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. Introduction



1. Piezoelectric energy harvesting JRHMEMS
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Proof mass

k2=0.01
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k2=0.4

- Limit Pporm

Clamping

Normalized power Pnorml-]

0.90 0.95 1.00 1.05 1.10 115 1.20 1.25 1.30
Normalized frequency Q,[-]

[1] Morel et al., Journal of Intelligent Material Systems and
Structures (2019)

e Two important factors on normalized power :
The mechanical quality factor Q,
The global electromechanical coupling coefficient kg
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2. Lead-free piezoelectric material JRUMEMSY
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[2] Piezoelectric characteristics datasheet from Noliac ke X k31

[3] Piezoelectric characteristics datasheet from Niterra
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2. Lead-free piezoelectric material
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[2] Piezoelectric characteristics datasheet from Noliac ke X k31
[3] Piezoelectric characteristics datasheet from Niterra

e Ensure a high material coupling coefficient and a well design to achieve an optimal global
coupling coefficient
: SYMMEumve]slte D anr
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3. Material electromechanical coupling
k2 - different exposures

e,piezo

e N —

1P

Transverse mode
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3. Material electromechanical coupling T
k2 - different exposures

e,piezo

R R\_’ = \ —
0 (T2

Planar mode

Transverse mode

2 d3

E_T
14 515/811 S71€33

k2 =

p

l w
(k31) < (k3,) < kzzo

* d., and e, : Piezoelectric constants® sZ and c¢,,: Mechanical stiffness
31 31 11 11

5 \w (e;{) * (ef) for effective and compliance
(ke,?)l) ef ef * g33: Electrical permittivity
C11 €33 [4] Gibus et al., Applied Energy (2020)

e Expose the piezoelectric material radially to enhance the coupling coefficient
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4. Auxetic structures JECHIMEMS?

Objective: Invert lateral strain sign and get planar
mode in piezoelectric elements

T —

Re-entrant honeycomb Chiral lattice

]
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4. Auxetic structures JRSEMEMS

Objective: Invert lateral strain sign and get planar
Poisson’s ratio for the re-entrant hexagonal lattice to 6

mode in piezoelectric elements
—~ 6
o
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[5] Gibson and Ashby, Press Syndicate of the University of
l Cambridge (1997)

e Design re-entrant honeycomb lattice based substrates to reach planar mode exposure
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5. Energy harvesters with auxetic ARHHMEMS:
substrates (out of resonance)

3(0)
AJ\g(v)
1(x)

Stretching load

load resistor Ry

i1 f T e

— —— | ] —— —
— H na L_ ﬁ —
2 ll l lexpansion l l

[6] Li et al. Aip Advances (2017)
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5. Energy harvesters with auxetic JPREMEMSS
substrates (out of resonance)
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[6] Li et al. Aip Advances (2017) 17065 qppp—p—— p——, 4331
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5. Energy harvesters with auxetic
substrates (out of resonance)

3(0)
Aj\‘Z(v)
1(x)

l lexpans.on l |

[6] Li et al. Aip Advances (2017)
™ ft,Ads,

_ 2
Pax = - (01 + 099)
€33
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é e ey
— 04
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(c)

Y
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e A:electrode area
* o,;:average longitudinal stress
* 0,,: average lateral stress

e Better output power performance with higher average stress out of resonance
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6. Energy harvesters with auxetic
substrates (under resonance)

(@) wy
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SAVOIE
MONT BLANC

Electromechanical coupling coefficient: new approach to study auxetic piezoelectric harvesters 11.19.2024 8/21



P2R&tMEMS +

MINIATURE ENERGY SYSTEMS D

6. Energy harvesters with auxetic
substrates (under resonance)

(@) wy L Harvester Auxetic A AuxeticB
P .. (mW) 4.34 5.16
(07, + 059)° (MPa?)| 44.89 70.90
f, (Hz) 43.33 36.48

_ _ 2
P o (07 + o)

(d) - -
A1l A733
1 -’ : 6
os S 1 ¢ a
2
0 e 0
2
1 05 4
A o [ - -6
v .1.07 Y v 727

> 2
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6. Energy harvesters with auxetic
substrates (under resonance)
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(@) wy L Harvester Auxetic A AuxeticB
P_..(mW) 4.34 5.16
(07, + 059)°(MPa2)| 4489 | 70.90
f, (Hz) 43.33 36.48

_ — \2 e —
; ¢ (6” I 922) tp

N,

@ Auxetic harvesters shouldn’t be assessed with power output
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6. Energy harvesters with auxetic

substrates (under resonance)
@ w, 4

(d)

All A 733

1
A 4
' 1 07 3 ‘

[7] Chen et al., IEEE Internet of Things Journal (2024)
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Harvester Auxetic A Auxetic B
P, (mW) 4.34 5.16
(07, + 059)° (MPa?)| 44.89 70.90
f, (Hz) 43.33 36.48
_ _ 2 — —
Poctom—+o7)- © \

Auxetic harvesters shouldn’t be assessed with power output

The power limit is given by:

p MY
lim 80.)0

Validated by Chen et al. values as:

P
max,B _ fO,A —1.19

Pmax,A fO,B

e How can the performance of auxetic substrates be properly assessed ?

e
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6. Energy harvesters with auxetic URHAMEMSS
substrates (under resonance)
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[7] Chen et al., IEEE Internet of Things Journal (2024) Flectromechanical coupling coefficient k= [

e How can the performance of auxetic substrates be properly assessed ?
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II. Performance assessment
method




1. Elastic energy ratio and coupling JEIMEMS,
coefficient

System elastic energy is:

1 1 * U, Piezo elements’ elastic energy
* U,,p: Substrate’s elastic energy
U=-K zezoR( ) + K ubR< ) - K. _:Piewel ff
2 p piezo: Pi€Z0 elements’ stiffness

/ / * K_,p: Substrate’s elastic stiffness
Upiezo sub

[8] Sodano et al., Strain (2004)
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1. Elastic energy ratio and coupling JEgeMErDY

coefficient
System elastic energy is:
* U, Piezo elements’ elastic energy
[ — 1K R(¢ 1K R(t * U,,p: Substrate’s elastic energy
o 5 piezo ( ) + sub ( ) * K,..o: Piezo elements’ stiffness

/ / * K_,p: Substrate’s elastic stiffness
Upiezo sub

[8] Sodano et al., Strain (2004)
Global electromechanical coupling coefficient kgz

U .

1.2 piezo
k k e,ptezo U

11.19.2024 10/ 21
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1. Elastic energy ratio and coupling JEgeMErDY

coefficient
System elastic energy is:
* U, Piezo elements’ elastic energy
[ — 1K R(¢ 1K R(t * U,,p: Substrate’s elastic energy
o 5 piezo ( ) + sub ( ) * K,..o: Piezo elements’ stiffness

/ / * K_,p: Substrate’s elastic stiffness
Upiezo sub

[8] Sodano et al., Strain (2004)
Global electromechanical coupling coefficient kgz

2 _ f2 U. .
2 = foc _Jse k2= k2 _prezo

e 2 e e,ptezo
sc U

11.19.2024 10/ 21
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1. Elastic energy ratio and coupling JPEMEMS
coefficient
System elastic energy is:

1 1 * U, Piezo elements’ elastic energy
* U,,p: Substrate’s elastic energy
U T §szez0R( ) + K ubR( ) * K,..o: Piezo elements’ stiffness

/ / * K_,p: Substrate’s elastic stiffness
Upiezo sub

[8] Sodano et al., Strain (2004)
Global electromechanical coupling coefficient kgz

2 2 : :
k2 __ Joc — Jsc k2 L kg Upiezo Integration of energy density

e 2 e e,pLezo U from finite element simulation
SC

e The material coupling coefficient can be computed with finite element simulation method
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2. System designing JREMEMS,
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2. System designing JRRMEMSY

Finite elements simulation
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2. System designing JRHMEMS

Finite elements simulation
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2. System designing JMEMS

/D¢

Finite elements simulation

k

e,pitezo

Strain, Stress and further analysis
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2. System designing JMEMS

/D¢

Finite elements simulation

k

e,pitezo

Strain, Stress and further analysis
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l1l. Model Implementation




1. Application material JEMEMS:

e Perovskite ceramic
* Industrial K, :Naj;:NbO,

e KNN LFO2B (commercial name)
- dy; = 95.1072 C/N Niterra
- Q,, =104
- T, =9563.15 K
- tan(d) = 1.3 %

e |ead-free materials with promising performance
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2. Application to a bimorph wide e
cantilever

Proof-mass

Piezoelectric
Element

Clamping

Proof-mass

Piezoelectric
Element

Substrate
Piezoelectric

Element I |
Clamplng gap gap

e Only decrease of elastic energy ratio but no change on piezoelectric layers’ exposure
e Could auxetic substrate permit to obtain planar mode ?
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2. Application to a bimorph wide URHAMEMSS
cantilever

2024 + Tonsberg, NORWAY

— 0.8
Proof-mass '5‘
~ 0.7 4
v
Piezoelectric a
Element S 0.6
o — K2=5%
)
. —— k2=10% -
Clamping © 0.5 ; )
- — KkZ=15%
S 0.4 — kz=20%
o J
[
Y 0.3
L
)
Proof- w0
roof-mass 2 024
Piezoelectric ——— w
Element Ee———
0.1 T T T T T T
Substrate oo 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40
Piezoelectric

Element ' === | Material electromechanical coupling coefficient k2 &, piezo L]
Clamping gap gap [

e Only decrease of elastic energy ratio but no change on piezoelectric layers’ exposure
e Could auxetic substrate permit to obtain planar mode ?
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2. Application to a bimorph wide URHAMEMSS
cantilever

2024 + Tonsberg, NORWAY

— 0.8
Proof-mass '5‘
~ 0.7 4
v
Piezoelectric a
Element > 0.6 — k2=5%
o e
o — k2=10%
Clamping © 0.57 — k2=15%
P 0.4 —— k2=20%
o exp : k2 =7.70%
[
Y 0.3
L
—
Proof- w0
roof-mass 2 02
Piezoelectric ——— w
Element Ee———
0.1 T T T T T T
Substrate oo 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40
Piezoelectric — i

Element ' a | Material electromechanical coupling coefficient k2 &, piezo L]
Clamping gap gap [

e Only decrease of elastic energy ratio but no change on piezoelectric layers’ exposure
e Could auxetic substrate permit to obtain planar mode ?
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2. Application to a bimorph wide URHAMEMSS
cantilever

18-21 NOVEMBER 2024 » Tonsberg, NORWAY.

— 0.8 X
Proof-mass ‘5‘
3 971 — K2=5%
Piezoelectric '05"_ — kZ2=10%
Element S 0.6 — k2=15%
2 — K2=20%
0.5 1 X , .
Clamping o U X — exp:k2=7.70%
> X X g=0mm
2 0.4 - X ¢g=0.1mm i
GC) X g=025mm
Y 0.3 X g=0.35mm
O X g¢g=0.5mm |
Proof-mass [ \
. ) © 0.2 -
Piezoelectric S— T
Element —
b 0.1 T T T T T T
_ Substrate 005 010 015 020 025 0.30 035 0.40
Piezoelectric

Element ' =0— | Material electromechanical coupling coefficient k3 e, [-]
Clamplng gap gap

e Only decrease of elastic energy ratio but no change on piezoelectric layers’ exposure
e Could auxetic substrate permit to obtain planar mode ?
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2. Application to a bimorph wide ARHHMEMS: |
cantilever

18-21 NOVEMBER 2024 « Tonsb: gNORWM

— 0.8
Proof-mass - — ki=5%
2 574 — K2=10%
s 0.
Piczoelectri g —— k2=15%
iezoelectric S 2
4 — k{=20%
Element D 0.6 20
o — exp:k;=7.70%
E X g=0mm
. © Nl )
Clamping — 0.5 X g¢g=0.1mm
> X g=0.25mm
S 0.4 1
T X g=0.35mm |
C X g=0.5mm
8 0.3 - —— (k23)=6.62%
= —— (k23)"=17.5% -
Proof-mass 0 (ke.s1)
. . © 0.2 -— k2,=258%
Piezoelectric ——— w \
Element E—
b 0.1 T T T T T T
~ Substrate 0.05 0.10 0.15 0.20 0.25  0.30 035 0.40
Piezoelectric i

Element ' i | Material electromechanical coupling coefficient k3 e, [-]
Clamplng gap gap

e Only decrease of elastic energy ratio but no change on piezoelectric layers’ exposure
e Could auxetic substrate permit to obtain planar mode ?
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2. Application to a bimorph wide URHAMEMSS
cantilever

18-21 NOVEMBER 2024 » Tonsberg, NORWAY.

i
Proof-mass = ke =5%
Qo : — k2=10%
o l . 8 1 — kg =15%
iezoelectric 3. I 2
— kZ=20%
Element > : 2 ° 9
o ! — exp:ki=7.70%
- 1 X g=0mm J
. © I
Clamping — | X g¢g=0.1mm
3 I X g=025mm
GL) : X g=0.35mm 4
c 1 X g=05mm
8 034 | —— (k23)=6.62%
L | —— (K25)"=17.5%
Proof-mass 0 ! o °
] ) © 0.24 1 -= kZ2,=25.8% .
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S b O.l T T T T T
. ustra.te 00 0.05 0.10 0.15 0.20 0.25 0.30 035 0.40
Piezoelectric

Element ' i | Material electromechanical coupling coefficient k3 e, [-]
Clamplng gap gap

e Only decrease of elastic energy ratio but no change on piezoelectric layers’ exposure
e Could auxetic substrate permit to obtain planar mode ?
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2. Application to a bimorph wide URHAMEMSS
cantilever

18-21 NOVEMBER 2024 » Tonsberg, NORWAY.

i
Proof-mass = ke =5%
Qo : — k2=10%
o l . 8 1 — kg =15%
iezoelectric 3. I 2
— kZ=20%
Element > : 2 ° 9
o ! — exp:ki=7.70%
- 1 X g=0mm J
. © I
Clamping — | X g¢g=0.1mm
3 I X g=025mm
GL) : X g=0.35mm 4
c 1 X g=05mm
8 034 | —— (k23)=6.62%
L | —— (K25)"=17.5%
Proof-mass 0 ! o °
] ) © 0.24 1 -= kZ2,=25.8% .
Piezoelectric =—— w ! \
Element — :
S b O.l T T T T T
. ustra.te 00 0.05 0.10 0.15 0.20 0.25 0.30 035 0.40
Piezoelectric

Element ' i | Material electromechanical coupling coefficient k3 e, [-]
Clamplng gap gap

e Only decrease of elastic energy ratio but no change on piezoelectric layers’ exposure
e Could auxetic substrate permit to obtain planar mode ?
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4+ Tonsberg,

3. Comparison of different substrates IIl. Model Implementation

20 mm > 20 mm
[ |
T |
[ |
[ -
20 mm
[ .
.
[ .
v T L

(a) (b)

e Does hollowing the substrate have an impact on the material coupling coefficient or is the
stiffness decrease the only relevant factor ?

%)
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4. Results on axial resonance mode URHAMEMSS

18-21 NOVEMBER 2024 » Tonsberg, NORWAY.

Clamping

Proof mass
Piezoelectric plate 1
Substrate

Piezoelectric plate 2

w:ﬂ:f‘:':zc Electromechanical coupling coefficient: new approach to study auxetic piezoelectric harvesters 11.19.2024 16/ 21



4. Results on axial resonance mode URHAMEMSS

18-21 NOVEMBER 2024 » Tonsberg, NORWAY.
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Piezoelectric plate 1
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Piezoelectric plate 2
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4. Results on axial resonance mode

AR

UNIVERSITE E

MONT BLANC

Clamping

Proof mass

Piezoelectric plate 1
Substrate
Piezoelectric plate 2

(') y

Lé\?v%‘r'M EMS+ |

MINIATURE ENERGY SYSTEMS /
18-21 NOVEMBER 2024 » Tonsberg, NORWAY.

T

Hollow

Lateral displacement

Auxetic

uorssdadwod [erxy
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4. Results on axial resonance mode JPREMEMSS

Clamping ﬁ : l a
< > ' =
777777 Proof mass ""i =
Piezoelectric plate 1| EEG—_G__ ! g
Piezoelectric plate 2 _-__-,. i 5
Filled Hollow Auxetic I =
|

—— L ——

‘ 50 ©) y Lateral di(s)placement ™
10 Substrate types:  Filled Hollow  Auxetic
0 k? 0.55 % 1.54 % 2.45 %
, 10 Energy Ratio 5.13% 16.73% | 24.96 %
I x K2 ez 10.72% | 9.21% | 9.82%

e The global coupling coefficient increases but only thanks to the Energy ratio
* There is no improvement on k27p1eZO
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4. Results on axial resonance mode JERMEMS:

Clamping ﬁ ) l a
< > ' =
777777 Proof mass ""i =
Piezoelectric plate 1 N —_—_— ! 8
Piezoelectric plate 2 _-__-,. i 5
Filled Hollow Auxetic I =
|

‘ 50 ©) y Lateral di(s)placement ™
10 Substrate types:  Filled Hollow  Auxetic
; k2 0.55 % M 1.54 % mep 2.45 %
, 10 Energy Ratio 5.13% 16.73% | 24.96 %
I x K2 ez 10.72% | 9.21% | 9.82%

e The global coupling coefficient increases but only thanks to the Energy ratio
* There is no improvement on k27p1eZO
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4. Results on axial resonance mode JERMEMS:

Clamping ﬁ ) l a
< > ' =
777777 Proof mass ""i =
Piezoelectric plate 1 N —_—_— ! 8
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e The displacement does not change for bending resonance mode
e The global coupling decreases for auxetic substrate such as the material coupling
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IV. Conclusion




1. Piezoelectric energy harvesters Pl
assessment

tp

Results :
* The material coupling coefficient could be improved by exposing the material to planar mode

e The material coupling coefficient can be computed using finite element simulation

e There are difficulties in designing working solutions with auxetic substrates, and more
investigation is needed

Future work

e Work on auxetic design to achieve the planar mode and expand possibilities for bandwidth and/
or power output.
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