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Civil 
Engineering:

“Failure by Buckling”✗

Internal LoadExternal Load

“Stiffness Modification” ✓

Mechanical 
Engineering: 𝐹

(Silicon beam buckled by 
thermal oxidation) 

Buckled Beams

Introduction
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Mechanical functions:

4

Buckled Beams

Buckled beams as mechanism components

ü Bistability

ü Constant-Force

ü Energy Storage/Release

ü Snap-Through

ü Stiffness Reduction

ü Negative Stiffness

ü Static Balancing

ü Force Limitation
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Initial state

5

Actuation

Preloading

Boundary
Conditions

Fixed-fixed

Type I: Geometric (∆𝑙 = 𝑐𝑠𝑡)
Type II: Elastic (∆𝑙 = !!"!

#
)

Type III: Multistable (∆𝑙$, ∆𝑙%,…)
Type IV: Self-preloading
Type V: Residual stress

Force/Translation
Moment/Rotation

Fixed-guided

Fixed-pinned
Pinned-pinned

Fixed-lever
…

Buckled state
𝐾

𝑃

∆𝑙𝑀&'

Buckled beams as mechanism components

Load cases:
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State of the art

Safe Puncture Optimized Tool 
for Retinal Vein Cannulation

M. Zanaty et al., Programmable Multistable
Mechanisms for Safe Surgical Puncturing, ASME. J. 
Med. Devices, Volume 13 (2), 2019

Tool tip

1 mm Actuation stage

Preloading stage

Preloading Type I: 
Geometric

(Instant-Lab)
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State of the art

Load Cell with Stiffness Tuning

L. Tissot-Daguette et al., Load cell with adjustable stiffness based on a 
preloaded T-shaped flexure pivot, in: Euspen’s 21st International 
Conference & Exhibition, 2021 

𝑃

Preloading Type II:
Elastic

7

(Instant-Lab)

Analytical Model
FEM Model❋

𝑃
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State of the art

Load Cell with Stiffness Tuning

Preloading Type II:
Elastic

8

(Instant-Lab)

10 mm

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 
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State of the art

Binary Stiffness Compliant Mechanism

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

Credits: P.R. Kuppens, PhD

Preloading Type III: 
Multi-stable
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State of the art

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

State 1

State 2

(pre-curved)

Bistable MEMS Optical Switch

Preloading Type IV: 
Self-preloading
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State of the art

Bistable MEMS Optical Switch

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

Preloading Type IV: 
Self-preloading

(pre-curved beams)
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State of the art

Bistable MEMS Energy Harvester

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

Out-of-plane 
deflection: 𝑤

𝐿

𝑤
𝐿
≅ 1.3%

Preloading Type V: 
Residual stress
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§ Euler-Bernoulli beam theory with the linearization 𝑥 ≅ !
" 𝑠:

𝑀 𝑠 = −𝑃𝑦(𝑠) + 𝑉 !
" 𝑠 + 𝑀# ≅ 𝐸𝐼 $

!%(')
$'!

§ General solution of the beam deflection:

𝑦 𝑥 = 𝐴 sin 𝑘𝐿
𝑥
𝑙
+ 𝐵 cos 𝑘𝐿

𝑥
𝑙
− 1 + 𝐶𝐿

𝑥
𝑙

where: 𝑘 = )
*+

§ Beam shortening constraint:

∆𝑙 = 𝐿 − 𝑙 ≅
1
2=#

" 𝑑𝑦
𝑑𝑠

,
𝑑𝑠

∆𝑙 =
𝐴! + 𝐵! 𝑘𝐿 !

4𝐿
+

𝐴! − 𝐵! 𝑘𝐿 sin 2𝑘𝐿
8𝐿

+
𝐴𝐵𝑘𝐿 cos 2𝑘𝐿 − 1

4𝐿
+
𝐶!𝐿
2

+ 𝐴𝐶 sin 𝑘𝐿 + 𝐵𝐶 cos 𝑘𝐿 − 1

&
%+

%,

&

'
&

'
!

' %

$
(

)

*)*+

*(
!

+

Deformed Beam

"

∆$
"

Non-Loaded Beam

Deflection of a generic compressed beam 

Generic analytical model

13

- 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

14
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##$%&'(

By applying the boundary conditions, i.e., $2 % = 0 = $ % = 3 =
$′(% = 3) = 0, and using Eqs. (4) and (6), the post-buckling solution is 
either:

5 = > = 0
93 = 2E, 4E, 6E, …

Or:

: = 5 cos 93 − 1
sin 93 , > = −53 93

93 = 8.99, 15.45, 21.81, …

The successive solutions values of 93 are generally called buckling 
modes, where 93 = 2E corresponds to the first mode, 93 = 8.99 is the 
second mode, 93 = 4E is the third mode, etc. By symmetry, each of 
these modes have two deflection solutions (upwards or downwards).

The only stable equilibriums of this buckled beam corresponds to the 
first mode, i.e., when 93 = 2E. Since each mode has two symmetrical 
deflections, the beam is bistable. From Eq. (), the preloading force is 
constant irrespective of the preloading displacement ∆4 and is given by 
Eq. ():

+345678 =
4E)'(
3)

From Eqs. (), the beam deflection is in this case:
$ 0 = : cos 2E 04 − 1

Substituting Eqs. () and () into Eq. (11), we can express the deflection 
parameter : as a function of the free parameter 93:

: = ± 3E
∆4
3

M345678 = $ 0 = 4/2 = 23
E

∆4
3

This result is consistent with [Vangbo2x, Yan]

"

!

Downwards Stable Position

#

Upwards
Second Mode 

Downwards 
Third Mode 

$

(c)

Fixed-fixed buckled beam: Fixed-guided buckled beam:

Constant-force 
behavior!

Preloading Type IV: 
Self-Preloading

Negative stiffness 
behavior!

Preloading Type I: 
Geometric
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Pinned-pinned buckled beam: Fixed-pinned buckled beam:

Bistable and snap-
through behaviors!

Preloading Type I: 
Geometric

Bistable and snap-
through behaviors!

Preloading Type I: 
Geometric

Behavior of some load cases
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Modeling: Basic load cases
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FM1

AL2 MOA2

ZC2

SM1 

SM2 

ZC1 

Branch 1
Branch 2

Branches:

Snap-Through under:
Angle Control
Moment Control

Points:
FM = First Mode
SM = Second Mode
ZC = Zero Compression
ML = Moment Limit
AL = Angle Limit
.’ = Post-Snap

MOA1

AL1’

ML1’

ML2’

AL2’

AL1’

AL2’

The parametric curves of the input moment (Eq. (19)) and the strain 
energy (Eq. (22)) as a function of the input angle (Eq. (20)) are traced 
out in Figs. 4 and 5, respectively. The free parameter 
from 0 (no compressive force (from Eq. (5)) to 
The two symmetrical branches (upwards and downwards) are 
plotted together to observe snap
moment and angle actuation scenarios. We notice that the second 
and higher modes are never reached due to moment and angle 
limits. These two types of limit points lead to corresponding snap
through (branch jumps), as shown by arrows in Figs. 4 and 5. By 
symmetry, snap-back is also possible by changing the direction of the 
actuating angle or actuating moment. The moment limit 
the required input moment to snap to the other stable state. This 
moment can be computed as the maximum of 
when / ≤ 1+ ≤ 2/ (between the first and second modes). 

In appendix? No

17

Modeling: Basic load cases
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Modeling: Basic load cases
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Modeling: Formulas

Fixed-fixed buckled beam:
§ First mode positions (stable states):

𝑤"#$%&' =
(
)

∆+
,
𝐿, 𝑃"#$%&' =

-)"./
,"

,

𝑀"#$%&' = ± -)./
,

∆+
,

,#$%&'(

!

+

"

∆$

"

(a)

(b)

Beam

Preloading 
Stage

!

Upwards Stable Position

Downwards Stable Position

##$%&'(

By applying the boundary conditions, i.e., $2 % = 0 = $ % = 3 =
$′(% = 3) = 0, and using Eqs. (4) and (6), the post-buckling solution is 
either:

5 = > = 0
93 = 2E, 4E, 6E, …

Or:

: = 5 cos 93 − 1
sin 93 , > = −53 93

93 = 8.99, 15.45, 21.81, …

The successive solutions values of 93 are generally called buckling 
modes, where 93 = 2E corresponds to the first mode, 93 = 8.99 is the 
second mode, 93 = 4E is the third mode, etc. By symmetry, each of 
these modes have two deflection solutions (upwards or downwards).

The only stable equilibriums of this buckled beam corresponds to the 
first mode, i.e., when 93 = 2E. Since each mode has two symmetrical 
deflections, the beam is bistable. From Eq. (), the preloading force is 
constant irrespective of the preloading displacement ∆4 and is given by 
Eq. ():

+345678 =
4E)'(
3)

From Eqs. (), the beam deflection is in this case:
$ 0 = : cos 2E 04 − 1

Substituting Eqs. () and () into Eq. (11), we can express the deflection 
parameter : as a function of the free parameter 93:

: = ± 3E
∆4
3

M345678 = $ 0 = 4/2 = 23
E

∆4
3

This result is consistent with [Vangbo2x, Yan]

"

!

Downwards Stable Position

#

Upwards
Second Mode 

Downwards 
Third Mode 

$

(c)
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Modeling: Formulas

Fixed-guided buckled beam:
§ First mode positions (stable states):

𝑑"#$%&' =
-
)

∆+
,
𝐿, 𝑃"#$%&' =

)"./
,"
,

𝑀"#$%&' =
()./
,

∆+
,

§ Second mode branch (constant negative stiffness region):

𝐾01 =
𝐹01
𝑑01

= −
4𝜋(𝐸𝐼
𝐿2

, 𝑃 =
4𝜋(𝐸𝐼
𝐿(

,

𝑀34# = ± ()./
,

4 ∆+
,
− 3 5#$

,

(
,				

where:	−𝑑-.,012 < 𝑑-. < 𝑑-.,012, 𝑑-.,012 =
,
3

∆!
"
𝐿
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!!"#$%& 𝑃561789

𝑃

21

Modeling: Formulas

Pinned-pinned buckled beam:
§ First mode positions (stable states):

𝜃"#$%&' = 2 ∆+
,
, 𝑃"#$%&' =

)"./
,"

§ Limit point magnitudes:

𝑀01,&07 = 10.28 ./
,

∆+
,

𝜃01,&07 = 2.07 ∆+
,

§ Output maximum magnitude:

𝜃34#,7$8 = 2.56
∆𝑙
𝐿
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Modeling: Formulas

§ First mode positions (stable states):

𝜃"#$%&' = 2.49 ∆+
,
, 𝑃"#$%&' =

(-.-;)"./
,"

,

𝑀"#$%&' = 8.99
𝐸𝐼
𝐿

∆𝑙
𝐿

§ Limit point magnitudes:

𝑀01,&07 = 12.90 ./
,

∆+
,

𝜃01,&07 = 1.78 ∆+
,

§ Output maximum magnitude:

𝑀34#,7$8 = 15.31
𝐸𝐼
𝐿

∆𝑙
𝐿

Fixed-pinned buckled beam:

𝑃561789

𝑃
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Elementary mechanisms

23
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Linear 
Stage

(a)

New	mechanism.	As opposed to the constant-force	and	constant
torque mechanisms presented in Secs.	-,	this	mechanism	requires	a	
preloading	stage.	A	linear	stage	is	guided	by	two	parallel	beams.	This	
linear	stage	is	preloaded	by	two	buckling	beams	.	The	beams	are	
buckled	using	a	preloading	stage.	The	two	buckled	beams	must	
buckle	in	opposite	direction	to	cancel	out	the	moment	applied	by	the	
buckled	beams	on	the	linear	stage	along	all	the	negative	stiffness	
stroke,	see	Fig..

m = −2+>?

N9: ≅ O4<4 #9:

O4<4 = O0 + 2O>?

Where O0is given in	Eq.	()…
O4<4 =

24'(0
30;

− 96'(303)
− 8E

)'(
3;

Thus, the total stiffness is constant on a high range and can be adjusted
by the dimensions of the mechanism (reduced positive, near zero, or 
negative stiffness)

The end-shortening of guiding beams is given by [Simon] and Eq. () as:

∆40 = 30 − 40 =
3#9:)
530

Since ∆0 = ∆4 + ∆40, where ∆4 = 3 − 4, and the stroke of the constant 
stiffness region of a fixed-guided buckled beam ((Eq. ()), the constant 
stiffness stroke of the linear stage is: 

#9:,A5B =
3∆0

3
4 +

33
530

Guiding 
Beams (2x)+!

Buckling 
Beams (2x)

-)*

(b)

Preloading 
Stage

+

$!

$

∆%

')*

Non-Preloaded
Reduced positive stiffness
Near-zero positive stiffness
Negative stiffness

Analytical Model
FEM Model

Preloading Type I: 
Geometric (∆𝑥 = 𝑐𝑠𝑡)Stiffness-reduced linear stage:

24

- 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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Preloading Type II:
Elastic

Analytical Model
FEM Model❋

𝑃 𝑃

Pivot with adjustable stiffness:

25

- 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, WO2022122629 (A1), Assignee: EPFL (2022) 
- M. Kahrobaiyan et al., Device for measuring a force exerted on an object, EP3722767 (A1), Assignee: EPFL (2020) 

Patented &
Published
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(a)

New	mechanism.
Geometrically, we have:

∆4 = 3 − 4 ≅
M ≅ #9:sin

O0 ≅ )\+,$
1$%

1 + 1$#]
)^#+,$

ref Simon	(due	to	the	
30 − 40

Where Internal force	equilibrium:
m = + sin n

+ = +>? =

/ = O>?M =

N9: = O0#9: + / sin

N9: ≅ NI34 +

4 )'(

Guiding 
Beams (2x)

++!

Linear Stage

Buckling 
Beam

$!

"

!

,

-)*

#
!

5

(b)

')*

$

Analytical Model
FEM Model

Preloading Type IV: 
Self-Preloading

𝐹!"(𝑑!") ≅ 𝑐𝑠𝑡

Constant-force linear stage:

26

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

The same way a pivoting lever can produce a constant torque using a
buckled beam. The analytical model is derived in []. This mechanism
was implemented for a constant-force surgical tool, showing excellent
agreement between analytical, FEM and experimental results [].

"

(a) (b)

%

#

Buckling Beam

Flexure pivot Lever

$

%

&
'

&WX

(#

𝑀!"(𝜃!") ≅ 𝑐𝑠𝑡

Preloading Type IV: 
Self-PreloadingConstant-torque pivot:

27

Patented &
Published

- 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, WO2022253808 (A1), Assignee: EPFL (2022)
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Design methodology

28
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1) Design of the guiding structure of the mechanism to obtain the desired motion

2) Integration of buckled beams to tune the flexure mechanism’s stiffness

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

4) Validation of the design using FEM and experiments

Main phases of the design methodology:

𝐹(𝑥)

2)

𝑃

3)

∆𝑙 = 𝑐𝑠𝑡

29

4)

𝐹

𝑥

Analytical Model
FEM or Experiment

𝑥

1)

Example:
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Design guidelines:

1. Buckling = Loss of Guidance
Ø Separate buckling and 

guiding elements

30
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Design guidelines:

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

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

31
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• A beam buckling in 
second mode has a 
new DoF: Axial 
translation is free

• Buckling = Lost of 
guiding function

Generic design methodology: Guiding vs Buckl ing
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Generic design methodology: Parasit ic shi ft  modif ication

Undeflected:

Deflected:

∆𝑥 ≅
3𝑓!

5𝐿⟹

𝑦
𝐿

𝑥

∆𝑥𝑦

𝑥

𝐹

𝑓

1) Translating Beam:
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1) Translating Beam:

Generic design methodology: Parasit ic shi ft  modif ication
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Undeflected:

2) Rotating Beam:

∆𝑥 ≅ 1 + 9
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Generic design methodology: Parasit ic shi ft  modif ication
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Application examples

37
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Bistable gripper: Concept

(a)

(b)

Beam Preloading 
Stage

Output Pivot

(c)

Rotating 
Jaw

Object

Fixed 
Jaw

,)*"

%'(

∆$

%'(

%)*"-)*"

!)*"*)*"

(d)

(e)

Snap-Through

Snap-Through

!'(

Input Pivot

§ 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

Preloading Type I: 
Geometric
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Bistable gripper as-fabricated (a), in open stable state (b) and in closed unstable state (c)

Bistable gripper: Flexure Implementation
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Modeling of the buckled beam, (a) as-fabricated, (b) deformed
and (c) free-body diagram

Bistable gripper: Modeling

-20 -10 0 10 20
Input Angle [deg]

0

0.5

1

1.5

2

2.5

O
ut

pu
t S

tro
ke

 p
er

 J
aw

 [m
m

]

-20 -10 0 10 20
Input Angle [deg]

0

0.5

1

1.5

O
ut

pu
t F

or
ce

 p
er

 J
aw

 [N
]

Input Angle !!" [deg]

Opening 
Snap-Through

Closing 
Snap-Through

Ou
tp

ut
 D

isp
la

ce
m

en
t "

#$
%[

m
m

]

(c)

Opening 
Snap-Through

Closing 
Snap-Through

Ou
tp

ut
 D

isp
la

ce
m

en
t #

#$
%[

N] -20 -10 0 10 20
Input Angle [deg]

-40

-30

-20

-10

0

10

20

30

40

In
pu

t M
om

en
t [

N
m

m
]

Opening 
Snap-Through

Stable
Closed 
State

Closing 
Snap-Through

Stable 
Open
State

Opening Critical 
Moment

Closing Critical 
Moment

Unstable 
Closed 
State

Unstable 
Open 
State

In
pu

t M
om

en
t $

!"
[N

m
m

]

(b)

(a)

FEM
Experiment

Analytical Model (Closed State)
Analytical Model (Open State)



EPFL Instant-Lab L.Tissot-Daguette, S. Henein, May 2025 | 41

Bistable gripper: Results

Prototype actuated by SMA springs
(speed 2x). Credits: LAI, EPFL.

Snap-Through SMA Cooling

< 10 ms > 5 s

§ FEM (Open)
§ FEM (Closed) Prototype actuated by a voice coil

(speed 0.006x).



EPFL Instant-Lab L.Tissot-Daguette, S. Henein, May 2025 | 42

Common rigid hook to estimate the ossicle mobility 

Constant-force surgical tool: Concept

Middle
Ear

Ossicles

Inner 
Ear

Ear Canal

Rigid Hook New Tool

New tool to objectively assess the ossicle mobility 

Preloading Type IV: 
Self-preloading
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Force-displacement characteristics of the tool

Constant-force surgical tool: Modeling

Modeling of the tool, (a) as-fabricated tool tip, (b)
deformed tool tip and (c) free-body diagram of the beam
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Constant-force surgical tool: Prototype

The tip mechanism was fabricated in fused
silica (top) and in resin (bottom). Video of the prototype testing. Credits: Universitäts Spital Zürich.

1 mm

1 mm
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∆+
(a)

(b) #
Silicon Beam

Thin Film

(Less common preloading)

) = +$,$ − ., %&%
∆0
0

Where:
(.,)%&%= .'!,'! + .$,$

Where ,'! = 4'!ℎ'!, ,$ ≅ 24'!ℎ$
area of the cross-section

%

%

∆w
x ≅ siny , + 2 ∆xx − sin , previous

Geometrically, we have:
0 − % = ∆% − 3 = ∆" sin ,

4 = ∆" cos ,
Where 3 = z

{
|.
x (simon). The relationship between ∆% and ∆" is:

∆% = ∆" sin , + 35
∆"y
% cosy ,

And the relationship between 9 and 9 is given by:

0

Inclined Beams 
(}=4 in this case)
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∆%

Preloading 
Stage

4

#

(a)

(b)

Like chevron-
type actuator
But new (dire 
dans les cas) as a
preloading
mechanism

4 4

Arclength: 3 + ∆3

!

Thermally oxidized sil icon mechanisms

Simple silicon beam preloaded by residual stress:

∆𝐿
𝐿
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) = 48( .: %&%
0(

where
∆0
0 = +$,$ − )

., %&%

Buckling	only	if			+$,$ > ).

##
%%

Buckling Beam

Arclength: 3 + ∆3

(a) (b)

4

&
0 =

2
8

∆0
0

) = 48( .: %&%
0(

where
∆0
0 = +$,$ − )

., %&%

Buckling	only	if			+$,$ > ).

##
%%

Buckling Beam

Arclength: 3 + ∆3

(a) (b)

(a)

(b)

𝑤
𝐿 ≅ 1%

Preloading Type V: 
Residual stress
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Thermally oxidized silicon beam
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Preloading Type V: 
Residual Stress
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Figure 15

1 mm

(b)

(a)

1 mm

1 mm

Figure 15

1 mm

(b)

(a)

1 mm

1 mm

Simple buckled beam

PCM

Preloading Chevron Mechanism

Deflection magnitude 

increased by 5x

PCM-preloaded buckled beam
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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)

Preloading Type V: 
Residual Stress

Patented &
Published

Fabrication by CSEM
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Preloading Type V: 
Residual stress

Patented &
Published

Fabrication by CSEM

- 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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“Silicon QUADRIVOT 
oscillator with reduced 
frequency”

 5 © 2023 by ASME 

body and the outer rigid part connecting all the secondary 
flexures is called the outer body. The other rigid parts of the 
flexure pivots keep the same name as their corresponding 
kinematic architectures illustrated in Figs. 3-5. 

 
Remark 2. Note that, even if each flexure has small parasitic 
shift defects, the rotational symmetry of the flexure pivots 
ensures that they rotate theoretically without parasitic center 
shift. 

 
Mockups of the TRIOVOT, QUADRIVOT and HEXAVOT 

were fabricated in polyoxymethylene (POM) using a laser 
cutting machine to qualitatively verify the behaviors of these 
new designs. The dimensions of these demonstrators are given 
in Table 1. The flexure pivots show no visible parasitic shift 
when manually rotated (Fig. 7). Furthermore, the support 
stiffness seems high when applying radial loads by hand. Since 
the center shifts are very small and because POM tends to creep 
under external loads, we did not record any experimental data of 
parasitic center shift or radial stiffness. Instead, numerical 
characterization of these designs is performed in Section 4, using 
FEM modeling. 

 

 
FIGURE 6: Flexure implementation of (a) the TRIOVOT, (b) the 
QUADRIVOT and (c) the HEXAVOT. The flexure pivots are all 
presented at equilibrium position (i.e., undeformed).  
 
4. FEM PERFORMANCE COMPARISON WITH STATE-

OF-THE-ART PLANAR FLEXURE PIVOTS 
In order to highlight the advantages of the new flexure 

pivots presented in this paper (i.e., the TRIOVOT, the 
QUADRIVOT and the HEXAVOT), we compare their 

mechanical properties with two existing planar flexure pivots 
with minimized parasitic shift, namely the co-RCC [14] and the 
TRIVOT [19]. 

 

 
FIGURE 7: Mockups (POM, outer diameter of 150 mm) of (a) the 
TRIOVOT, (b) the QUADRIVOT and (c) the HEXAVOT. The inner 
body is attached to a fixed frame and the outer body is manually rotated.  

 
4.1 Design Constraints  

In order to ensure that the results are comparable, some 
parameters are fixed or optimized: 

- Every pivot is made of POM, with a Young’s modulus of 
4 = 3 GPa. 

- The outer body is identical (disc with an external diameter 
of 150 mm) to constrain the pivot size to a maximum 
allowed volume. 

- The inner body radius is limited to 5 ≥ 5 mm. 
- The out-of-plane width 6 of the pivots is 5 mm. 
- The thickness of the main and secondary flexures, 

respectively ℎ and ℎ$, is 1 mm. 
- Since the radial stiffness is highly dependent on the 

stiffness of the secondary and coupling flexures, they are 
dimensioned such that they have the same contribution to 
the rotation stiffness nonlinearity. In other words, the 
ratio 8"/8% (where the moment-angle characteristics of 
the pivot is given by :& = 8%0 + 8!0" +8"0# 
+	<(0')) is set close to 2 rad-2 for all pivots.  

- The length of the main flexures > must be as high as 
possible (respecting the allowable volume) to minimize 
the internal stress and maximize the angular stroke, see 
Eqs. (19) and (20).  

Using these constraints, the TRIOVOT, the QUADRIVOT 
and the HEXAVOT are designed using the analytical model 
presented in Appendix A. The co-RCC and the TRIVOT are 
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Conclusion

1. Buckled beams can provide advantageous behaviors:

ü Bistability

ü Constant-force

ü Stiffness tuning

ü ...

2. Design considerations:

Ø Buckling vs guiding

Ø Parasitic shift modification

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