𝐸𝑝(𝜀1
𝑝(𝑥, 𝑡) − 𝑑31𝐸3(𝑡))                               (10) 

                                                                                
where 𝐸𝑝 and 𝐸𝑠 and are the modulus of elasticity of 

piezoelectric and substrate materials, respectively, 𝜀1 is the 

mechanical strain, d31 is the piezoelectric strain constant 

Piezoelectric electromechanical coupling is mathematically 

modeled by 𝑑31, E3 is the applied electric field through the 𝑧 

direction, E3 can be written as a function of the generated 

voltage v(t) as follows: 

 

𝐸3(𝑡) = −𝑣(𝑡)/𝑡𝑝                                                                 (11)   

                                                                                            

The bending strain, ε at any level z, can be described as below: 

 

𝜀1(𝑥, 𝑡) = −𝑧(
𝜕2𝑧(𝑥,𝑡)

𝜕𝑥2 )                                                          (12)                                                                        

 

Substituting (3) and (4) into (2) gives the internal bending 

moment as: 

 

𝑀(𝑥, 𝑡) = 𝐸𝐼(𝑥)
𝜕2𝑧(𝑥,𝑡)

𝜕𝑥2 + 𝑓(𝑥)𝑣(𝑡)                                      (13)                                                          

 

Where 

 

𝑓 = −
𝐸𝑝𝑤(𝑥)𝑑31

2
(𝑡𝑝 + 𝑡𝑠)                                                     (14)                                                                           

 

Where EI(x) is the flexural rigidity of the composite beam and 

is calculated as: 

 

𝐸𝐼(𝑥) = 𝑤(𝑥)[𝐸𝑠
𝑡𝑠

3

12
+ 2

𝐸𝑝

3
((

𝑡𝑠

2
+  𝑡𝑝)

3
−

𝑡𝑠
3

8
)]           (15)                                           
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The average strain of piezoelectric cantilever can be determined 

for various geometries, which is given by: 

 

𝜀(𝑥. 𝑡) = −𝑧
𝜕2𝑧(𝑥,𝑡)

𝜕𝑥2 ≈ −
𝑀(𝑥,𝑡)𝑧

𝐸𝐼(𝑥)
                                   (16) 

                   

The generated voltage is the integration of the strain function. 

Consequently, the increase in voltage is related to the increase 

in the strain function. 

 

𝑉 = −
𝑑31𝐸𝑝𝑡𝑝

𝐶𝑃𝑄
∫

𝑀(𝑥,𝑡)𝑧

𝐸𝐼(𝑥)

𝐿

0
𝑑𝑥                                                   (17)                  

 

Where Q is the total charge created by the piezoelectric element, 

which can be defined as: 

 

𝑄 = − ∫ 𝑑31𝐸𝑃𝑡𝑝 (
𝑀(𝑥,𝑡)𝑧

𝐸𝐼(𝑥)
) 𝑑𝑥

𝐿

0
                                               (18) 

 

In general, the width function w(x) of the typical beam 

geometry is determined by: 

 

𝑤(𝑥) = 𝑟𝑎𝑡𝑖𝑜 × 𝑤(0) +
𝑤(0) ( 1−𝑟𝑎𝑡𝑖𝑜)

𝑙
 𝐿 − 𝑥                (19)                                

 

where w(0) is the width of the fixed end and the ratio is the 

widths ratio of the two extreme sides of the cantilever. 

In our case, the proposed shape is the result of the addition of a 

trapezoidal cantilever and a triangular cantilever of the identical 

thickness, length L2 and L1 and width w1 and w4 respectively, 

as illustrated in Fig.8.  

 

 

 
 

Fig. 8. Dimensions of the proposed form. 

 

Obviously, for the proposed cantilever beam, the width is a 

function of x: 

 

Triangle: 𝑤(𝑥) = 𝑤4(1 −
𝑥

𝐿1
)                                          (20) 

 

Trapeze: 𝑤(𝑥) =
(𝑤1−𝑤4)(𝐿2−𝑥)

𝐿2
+ 𝑤4                               (21) 

For the proposed form, w is as follows: 

 

𝑤(𝑥) = 𝑤4(1 −
𝑥

𝐿1
)+ 

(𝑤1−𝑤4)(𝐿2−𝑥)

𝐿2
+ 𝑤4                   (22) 

 

Based on Equation (17), it can be seen that the integral of the 

strain function must be increased in order to increase the 

generated voltage. So we must reduce EI(x) which is reduced 

by the diminution of the width w. Therefore, the shrunken 

triangular shape is proposed.                                   

IV. THE SIMULATION REACHED RESULTS 

This section is devoted to discuss the simulation attained 

results. In addition to the already detailed mathematical model, 

we undertake to evaluate the proposed structure via the finite 

element method to highlight the proposed solution associated 

performance. This designed piezoelectric system is conceived 

to be placed on the human body. It can convert vibrations from 

the human body stemming vibrations into electrical energy. To 

note, the human body vibration associated frequencies range 

between 1 Hz and 30 Hz. The different structures have been 

studied by imposing an excitation acceleration (0.2 g). A copper 

proof of an m=0.53g, attached proof to the free end of cantilever 

mass is applied.  With respect to our study case, the oscillations 

reach their maximum value once the human body related 

vibration frequency proves to correspond to the cantilever 

associated resonant frequency of the cantilever. As outlined 

through Fig. 9, the unimorph rectangular cantilever appears to 

be composed of two different layers and a proof mass.  

 

 
Fig. 9. Design of the proof mass attached cantilever. 

 

We then turn to studying of the characteristics associated with 

the different investigated forms rectangular, trapezoidal, 

triangular and the proposed shape, adding mass to the end of 

each form under review proposed forms. The respective 

simulation estimation studies are executed by means of the 

FEM, applied for the purpose of establishing an accurate 

comparison of the different observed structures with precision, 

at this level, a number of highly specific criteria are worse 

considering, namely: the von Mises stress, displacement, 

voltage, output power and structural volume. Furthermore, the 

various forms associated characteristics are thoroughly 

examined based on a specific frequency study.  

In a first place, the von Mises stress distribution is 

implemented on at the resonant frequency determining various 

structures along the cantilever. The simulation results are 

depicted on Fig. 10, below. 
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Fig. 10. The distribution of von Mises stress for various forms of piezoelectric 

cantilever. 

 

As the figure highlights the maximum von Mises stress as 

respectively generated for the rectangular, trapezoidal, 

triangular and the proposed shapes turn out to be:  1.28 x 108 

N/m2, 2.48 x 108 N/m2, 3.03 x 108 N/m2 and 4.69 x 108 N/m2. 

Hence, one could well deduce that the proposed architecture 

turns out to display the largest von Mises stress related 

distribution. 

In a second place, the total displacement of a various 

cantilever related shapes of cantilever is depicted and simulated 

via the FEM according to a frequency range comprised between 

1 Hz to 20 Hz, which correspond to the vibrational frequency 

margins associated with of the human body. The simulation 

achieved results are depicted on Fig.11, below. 

 

 
 

Fig. 11. The displacement of different forms of cantilever. 

 

An examination of the frequency analysis simulation test 

performed on the different obtained cantilever shapes, achieved 

reveals well a peak attained at the respective resonant 

frequencies of 12 Hz, 11 Hz, 10 Hz and 8.5 Hz respectively 

associated with rectangular, trapezoidal, triangular and 

proposed forms. More specifically, the proposed shape turns out 

to score the highest displacement value.  

Subsequently, the various shapes respectively generated 

voltages are extracted. Fig. 12 below outlines the administered 

simulation reached results of this simulation. 

 

 
 

Fig. 12. The voltage value associated with the various cantilever related forms 

versus frequency. 

 

It can be noted, the rectangular structure turns out to yield a 

resonant frequency of a range of 3.36 V, i.e the equivalent of 12 

Hz, whole the trapezoidal structure proves to yield 5.66 V at a 

resonant frequency of 11 Hz, the triangular structure turns out 

to produce 7.68 V at a resonant frequency of 10 Hz, whereas 

the proposed structure proves yield a maximum voltage range 

of 15.26 V at a resonant frequency of 8.5 Hz. 

Noteworthy also, is the fact that on reducing the form size, the 

output voltage value proves to increase, while the resonant 

frequency decreases.  Based on such findings, one might well 

note that the highest voltage value has been reached through 

implementation of the suggested design.  

On the other hand, a comparison is established to the electric 

power provided by each of the different observed 

configurations. In this regards, the electrical power output 

delivered to the resistive load is measured by (23): 

𝑃 =
𝑉2

𝑅
                                                                           (23) 

 

Where: 

R: denotes the resistive load. 

V: stands for the voltage persistence across the resistive load. 

The maximum electrical power output is attained once; R turns 

out to be equal to Roptimum: the optimum load resistance, as 

expressed by the following equation (24) [33]: 

 

𝑅𝑜𝑝𝑡𝑖𝑚𝑢𝑚 =
1

𝜔𝑟𝐶𝑝
                                                  (24) 

 
Where 𝜔𝑟  denotes the cantilever resonant frequency of 

cantilever and Cp indicates the capacitance of piezoelectric 
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device associated capacitance. The later in computed through 

[33]: 

 

  𝐶𝑝 =
𝜀𝑟𝜀0𝐴

𝑡𝑝
                                                                (25) 

 
Where εr designates the relative permittivity, ε0 denotes the 

absolute permittivity, tp indicates the relevant thickness of 

piezoelectric layer and A stands for the area of piezoelectric 

layer. 

Actually, the optimal load resistance associated with the 

rectangular, trapezoidal, triangular as well as the proposed 

shape turn out to be: 4.6 MΩ, 7.6 MΩ, 11 MΩ and 16.5 MΩ, 

respectively. Then, we turn to represent the power delivered to 

the optimal load resistance relevant to each single form. Fig. 13, 

below, illustrates the simulation achieved results. 

 

 
 

Fig. 13. The power value associated with the various cantilever forms. 

 

The computed power output related to the device with the 

novel advanced structure bearing device turns out to be equal to 

14.11 µW, as compared to 2,4 µW related to the rectangular 

shaped structure, 4,6 µW regarding the trapezoidal structure 

and 5,3 µW concerning triangular structure, respectively. Based 

on the above figuring reached results, it appears clear that the 

optimized design associated power output which is equal to 

14.11 µW, proves to exceed remarkably those recorded through 

the entirety of the all other various cantilever shapes under 

review. 

In a next stage, it is interesting to evaluate the volume 

occupied by each form of cantilever to choose the best 

performing structure in this respect. Based on the simulation 

reached achievements, Fig. 14 describes the obtained volume 

size relevant to each observed form of the cantilever. 

As outlined through this figure, the variation the piezoelectric 

structure associated shape results in the modification of its 

volume. It is clear by noticeable that the novel structure 

advanced proves to exhibit the smallest volume range. 

It is worth noting, also that by decreasing the free end width 

of the piezoelectric cantilever, the displacement, the output 

voltage and the optimal load harvested power at the optimal 

load turn out to increase, while the resonant frequency is 

discovered to decrease. 

In effect, the shrunken-triangular shaped cantilever appears to 

display the highest voltage and output power with a range of 

15.26 V and 14.11 µW, respectively, as noticed at the level of 

the first resonant frequency. Besides, it proves to exhibit the 

greatest von Mises stress rate, which turns out to be equal to 

4.69x108𝑁/𝑚2. 

 

 

 
 

Fig. 14. The different cantilever forms related volumes. 

The output power, as generated by the proposed form, appears 

to be equal to 14.11 µW. It is clearly noticeable that this rate 

proves to exceed those scored by the other biomechanical 

harvesters generated output power rates, such as those relating 

to low frequency (2.4 µW) [34]. 

To sum it up, we could well deduce that for changing in the 

shape of the piezoelectric cantilever such a procedure proves to 

bring about a promising influence on the piezoelectric energy 

harvester associated characteristics. It is clear that, the 

trapezoidal, triangular, and newly suggested structure do prove 

to yield more highly efficient results relevant to the regular 

structure. Still, the most out performing results turn out to be 

recorded via implementation of the shrunken-triangular shaped 

cantilever. Besides, the electrical characteristics are discovered 

to be remarkably improved, as well. Accordingly, the newly 

shaped framework can be considered to stand as a rather 

effective solution worth applying with energy harvesting 

devices at low frequencies, to this end. 

V. CONCLUSION 

In the present work, a novel design of piezoelectric unimorph 

cantilever useful for harvesting energy from mechanical 

vibration of human body, is put forward. Accordingly, we 

modeled the conventional rectangular shaped cantilever of the 

dimensions are 20 mm x 10 mm x 0.05 mm. In the proposed 

design, the PVDF was used as piezoelectric material while 

copper was applied as a substrate material. Added to that, a 

proof mass was attached to the cantilever free end to decrease 

the resonant frequency. The simulation results prove to reveal 

well that the newly proposed architecture turns out to exhibit a 

maximum power of 14,11 µW at a resonant frequency range of 

8.5 Hz. Noteworthy, also, is that on other regular state of the art 

structures, the advanced design is discovered to generate an 

extra range of power. Hence, one may well conclude that based 

on the proposed technique conceived on the idea of reshaping 

the conventional system’s overall format, the output power 

turns out to be remarkably improved. As a proposal for a 
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potential work study subject we envisage in introducing a 

special storage circuit where by medical devices could be rather 

effectively provisioned with energy on a direct supply bass. 
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