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Vibration energy harvesting 2

▪ Vibration source

▪ Resonant structure

▪ Tuning of frequencies

Dominant 
frequency
(215Hz)

[EH Network Data Repository]

Power

Frequency (rad/s)

Harvested
power 

Vibration spectrum
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Piezoelectric 

patchs
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(e.g. steel, silicon, etc.)
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215Hz

Qm=100
Qm=50
Qm=30
Qm=20
Qm=10

Qm
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Power

Frequency

Pmax =
𝑀𝛾𝑀

2 𝑄𝑚

8𝜔0

Building

Industry
Biomedical

Normalized Power Density =
Pmax

Volume × 𝛾𝑀
2

𝜔0
𝛾𝑀: Acceleration amplitude
𝑄𝑚 : Mechanical quality factor Enough power in small volume

Usually 10-1 000 µW/cm3/g²

Power for various mechanical quality factors 𝑄𝑚

Frequency (Hz)
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• Linear harvesters efficiencies 
drastically decrease if their 
resonant frequency do not 
match the vibration’s frequency

• The intrinsic resonant frequency 
of piezoelectric energy 
harvesters may also varies with 
time, due to aging.

5

Challenge 3

Power (mW) Harvested energy (J)

Engine vibrations

Harvester
characteristic

Frequency (Hz) Time (s)

Necessity to either enlarge the harvesting bandwidth, or tune the harvester’s resonant frequency

∆𝑓
Pmax/2

∆𝑓 : Frequency bandwidth

𝒇𝒓𝒆𝒔
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Principle 4

M Electrical 

interface

M

Open-circuit

𝛿𝑓

Short-circuit 

resonance
Open-circuit 

resonance

Proof mass displacement

M

Short-circuit

𝑓𝑠𝑐 𝑓𝑜𝑐

𝑘2 =
𝑓𝑜𝑐
2 −𝑓𝑠𝑐

2

𝑓𝑜𝑐
2 = F(materials, geometry)

Electromechanical coupling coefficient 𝒌𝟐

→ Increasing the coupling 𝑘² increases the frequency bandwidth Δ𝑓

𝑓𝑜𝑐𝑓𝑠𝑐

Power

Optimal resistances and capacitances
SC-SECE1

Frequency

∆𝑓
Pmax/2

Pmax

Dedicated circuits to extract power

Strongly coupled 

cantilever

Frequency 

1 A. Morel et al., SMS, 2018
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System coupling 𝑘2 can be increased thanks to:

◦ The piezoelectric material

◦ High electromechanical properties 𝑘31
2

◦ Device optimization

◦ Elastic energy localization in piezoelectric material

◦ Strain distribution homogenization 

Electromechanical coupling coefficient 5

Material 𝒌𝟑𝟏
𝟐

𝟖𝟎%

Device     𝒌2

𝟏𝟓% 𝟓𝟎%
Coupling

Lead-based 
Ceramic

Lead-based Single Crystal (e.g. PZN-PT)
[Badel and Lefeuvre, 2014]

𝒌2 = 𝟓𝟑 %
▬

[Gibus et al., 2021]
𝒌2 = 𝟓𝟎 %

▬

[Ahmed-Seddik et al., 2012]
𝒌2 = 𝟒𝟗 %

[Siddiqui et al., 2016]
𝒌2 = 𝟏𝟐%

▲

5,4 cm
[Kuang et al., 2020] 

𝒌2 = 𝟏𝟏 %


►
▲ Width tapered
► Thickness tapered
▬ Long proof mass
 Flextensionnal

[Gibus et al., 2020]
𝒌2 = 𝟏𝟔 %

▬

Lead-free 
Ceramic

𝟑%

Power (W) (Δf)/fsc (%)

Commonly searched value : 𝑘2 = 2-3%.

[Clementi et al., 2021] 
𝒌2 = 𝟐. 𝟖 %
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Cantilever optimization 6

Material 𝒌𝟑𝟏
𝟐

𝟖𝟎%

Device     𝒌2

𝟏𝟓% 𝟓𝟎%
Coupling

Lead-based 
Ceramic

Lead-based Single Crystal (e.g. PZN-PT)
[Badel and Lefeuvre, 2014]

𝒌2 = 𝟓𝟑 %
▬

[Gibus et al., 2021]
𝒌2 = 𝟓𝟎 %

▬

Lead-free 
Ceramic

1%

Facteur d’épaisseur   Facteur de longueur   
Length factor  𝐿 Thickness factor   

Gibus et al., Applied Energy 2020

Long proof mass useful to increase coupling coefficient as the strain
becomes uniform

Material thicknesses should be optimized
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Narrow beam Wide beam

Material coupling 7

with the Poission ratio 𝜈𝑝 defined asFor ceramics,

𝑘31
2 =

𝑑31
2
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Mode longitudinal (33) Mode transversal (31)

Mode cisaillement (15) Mode radial

𝑻 : Stress vector
𝑺 : Strain vector
𝑫 : Displacement electric field vector
𝑬 : Electric field vector

Only lateral stress 

No lateral strain : 𝑺𝟐 = 𝟎

(Nadal 2011)

𝒅 : Piezoelectric matrix
𝒔𝑬 : Suppliance matrix
𝜺𝑻: Permittivity matrix

Only lateral strain

No lateral stress : 𝑻𝟐 = 𝟎

(Commonly used coupling)

𝒌𝟑𝟏
𝒘 𝟐

> 𝒌𝟑𝟏
𝟐
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Material coupling 8

8

Narrow beam Wide beam

Assumption

Only lateral strain Only lateral stress

Ceramic 
PZT-5A 𝑘31

𝑙 2
=  5. % 𝑘31

𝑤 2
=  4.2%

Take benefit of material parameters

Width × 5

𝑘2 =   . %

𝑘2 =  6.4 % 𝑘² ×  60 %

Experimentally validated

Beam width should be at least twice bigger than the length for piezoelectric ceramics
but

As ↗ beam length helps to ↘ resonant frequency, design issues can occur for small devices 
volumes and with low resonant frequencies 

Gibus et al., Applied Energy 2020

Is it possible to reach with this behavior without enlarging the beam ?
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1. Context

2. Solution and simulations

3. Experimental validation
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Innovative design

Proposal : adding latteral bars to reduce lateral strain for narrow beams

10

Piezoelectric plates
Proof mass

Substrate

Bars

Without bars  

 
Longitudinal strain 𝑆1 seen from above 

 
Lateral strain 𝑆2 of seen from above 

𝑓𝑠𝑐 = 33.0Hz 
𝑓𝑜𝑐 = 37.2Hz 
𝒌𝟐 = 𝟐𝟏. 𝟑% 

With bars  

 
Longitudinal strain 𝑆1 seen from above 

 
Lateral strain 𝑆2 seen from above 

𝑓𝑠𝑐 = 38.3Hz 
𝑓𝑜𝑐 = 48.5Hz 
𝒌𝟐 = 𝟑𝟕. 𝟕%  

 

 

 

 

 

 

 

 

 

Example with PMN-PT Material on Comsol (FEM)
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Parametric study

The improvement of the coupling depends on

• The initial cantilever

◦ Coupling coefficients 𝑘31
𝑙 2

and 𝑘31
𝑤 2

of the piezoelectric material,

◦ The stiffness of the piezoelectric material and the substrate 

◦ The geometry (length of the beam, mass and thickness of the piezoelectric materials and the 
substrate)

• The bars

◦ Dimensions (height ℎ𝑏𝑎𝑟, length  𝑏𝑎𝑟)

◦ The stiffness of the material of the bars

◦ Number and arrangement (distance between each bar, staggered or face to face arrangement)

11

Bars
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Parametric study 12

ℎ𝑏𝑎𝑟 sould be maximized and a plateau is reached

Bars

Fixed parameters Values

Materials PZT 4 and steel

Beam width 15 mm

Bar width  𝑏𝑎𝑟 1 mm

Beam length 45 mm

Variable parameters

Bar thickness ℎℎ𝑎𝑟 0.25-0.5-1-2.5-5-7.5-10 mm

Substrate and piezo thicknesses

(ℎ𝑝 = ℎ𝑠)
0.3-0.4-0.5-0.6-0.7-0.8-0.9mm

ℎ𝑏𝑎𝑟 (mm)
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Parametric study 13

Fixed parameters Values
Materials PZT 4 and steel

Beal width 15 mm
Bar thickness ℎ𝑏𝑎𝑟 4 × substrate thickness ℎ𝑠

Beam length 45 mm
Variable parameters

Bar width  𝑏𝑎𝑟 0.1-0.25-0.5-0.75-1-1 .25 mm
Substrate and piezo thicknesses

(ℎ𝑝 = ℎ𝑠)
0.3-0.4-0.5-0.6-0.7-0.8 mm

Bars

 𝑏𝑎𝑟 (mm)

An optimal value of  𝑏𝑎𝑟 exists
According to our first studies, the bars should cover around 8 % of the beam length
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Preliminary conclusion 14

Parameters Optimal configuration

Bar thickness ℎ𝑏𝑎𝑟 At least  4 × substrate thickness (ℎ𝑠)

Bar width  𝑏𝑎𝑟 Around 8 % of the beam length

Number of bars
At leat 3 one each side. 

No significant tendency with more bars

Arrangement (staggered of face to face) No significant tendency

Bars
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1. Context

2. Solution and simulations

3. Experimental validation
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Initial device

Prototype

16

𝑓𝑠𝑐 = 25.6 Hz
𝑘2 = 9.5 %

𝑓𝑠𝑐 = 26.6 Hz
𝑘2 =  0.5 %*

* Considered glue thickness of 100 µm between the piezoelectric
plates and the substrate, and considered distance of the
piezoelectric plates from clamp of 500 µm

60 mm

60 mm

25 mm

Bimorph :
- 1 mm thick aluminum substrate
- 2 × 0.5 mm thick PZT 5H plates
- 10 mm thick steel proof mass

2.1 Hz @Pmax/2

Pmax=130 µW @ 0.2 m/s²

8.5 % bandwidth at Pmax/2

Measured mean power on resistive loads and fit

Measure admittance and fit
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Enhanced device

Results

17

𝑓𝑠𝑐 = 28.2 Hz
𝑘2 =  4. %*

𝑓𝑠𝑐 = 26.7 Hz
𝑘2 =   .7 %

6 Bars:
- 2 mm x 3 mm steel bars
- 3 on each side
- staggered arrangement

𝒌² is multiplied by 1.42 with the bars (from 9.5 % to 13.7%)

The bandwidth is expected to be multiplied by 1.23
* Considered glue thickness of 100 µm between the
bars and the piezoelectric plates

2.7 Hz @Pmax/2

Pmax=130 µW @ 0.2 m/s²

10.5 % bandwidth at Pmax/2

Expected mean power on resistive loads

Measure admittance and fit
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Conclusion

18
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Conclusion

An innovative design was presented for maximizing the coupling
◦ to maximize the power 

◦ to maximize the frequency bandwidth

Experimental validation was made with PZT 5H
◦ × 1.42 on the electromechanical coupling coefficient 𝑘²

◦ × 1.24 expected on the frequency bandwith

Prospects
◦ Deeper analysis of the materials impact

◦ Validation with lead free materials

19
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