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Abstract:- There is a lot of energy generated by the physiological activities inside the human body which gets 

wasted. In the recent times energy harvesting from these physiological activities is one of the major research 

area. In this work a swastik-shaped flexible piezoelectric biomechanical energy harvester (PBEH) is designed to 

harvest energy from the human body. The structure consists of squared-shaped seismic mass at the center of the 

four L-shaped beams forming a swastik using Polydimethylsiloxane (PDMS) as a flexible substrate and zinc 

oxide (ZnO) as the piezoelectric material and gold (Au) for the top and bottom electrode materials outperformed 

in terms of lower resonance frequency of 90 Hz which makes the device suitable for human body energy 

harvesting application. The designed PBEH can be attached as a band on any part of the human body for the 

harvesting of energy. 
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1. Introduction 

With the development in the area of micro electro mechanical systems (MEMS) fabrication technologies the 

prerequisite power and the size of the transistors are decreased to nanowatt and nanometer range respectively. 

This advancement aids the growth of numerous wireless electronic devices for various applications like 

implantable medical devices, etc. that improves the quality and the lifespan of human life to an appreciable 

limit. These implantable gadgets are utilized in the field of medical science to detect several biological aspects 

such as temperature, blood pressure, heart rate, movements, etc. The detection of these parameters are done 

using implantable medical instruments like pacemakers, sensors, stimulators [1-3]. With the help of these 

devices the diagnosis of diseases in different parts of the body such as brain, heart, limbs, etc. can be easily 

done. For instance, the irregularity in the heart beat occurs due to heart blockage can be corrected using cardiac 

pacemakers. Though, these medical instruments provide aid to attain improved human life although have several 

challenges in their fabrication [4-6]. The major constraint in the development of these implantable devices is 

their light weight and compact size in order to reduce its consequences on the human body [7-9]. Recently, 

batteries are the foremost alternative to serve as the power source for implantable medical instruments. The 

implementation of batteries in the implantable medical devices is very challenging task due to its fabrication 

complexities and short lifespan. For instance, the battery used in the pacemakers for the generation of pulses 

requires replacement after every 2-4 years [10-12]. To overcome this problem a novel research domain is 

explored by the researchers i.e., based on the harvesting of energy generated from the physical activities of the 

human body. To fulfill this task the energy within or outside the human body would be directly used to power 

these in-vivo medical equipments. Recently, several researchers are exploring methods for human energy 

harvesting generated from muscle contractions, glucose oxidation, mechanical energy in the form of pulses and 

vibrations [13-15]. This mechanical energy from the human body can be converted using different conversion 

mechanisms such as piezoelectric, electromagnetic and electrostatic. However, all the methods are capable of 
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converting mechanical energy into useful form but piezoelectric mechanism outperforms the other methods 

because of its innate property of transforming mechanical form of energy into electrical signals [16-17]. To 

harvest small mechanical vibrations from the human body the energy scavengers manufactured using 

conventional solid and inflexible substrates are unsuitable. Consequently, there is a need of thin, lightweight and 

flexible substrate material. Generally, polymer based materials are used to develop thin and flexible substrate 

such as PE (polyethylene), PI (polyimide), PDMS (Polydimethylsiloxane) and PET (polyethylene terephthalate) 

which is compatible with human body energy harvesting. For the piezoelectric type of nanogenerators the 

material like BaTiO3, ZnO, PVDF (polyvinylidene difluoride), etc. are used as piezoelectric layer [18-21]. 

The main aim of the proposed work is to design, develop and modal analysis of the piezoelectric biomechanical 

energy harvester (PBEH) that generates electric energy by capturing energy from physiological activities of 

human body. This PBEH is designed using FEM simulator with PDMS as the flexible substrate, ZnO as the 

piezoelectric material and gold (Au) as the electrode material. The eigen mode analysis is performed to compute 

the resonance frequency of the PBEH out of all the obtained eigen modes. 

2. Mathematical Modeling of Piezoelectric Biomechanical Energy Harvester 

The PBEH designed in this work could be analyzed as a mass-spring -damper arrangement which yields 

optimum electric energy whilst the resonance frequency of the PBEH equalizes with the frequency of 

mechanical vibrations inside the human body, or else there would be drop in the achieved electric energy. The 

PBEH consists of four L-shaped beams and a square-shaped seismic-mass. 

The mathematical equation for the determination of resonance frequency (𝑓) of flexible PBEH is mentioned in 

Eq. (1) [5-8, 21] 

 f =
1

2π
√

k

mt
  (1) 

where, 𝑘 and 𝑚𝑡 represents the spring-constant and the total mass of the PBEH. 

The total mass is the addition of 𝑚𝑠𝑚and 𝑚𝑒𝑓𝑓which represents the mass of the proof-mass and the effective 

mass of the L-shaped beam respectively. 

𝑚𝑒𝑓𝑓 =
33

140
𝑚𝑏  (2) 

where, the beam-mass is represented as 𝑚𝑏. 

Thus, the total mass of the PBEH is obtained as 

𝑚𝑡 =  𝑚𝑒𝑓𝑓 + 𝑚𝑠𝑚  (3) 

The spring-constant (𝑘) of the L-shaped beam is given as in Eq. (4) 

𝑘 = 4 (
𝐸𝑤𝑡3

𝑙3 )  (4) 

where, 𝐸 is the Young’s modulus, and 𝑤, 𝑡, and 𝑙 denotes the width, thickness and length of the beam 

respectively. 

The final expression for obtaining the resonance frequency of the proposed swastik-shaped flexible PBEH is 

given in Eq. (5) 

𝑓 =
1

𝜋
√

𝐸𝑤𝑡3

𝑚𝑡 𝑙3  (5) 

3. Design Parameters of Piezoelectric Biomechanical Energy Harvester 

In the proposed work, a swastik-shaped flexible PBEH is designed for human body vibrational energy 

harvesting application. The energy harvester is in fixed-guided configuration comprises of four flexible L-

shaped beams connected to all the four sides of the square-shaped proof-mass. In this PBEH, the two boundary 
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conditions are applied. The mechanical condition is applied by defining that the one-end of the L-shaped beam 

is fixed and the other-end to which the proof-mass is connected is free to vibrate which is defined as the guided-

end. The electrical boundary condition is applied by connecting terminal potential to the top gold electrode and 

ground potential to the bottom electrode. The material properties of the flexible substrate material PDMS, 

piezoelectric material ZnO and the electrodes material gold is listed in Table I. 

Table I. Material properties of flexible substrate (PDMS), piezoelectric material (ZnO), and Electrode 

material (Gold) 

Properties 
Materials 

PDMS ZnO Gold 

Density (𝒌𝒈 𝒎𝟑)⁄  970 5680 19300 

Young's Modulus (𝐄) (Pa) 750 × 103 210 × 109 70 × 109 

Poisson's Ratio (υ) 0.49 0.35 0.44 

Relative Permittivity (𝛏𝐓) 2.75 {8.5446, 8.5446, 10.204} 6.9 

where (ξT) is 3 × 3 relative permittivity matrix in stress-charge form 

A. Design parameters of square-shaped proof-mass 

The main purpose of this work is to design a flexible PBEH that has the resonance frequency below 100Hz so as 

to utilize it for the energy harvesting from low frequency mechanical vibrations from the human body. From Eq. 

(5), it is noticed that the desired low frequency range i.e., below 100 Hz would be obtained by connected a mass 

generally referred as the proof-mass to the four L-shaped beams. To accomplish this task a square-shaped proof-

mass with thickness of 2000 µm, length and width of 6000 µm is coupled at the guided-end of the four L-shaped 

beams as shown in Fig. 1. 

 

Fig. 1 Dimensional representation of the square-shaped seismic-mass 
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B. Design Parameters of L-shaped Flexible Beam 

From Eq. (4) and (5) it is clearly observed that the geometrical dimensions of the beam are the deciding factors 

for achieving the harvester's resonance frequency. The beam curling would occur if the length of the beam is 

bigger beyond a certain limit and if the thickness is increased too much then the resonance frequency would 

increase and if it is reduced below the certain value then it would not bear the load of the attached proof-mass. 

The width of the PBEH beam also needs to be optimized so that the device would resonate in low frequency 

range and does not become bulky. The thickness of the flexible PDMS layer of the beam is 2000 µm, length of 

the shorter arm is 6000 µm, length of the longer arm is 10000 µm, thickness of the piezoelectric layer of ZnO is 

2 µm and the top and bottom gold (Au) electrode is 1 µm. The geometrical view of the swastik-shaped flexible 

L-shaped beam PBEH is shown in Fig. 2.  

 

Fig. 2 Geometrical view of Swastik-shaped flexible L-beam PBEH 

4. Result and Discussion 

The resonance frequency of the swastik-shaped flexible PBEH is obtained using eigen-mode analysis in the 

COMSOL Multiphysics® software. In order to validate the simulated resonance frequency its comparison with 

the analytically calculated resonance frequency is also performed. From this comparison it is observed that the 

resonance frequency is in good agreement with each other.  

A. Modal Analysis 

For the exact determination of the resonance frequency of the flexible PBEH the four eigen modes have been 

obtained. Fig. 3 demonstrates all the four eigen modes i.e., 90.078Hz, 155.33Hz, 224.19Hz and 316.45Hz 

respectively. Among all these modes the first eigen mode is treated as the resonance frequency of the flexible 

PBEH because this shape of deformation is apt for energy harvesting application and the maximum energy is 

generated in first eigenmode. The obtained resonance frequency of the swastik-shaped PBEH is 90.078Hz 

which is less than 100Hz and thus suitable for harvesting energy from the physical actions of human body. 

The comparison between analytical and simulated resonance frequency is tabulated in Table II. 
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Fig. 3 First four eigen-modes of Swastik-shaped Flexible PBEH 

Table II. Comparison between analytically Computed And simulated resonance frequency 

Parameter 

𝐤𝐛 (𝐤𝐠 𝐬𝟐⁄ ) 91.81 

𝒇𝒓𝒒_𝐬𝐢𝐦𝐮𝐥𝐚𝐭𝐢𝐨𝐧 (𝐇𝐳) 90.078 

𝐟𝐫𝐪_𝐚𝐧𝐚𝐥𝐲𝐭𝐢𝐜𝐚𝐥
 (𝐇𝐳) 90.00 

Error (%) 0.086 

5. Conclusions 

The swastik-shaped flexible L-beam PBEH is designed and analyzed. The eigen-mode analysis is performed to 

determine the resonance frequency of the PBEH among all the different eigen-modes. The proposed flexible 

piezoelectric energy harvester resonates at the frequency of around 90Hz and thus makes the device suitable for 

human body energy harvesting application. 
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