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 The rise of the Internet of Things (IoT) has led to an
increasing number of micro-electronic devices.

 These devices, including wireless remote sensors, are
deployed in environments demanding extended lifespans and
minimal maintenance.

 Consequently, there is a growing need to create reliable
self-powered systems such as Piezoelectric fluid energy
harvesters (PFEH) offering an alternative to traditional
batteries.
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➢ The full-scale solid continuum model outperforms simplified beam/plate models in complex PFEH designs.

➢ Especially in micro-structured transducers and non-uniform cantilevers, as well as the induced local FSI effects.

Flow Base plate

Piezo patch

R

Fig. PEH topology optimization (Lee) Fig. PEH electrode design (Jeon) Fig. Stacked Configuration (Covaci)

TurtleFSI

The choice for the structure model?

Strong coupling effect

Thin flexible piezoelectric device

Fluid flow
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Partitioned Monolithic

➢ Methods of solving coupled dynamic FSI problem are generally classified as partitioned and monolithic methods.
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(1) Base plate cross-section 
shape

(2) Piezo patch location

(3) Piezo patch inclusion

Fluid

Solid

Piezoelectric
material

External
circuit

Flow induced vibration

Electro-mechanical coupling

Electricity transformation

Complete coupling system

 A solid continuum model with geometric nonlinearities is adopted.

A set of numerical cases to demonstrate the solver’s potential: 

TurtleFSI

A high-fidelity full-scale FEM model is built for monolithic FSI simulations of thin-walled PFEH
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Elastic solid domain FSI Coupling Conditions

Piezoelectric solid domain Fluid domain in ALE framework

Biharmonic mesh model

Newton’s law 

Gauss equation
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Circuit



Elastic solid domain 

Piezoelectric solid domain 

Relate the displacement to velocity 

Output circuit Electrode boundary

Fluid domain in ALE framework

Biharmonic mesh model
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One step 𝜃 method

The temporal discretization is achieved by using an implicit one-step 𝜃 method.

Considering a generic equation (a: generic variable), the one-step 𝜃 method amounts to solving for the time-step 𝑛 + 1

Different numerical stability and time accuracy for different θ

For better robustness, shifted Crank Nicholson scheme is adopted.
10



Fluid part

Temporal derivative

Convection

ALE term

Divergence free term

Stress from velocity

Stress from pressure

Biharmonic Mesh operator

Biharmonic Mesh operator

One step 𝜃 method
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One step 𝜃 method

Elastic Solid part

Temporal term

Convection term

Stress

Piezo Solid part

Circuit term

Electrode term

Monolithic computational mesh 12
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Three configurations



Fluid parameters in 𝛀𝒇

(Glycerine)

Mechanical parameters in 𝛀𝒔𝒔

(Aluminum alloy)
Mechanical and electrical parameters in 𝛀𝒔𝒑

(PZT-5A)

◼ Fluid
◼ Host
◼ Substrate layer
◼ Piezoelectric layer
◼ Electrode
◼ Electric wire
◼ Resistive load
◼ Poling direction
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Standard case

Modified case

Cases settings

sin-Amplitude

FSEI-(1)
FSEI-(2)
FSEI-(3)
FSEI-(6)

sin-Nperiod

FSEI-(1)
FSEI-(4)
FSEI-(5)
FSEI-(6)

Standard case Vortex
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 The increase of sin-Amplitude will enlarge the free end displacement and decrease the output averaged power, then 
the corresponding energy harvesting efficiency will also decrease. 16
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Standard case

Shift the piezo patch location

Cases settings

Different 
location

FSEI-(1)
FSEI-(7)
FSEI-(8)
FSEI-(9)

Inclusion FSEI-(1)
FSEI-(10)

With internal inclusion 
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Full-body response of the base plate over a complete oscillation cycle
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 FSEI-(7) gets the highest power,  but FSEI-(8) has higher efficiency because of its small free end displacement.
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 The averaged power has decreased by nearly 53% compared to the standard case,
because part of the piezo material is replaced.
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0 Plate & 1 Cylinder
Cylinder-based PFEH

2 Plates & 0 Cylinder
Double-plate-based PFEH

2 Plates & 1 Cylinder
Synergistic PFEH

Stable limited vibration Unstable larger vibration ✓ Stable and large vibration



◼ Fluid
◼ Rigid solid
◼ Substrate layer
◼ Piezoelectric layer
◼ Electrode
◼ Electric wire
◼ Resistive load
◼ Poling direction

Fluid parameters in 𝛀𝒇

(Water)

Mechanical parameters in 𝛀𝒔𝒔

(Aluminum alloy)
Mechanical and electrical parameters in 𝛀𝒔𝒑

(PZT-5A)
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2 Plates & 1 Cylinder
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Wake forms can be divided into two types
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Vortices move in different velocity

Vortices move in same velocity

 The asymmetric double-plate wake type is more preferable because it can generate larger pressure difference.
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1. This study introduces a full-scale finite element model for monolithic FSI simulations of
thin-walled piezoelectric fluid energy harvesters.

2. The designs of base plate and piezoelectric components have noticeable effects to the
dynamic response and electricity outputs of energy harvesters.

3. A synergistic vortex generator is presented for significantly enhancing the PFEH
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Highlights

Future works

1. This model will be extended to 3-Dimentional problems for more detailed designs.

2. Turbulent models will be implemented for applications to high Reynold number conditions.



Thanks for your attention!
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