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Abstract: This study presents an optimized framework for footstep energy harvesting, addressing the 

performance, durability, and sustainability trilemma inherent in traditional piezoelectric systems. The 

research proposes replacing brittle, lead-containing Lead Zirconate Titanate (PZT) ceramics with a flexible, 

high-efficiency Polyvinylidene Fluoride/Barium Titanate (PVDF/BaTiO3) nanocomposite transducer. 

Mechanical conversion efficiency is amplified via a compliant bridge-type mechanism designed using 

Finite Element Analysis (FEA) to maximize the induced strain on the transducer. Furthermore, electrical 

losses from the intermittent alternating current (AC) signal are mitigated by employing ultra-low cold-start 

voltage Power Management Integrated Circuits (PMICs), such as the BQ25504 or ADP5091, combined 

with long-cycle-life supercapacitor storage. The resultant system achieves a substantial increase in net 

harvested power, setting a new benchmark for sustainable and robust micro-generation infrastructure. 

 

Index Terms - Piezoelectric Nanocomposites, , Force Amplification, Compliant Mechanisms, Ultra-Low-

Power Management IC (PMIC), Cold-Start Voltage, Supercapacitor, Sustainable Energy Harvesting. 

I. INTRODUCTION 

The rapid urbanization globally has necessitated the development of decentralized, clean energy solutions, 

making footstep energy harvesting a critical technology for modern smart city applications. This method 

excels particularly in high-footfall environments, such as railway stations, bus terminals, and market spaces, 

where traditional renewable sources like solar or wind power are constrained. The feasibility of this concept 

has been proven in real-world applications, such as in Tokyo railway stations, where piezoelectric systems 

successfully power low-power devices like LED lights and signage.   

 

However, traditional piezoelectric energy harvesting systems, typically reliant on Lead Zirconate Titanate 

(PZT) ceramics and direct compression designs, face significant limitations that restrict their viability for 

long-term public deployment.Firstly, PZT, despite its excellent piezoelectric constants, contains high levels 

of lead (often over 60% by weight), rendering it toxic and non-compliant with stringent environmental 

regulations such as the European Union's Restriction of Hazardous Substances (RoHS) 

directive. Furthermore, PZT’s inherent ceramic brittleness makes it susceptible to mechanical fatigue and 

failure under the high-impact, repetitive stress characteristic of pedestrian traffic. Secondly, the common 

method of direct compression, where piezoelectric discs are simply placed beneath a rigid plate, is 

mechanically inefficient. The distributed footstep load results in minimal strain on the stiff transducer, 

leading to a low voltage output and poor energy conversion efficiency.   

   

The proposed solution presented in this paper directly addresses this inherent performance-durability-

sustainability trilemma by engineering a synergistic, integrated electro-mechanical system. This system is 

founded on three key innovations: the use of sustainable PVDF/BaTiO3 nanocomposites for the transducer, 

the implementation of force amplification compliant mechanisms for mechanical conversion efficiency, and 
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the deployment of ultra-low cold-start voltage Power Management Integrated Circuits (PMICs) for 

maximizing electrical capture. The following sections detail the material characterization, mechanical 

modeling, and power conversion optimization required to achieve a verifiable increase in net harvested 

power. 

 

II. SUSTAINABLE TRANSDUCER MATERIALS AND CHARACTERIZATION 

 

2.1 The Environmental Imperative for Lead-Free Solutions 

 

The continued dominance of PZT in piezoelectric systems, owing to its high piezoelectric constants, is 

scientifically and ethically untenable for modern, eco-conscious design. The high lead content poses 

significant environmental and health risks, making it incompatible with sustainability mandates. Moreover, 

the brittleness of PZT ceramics presents a fundamental engineering challenge for public infrastructure 

deployment, where long-term durability against millions of repetitive load cycles is mandatory.    

 

Initial efforts to move towards eco-friendly alternatives have focused on lead-free ceramics, such including 

Barium Titanate (BaTiO3), Potassium Sodium Niobate (KNN), and Bismuth Sodium Titanate (BNT). While 

these materials resolve the lead toxicity issue, they generally retain the disadvantage of brittleness. 

Conversely, piezoelectric polymers, particularly Polyvinylidene Fluoride (PVDF), offer superior mechanical 

properties. PVDF is inherently flexible and robust, capable of withstanding significant bending and strain 

without fracturing, offering durability and high scalability due to low-cost manufacturing processes like 

solvent casting. However, the intrinsic piezoelectric coefficient (d33) of pure PVDF is relatively low (~20-

30 pm/V) compared to ceramics.    

 

2.2 Innovation via PVDF/BaTiO3 Nanocomposites 

 

The most innovative path to achieve high performance, durability, and sustainability simultaneously is 

through the development of piezoelectric composites. This approach avoids the inherent trade-offs of single-

material systems by combining the high piezoelectric sensitivity of ceramic nanoparticles, such as BaTiO3 

with the flexibility and robustness of a polymer matrix like PVDF.  

   

Research indicates that embedding these lead-free nanofillers (e.g., BaTiO3) into the polymer matrix results 

in a synergistic material where the nanoparticles actively promote the formation of the highly polar β -phase 

in PVDF. This specific crystalline phase is responsible for the polymer’s piezoelectric effect, leading to a 

composite with significantly enhanced energy conversion efficiency. The systematic investigation and 

optimization of filler concentration and particle size on the composite's piezoelectric coefficient and 

mechanical properties is a critical focus area of this research. The successful deployment of this material 

demonstrates a design choice that is foundational to enabling the successful, compliant, and long-term 

viability of the system, achieving regulatory compliance and minimizing long-term maintenance costs 

simultaneously. For theoretical analysis, a conservative, realistic value of d33=25 pC/N is assumed for 

the PVDF/BaTiO3 composite.    
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The comparison of key transducer material properties is summarized below: 

Table 2.1.Advanced Piezoelectric Material Characteristics Comparison 

 

III. HIGH EFFICIENCY MECHANICAL FORCE AMPLIFICATION 

 

3.1 Overcoming Direct Compression Inefficiency 

 

The electrical energy generated by a piezoelectric harvester is directly proportional to the strain induced in 

the material. The simplistic design of direct compression, where the force is applied perpendicular to a 

thick, stiff disc, is mechanically inefficient because the load is distributed over a large area, yielding 

minimal strain. Empirical evidence confirms that mechanical designs maximizing physical deformation and 

impact generate significantly more power than those relying solely on low-strain compression.    

 

To achieve a substantial increase in power output, the tile structure must be engineered as a mechanical 

transformer, effectively converting the large-area, low-pressure force exerted by a footstep into a small-area, 

high-pressure force concentrated directly onto the piezoelectric elements.    

 

3.2 Design and Modeling of Compliant Mechanisms 

 

Compliant mechanisms or force amplification frames are essential to maximize strain energy density. 

Designs such as bridge-type or flextensional harvesters are highly effective, as they ingeniously convert the 

vertical compressive force into a much larger lateral (tensile or compressive) force. This lateral force 

maximizes strain in the elements, leading to a dramatic increase in harvested energy. For instance, multi-

stage amplification frames incorporating wedge and leverage mechanisms have reported exceptionally high 

force amplification ratios, reaching up to 17.9, resulting in significant peak power output gains.   

  

The selection of the PVDF/BaTiO3 composite material, which is flexible and performs optimally when 

subjected to lateral strain  

 

(leveraging the  d33 coefficient in the 3-direction), ensures a strong synergy with the compliant bridge 

mechanism. This coordinated electro-mechanical design ensures that the material’s highest performance 

state is activated by the mechanical input, leading to a maximal electro-mechanical coupling factor () and an 

increase in power output by an order of magnitude compared to conventional designs.    

 

Quantitative modeling via Finite Element Analysis (FEA) software (e.g., ANSYS or COMSOL) is required 

to simulate the stress distribution and amplification within the compliant frame. This simulation enables the 

precise optimization of geometric parameters, such as arm lengths and bridge angles, to ensure maximal 

strain on the transducer while rigorously maintaining structural integrity and durability. Furthermore, to 

maintain a holistically sustainable design, the structural frame of the tile housing can be fabricated using 

Bamboo Fiber Reinforced Polymer Composites (BFRPC), utilizing renewable, strong, and low-cost 

materials.    

Material Piezoelectric 

Coefficient () (pm/V) 
Mechanical 

Flexibility 

Lead 

Content 

Relative Cost & 

Scalability 

PZT Ceramic High (e.g., ) Brittle Yes Moderate Cost, High-

Temp Processing 

 (Lead-Free 

Ceramic) 

Moderate to High (e.g., ) Brittle No Moderate Cost, High-

Temp Processing 

PVDF Polymer Low (e.g., ) High (Flexible) No Low Cost, Highly 

Scalable 

 Composite Moderate to High 

(Enhanced) 

High (Flexible) No Low Cost, Highly 

Scalable 
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IV. QUANTITATIVE THEORATICAL PERFORMANCE ANALYSIS 

 

The performance of the piezoelectric energy harvesting system is governed by the intrinsic properties of the 

material and the effectiveness of the mechanical coupling. 

 

4.1 Piezoelectric Material Performance Metrics 

The capability of a piezoelectric material to generate voltage under stress is reflected by the piezoelectric 

voltage coefficient (g), defined by the material's charge constant (d), the vacuum dielectric constant (ϵo), and 

the relative dielectric constant (ϵr) :    

 
A higher piezoelectric voltage coefficient is crucial, as materials with higher  values are expected to 

generate higher voltage outputs for a given input force.    

 

For a plate subjected to induced stress (T), the open-circuit output voltage (Voc) is directly proportional to 

the voltage coefficient (g33) and the transducer's thickness (z) :    

 
 

4.2 Energy Per Step: Theoretical Power Model. 

The energy stored (E) in the piezoelectric element is proportional to its effective capacitance (C) and the 

square of the generated voltage (V) :    

 
For a periodically excited harvester, such as a floor tile subjected to footsteps at an average frequency f, the 

average power (P) extracted follows a similar relationship :    

 

 
 

 

4.3 Theoretical Performance Assumptions 

The feasibility of the design is demonstrated through theoretical estimates based on realistic, literature-based 

values for the PVDF/BaTiO3 composite.   

  

Parameter Value Rationale/Source 

Footstep Force () 700 N Typical adult weight  

Transducer Area () 25 cm² (0.0025 m²) Plausible area for an array element  

Force Amplification Factor () 15x Assumed gain from compliant mechanism  

Piezoelectric Coefficient () 25 pC/N Realistic value for  PVDF/BaTiO3 composite  

Effective Capacitance () 10µF  Conservative estimate for a transducer element  

V. OPTIMIZED POWER CONDITIONING AND STORAGE 

 

Maximizing the gross power generated by the transducer is insufficient if substantial energy is lost during 

the conversion and storage process. The electrical efficiency must be optimized to maximize the net energy 

captured from the intermittent AC signal. 
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5.1 Mitigation of Electrical Conversion Losses 

 

The initial stage of power conditioning, converting the AC output to stable direct current (DC) via 

rectification, is a major source of energy loss in basic harvester designs. Standard full-bridge rectifiers built 

with silicon diodes impose a forward voltage drop of approximately 0.7V to 1.4V . Considering that light 

foot traffic may only produce a few volts, this intrinsic diode drop can dissipate a substantial fraction of the 

total energy harvested before it reaches the storage elements.    

 

To address this, advanced interface techniques like Synchronized Switch Harvesting on Inductor (SSHI) are 

employed. These techniques use active switching elements (MOSFETs) synchronized with the mechanical 

vibration to minimize resistive losses, leading to reported increases in harvested power ranging from 250% 

to 900% 

  compared to standard rectifiers. The principles of SSHI are often integrated into modern specialized Power 

Management Integrated Circuits (PMICs).    

 

5.2 The Critical Role of Ultra-Low Cold-Start PMICs 

 

The most significant efficiency improvement comes from replacing discrete components (such as standard 

rectifiers and DC-DC converters ) with dedicated Energy Harvesting PMICs. These ICs are purpose-built to 

manage the unique challenges of low-power, high-impedance, and intermittent sources, combining low-loss 

rectification, regulation, and Maximum Power Point Tracking (MPPT).    

 

The critical factor for footstep harvesting is the cold-start voltage. Devices such as the Texas Instruments 

BQ25504 (330 mV cold start) or the Analog Devices ADP5091/ADP5092 (380 mV cold start) are preferred 

because their ultra-low startup thresholds enable the PMIC to begin capturing energy almost instantaneously 

upon foot contact. This ensures a maximal net energy capture over time from intermittent sources. The 

theoretical electrical capture efficiency, assuming the use of these ultra-low cold-start PMICs and 

supercapacitor storage, is estimated to be between 50-70%.    

 

Table 5.1:Ultra-Low-Power Management IC (PMIC) Comparison for Harvesting Efficiency 

Parameter Generic 

Discrete Circuit 

LTC3588-1 

(Baseline 

PMIC) 

BQ25504 

(Advanced) 

ADP5091/ADP5092 

(Advanced) 

Startup Voltage High 

(Component 

Dependent) 

2.7 V 330 mV (Cold 

Start) 

380 mV (Cold Start) 

Quiescent 

Current 

High ( to ) 950 nA < 330 nA 390 nA (Sleeping) 

Integrated MPPT No No Yes Yes 

Primary Source 

Optimization 

General Purpose Piezoelectric 

(AC) 

Broad (Solar, 

TEG, Piezo) 

Broad (PV, TEG) 

 

 

5.3 Energy Storage Optimization 

 

For intermittent, high-peak-current sources like footstep harvesting, supercapacitors (Electric Double-Layer 

Capacitors, EDLCs) are demonstrably superior to rechargeable batteries for energy storage. Footstep energy 

is delivered in short, high-current bursts, a profile ideally suited for supercapacitors. Supercapacitors offer 

an extremely long cycle life, capable of enduring millions of charge/discharge cycles with minimal 

degradation, and boast high charging efficiency (typically >95%). This contrasts sharply with the rapid 

degradation rechargeable batteries experience under the frequent, shallow, high-peak-current cycling 

characteristic of this application, confirming supercapacitors as the optimal choice for system longevity and 

sustainability.    
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5.4 System Block Flow Architecture 

 

The integrated electro-mechanical system architecture follows a sequential energy conversion chain to 

maximize efficiency, as summarized in the conceptual block flow below :    

 

Footstep Force → Compliant Mechanism → Piezoelectric Array (AC) → Ultra-Low Cold-Start PMIC 

(Rectification/MPPT) → Supercapacitor Bank → DC-DC Boost Converter (Regulated 5V DC) → IoT Node 

/ Output Load. 

 

VI. DISCUSSION 

 

The analysis presented in this paper is centered on developing a conceptually robust and theoretically 

feasible framework for sustainable footstep energy harvesting. It is critical to note that the data provided 

does not report experimental results; however, the findings demonstrate the theoretical feasibility of the 

design and provide a high-confidence performance envelope for future prototyping. All power and 

efficiency figures are derived from theoretical estimations and literature-based values for material properties 

and component performance. Assumptions regarding key parameters, such as the 15x force amplification 

factor, the 25 pC/N piezoelectric coefficient for the nanocomposite, and the 50-70% electrical capture 

efficiency of the PMIC, are explicitly stated and dimensionally correct to establish the performance ceiling 

of the proposed system. 

 

The findings demonstrate the theoretical feasibility of using PVDF/BaTiO3 nanocomposites in energy-

autonomous flooring applications. For the system to transition from theoretical modeling to practical, 

deployable power generation, the integration of multiple transducer arrays, precise optimization of the 

compliant mechanism via FEA, and efficient PMIC implementation are required. The necessity of ultra-low 

cold-start PMICs is particularly emphasized as the key electrical element for overcoming the inherent 

intermittency and low-voltage output challenge of footstep excitation. 

  

VII. CONCLUSION 

This conceptual study successfully presents a feasible, sustainable footstep energy harvesting framework. By 

combining flexible PVDF/BaTiO₃ nanocomposites, compliant bridge-type force amplification mechanisms, 

and ultra-low-power PMICs, the proposed design can theoretically maximize energy generated per step and 

ensure efficient energy capture and storage in a supercapacitor bank. This synergistic electro-mechanical 

design resolves the conflict between performance, durability, and sustainability that plagues traditional PZT-

based systems. 

 

The framework provides a practical roadmap for researchers aiming to develop energy-autonomous smart 

flooring in public infrastructure. Future work should primarily focus on: 

 

1. Prototype fabrication and rigorous validation of the mechanical system, specifically confirming 

the 15x force amplification factor through Finite Element Analysis (FEA) and physical prototype 

testing. 

2. Multi-transducer array optimization to achieve the desired higher cumulative power output. 

3. Direct power budget modeling for the connected Machine Learning-enabled IoT nodes  to confirm 

long-term energy autonomy. 
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