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Underactuation Dynamic balancing Parallel robotics Static balancing
Mechanically adaptive grippers Fast and accurate manipulators Light-weight and stiff Adjustable spring mechanisms
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1 actuator

Self-adaptive
Self-decisive
0 sensors
Underactuation Dynamic balancing Parallel robotics Static balancing
Mechanically adaptive grippers Fast and accurate manipulators Light-weight and stiff Adjustable spring mechanisms

Shell mechanisms

Compliant mechanisms Spatially curved flexures

Precision motion and force transfer
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Proft. Ashok Midha

Prof. Ashok Midha
1946-2023

B.Sc. National Institute of Technology in Jamshedpur in 1968

M.Sc. 1970 and Ph.D. 1977 in Mechanical Engineering from the University of Minnesota
Professor at Michigan Technological Institute, Pennsylvania State University, Purdue
University, and The Missouri University of Science and Technology

Head of Department at The Missouri University of Science and Technology for 10 years
Over 140 papers in developing phase of the field of compliant mechanisms (“Father of
Compliant Mechanisms”)

Since 2012, ASME named a symposium within IDETC Mechanisms and Robotics after him
Since 2024, ASME named the Compliant Mechanisms Award (that he installed and sponsored
for years) after him

ASME Fellow (since 2002) and received ASME Mechanisms and Robotics Award (1998)
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Prof. Ashok Midha

Pseudo-Rigid Body Modeling (PRBM)
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N.N., Larry Howell, Charles Kim, Just Herder, Ashok Midha, Jonathan Hopkins, Guimin Chen, N.N., Dannis Brouwer, N.N.
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Precision Compliant Mechanisms

Just Herder

Characteristics of compliant mechanisms
Well-behaved flexures

Strategies to improve behavior
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Trends and prospects
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Nature: compliant and strong

Herder JL, Fundamental Design
Inaugural address, TU Delft, March 6, 2015




/ Pin-in-hole joint

Compliant mechanisms

—

Motion due to deformation linkage
> Flexible AND strong

Essentially monolithic
- No friction or backlash
- No assembly or maintenance

» Simpler AND better

Kinematics and kinetics intertwined
Design more complicated and tailored
Finite support stiffness (ideally infinite)
Finite motion stiffness (ideally zero)

Herder JL, Berg FPA van den (2000) Statically balanced compliant mechanisms (SBCM's), an example and prospects

e
TU Delft ASME DETC 26th Mechanisms and Robotics Conference, DETC2000/MECH-14144.




Flexure as a revolute joint

Z
%% y
N
X
k= freedom stiffness, DoF
k.= constraint stiffness, DoC

Wikipedia .
= freedom 7 = translation
_+~ = constraint _77 = rotation
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Traditional analysis

3E]

Bernoulli-Euler Free end -
. do d’y %\/\
beam theory: M =El— ~ El — R
ds dx L )
M =F(l-x) l o= — 230 M
dx ds EI
40 Curvature proportional to moment
F(L-x)=El—
dx
. _ _ _ F x?
Separating variables and integrating: 6 =—| Lx—— |+ C
EI 2
Boundary conditions 6=0 at x=0: 0 = @ _ £(2L —Xx)
dx 2EI
Fx? FLr’ .
Separating variables and integrating: ¥ = 62[ (3L —x) Vel =507 Linear beam theory
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Beam theoy
Tension/compression
and shear

Beam theory: Buckiing

Buckling fundamentals

Mass moment of inertia

Body s Eody 2
mC,

Beam theory: Bending

8eam theory: Stiffness
of combined loads

Positioning terminology

PatoA(T

Wl e |

Beam theory: Torsion

Torsion of leaf springs:
Restrained warping

oA

Area moment of inertia

Hertz contact: Universal
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Large deflections

e do .
Elliptic integral of M =EI o is cumbersome... ?
A\ §
) ) ) i . 1.0+ Prof. Ashok Midha
Approximation by arc motion and torsional spring: 0. 1946-2023
Pseudo-Rigid-Body Model (PRBM, Midha and Howell)
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Spatial kinematic modelling

Freek
Broeren

[ cos(0;)
rp=—
2 sin (\1)

hy =1 cos(0,) cos (if;)
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o - e —— (Ny-2)-DOF \
r = -0.23 — Expen t 1 —_— " \ B
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e

Analysis of a Tubular Mechanical Metamaterial, Mathematics and Mechanics of Solids




Energy method (pyBRM)

Domas
Syaifoel

p = PRBM(3)

p.add_body (
p.add_body(
p.add_body(

t=mm
A=
E
I

14xmm

r i in range(n):
p.add_flexure( ’ i/n*x2%pi), rxsin(i/nx2xpi), @),
(i + 1)/n*2%pi), rxsin((i + 1)/n*2%pi), 0))
p.add_flexure( . (i - . , rxsin((i - .5)/n%x2%pi), 0),
2 , rksin((i + .5)/nx2xpi), 0))

Minimization of
potential energy

.show()

No kinematic analysis
needed

Fast and accurate
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Energy method (pyBRM)

Domas
Syaifoel
Linear stage
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Linear stage
(z-axis)

force/torque
sensor

Linear stage | |

- = .
(y-axis, 3 - " :
i i pper clamp
o

m -
Lower clamp

Linear stage
(x-axis)

Displ. (mm)

Force (N)

254

0.0 -

Time (s)

Domas
Syaifoel

Ax =Dy
Az

Fy simulated
F, simulated
Fz simulated
Fy measured
Fy measured

F; measured
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Flexure as a revolute joint

KGood’ flexure :\
A ks

™ Kemax 5

kc,min
NG /

ky= freedom stiffness, DoF
k.= constraint stiffness, DoC

Wikipedia

= freedom 7 = translation
_+~ = constraint _77 = rotation
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Cross-flexure as a better revolute joint

\“ \ Sum constraints
A\

3
TU Delft Adapted from: K. Markovic¢ and S. Zelenika, Proc. SPIE 9517, 2015

v




Double flexure prismatic joint

Sum constraints

7

5
TU Delft Adapted from: H. Soemers, Design Principles, 2011



Problem: stiffness decay at detlection

mree Butterfly Flexure Hinge
—o— Five Flexure Cross Hinge
— Three Flexure Cross Hinge
Solid Flexure Cross Hinge
Curved Hinge Flexure
Cross Revolute Hinge

——
\- ”\,A:'f - 250 X

Three flexure ) ﬂ‘“"

cross hinge Five flexure f \

- cross hinge 200 / 7 ; \

150 % / ..\

.

"""" /:;/ \;E\
S
/.: e

f,, [Hz]

100, e B
7 =
- T~
Revolute 50
hinge
Solid flexure % -15 -10 5 0 5 10 15 20
L 0, [de
cross hinge [deg]

Butterfly flexure hinge

rﬁ D.H. Wiersma, et al., Design and Performance Optimization of Large Stroke
TU Delft Spatial Flexures, ASME Journal of Computational and Nonlinear Dynamics




What makes a good compliant joint

Degrees of freedom (green): low freedom stiffness k,

. . T High stiff tio e
Constraint directions (red): high constraint stiffness k. | High stiffness ratio

f
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Torsion reinforcement

Increase range of motion:
« Series-parallel
 Initial stress or curve

Increase stiffness ratio:
* Reduce k¢: static balance

- Increase k.: reinforcement

-
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Reinforcement

Jelle
Rommers

AANNN\Y

State-of-the-art
linear guide [1]

Based on 6 folded
flexures:

Constrained i

dncin_g | Distributed compliance

I’" [1] Herman Soemers. Design Principles for Rommers J, Naves M, Brouwer DM, Herder JL (2021) A flexure-based linear guide with
TU D8|ft precision mechanisms. T-Pointprint, 2011

torsion reinforcement structures, J Mechanisms Robotics (DOI: 10.1115/1.4052971)




Reinforcement

(‘ Rommers J, Naves M, Brouwer DM, Herder JL (2021) A flexure-based linear guide with
TU Delft torsion reinforcement structures, J Mechanisms Robotics (DOI: 10.1115/1.4052971)




Reinforcement

Eigenfrequencies [Hz]
.
(=]

0 | I ‘ ‘ |
-60 -40 -20 0 20 40 60
Displacement z direction [mm]

Fig. 15: Measured and modelled parasitic eigenfrequencies
of the Nylon prototype of the 2-TR-FLS design. The eigen-
frequency in motion direction (not displayed) is 2.1 Hz.

108

B
Z.10%|
w
w
@
£
@
o
£ .
Advantages § 10
- Less obstructive build volume
- Fewer elements ~v-6FLS linear guide
- H|gher Support Stlffness —=—Double Triflex linear guide
103 .

-50 0 50
Displacement £ direction [mm]

(f Rommers J, Naves M, Brouwer DM, Herder JL (2021) A flexure-based linear guide with
TU Delft torsion reinforcement structures, J Mechanisms Robotics (DOI: 10.1115/1.4052971)




Reinforcement

Spherical

| /

\\ P
.~ «——— Remote center of rotation

Rommers J, Wijk V van der, Herder JL (2021) A new type of spherical flexure joint based on tetrahedron elements,
Precision Engineering (71)130-140




Reinforcement

Rommers J, Wijk V van der, Herder JL (2021) A new type of spherical flexure joint based on tetrahedron elements,

e
TUDelft Precision Engineering (71)130-140




Rein

—

forced compliant Sarrus mech.

b

0.7 nm/pm
5 nm over 140 um
total stroke of 5 mm

distance [um]
a o
e g o
(=] [=] (=3
=2 & e @
distance [um]
=4

o

[=]

k=] @

-0.01
-70-60-50-40-30-20-10 0 10 20 30 40 50 60 70 -70-60-50-40-30-20-10 0 10 20 30 40 50 60 70
stroke Jum] stroke Jum]

rf Velden J van, Herder JL (2025) A compact ultra linear compliant torsion reinforced Sarrus mechanism,
TU Delft ASME Journal of Mechanisms and Robotics




Initial stress or curve

Increase range of motion:
« Series-parallel
- Initial stress or curve

Increase stiffness ratio:
* Reduce k¢: static balance

- Increase k,.: reinforcement




Modern compliant mechanisms

Second input

Position of 7

device to be
oriented

First input Axes of

S Wan, Q Xu, Design and analysis of a new compliant XY /L ; ~_
micropositioning stage based on Roberts mechanism, Rigid link Revolute

Mech. Mach. Theory, 2016 joint

] EG Merriam, JE Jones, SP Magleby, LL Howell, Monlithic 2DoF fully Pjotr Sebek, Jesse van Koppen et al.,
TU Delft compliant space pointing mechanism, Mechanical Sciences, 2013 yet unpublished
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Curved with symmetric stiffness

Typical asymmetric behavior
0.3

N
Ali AN
Amoozandeh Loty
Corrected symmetric behavior
0.3
Optimizing section and shape
0.25 » 025
0.2
E
=015

0.2 -

B
= 0.15
s}
0.1 0.1
0.05 | 0.05
|
0 0-
0.15 ul.z 0.25 0.15 0.2 0.25
X (m) —_— X (m)
e
TUDelft

Amoozandeh Nobaveh A, Radaelli G, Herder JL (2021) Asymmetric Spatial

Beams with Symmetric Kinetostatic Behaviour, ROMANSY 2020




Anisotroptically adaptive

S

pLLLLLLLLLLLLL

Low stiffness High stiffness 12
l S
] 0.8-
Bellow down %
i 0.6-
N
0.4-
0.2-
Bellow
0
Effect of bellow configuration on stiffness b
Crucifonn beam — e 0.4 >~
s ~708
1 PR,
ym 12 12 X (m)
Bellow acts as a sliding torsional stiffener Anisotropically adaptive stiffness
_.rfu D |f Amoozandeh A, Radaelli G, Herder JL (2022) Characterization of spatially curved beams with anisotropically
elrt

adaptive stiffness using sliding torsional stiffeners, Intl J Mechanical Sciences, MS_107687




Stress and Geometry (STAGE)

Jelle
Rommers
Stress [MPa] Stress [MPa]
w2 200 200
150 | 150
100 100
50 50
0 0
Conventional design: Pre-stressed design:
Initial state is stress-free, Fabrication shape is stress-free,
High stress in extreme poses. initial state is pre-stressed.
Max stress asymmetric. Reduced stress in extreme poses.

rf Rommers J, Wijk V van der, Aragon A, Herder JL (2024) The STAGE method for simultaneous design of the stress
TUDelft and geometry of flexure mechanisms, Precision Engineering, (DOI: 10.1016/j.precisioneng.2024.05.021)




Stress and Geometry (STAGE)

Jelle
Rommers

............... Stress [MPa] Stress [MPal

— ooy — ; Ty —
\\ e ‘ N +*% Compressive #+ o0 +% Compressive #+
F \\\ ,,’ 40 'l‘vi sile 40 Teflls e
Functional % % (10t : o ‘Y Functiona 30 o
geowetry ,"\E— éon_tlect-ed) N X geom;try | X
RO 20 J 20
/r! \‘\ 10 . Relense ‘Ig . M 10 r +
o w ol L RN AN G S >
2 ’ L2y
Step 1 Design of the Step 2 Design of Step 3 Calculation by Step 4 Assembly to
functional geometry the internal stress inverse FEM of the obtain the functional
distribution by stress-free geometry geometry with the
loading a release for manufacturing desired initial stress

point

Rommers J, Wijk V van der, Aragon A, Herder JL (2024) The STAGE method for simultaneous design of the stress

TUDelft and geometry of flexure mechanisms, Precision Engineering, (DOI: 10.1016/j.precisioneng.2024.05.021)




Initial stress or curve

Tnternal y Zero-moment . . I f
heminde Lo x o N Stress dominated by bending: g= Miﬁ
M

Stress proportional with internal moment, use this to
visualize internal stress:

M;(s)=cos(a)F(L—s)— M

High = -
R F /.I
K !
< \M/p . :
/
Mmu:rml ~ ';

Internal Zero-moment line
moment
magnitude

From this, the zero-moment line (ZML) can be
derived:

High

V 7
M;(r)=Fr—-M

Design of stress distribution:

Low
“_ » ZML parallel to external force F
e 4 Z + Distance ZML to action line F is: r, = M/F
" el i +  Gradient M-field (perp to ZML) equal to |F]|

rf Rommers J, Wijk V van der, Aragon A, Herder JL (2024) The STAGE method for simultaneous design of the stress
TUDelft and geometry of flexure mechanisms, Precision Engineering, (DOI: 10.1016/j.precisioneng.2024.05.021)




Stress and Geometry (STAGE)

B ] 1 C B 1 1 j
------------- RF----------—--J (
\‘ - - ,/ _ \\ ’I \
L RN ¢ -71 Nmm s
AN i ) ALS s/ -71 Nmm
57 MPa s . 57 MPa Zero-moment R4
. . line \ S
AR N/
FaES N
/’ \\ 71 Nmm ,’I \\
< / = / ’ . :
57 MPa Re AN 57 MPa rzm ,*° Release S 71 Nmm
x\"'/' \\+,j o’ point \;\ /
f— - 4= 1) ~ mmmm== H )
A % D W p>, >k
M
Desired designed stress field Corresponding load field
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Initial stress or curve

Procedure:

Step 1: Design the functional
geometry as in a conventional way

s
%, Functional
geometry

Step 2: Design the initial stress
configuration :;r

Step 3: Calculate the required (a) As fabricated.

fabrication geometry (optim or iFEM) Stress [MPa)

Step 4: Assemble the fabricated part 160
in the initially designed geometry 120
Step 1 Step 2 Step 3 Step 4
Design the Design the ("alc-ulla.te the Assemble
functional internal 1-01111.110(1. the fabricated
: . e fabrication )
geometry stresses part

geometry

) After 445 degrees rotation.

(b) Assembled.

Stress [MPa

160
120 j

(d) After -45 degrees rotation.

5
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Rommers J, Wijk V van der, Aragon A, Herder JL (2024) The STAGE method for simultaneous design of the stress
and geometry of flexure mechanisms, Precision Engineering, (DOI: 10.1016/j.precisioneng.2024.05.021)




Initial stress or curve

1200
1000
Any closed-loop flexure can be optimized by
800 '"f! initial stress:

» Reduced motion stiffness
* Reduced maximum stress
* Both

.'.o
.ol.'.o. X
e l.t ) L) .

Peak stress [MPa]
o
S
S

- P ." \ 7 ’ - . .'I.-‘.
71 - .
200 kRedesign 3 Y [Tradltlona,l des1gnj

-6 -4 -2 0 2 4 6 8
Peak actuation force [N]

rf Rommers J, Wijk V van der, Aragon A, Herder JL (2024) The STAGE method for simultaneous design of the stress
TUDelft and geometry of flexure mechanisms, Precision Engineering, (DOL: 10.1016/j.precisioneng.2024.05.021)




Initial stress or curve

Stress [MPa

Fabrication
geometry

Functional \\
geometry =1 N

“
\

F(—J

M

(a) As fabricated.

Stress [MPa)

N

(b) Assembled.

250
200
150
100

(c) After +30 mm displacement.

Reaction forces [N|

300

p ? R 200
Y [FR 100

0

® Ansys model

Moment
[Nmm/100mm)]

Stress [MPal

v~ \ n

(d) After -30 mm displacement.

m— Measurements
= == Matlab model

-20 -10 0 10 20
Displacement y direction [mm]|

28% reduction
in peak stress
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Rommers J, Wijk V van der, Aragon A, Herder JL (2024) The STAGE method for simultaneous design of the stress
and geometry of flexure mechanisms, Precision Engineering, (DOI: 10.1016/j.precisioneng.2024.05.021)




Initial stress or curve

rf Rommers J, Wijk V van der, Aragon A, Herder JL (2024) The STAGE method for simultaneous design of the stress
TUDelft and geometry of flexure mechanisms, Precision Engineering, (DOI: 10.1016/j.precisioneng.2024.05.021)




Static balancing

Increase range of motion:
« Series-parallel
 Initial stress or curve

Increase stiffness ratio:
« Reduce ket static balance

- Increase k,: reinforcement

-
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Static Balancing

All conservative forces can be cancelled out!

Meager Bridge (Amsterdam) Anglepoise™

5
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Static Balancing

All conservative forces can be cancelled out!

e Continuous equilibrium
» Constant potential energy
* Neutral stability

Meager Bridge (Amsterdam) Anglepoise™

5
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Constant potential energy

V =mgLcosg
V. =1kt =%k(a2 +r2)—karcosgo

Assuming zero-free-
length springs: V., = cnst+(mgL— kar)cos @

F =kt

Condition: mgL = kar

5
TUDelft




Static balance

Input energy i/ LGS Output energy

Motion - elastic deformation = energy - motion stiffness

5
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Static balance

Inputenergy BlliLZ Output energy

Energy storage

lencccccmcecnemteceeeeee-=!

.c-‘;;.”—a-’

3 ar;
e Preload (once)

Constant total potential energy - net zero motion stiffness

5
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Sttic balance

Femke
' oasl | * FEMunbaanced Morsch
‘ j&"‘? ']+ FEM balanced
— Experiment unbalanced
— Experiment balanced
0.2 +  PRMB unbalanced " ++—»—"j
PRMB balanced o L+
—_ * L
+
£ o5t & e
= * e
& *** +++
5 s ++++
= 01r ot L+
/ * **+++
A **+++
0.05+ T
e
+
it — - ++ +
0'9&*#4_ + + + * ¢ * .
0 0.2 0.4 0.6 0.8 1 1.2 1.4
Phi [rad]
Average Max moment End
moment reduction, trajectory
reduction, ¢ =0-end [rad]
@ =0-end trajectory
trajectory [%]  [%]
PRBM 95 98 1.42
FEM 93 93 1.28
Experiment 70 63 0.58

Morsch F, Herder JL (2010) Design of a generic zero stiffness compliant joint, 2010 ASME International Design
Engineering Technical Conferences, August 15-18, 2010, Montreal, Canada, Paper number DETC2010-28351



Static balance

._ Prestressed spring ‘#ZT """"""""""""""""""""""""""""""
\:/::g |oeds
A >
\\ e \\\‘:.\
- SR
r""! [
Y | | I
Jln ! Lo
v ﬁ.ﬂ\: i i E, b, h
I
[ A . .
\i\\ L A Statically balanced gripper
[ [
I [
I . -
- i \ :/E > Karin Hoetmer, Charles Kim,
c A : ] L Geoffrey Woo, Just Herder
u | |
: ;/‘ 2009
I
| (P gl
—»Uu . .
0. I | .v.__77771__q.|.'. ____________ S Delft University of Technology
! | Lo Before prestressing  After prestressing Bucknell University
@ ) © (@ e

" Hoetmer K, Woo G, Kim C, Herder JL (2010) Negative stiffness building blocks for statically balanced compliant mechanisms:
TU DEIft design and testing, ASME Journal of Mechanisms and Robotics, 2(4)041007 (DOI: 10.1115/1.4002247, IF 1.04).




Static Balancing of Compliant Mech.
r

l" Eijk J van (1985) On the design of plate-spring mechanisms,
TUDelft PhD-Thesis, Delft University of Technology, Delft.




Static Balancing of Compliant Mech.

(f Berntsen L, Gosenshuis D, Herder JL (2014) Design of a Compliant Monolithic Internally Statically Balanced Four-Bar
TUDelft Mechanism, ASME Intl Design Engineering Technical Conferences, Buffalo NY, Aug 17-20, paper number DETC2014-35054




Constant force unit

400
— Weight to be Compensated
— Extra Positive Stiffness
800 ——sBm
— —F Total
200
< SB domain —|
100
[ e
= N 7
0 b - {
P
- ——
-100
P
e
-200
3005 02 0.4 06 038 1
XI]

I’" Dunning AG, Tolou N, Herder JL (2013) A Compact Low-Stiffness Six Degrees of
TU Delf‘[ Freedom Compliant Precision Stage, Precision Engineering 37(2)380-388




Vibration Isolator

V-shaped

Bi-stable buckling beams Top plate beaiss

Bolt to adjust
length of the bar

Block ' Bottom plate

Mounting plate

I’" Dunning AG, Tolou N, Herder JL (2013) A Compact Low-Stiffness Six Degrees of
TU Delf‘[ Freedom Compliant Precision Stage, Precision Engineering 37(2)380-388




Advantages of static balancing

Reduced operating effort
+ Less energy consumption
+ Less heat generation
- Increased safety

Pure force transmission (signal)

System efficiency, e.g. elastic transmission in actuators
Eliminate backlash by preloading

Vibration isolation

Extreme anisotropy, approximate conventional joints

Davood Farhadi
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Switchable

static balance

Force [-]

Motion
Direction
e—

Motion
Direction
«—>

Bistable beams
OFF configuration

Keo

Bistable beams
ON configuration

Kee

04

,—B--\o\oooooof ----8B_OFF
03 . N 4 |—SB ON
N S| ca
02 AV o SB-CG_OFF
2 * SB-CG.ON

01

IR |

-04
Oy

Displacement [-]

Pluimers PJ, Tolou N, Jensen BD, Howell LL, Herder JL (2012) A compliant on/off connection mechanism for preloading statically
balanced compliant mechanisms, ASME 2012 IDETC, Aug 12-15, Chicago, IL, USA, paper DETC2012-71509.




Switchable static balance

Reinier
Kuppens N

Switchable revolute unit cell Switchable prismatic unit cell

https://www.youtube.com/watch?v=T5wnomW_CIE https://www.youtube.com/watch?v=X2tRcEME14w

Soft mode is more than three orders of magnitude more compliant than stiff mode

TU Delft Kuppens et al. 2020, Extreme Mechanics Letters, DOI:10.1016/j.eml.2020.101120




Switchable static balance

Revolute unit cell Prismatic unit cell

Stiff mode
(locked, “off")

Soft mode
(free, “on")

Three orders
of magnitude
more
compliant

TU Delft Kuppens et al. 2020, Extreme Mechanics Letters, DOI:10.1016/j.eml.2020.101120




Spatial arrangements

A

Davood
Farhadi

Z -

-

Bennett 6R hybrid linkage

Fully compliant constant
velocity coupling
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Shell mechanisms R

0I5 - H - - . ‘
Spatial compliant mechanisms Giuseppe

Radaelli
Tailored stiffness
Analysis and synthesis

0.4 -

0.3 4

Wieiactie Opimization Gt

Fore or Moment
s & e e
= e 8 2

Sl s |

Radaelli G, Herder JL, Mechanism and Machine Theory (102)55-67
Radaelli G, Herder JL, ASME IDETC2014-35373, Best Paper Award




Eigendecomposition

v N
[

Joost Werner
Leemans van
de Sande

107
0.8 12710 ™
/ &
0.06 | 3L
g 0.06
5 0.04
0.05 ik
0.04
0.02 €
< 003
0.02 06
0 >
0,08 0.01

04
0.05

0.2

-0.02 x(m)

0 0.02 0.04 0.06 0.08 0.1 0.12
Distance traveled end effector (m)

I’" Leemans JR, Kim CJ, Sande WWPJ] van de, Herder JL (2019) Unified Stiffness Characterization of Non-Linear
TU Delft Compliant Shell Mechanisms, J Mechanisms Robotics 11(1)011011 (DOI: 10.1115/1.4041785)



Shell building blocks

Joost Werner
Leemans van
de Sande
Rotation around T Rotation around T, Translation along w Rotation around T, Translation along w, Rotation around T
Tp T, Ty T
Ty el
‘\ ¥
wr l\ W2
) L. Ty
. e
- /
Wi
/fl\ Wi
r/ﬁj T Ta
?
102 102 Hyperbolic parabolic:
1) Double parabolic: 15" 610 7P P
x(yz) =az’ + by’ Ty . Ty x(y,2) = az —by?
The a and b parameter effect 5 ! / z - %' N
the magnitude of the curvature E E p E This surface has two parameters
respectively. © o5 © s a and b effecting the magnitude
The compliance order : T, 05 \*\iTW of opposing curvatures.
Ty>Ta=w >Ts>w>wa o -~ O:F o - )
0 01 02 03 o 01 02 03 0 01 02 03 The compliance order: 0
u ml ufm] ufm] Ti>T2>w >Ts >w>ws 0 005 01 015 0 005 01 015 0 0.1 0.2
u[m] u[m] u[m]

I’" Leemans JR, Kim CJ, Sande WWPJ] van de, Herder JL (2019) Unified Stiffness Characterization of Non-Linear
TU Delft Compliant Shell Mechanisms, J Mechanisms Robotics 11(1)011011 (DOI: 10.1115/1.4041785)




Shell building blocks

Double corrugated shell:

nz
x(nz)= ay’ — ccos(nT) +ab?
where a is the amplitude of the
second curve in xy plane, b is
half the width and ¢ is determines

the corrugation amplitude and n is
the amount of semi whole waves.

The compliance order:
T >T:>w >Tz >w2>w3

Double corrugated

Rotation around T,

%10

Rotation around T,

o

il

8 Ty o x10° Ty
6 15
= =
Ea % 1
o I Ty
2 Tn| o5f—7H70
T
0 0
0 005 01 015 0 005 01 015
u[m] u[m]

Translation along w;

3 x10?
15
Ty
1
Tyg
05 Wi
T
0
0 005 01 015

The Helix:
x(u,v) = acos(v)
yu,v) = asin(v)

z(uv) =cv4u

The compliance order :
Ti>wi>T):>Ti>w2>ws

Helix

Rotation around T

0 0.1
u[m]

0.2

Translation along w;

0.15

(] 0.1
u[m]

0.2

C [m/N]

0.15

4
L
Joost Werner
Leemans van
de Sande

Rotation around T

0.1

0.05 o

0 0.1 0.2
u [m]
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Leemans JR, Kim CJ, Sande WWPJ] van de, Herder JL (2019) Unified Stiffness Characterization of Non-Linear
Compliant Shell Mechanisms, J Mechanisms Robotics 11(1)011011 (DOI: 10.1115/1.4041785)




Folkersma KGP, Boer SE, Brouwer DM, Herder JL, Soemers H (2012) A 2-DOF large stroke flexure based positioning mechanism, ASME 2011
International Design Engineering Technical Conferences, Aug 12-15, Chicago, DETC2012-70377, Compliant Mechanisms Award.




New book and website

THEME - INITIATIVE BY DUTCH UNIVERSITIES AND DSPE IN COLLABORATION WITH INDUSTRY

UPDATING

Dannis Brouwer U Twente
Just Herder TU Delft

Pieter Kappelhof DSPE, Hittech
Hans Vermeulen TU/e, ASML

An initiative to produce updated design principles for precision mechatronics has
been developed by Dutch universities of technology in association with DSPE, in close
collaboration with the Dutch high-tech industry. Building on the legacy of Wim van der
Hoek, the Dutch doyen of design principles, the aim of the initiative is to collect over
100 cases that demonstrate the proper application of contemporary design principles.
The cases will be presented on a dedicated website and collected in a new textbook,
preceded by an extensive, in-depth introduction of the design principles.

Initiators

The initiative to update the design principles for precision mechatronics came from the professors
of precision engineering and mechatronics at the three Dutch universities of technologies - Delft,
Eindhoven and Twente - in association with DSPE.

From left to right:

Dannis Brouwer s professor of Precision Englneering at the University of Twente, Enschede (NL).

Just Herder s professor of Interactive Mechanisms and Mechatronics at Delft University of Technology; Delft (VL)
Pieter Kappelhof is vice president of DSPE, director of Technology.at Hittech Group, located in Den Haag (NL) and
hybrid teacher of Opto-mechatronics at Eindhoven University of Technology (TU/e), Eindhoven (NL).

Hans Vermeulen is part-time professor of Mechatronic System Design at TU/e and senior principal architect EUV.
Optics System at ASML, located in Veldhoven (NL).

PIETER.KAPPELHOF@DSPENL / J.PM.B.VERMEULE!

DPPM Cases

Design Pr

iples for Precision Mechatronics. A collection
of applications categorized in themes known from
construction principles.

How to design mechanical hardware as part of a modem precision mechatronic system.

The precision mechatronics community has a long histary of continuous updates on
DDP (“Des Duivels Prentenboek") content by Wim van der Hoek and his ‘heritage
keepers”. It is considered relevant to prolong this process with new examples from the

field of precision mech incl. opt hanics, el hanics and material
science.

Inthe coming year(s), we write a ook and a website containing examples of precision
mechatronics elements. DSPE members can contribute by writing clear examples to be
freely used. Company and designer can be mentioned. Examples should no be complete
systems.

Overview of the design principles for accuracy and repeatability, as of ~1970, and their
evolution, as of ~2000 (in green) and ~2010 (in red).

Design principle Implementation
P Exact constraints

Kinematic design N .
» Mechanical decoupling via flexures and elastic hinges

. ¥ Structural loops with high static stiffness and favourable
Design for stiffness N
dynamic stiffness

Lightweight design P Design for low mass and high eigenfrequencies

» Energy dissipation ti

Design for damping
introducing position u

¥ Symmetry in geometry and extemal loads
Design for symmetry
» Over-actuation

Design for low friction I Minimisation of friction and virtual play in high-

and hysteresis ‘precision structures, connections and guideways

» Thermal centre rmal (compensat loops with
ih stat
¥ Low-expansi
Design for low > s e ia isolat
sensitivity ¥ Offset minimisation, Bryar
nciple, and drive
»Hi

P Minimisation of heat dissipation and microslip in
Design for stability interfaces
»

tion of material creep and drift

» Position-dependency compensation

Design for » Balancing and hence minimisation of complexity and

complexity related cost

Design principles

[ [—
Kinematic design

Design using flexures

Design for static

stiffness

Desin o ymamic

stiffness
ﬂ Design for damping

Design for low friction
and hysteresis

n Design for stability

Design for low
sensitivity

Design for load

compensation
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https://www.dspe.nl/knowledge/dppm-cases/




Conclusion

Improve behavior
« Initial stress or curve
*Reduce k¢: static balance

« Increase k_: reinforcement

Future trends

- Combination of above techniques

« Methods for 3D compliant mechanisms
« Mechanical metamaterials

- Topology opt. (large defl., stat. balance)
« High loads & large deflection

- Alternative manufacturing, e.g. origami

M"‘"‘\\.
Wn

geometry

AR

Fabrication
geometry

. A Y
Functional
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