Flexure mechanisms with post-buckled beams

Loic Tissot-Daguette, Simon Henein
Instant-Lab

_—>
! M,

< L > \ "
N m f /,"/’XH.
N B in
N o > X
J

Moyt %
Left Jaw

M
U
"
=



Contents

1. Introduction

2. Modeling of buckled beams

3. Catalog of elementary mechanisms
4. Generic design methodology

5. Application examples

6. Conclusion

EPFL Instant-Lab L.Tissot-Daguette, S. Henein, May 2025 2



Introduction

Buckled Beams

EPFL Instant-Lab

Civil
Engineering:
“Failure by Buckling” X

/

.. Mechanical
Engineering:

“Stiffness Modification” v/

™ - X -
- e e s

Internal Load ——

1 mm

(Silicon beam buckled by
thermal oxidation)
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Buckled beams as mechanism components

Mechanical functions: v Bistability

v Energy Storage/Release
v" Snap-Through
%’ v" Stiffness Reduction

i’* v Static Balancing
\ v Negative Stiffness

v Constant-Force

Buckled Beams

v" Force Limitation
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Buckled beams as mechanism components

d . Fixed-fixed
Load cases: Fixed-guided
Boundary %» Pinned-pinned
Conditions *Fxed-pinnec
/ Fixed-lever

Type |: Geometric (Al = cst)

. - _ Py-P
Type II: Elastic (Al = =)

K
WV\,E% Preloading Type Ill: Multistable (Aly, Al, ...

é); Type IV: Self-preloading

Type V: Residual stress

\ . Force/Translation
Actuation=—__

Moment/Rotation

Buckled state C AL
I/
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State of the art Preloading Type -
Geometric

Safe Puncture Optimized Tool o
for Retinal Vein Cannulation
(Instant-Lab)

Tool tip [60 microns]

Suspended channe| [80 microns]

Tool tip | v&

Bistable mechanism

Preloading stage

oot

M. Zanaty et al., Programmable Multistable

Mechanisms for Safe Surgical Puncturing, ASME. J. I 1 mm ] Actuation stage
Med. Devices, Volume 13 (2), 2019
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State of the art Preloading Type II:
Elastic

Load Cell with Stiffness Tuning (Instant-Lab)

T T T T

Negative stiffness

*~ 1 :
Flexure pivot 50T ™~ ' i
Preload mechanism F~_ 'r ‘:
I | :
0 ! i

: Y}

— » 1 (%]

i) Zero stiffness/ ! Y

e ! t

IS 50 - ‘ "

£ i Lo

& 1 : s

S | po

X , L

' %

-100 - ! P2
} !
-150 - f ! !
Positive stiffness ' '

I 1 1 : | 1 1 ! |

(b) 0 0.2 0.4 06 0.8 1 12 13 14
X, [mm]

. . . . —— Analytical Model
L. Tissot-Daguette et al., Load cell with adjustable stiffness based on a v FoaiMoagel ¢

preloaded T-shaped flexure pivot, in: Euspen’s 21st International
Conference & Exhibition, 2021
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State of the art Preloading Type II:

Elastic

Load Cell with Stiffness Tuning (Instant-Lab)

1x10?
stiffness adjustment
(explained in Chapter 4) ;
10 3-RRCC
prototype (P2
CG position adjustment 1x10° R

(explained in Chapter 6) TIVOT

prototype (P3)
X

| [’\ba

g 2
.§ 1x10
g 401/” o A 51]
£ 1x10° y Lol 1041
g [142] [20] [109, 121]
g [117]
1x1074
67
F T 63] [ +]
1x107° [135]
[1§5]
1x10°° ® '
+
offset force adjustment [49] <2

(explained in Chapter 5)

1x107 3448
1|0mm| 110710 1x10'91x10'7 1X10%  1x10°  1x10%  1x107

resolution [N]

M. Smreczak et al., A load cell with adjustable stiffness and zero offset
tuning dedicated to electrical micro- and nanoprobing, Precision
Engineering, Volume 76, 208-225, 2022

EPFL Instant-Lab

[84]

“ [140]
63]

+ Vision-based sensors

® Optical sensors
Capacitive sensors
Piezoelectric and
piezoresistive sensors

X Other sensors

X Thesis prototypes

1x10%  1x107  1x10°
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State of the art

Binary Stiffness Compliant Mechanism

Credits: P.R. Kuppens, PhD

Force (N)

-40

P.R. Kuppens et al., Monolithic binary stiffness building blocks for mechanical
digital machines, Extreme Mechanics Letters, Volume 42, 101120, 2021

EPFL Instant-Lab

Preloading Type IlI:
Multi-stable

——EXP Stiff FEA Stiff
/f EXP Compl - - =FEA Compl
-10 -5 0 5 10

Displacement u (mm)
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State of the art

Bistable MEMS Optical Switch

ese two curved beams are clamped

State 2 together at their centers for avoiding
the occurrence of the anti-symmetric
mode during snap-through.

Y.-J. Yang et al., Anovel 2 X 2 MEMS optical switch
using the split cross-bar design, J. Micromech. and
Microeng., Volume 17, 875-882, 2007

EPFL Instant-Lab

Beam Central Position (um)

Preloading Type IV:
Self-preloading

e 2:—:— L aaa —.’A— A A
\I I’.

|

I

i
i

—aAA

4.5 2k Lama

Increasing loads ~ —®— Wwidth of 8um
---e-- width of 10pum
--&--width of 12um

400 800 1200 1600 2000
Force (uN)
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State of the art

Bistable MEMS Optical Switch

Bistable mechanism

Mirror # >
: (pre-curved beams)

V-beam Actuator
(pulling)

V-beam Actuator
(pushing)

Y.-J. Yang et al., Anovel 2 X 2 MEMS optical switch
using the split cross-bar design, J. Micromech. and
Microeng. 17 (2007) 875-882

EPFL Instant-Lab

Preloading Type IV:
Self-preloading

AccV Sp
150kv50 35x
7 X NN

L.Tissot-Daguette, S. Henein, May 2025
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State of the art

Bistable MEMS Energy Harvester

Out-of-plane w
deflection: w T = 1.3%

X. Ruize et al., Buckled MEMS Beams for Energy
Harvesting from Low Frequency Vibrations, Research.
2019 (2019)

EPFL Instant-Lab

Passivation layer

Active layer

Structural layer

Proof mass

Preloading Type V:
Residual stress

Thickness

PECVD Oxide 400nm
PECVD Nitride — 800nm
PZT Electrodes T

10nm
ZrO, 70nm

PECVD Oxide 300nm
LPCVD Nitride 750nm
Thermal Oxide 1000nm

Si 530um

Stress

-300MPa
-200MPa

650MPa
400MPa
370MPa

-250MPa
170MPa
-300MPa
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Generic analytical model

Deformed Beam

»  Euler-Bernoulli beam theory with the linearization x = Ls:

L

M(s) = —Py(s) + Vs + Mo = Eld X v
y Non-Loaded Beam
=  General solution of the beam deflection: .
X X
y(x) = Asin (kL —) (cos (kL ) 1) + CL— X N
l l l
[ e Al .
L
., — | P < >
where: k = \/;

»  Beam shortening constraint:

1 (L rdy\?
Al:L—lz—f (—) ds
2 ), \ds

(A2 + B2)(kL)? s (A2 — B2)kL sin(2kL)

Al= 4L 8L
N ABkL(cos(2kL) — 1)

4L 2

Deflection of a generic compressed beam

+ AC sin(kL) + BC(cos(kL) — 1)

- L. Tissot-Daguette et al., Analytical modeling and experimental validation of rotationally actuated pinned-pinned and fixed-pinned buckled beam bistable mechanisms, Mech. Mach. Theory, 174, 104874 (2022)
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Behavior of some load cases

Fixed-fixed buckled beam:

Fixed-guided buckled beam:

Preloading Type IV:

Constant-force

Preloading Type I:

Negative stiffness

Self-Preloading behavior! Geometric behavior!
Y X
Preloading Acstuated
B L R Stage L tage
(a) N . ] > X (a) L v J > X
Beam :m Beam / \
X é y ! Preloading
E‘él’é :ﬂi Stage
Upwards Stable Position : Upwards Stable dstable |
: Position B
Pstable Mstable ! P
(b) - %Ia——»x (b) L stable »x
~ -~ e~ ' >
S ! bt o~
. i Downwards Stable === 3
Downwards Stable Position 1 F :g 25 gs )
: Position [
Y l Y l s
Upwards M g Fin
Second Mode E d
in
(©) Ly +
~S_- (c) | > X
Downwards M p *
Third Mode out 9;;79
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Behavior of some load cases

Pinned-pinned buckled beam:

Fixed-pinned buckled beam:

Preloading Type I: || Bistable and snap-

Geometric through behaviors!
y
A
Output Pivot Input Pivot
. L
(a) »X
¥ 1
Beam %\Preloading
Stage
X !
Upwards Stable Position §<A—l>;
9 9 5
(b) stable stable > x
Q\\\ ’,
Seamee= A 01010

y Downwards Stable Position

! |
P =I: \<’Im
(c) :\/\%\ 9in>

Preloading Type I: || Bistable and snap-

Geometric through behaviors!
X
Input Pivot
< L
(a) . £ > X
Beam g%\weloading
-X i Stage
Al
<>
Upwards Stable Position
(b) gstabl > X

=y LY.

~ '
MStable ~~~.--—” A
Downwards Stable Position 2952

(c)
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X Fin Al.
Modeling: Basic load ~
odeling. asSIC 10ad Cases A .
din
Mout
50 T T 1 T T 15 T T T T T
FL1. oFL1’ —_ SM1
—_ 40} Snap-Through under Force Control | —
= — | FM1
= <= 10 .
3~ 30t : z2c1
~ E |-1
51 ool | =
S’ S~ 5t )
~ 5
o 10) 1=
9 2 FL2
O ot b 5 0F  f4 |
= g \ In
=) S .. o
3 10 s \\ // \
E 20 F i | "5’ 5 r \ 7 \ .
- | = i 3 b
2 : 5 N \ ’ % ZC2
.f__U '30 B E 7] O 10 + N Z .
& | ° Bl T FM2
5 40 Snap-Through under Force Control | . = s W
zZ FL2’o; FL2 © SM2
_50 L 1 1 1 1 1 g _15 1 1 1 1 1
15 -1 -05 0 0.5 1 1.5 2 -1.5 -1 -0.5 0 0.5 1 1.5
2 . Al " " Al
Normalized Input Displacement din/< TL> [-] Normalized Input Displacement d;,,/ (\/;L) [-]
Branches: Points:

— First Mode Branch 1
—— Second Mode Branch 1

- - - First Mode Branch 2
- - - Second Mode Branch 2

FM = First Mode ZC = Zero Compression FL’

SM = Second Mode FL = Force Limit

EPFL Instant-Lab L.Tissot-Daguette, S.
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Modeling: Basic load cases

15 Branches: [ 1 1 T T 4 T T T T : ; ;
o —— Branch 1 ML1
— — Branch 2 ML1 o 3t
S~ 10 \' 4 = | FM1 MOA1 ALl
Snap-Through under: < ALY
~ .
=] IS »-» Angle Control 2C2 ~ o .> ’
Moment Control § zC1 SM1
~ 5 ' S Y
a— 1 L :
= FM1 = Y
€ ALY g v
o Or ) - Or Y
S AL 5 s
2 FM2 s Y
> 5 4t y
+ H
a 51 Points: % Y ZC2
s =Fj Q SM2 :
c 2c1 \\ - FM = First Mode I ol
o] e SM = Second Mode = ALY
g 10 , \\'_/ — ZC =Zero Compression £ AL2 FM2
N —
= A ML2 ML = Moment Limit 5 3t MOA2
€ ML’ AL = Angle Limit z : |
5 15 | | | | | ' = Post-Snap . . . . . MOA = Maximum Output Angle
Z -
-4 -3 -2 -1 0 1 2 3 4 -4 -3 -2 -1 0 1 2 3
. Al . Al
Normalized Input Angle 6;,/ |—[-] Normalized Input Angle 6;5/ |— [-]
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Modeling: Basic load cases

Al
7) 8

EI
L

Normalized Input Moment Min/(

20 Branches: Snap-Through under: ' ' '
—— Branch1l »-» Angle Control , 2C2
15| —— Branch 2 Moment Control o= il il
10F /A
/
/¢
5T / ]
ALl /
Y /
ok : ]
: 7
/M2
-5t ]
Points:
-10 \\ i FM = First Mode
i3 SM = Second Mode
/. ZC = Zero Compression
-15 0t ML ML2 ML = Moment Limit
AL = Angle Limit
20 | ! | | " = Post-Snap
-4 -3 -2 -1 1 2 3 4

Normalized Input Angle Hin/\/% [
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Al
%)

EI
L

Normalized Output Moment M./ <

10

FM1

[6)]
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o
T

'
(¢
T

FM2

4

o
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S S S S A

L
(6)]
T
>
=
N
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N

X\«
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1

N
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N

n
, ©
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1
w
1
N F
1
ok
o
-
N -
w -

Normalized Input Angle Qin/\/% [-]
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Modeling: Formulas

Fixed-fixed buckled beam:

X
Preloading
L Stage
(@ ; >
Y L
Beam m‘
Y |
AL
Upwards Stable Position i
A 1
(b) ystable > —L‘istable ;
-
N‘-_—’ :
Downwards Stable Position E
Y i
A '
l N
Upwards E
Second Mode E
(6 Y d
S~S_--
Downwards
Third Mode

First mode positions (stable states):

Y __ 4m?EIl
Wstable = ; TL: Pstable - Tz
4mEI |Al
Mgiaple = £ L T

EPFL Instant-Lab
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Modeling: Formulas

Fixed-guided buckled beam:

X
Actuated
Stage
& L »
(@) ¥ - - > X
Beam :
y i Preloading
Ali Stage
-«
Upwards Stable dstable |
Position e
Mstable P bl
£ stable
(b) ==—__ > x
==~ S -E;
Downwards Stable " E"'QQ;Q
Position T
Y , s
) =I Fip
. din
A
(C) N K. > X
Mout

First mode positions (stable states):

4 |Al w2El

dstable = p TL' Pstaple = 2’
2wEl [Al
Mipaple = 2L |2
stable L L

Second mode branch (constant negative stiffness region:

F 4m2El
Kin == = ——5—,

b A2E]
dip L3 B

Lz’

2mEl |, Al din \ 2
Moutzi_L 4‘T_3(T) )

2 Al
where: _din,max <dj < din,maxr din,max = ﬁ\/;l'

EPFL Instant-Lab
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Modeling: Formulas

Pinned-pinned buckled beam:

y
A
Output Pivot Input Pivot
. L N
(a) & > X
¥ i
Beam ; Preloading
Stage
y 1
" AL
Upwards Stable Position >

P stable
> X

(b)

Downwards Stable Position

¥ |
L =E \Q/Iin
(c) /\\eom e P X > x

First mode positions (stable states):

Al
Ostable = 2, ’T: Pstaple = ——

Limit point magnitudes:

EI [Al
Min,lim == 10287 —

L
Al
ein,lim = 2-07\E

Output maximum magnitude:

Al
Qout,max = 2.56 f

m2EI

EPFL Instant-Lab
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Modeling: Formulas

Fixed-pinned buckled beam:

X
Input Pivot
P L
(a) - ys > X
Beam &%\Preloading
7 Stage
¥ Al

Upwards Stable Position

(b) \mlpstable .

NNN ’, < >
Mstable Seaene=’
y Downwards Stable Position
A i

g

© P=" "\ S P )
MOUt

in
> X

First mode positions (stable states):

L2

Al (4.49)2EI
Ostable = 2-49\E» Pstaple = —F—

M —899EI Al
stable — ©- T T

Limit point magnitudes:

EI [Al
Min,lim = 12907 i

L
’Al
Gin’lim = 178 T

Output maximum magnitude:

EI |Al
Mout,max == 1531T T

)

EPFL Instant-Lab
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Elementary mechanisms
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Preloading Type I:
Geometric (Ax = cst)

Stiffness-reduced linear stage:

) 0.015 T T T T T
Preloading
== Non-Preloaded
Stage "= § Ax Reduced positive stiffness
__________________________________ \ A 0.01r == Near-zero positive stiffness
A s == Negative stiffness
4

Buckling 0.005 L i

L " Beams (2x) =3
l £
L
; v 3 0 °

Linear A g
Stage™ 1— Fi, L

—> -0.005 s

s Y
L Guiding I -0.01 —— Analytical Model |7
0 Beams (2x) 0 O FEM Model
_0.015 1 1 1 1 1
\ 4 A4 -0.15 -0.1 -0.05 0 0.05 0.1
T77777 T77777 —

Displacement din [mm]

- L. Tissot-Daguette et al., Residual Stress Chevron Preloading Amplifier for Large-Stroke Stiffness Reduction of Silicon Flexure Mechanisms, J. Micromech. Microeng. 35, 025003 (2025)
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Pivot with adjustable stiffness: Preloading Type Il

Patented &
Published

—— Analytical Model

% FEM Model ¥ * ' Er—
Flexure pivot 50 : Negative stiffness i |
Preload nIechanism \ | )\ I
~ [ \
[ : '
Ko ‘ ™| !
by % 0 Y e
] ) : )
' ' p— " : 1 $
i : 3 Zero stiffness : .=
; ; T ol : P E
5 i S i s
| : Z . LS
E : X : !
: : 1 1 .‘(7;
; : 100 - : P2
X0 ROL ! !
: K & | !
\ J :
@%% -1 50 I Y i i ]
‘ Positive stiffness : :
1 1 \! 1 L 1 ! 1
0 0.2 0.4 0.6 0.8 1 12 13 14

X, [mm]

- L. Tissot-Daguette et al., Load cell with adjustable stiffness based on a preloaded T-shaped flexure pivot, in: Euspen’s International Conference & Exhibition (2021)

- M. Smreczak et al., A load cell with adjustable stiffness and zero offset tuning dedicated to electrical micro- and nanoprobing, Precision Engineering, 76, 208-225 (2022)
- L. Tissot-Daguette et al., Flexure pivot based system, W02022122629 (A1), Assignee: EPFL (2022)
- M. Kahrobaiyan et al., Device for measuring a force exerted on an object, EP3722767 (A1), Assignee: EPFL (2020)
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Constant-force linear stage:

Linear Stage

¢ ~

Fin N,
—
; Lev
a 5 P
Buckling w
Lo L lo )
Guiding
Beams (2x)

\ 4 \ 4 y

0.03 T
OO0 0000000000000 00000000000000000000
0.025 - i
— Analytical Model
0.02 o FEM Model 1
0.015 i
0.01F .
0.005 .
0¢ i
-0.005 ! ! ;
0 2 3 4 5

Preloading Type IV:
Self-Preloading

Fin(din) = csSt

- L. Tissot-Daguette et al., Three-beam constant-force flexure-based translation stage, in press: Euspen'’s International Conference & Exhibition (2025)

EPFL Instant-Lab

Displacement din [mm]

L.Tissot-Daguette, S. Henein, May 2025
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Constant-torque pivot:

Preloading Type IV:
Self-Preloading

Patented &
Published

Min(Bin) = csSt

N Buckling Beam
N
N A
J
\ 4
\
Flexure pivot Lever

- L. Tissot-Daguette et al., Design and modelling of a compliant constant-force surgical tool for objective assessment of ossicular chain mobility, in: International Conference on Solid-State Sensors, Actuators and

Microsystems (Transducers) (2021)

- L. Tissot-Daguette et al., Detection mechanism for a medical sensing tool, medical sensing tool, W02022253808 (A1), Assignee: EPFL (2022)
EPFL Instant-Lab
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Design methodology
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Main phases of the design methodology:

1
2

)
)
3)
)

4) Validation of the design using FEM and experiments

Design of the guiding structure of the mechanism to obtain the desired motion
Integration of buckled beams to tune the flexure mechanism’s stiffness

Selection of the material, the manufacturing process and the preloading type

Example:

B

1)

EPFL Instant-Lab

lP

2

—F(x)

Al = cst ¥

i

|

.,

s

4)

L.Tissot-Daguette, S. Hene

— Analytical Model
® FEM or Experiment

in, May 2025 29




Design guidelines:

1. Buckling = Loss of Guidance
> Separate buckling and
guiding elements

EPFL Instant-Lab L.Tissot-Daguette, S. Henein, May 2025 30



Design guidelines:

2. Parasitic shifts of flexures (1) depend on
the axial load (P)

» Consider the loads applied by the
buckling elements onto the guiding

elements
Ay
< L >i
Undeflected: P X
Ay FT :</_1’E
P A
Deflected: \_/- f X

EPFL Instant-Lab

Normalized parasitic shift A/(f?/L)

0.76

0.74

0.72

0.7

0.68

0.66

0.64

0.62

0.6

* 15t buckling mode (zero-stiffness)

o 2nd buckling mode (loss of guidance)

0 5 10 15 20 25 30

Normalized axial load P/(EI/L?)

L.Tissot-Daguette, S. Henein, May 2025
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Generic design methodology: Guiding vs Buckling

A beam buckling in
second mode has a

new DoF: Axial
translation is free

Buckling = Lost of
guiding function

EPFL Instant-Lab

L.Tissot-Daguette, S. Henein, May 2025 |



Generic design methodology: Parasitic shift modification

1) Translating Beam:

Ay
L %

Undeflected: X

) '
2
y B &% 3f
: = | Ax = —
5L

Deflected: /_ f X

3

EPFL Instant-Lab L.Tissot-Daguette, S. Henein, May 2025 | 33



Generic design methodology: Parasitic shift modification

1) Translating Beam:

Undeflected:

Deflected:

EPFL Instant-Lab

Ay
N
N X
§ ——>
y B ax
P
X

0.76

* 1°" mode de flambage (rigidité nulle)

0.74 B nd .
© 2" mode de flambage (perte de guidage)

0.72 |

0 5 10 15 20 25 30 35 40
P/(EIL?)

L.Tissot-Daguette, S. Henein, May 2025 | 34



Generic design methodology: Parasitic shift modification

2) Rotating Beam:

Undeflected:

p p 2>La2
- o~ - - -
Ax (1+9L+9(L) .

Deflected:

LL
\
\
\
\
\
\
\
\ [, A
\
\
\
\
\

EPFL Instant-Lab L.Tissot-Daguette, S. Henein, May 2025



Generic design methodology: Parasitic shift modification

2) Rotating Beam:

Ay

Undeflected: P X

Deflected:

EPFL Instant-Lab

0.45
——plL=0.2
—p/L=0
0.35 | —pL=-0.127
* 1°" mode de flambage (rigidité nulle)

0 5 10 15 20 25 30
P/EIL?) (-)

L.Tissot-Daguette, S. Henein, May 2025



Application examples
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Preloading Type I:
Geometric

Bistable gripper: Concept

Output Pivot Input Pivot
Tout

Rotating Beam A Preloading

@ ) 0 = No power is required from the actuator to
keep the stable output states (open and
closed)

= Very fast switching is obtained due to beam
snap-through

= The output force is limited to a maximum
value preventing damaging the object

* The preloading stage allows to adjust the
opening stroke and the gripping force

EPFL Instant-Lab L.Tissot-Daguette, S. Henein, May 2025 | 38



Bistable gripper: Flexure Implementation

Preloading Screw

I — Preloading Stage

| Input Pivot

| - Lever Arm [ @@ NS B B |

| Beam

Output Pivot

Jaw Guidance

b (Out-of-plane Width) Left Jaw Right Jaw

our || | X
out;; ‘ out

(a) (b) ()

Bistable gripper as-fabricated (a), in open stable state (b) and in closed unstable state (c)

EPFL Instant-Lab L.Tissot-Daguette, S. Henein, May 2025
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Bistable gripper: Modeling

Output Pivot
[

>

()

Kout

(b)

Kout

Input Pivot

Stage

./Teout

Beam
Y
< L -
je{) | \eit
X
\V

()

<

M, P\ M)

X

VV

<

>
P

l

MlV

<

Modeling of the buckled beam, (a) as-fabricated, (b) deformed
and (c) free-body diagram

EPFL Instant-Lab

(a)

(b)

(c)

Input Moment M;, [Nmm]

Output Force Fyy; [N]

Output Displacement x,; [mm]

40

30

20

-10

-20

-30 +

-40

1.5

0.5

Stable )
(IR /A K 2

k4 - gy
Opening Critical * 4
Moment

Un
Cl

1
1 Closing
1 Snap-Through

Opening

" Y 4
\‘& Closing Critical %7

Unstable ¢ Moment

Open ¥
State

stable
osed

State

i Snap—Through*:ﬁ/

.
] Stable

Open
State

T T T T

Opening
Snap-Through

Closing
Snap-Through

™ ! — Yy

-

2O

Closing
Snap-Through
Opening
Snap-Throughg

20 -10 0 10
Input Angle 6;, [deg]

— Analytical Model (Closed State) o FEM

20

— = Analytical Model (Open State) ¢ Experiment

L.Tissot-Daguette, S. Henein, May 2025

40




Snap-Through ~ SMA Cooling

Bistable gripper: Results

NI

= FEM (Closed) Prototype actuated by a voice coil Prototype actuated by SMA springs
= FEM (Open) (speed 0.006x). (speed 2x). Credits: LAI, EPFL,
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Constant-force surgical tool: Concept

Ossicles

Ear Canal

Rigid Hook Middle

Ear

Force difficult
to control

Common rigid hook to estimate the ossicle mobility

EPFL Instant-Lab

Preloading Type IV
Self-preloading

New Tool

Force limited
to a constant value

New tool to objectively assess the ossicle mobility
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Constant-force surgical tool: Modeling
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Constant-force surgical tool: Prototype

75 mm ‘ 40 mm 5 mm

Y
Handle Shaft Tip

The tip mechanism was fabricated in fused
silica (top) and in resin (bottom).

Video of the prototype testing. Credits: Universitéts Spital Ziirich.
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Thermally oxidized silicon mechanisms

Simple silicon beam preloaded by residual stress:

Preloading Type V-
Residual stress

Buckling Beam
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.« - ol Preloading Type V-
Thermally oxidized silicon beam ‘Residual Stross

Beam level:
1) Wafer Etching large deformation
(DRIE) and buckling

Frame level:
minimal
deformation

2) Conformal
Coating

w
zzl%
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. . Preloading Type V:
Preloading Chevron Mechanism| o e,

Patented &
Published

Fabrication by CSEM

PCM

Simple buckled beam

PCM-preloaded buckled beam

- L. Tissot-Daguette et al., Residual Stress Chevron Preloading Amplifier for Large-Stroke Stiffness Reduction of Silicon Flexure Mechanisms, J. Micromech. Microeng. 35, 025003 (2025)
- Prestressed chevron structures for stiffness reduction of flexure mechanisms, EPFL-TTO Licensing Opportunity, Nr 6.2564 (4.10.2024)
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. Preloading Type V: | Patented &
PCM'preloaded Ilnear Stage Residual stress Published

Fabrication by CSEM
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- L. Tissot-Daguette et al., Residual Stress Chevron Preloading Amplifier for Large-Stroke Stiffness Reduction of Silicon Flexure Mechanisms, J. Micromech. Microeng. 35, 025003 (2025)
- Prestressed chevron structures for stiffness reduction of flexure mechanisms, EPFL-TTO Licensing Opportunity, Nr 6.2564 (4.10.2024)
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Thermally oxidized silicon mechanisms: Perspectives

“Silicon QUADRIVOT o . -
oscillator with reduced
frequency”
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Conclusion

1. Buckled beams can provide advantageous behaviors:
v' Bistability
v' Constant-force

v" Stiffness tuning
v

2. Design considerations:
» Buckling vs guiding
» Parasitic shift modification

3. Residual stress can be efficient to preload micro-mechanisms
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