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Potentialities of optimal design methods and
associated numerical tools
for the development of new micro- and nano-

Intelligent systems based on structural compliance
- An example -

C. Rotinat-Libersa, Y. Perrot and J.-P. Friconneau

Abstract—This paper deals with the interest and potential se of
intelligent structures mainly based on compliant mehanisms (and
optionally including smart materials), for the devdopment of new
micro- and nano-robotics devices. The state of thart in optimal
design methods for the synthesis of intelligent cqgpfiant
structures is briefly done. Then, we present the djnal method
developed at C.E.A. L.I.S.T., calledrlexIn, and its hew and still
in development functionalities, which will be illugrated by a few
simple design examples. An opening will be given abt the
possibility to address the field of Nanorobotics, hile adding
functionalities to the optimal design method.

Index Terms—Compliant structure,
Smart materials, Topology optimization.

Intelligent structure,

|l. INTRODUCTION

categories : structural (mechanics, electricityerlstry),
technological (nano-micro-macro technologies, dgwelent
and assembly processes, connector technology)wereft
linked (control, measurement), environmental (fercand
physical interactions) and integration linked (dinsien, nano-
micro-macro physical interfaces). It is obvioustth#l these
aspects have to be considered at the beginnirfgeadesign of
a micro/nano dedicated system.

For all these reasons, the development of optinesigth
methods and associated numerical tools for micrwna
dedicated systems is an important research axigshwtan
bring all its relevance, if we consider the teclogidal
difficulties, the numerous prototyping stages (éhd cost)
necessary to : the realization of new systems isfttipe, the
optimization of existing systems or that of thedrformances.

HE design and development of micro(nano)technology-

based devices including sensors and actuators fallin
expansion, whether it concerns miniaturization
microelectronics, or the broadening of
applications in the biomedical field. For applicas at this
scale, measuring, characterization, or intervenitstruments
demand is growing.

Although numerous systems have been realized, \weeg
rarely optimized. Moreover, specificity of the ajgptions
often implies the development of dedicated systevidken
new needs deviate from the state of the art, teegaerience
about specific tools design isn’t always sufficignt meet
performance requirements. The number of aspedig taken
into account is a priori
influencing sensitively the design of such systere several
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Il. COMPLIANT STRUCTURES AND OPTIMAL DESIGN A STATE

OF THE ART

research ar}g Advantages of monoalithic flexible structures

Compliant mechanisms are single-body, elastic naoati
flexible structures, that deliver the desired motidy
undergoing elastic deformation, as opposed to gdintigid
body motions of conventional mechanisms. When cleniig
small scale systems (e.g. for microrobotics usé)[20ere are
many advantages of compliant mechanisms [38], antoem:
simplified manufacturing (easier integration), reeld
assembly costs, reduced kinematical noise, no wear,
L:pracklash (no clearance problems), and ability tmacnodate
unconventional actuation schemes (such as piezdelec
electrostatic, and shape-memory alloys actuatddq) [

To illustrate this idea, let's consider the artateld micro-
gripper that has been developed at I.E.M.N. (C.8.R(see
Fig. 1) [51]. Even if functionality problems due backlash
and friction at the joints could be reduced by mecgurface
functionalizing techniques, the fabrication of #miculations
by surface micromachining process, using e.g. aréy
manufacturing approach, remains difficult (to obtahis
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gripper eight mask levels were used). Considefrgguse of
compliant structures gives the opportunity to maeta micro-
gripper mechanical structure in only one stageh vaitless
complex design and space, with a better fabricasioccess
rate, and with better performances.

‘ Step covering ; R (2)
O b

Amplification
stage
3rd layer |

Fig. 1. Articulated polysilicon micro-gripper ddoped at I.E.M.N.
(C.N.R.S.) [51], and actuated by 16 Scratch Drifetlators.

§ sDas train

B. A micro-robotic device example : compliant micrpgers

Compliant mechanisms have already been designedsfor

in many applications including product design, Midlectro
Mechanical Systems (MEMS),
vibration damping, tools for microsurgery and foellc

manipulation, etc. Among these developments, canpli

grippers are widely represented for various appbocafields,
e.g. handling and manipulating micro-sized objéttMEMS
applications, and in biotechnology. Many kinds cditemials
and actuators have been used to develop struabfinescro-
grippers. In the following, we describe some of tieenpliant
grippers prototypes of the literature, and pointt dloeir
specific functionalities (which were very rarelytiopized).

A compliant meso-gripper (see Fig. 2) has beenitintu
designed, developed, and jointed to a global magstem,
where the external actuator takes an important parhe
space [40]. The dimensions of the arms have be#@miapd,
and a superelastic NiTi material had to bee used)aximize
the displacement gripper tip, which was not so gabdhis
scale using stainless steel (compared to artiailaystems).
Objects sizes of only 100 to 400 pm can be grippeder a
maximal 18 mN gripping force. This gripper allowspging
force measurement, despite a lack of integratiah lass of
space.

moving coll

pushing shaft oilless bearing

elastic hinge \ magnets
S e ‘ .

S —

force sensor | [T T

gripping arm

=
=

voice-coil motor

Fig. 2. Schematics of a superelastic NiTi flexiirgge microgripper (15.5
mm x 5.22 mmx 0.5 mm), actuated by 500 mN electromagnetic actuat
and including 44 pm-thick PVDF force sensor atdhipper tip [40].

A better integration concept of actuated complgnipers,
using e.g. PZT actuators, makes it is possibleatize smaller

adaptive structures for

meso-grippers without degrading performances, afdew
keeping force sensing performances. It is the oaseference
[2], where piezoelectric bender actuators genegatim
displacement of + 250 um and an actuation forc€.6¥ N
allow an effective stroke of the gripper of 1 mnthwa 0.069
N gripping force. Nevertheless, this system (seg B) shows
a non negligible encumbrance, as classical maralédration
stages are used to allow a 3 D.O.F. alignment & dith
large variation of the shapes and dimension offeoparts
to be manipulated. A flexure hinge meso-gripper clifse
dimensions, actuated by a multi layer PZT stackatot, and
instrumented with semi-conductor strain gauges @xef
sensor, was designed with the objective to be used
characterization applications in microsurgery [S50A
remarkable gain in integrating actuation and sensira meso-
gripper [56] (actuated by two piezoceramic pardbiehorphs,
each having two D.O.F.), is based on the use afosil
technology force sensor, measuring forces from 230 mN
with a resolution of 100 uN. The displacement afrefinger
is £80 um in x-y plane, and £200 um out of plane.

Fig. 3. Flexure hinge micro-gripper, actuatedviay piezoelectric bender
actuators, for clean environment working [2]. (arrh83 mmx 62 mmx 70 mm).

Other smart materials have been tried as integetators
for compliant or monolithic [71] meso-grippers. bigithe
thermal-mechanical energy conversion,
actuated by a shape memory alloy (high work demséterial)
has been realized (see Fig. 4), and allowed aninpestroke
of 300 um [58]. But such a gripper is difficult teanufacture,
and has poor performances repeatability and rétiabh SU-
8 microgripper has been realized in [18] using mpmetic
power as actuation principle.

This area is
glued to the
substrate

Si substrate

Fig. 4. Compliant SU-8 microgripper actuated by/Atin film
(17 mmx 6 mmx 145 pm) [58]

MEMS technologies are used to take advantage oftide
actuation, while reducing the scale of the grippsygtem.

a SU-8 grippe
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Classical thermal bimorph actuators can be consitidor C. Topology optimization methods

monolithic design of compliant grippers [24]. Passi  Since a few years, there has been much reseanctienany
compliance (see Fig. 5a) can also bee used to cwafe developments investigated in the field of topology
misalignment during insertion of a pin in a holéeTout of optimization, applied to the design of compliantcimnisms
plane force during insertion is measured using ciégece and smart structures [31]. The optimization workse from
changes of a comb structure attached in the baseopthe structures mechanics and dynamics, active damping,
gripper [43]. A very low voltage (2 V) is sufficieto open up mechanical design and applied mathematics comrasniti

to a 11 um stroke a SU-8 gripper with thermal ditna(see =~ Two approaches known in the literature for the esysitic

Fig. 5b) [24]. Nevertheless, the thermal energycieficy of synthesis of compliant mechanisms are the kinematic
such gripper is poor, and the one D.O.F. displacésnef the Synthesis approach and the continuum synthesiapjpr The

tips obtained for grippers of such dimensions ateer small. ~ first approach, known as flexure-based synthesisrogeh,
represents and synthesizes compliant mechanisnmg) wsi

rigid-body kinematics approach with flexible jointnd uses
pseudo-rigid-body model ([36], [37], [66]). The ¢tmum
synthesis approach, based on the topology optimizat
method of continuum structures (Ananthasuressal. [8], [9],
Nishiwaki et al. [53], Sigmund [62], Choet al.[23]), focuses
on the determination of the topology, shape ance.siz
: _ Generally, the optimization consider only one obyec
Fig. 5. (a) SOI compliant microgripper (1,200 pﬁOO umxo pm) for insertion TunCtion’ and uses, -Wh?n a pseqdo multi-criteritimjpation .
applications [43]; (b) SU-8-based microgrippem(tmetal resistor patterned at the IS need,Ed’ an objective .funct|on. cc_)mposed of a .|We|g
bottom of the structure) to operate in physioldgirac solution [24] summation [54] of more simple criteria among : minm
weight [61], maximum stiffness (strain energy), xitglity
Electrostatic micro actuators used for numerous MEM(Mutual strain energy) [53], mechanical advantagfe],[etc.
applications, have been integrated for the designao The methods based on this approach can be subdiinde,
monolithically integrated gripper on a chip [21]t Is for example, the homogenization method and itsavdsi [3],
composed of (see Fig. 6) : 3 D.O.F. positioningsfarms, [41: [12], [13], [53], [62], [19], the level set rifeod [5], [6],
supporting platforms (linear and torsional springsdnding [7], 1671, [68], [69], [7.0]' the_tryss method [35[29], [60],
pads and conducting wires. It can be used to méigu [62], [41], and the flemblg building blocks methth], [16],
samples with dimensions from several micrometersetgeral [34], [39]. A SOI micro-gripper structure (see F19.has been

hundred micrometers. But such a 2-D design needse la optimized for large jaws opening [54]. It is capmbbf

. handling and manipulating microparts with positiona
space, more especially when sensors should be aBdeall uncertainty (and the lack of sensory information} B-D
such structural based compliance concepts, optiioiza

; : structures snap-fit based microassembly experimbiute that
methods may have great interest, when design ederind e distributed compliance and smooth deformatiefd fof
considering not only dimensions, but also a larglea of compliant mechanisms provide a viable means toesehi

topology, to find better solutions (and also adjusthape morphing in many systems [46], [47], sucliiesble
performances) than with intuition. antenna reflectors.

(b)

Stator

Positioning stage

Fig. 7. Optimized compliant SOl microgripper wémbedded thermal
actuator (1,150 pm 1,000 pnx 50 pm) [54]

Many optimization tools for design applications ldeaith
compliant mechanisms coupled with smart materials.
Numerous papers address the problem of designingling
structures for piezoelectric actuator to act asake amplifier.

Gripper Conducing E:gding The objective functions are to maximize the geoimetr
Fig. 6. Single crystal silicon monolithically impeated microgripper, advantage, or tO_ maX'm'Ze the . meCh_an'Cal efficie @,
actuated by two linear and one vertical comb aotsg@1]. The [41], [42]. An optimized SU-8 micro-gripper actudiby an

displacement of the gripper is 5.9 pm under a &fiving voltage. external PZT actuator to grasp micro size objexfsrésented
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in [23]. Moreover, the development of multi D.O.Ricro B. Principle of the method and design parameters

tools can allow to perform complex movements inlésgce.  The purpose ofFlexin is to optimally design realistic
But when multiple actuators are involved, coupleflects in  compliant structures. The design method consistearching
their movement becomes critical (especially theeapance of ¢, 4 optimal distribution of allowed building tks, as well

undesllred Amove;nent?) V(‘;h'c_h makeﬂs1 ;he der?lgn t?ssy lveas for the optimal set of structural parameters suaderials
complex. systematic design. method, such as woo(see section D). The specification of planar coamli

optimization is a way to avoid such undesirableedf. A mechanism problem considers specific boundary cioms:

micro-tool structure, actuated by multiple piezaeeics, and fixed f locati inout tuat tactsl soutout
that minimizes the effects of movement coupling bagn Ixed Trame focation, npu (ac ua ors), contactwl utpu
(end effector). The location of fixed nodes, aslved the

optimized in [19]. Maximal mutual potential energnd S ) .
minimal strain energy are other criteria consideire28], to number, force and application point of internal /anaxternal

optimize the size of PZT pre-specified-located amis actuators, can be considered as optimal designmedeas.
simultaneously with the structure of a 3-D multiftional Another possibility deals with the location of irmal and/or
compliant mechanisms, whereas in [1], the strucame the external contacts.

actuator are optimized successively.

Opposite to the methods, where the piezoelecteiments in el 3 5 » e
the structure are predetermined, larger body okwelated to ><
optimization of smart structures deals with optiteaiation of e
actuators on a given structure. Here, the desigiablas are M ook @ @
the coordinates and the size of the actuators [A@bther
general approach to optimally design smart strestus to bioc 13 bloo 14 I:\oma mecml
simultaneously [48] or separately [1] optimize tt@mpliant
structure and the PZT actuator size. Only a fewdistu i m(
consider the optimization of the shape of mondlitRiZT N
actuators [64].

Finally, in the context of intelligent structuressign for new : M
microrobotics devices, not only structural but alsontrol
optimization has to be taken into account. Thustinug bigaSi I bIONG % M NG

Fig. 8. Compliant building blocks library for twdimensional compliant
mechanisms synthesis usiRgxIn
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design of number and position of actuators in adyiv
controlled structures is considered in [44], whertee size of
the structure, and highly-distributed sensors aotliadors
location, are optimized using simultaneously robess,
controllability, and observability criteria, consiihg dynamic
model [11], [45].

The topology optimization method (see Fig. 9), ireg
from Debet al.[27], uses a genetic algorithm approach, which
allows true multicriteria optimization and the uskdiscrete
variables. The algorithm is structured as follows:

- Discrete variable parameterization of compliant
mechanisms considering conception requirementshraee,
topology, material and thickness, boundary cond#jp

In this section, we briefly present the erxibIe_iIUlmg Evaluation of individuals (design criteria caltion),
blocks method developed at the French Atomic Energy . giochastic operators for the optimization (madifion of
Commission (CEA) in collaboration with the C.N.R.Shis compliant mechanisms description).

method has been implemented for planar mechanians i
software calledFlexin (Flexible Innovation), developed with C. Multi criteria genetic algorithm
Matlab®. It uses an evolutionary algorithm approach fa th Many fitness functions are availableftexin: displacement,
optimal design of compliant mechanisms made ofsmembly rotation, and force at the output port, strain gue(SE),
of basic building blocks chosen in a given librafydetailed mutual strain energy (MSE), maximal stress (yieldatigue
description of the method can be found in [14]][16 strength), geometric advantage (GA), mechanicalaatige

i o (MA), mass, etc. Multi-degree of freedom compliant
A. Compliant building blocks mechanisms designs can also be considered.

A library of compliant elements is proposedHiexin. These  The optimization algorithm generates a set of pseud
elements are in limited number: the basis is comgpas 36 optimal solutions (see 2 in Fig. 9), in the casenofticriteria
blocks (see Fig. 8), which are composed of bearhey are optimization problem, and obviously only one optisalution
sufficient to build a high variety of topologies)chit has been for monocriterion optimization. The designer canoase,
verified that they can describe many existing caéampl interpret and analyze the obtained structureshbat suit his
structures of the literature. Moreover, the blogadibility design problem (see 3 toif Fig. 9). The Finite Element
related to fabrication process constraints can la¢staken into  softwareCast3n# can be used for subsequent Finite Element
account at this stage, which is not the case fssatal beam- solution, to analyze and validate the chosen desifyrtion for
based optimization approach. criteria not considered during the optimizatiorgsta

Ill. FLEXIN: A COMPLIANT MECHANISMS STOCHASTIC DESIGN
METHODOLOGY
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2. Multi-objective genetic
algorithm (O)

I—>
[ Evaluation |» Parents-> [ Stop ? ]T[ Selection |
v
[Evaluation |+ Offspring +[Crossover, Mutation

Yes

Pareto
front

Genitors
v

‘\CO
1. Optimization problem
specification
IOS blocks, design domain, criteria, constraints

4. Interpretation of

ocC

5. Off-line analysis (5)] e building blocks
buckling, vibrations, geometric non | CS assembly
linearities, 3D effects PS
FE commercial software

NDAP

6. Prototyping (P)

Computer assisted design and
Fabrication
CAD commercial software

3. Choice of a
compromise

B

Fig. 9. FlexIn optimal design method of compliatrtictures: Flowchart of the algorithm (multicrigeoptimization).

D. Mechanical model of the blocks

In FlexIn, it is assumed that the compliant mechanisms are

undergoing structural deformation, mainly due te Hending
of the beams. Thus, the following assumptions hhgen
made: static state calculations, small
homogeneous and linear elastic model,

beams with rectangular section. Structural parammeiteach
rectangular block are height, width and thicknddsterial

characteristics of each block are parameterizedrbyng’'s
modulus, Poisson ratio, yield strength and density.

Firstly, the stiffness matrix of each block is cd#ted
numerically, considering every combination of thisccete
values allowed for the structural optimization aates. Then
it is condensed, considering that non zero forées inter-
block connection forces) act only on the four comedes of
the block. The calculation of the reduced stiffnesstrix of
each valued-block is done one time only at the rivégg of

perturbation
Navier-Bédlinou

IV. DESIGN EXAMPLES OF MICRGGRIPPERS WITH-LEXIN,
USING SPECIFIC VARIABLES AND CRITERIA

In this section, we present through simple desigmples,
some of the synthesis possibilities witexIn. Note that a
meso-gripper prototype (see fig. 9) has been redla C.E.A.
using this optimal design software (cf. section A).

A. Internal contacts

Despite significant advances in development ofesystic
design techniques for compliant mechanisms, cuyrehése
mechanisms are not capable of performing certaierkatic
tasks that rigid body mechanisms can readily perfoFhe
design of compliant micro-devices can take advantafgnon
sliding contacts inside or outside the structure],[4hat may
enhance their functionality. To illustrate this adeve tried to
design [17] a flexible gripper based on the chamstics of
the I.E.M.N. articulated micro-gripper [51], preseh earlier

the optimal design problem, before running the gene in section Il.A., and shown on Fig. 1. This studipwsed also

algorithm, thus saving running time. Even if thesuléing

model is not exact (for twelve blocks of the libyjgrit has

been found that it has got few influence in theleation of the
objective functions for most of the compliant strwes

generated, due to the type of block assembliesgbaérally
occur. The condensed model of each block induceslem
numerical problem sizes for block assemblies, whighof

great interest when using a genetic algorithm aggirofor

multi-objective optimal design (here, numerous $intplified

FE problems are being solved at each step).

to understand what performances could be reacloatharing
compliant design to articulated one.

Thus, it has been considered that the gripper sghoel
symmetrical, and fixed to the global frame by twants. The
same actuators were considered. Two criteria wptienzed
simultaneously, and were calculated for the grigpof a 0.4
mm diameter rigid object the amplification ratiof
displacement and the amplification ratio of forgaw( versus
actuator). The specification of the optimizationolgems
which have been run, are listed in the first roSable I. The

Let's note that Kimet al. [39] have proposed an original first optimization considered the topology, theesiaf the

building blocks method that considers only foursblauilding
blocks, characterized by their instant center baseeimatics.
But the chosen strategy limits this method to tog@ mono-
objective optimization, and needs, according to dbéhors,
subsequent size and geometry optimization to censither
performance criteria.

blocks and the material+thickness as variables. Jdwond
one was also considering the fixed node positiold the
location+backlash of the internal contact.

The obtained solutions were compliant grippers with

mechanical static characteristics of comparablenihade than
for the articulated 1.E.M.N. gripper (Table I, Résy It has



IARP - IEEE/RAS - EURON Joint Workshop on Micro aNdno Robotics, Paris, France, 23-24 oct. 2006 6

been verified with a post-F.E.A. that the maximanWises
stress is far lower than the yield strength of regterial, and
that the buckling safety factor is acceptable. Témilts show
that a compliant gripper (without internal contaatan reach
the displacement amplification level of the artated one,
only by reducing the force amplification rate. Iede some of

the mechanical energy brought by the actuator ivexed
into strain energy in the structure. At the oppmsihe use of
unilateral contacts inside the structure inducamezhanical
behavior with bifurcation, which may lead to a gafnoutput
force without decreasing displacement performaacel {vice
versa).

TABLE |
PERFORMANCES COMPARISON OF THE ARTICULATED AND OPTIM. COMPLIANT MICRO-GRIPPERY17].
Material and thickness allowed during the optinmi@aprocess were : 2, 4 and 6 um for polysilicard 80, 40 and 60 um for SU-8.

Characteristics

Selected optimal compliant grippers

I.E.M.N. articulated gripper [15]
(theoretical values without friction

Optimization problem specification

Size (mm) 1.2x1.6

1.2x 1.6

1.2x1.6

Actuation force (UN) 800

800

800

Optimized variables topology, material & thicknesige

topology, material & thickness, size¢
fixed points,internal contacts

'no optimization

Results

Material & thickness SU-8, 30 um SU-8, 30 um Pdilysn, 4.5 pm

Maximal jaw stroke (closure 0.300 mm 0.300 mm 6.8

Stroke amplification 5.1 7.7 Hnearly constant along the stroke)

Force amplification 0.13(for a 0.4 mm diameter object)

0.14 (for a 0.4 mm diameter object)

0.2 (nearly constant along the stroke)

Maximal gripping force (UN)| 52(for a 0.4 mm diameter object)

56 (for a 0.4 mm diameter object)

80 (nearly constant along the stroke)

-

Gripper half-topology model -

underFlexIn

-

=

:/

optimal backlash =-0.14 um

To understand what the influence of the internatact is, on
the behavior of the compliant gripper, and whatngaf
performance may be obtained using such contactsnatyzed
the evolution of the gripping force for differenizes rigid
objects. Fig. 10 allows the comparison of the dngpforce
between the following three grippers : a complignipper with
internal contact, the same gripper without intecaitact, and
the same gripper with locked contact. It is showat tthe
internal contact joints the advantage of the coampligripper
without contact and that of the gripper with lockak, in the
particular case where every object sizes imply thatcontact
always close. Indeed, the internal contact grippow to
manipulate small size objects with a non negligibteoping
force, while maintaining good gripping performandes larger
objects (other bifurcation behaviors can appeah vather

topologies and other backlash size at the inteorahcts, and can

be found in [17].).

Nevertheless, for this gripper with internal comsgacof
global size 1.2 mm x 1.6 mm (see Table I), the mig&d
value of the initial contact-backlash (0.14 pum)ickhgoverns
the contact closure, may not be obtained with #iwi¢ation

-==- internal contact gripper
— locked contact gripper
— - gripperwithout contact
— | E.M.M. aticulated grippet

0 0.1 0.2

0.s e

0.3 0.4
object size (mm})
Fig. 10. Maximal gripping force for three diffetesymmetric compliant
grippers, compared to the nearly constant gripfance furnished by the
I.E.M.N. articulated one, for different size rigihjects, and an actuation

force of 0.4 mN (calculation realized on a halpger).

07

B. Maximum stress criterion

Another criteria of importance for the design ofngiant
mechanisms is the maximal mechanical stress inmterial.

process used (this machining condition had not beendeed, plastic deformation, fatigue or over loadfracture

considered as a design constraint during the ogitioin).

should be avoided. This criteria has to be takém aTcount
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during optimization, to guarantee that the synttessbi
structures are viable. If not, the maximal strasgerified off-

line on chosen optimal structures, which can besa bf time
for the design, when these structures appear nbetwalid.
We present in the following the method usedFexin to

calculate the maximal stress, in accordance to gieetic
algorithm optimization time constraints.

given in (6). This stress is maximal at the nodesmshthe
bending moment is maximal, i.e. at one of the beam
extremities. Thus, for each block of the structwenaximal
local stressg, can be considered. Finallg.x the maximal

mechanical stress of the structure can be deduced.
CNGY (M xL/20Y

1) Maximal stress calculus for a block defined complia 9v=4| g | * |

structure [25], [26]: Let's consider a compliant structure

generated by the genetic algorithm. For known aa 5y \jechanical stress criterion considered duringimyzation:

forces and boundary conditions, solving the linegstem (1) e calculus of the maximal stress in the strustugenerated

leads to the displz_;\cements of all blocks four comedes by the genetic algorithm during the optimizatiofipws to
Ugonar Then, the displacements of the four corner nodes afiefine 4 criterion that penalizes those which damitlergo

(6)

deduced for each blockU.

F K U (1)

global global global

For the library blocks number 2, 6 to 8, and 128 the
internal nodes displacements have to be determ(foecthe
other blocks, (3) can be directly used). Each bliscHefined
by its stiffness matrix condensed at the four conualesk g
Equation (2) andJ. allow to find Ee, the forces on the four
corner nodes of the block.

E = kcondLL (2)

Then, to obtain the displacements of all the nadfdake block
Upiee (corner and internal nodes), it is necessary toutzte
the total (non condensed) stiffness matrix of thackh k..
Nevertheless, the forces at all block nodég,. is the

concatenation of, for the four corner nodes and zeros for th

internal nodes (simplifying hypothesis BfexIn, see section

[11.D). Thus, Upi is determined solving (3) (by blocking the

displacements of a chosen corner noddy,. gives the
displacementd); of the two extremities of each beam (jj) of th

3)

One can deduce the cohesion forces inside the béestly,
forcesF; at the extremities of the beam (ij) are calculated
the reference frame, using (4), whéges the stiffness matrix
of the Navier-Bernoulli beam (of length of section are&,

elastic deformation. This criterion should allowetealuate the
viability of the structures and to compare themtf@ genetic
selection stage. In our study, the objective imioimize gy

which is equivalent to maximizedy,, - Tnay, but this first
criterion do not warranty thaty.. < dim) [25], [26] (Another
criterion (7) has been proposed in reference [Sjd

implemented to automatically suppress non validviddals

during the evolution process, thus no more appegasim the
Pareto front).

1/ 0,
Ojm =0

If Umax < Jlim

(7
max T O S Oy

3) Design example:We present here the design of
compliant gripper to show the gain of taking intzaunt the
maximal stress during the optimization process. 3tteedule
of conditions is : encumbrance of 12 mm x 15 mnbatoon

a

force of 0.7 N, polysilicon material, jaw displacent to reach

is 3 mm (closure). The optimization variables atepology,
size, material+thickness (two different polysilicomaterial).
The objective functions to be maximized simultarsouluring

dhe optimization are the displacement and force liacaion

rates. Another multi-criteria optimization will lbensidered with a
third criterion : minimize the maximal stress.

The optimization without stress criterion gives Bareto front
of Fig. 11. The optimization with the added stresiserion
gives the Pareto fronts of Fig. 12. The comparisetveen the
two displacement-force Pareto front show that, ngkinto
account the stress criterion during the optimizatieduces the
a priori attainable force and displacement performancekeof
generated structures. Table Il gives solution exasnphosen

and of moment of inerti8), in the beam reference frame, andespectively on the Pareto fronts of Fig. 11 anditi$hows that

P is the transportation matrix from the beam fraroethe
reference frame.

(4)

o

_ — pTl
R =K =Pk PU;

the synthesized solutions, considering the strateyia during
optimization, are valid.
C. Monolithic active PZT-gripper

One type of smart material actuator widely useddmpliant
intelligent structures is piezoceramic PZT actuatdsee

Secondly, forced; at the extremities of the beam (ij) aresection Il). Such actuators are light devices, whitfer the

calculated in the reference frame of the beamgu&in

=N, T, M, N (5)

T, My )T:EE

ji

Then, the maximal stress in the beam (ij) is oledin
considering the Von Mises stress for 1-D beam efse

advantages of a high energy density and a highuodtpce,
when compared to conventional actuation princiglesmall
scales. Even though one limitation of piezoeleadtuators is
that they can only produce about 0.1% strain, tiesuin a
restricted range of motion, an optimal designRiexIn has to
be considered, for mechanical amplification capiddsl of
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truss-like structures. Moreover, piezoelectric mate can be
manufactured into desired shapes, which makesstieathe
realization of piezoelectric monolithic complianeomanisms.

Thus, theFlexIn method has been adapted to consider a
more global systematic design approach, where o¢gpol
optimization of the structure, as well as that ofegrated

force amplification

2 3 4 5 6
displacement amplification

7 El

Fig. 11. Pareto front obtained for the optimizatwithout the stress

o
2

criterion.

o =1 o o
w = i o

force amplification

o
¥

01

2000

1500

1000

w
=1
=]

Sigma lim - Sigma max
o

-500

4 5

B

-1000

7 8 1 2

displacement amplification

3 4 5 B 7
displacement amplification

8

piezoelectric actuators (i.e. location, topologyd asize), is
used to design monolithic PZT compliant smart maigms
[34]. For that purpose, an active block library bagn created
for actuation (Fig. 13), and the piezoelectric dibuatve
equations of PZT material integrated, to furnish Bt model
for active and passive use of the PZT blocks. Algtuactive
blocks are those which are bonded with electrodegloiting
the piezoelectric actuator effect, while passivacks are made
in the same piezoelectric material but without tetetes.

N BN A
N _Imcm

N >

Fig. 13. Two-dimensional PZT active compliant dirb blocks library of
Flexin

bloc 13

bloc 14 bloc IG| blgeZ9

N N £ b

To demonstrate the interest of this new potentidflexin,
the synthesis of a two-dimensional symmetric mahi@liPZT
compliant microgripper has been realized. Locatiand
topology of both passive and active blocks werdnaped,

Fig. 12. Pareto front obtained for the optimizatwith the stress criterion.
The structures which have a negative stress aitexie not valid, because
Omax2 iim (i.€. Von Mises stress greater than yield stress)

whereas thickness was taken constant in the whnoletsre.
Output stroke and force maximizations were the ahje
functions to optimize simultaneously.

Two optimization problems have been solved, using
respectively a library made of PZT beam actuatasspften
met in the literature, and the active blocks ligrarhe criteria

TABLE Il
COMPARISON BETWEEN SELECTED OPTIMAL COMPLIANT GRIPHES OBTAINED
WITHOUT AND WITH CONSIDERATION OF THE MAXIMAL STRES BASED
CRITERION[25], [26].

Materials allowed during the optimization processewvtwo different
polysilicon with a thickness between 0.6 and 1 mm.

R without maximal with maximal
Optimization o o
stress criterion stress criterion
Jm
Gripper half-

topology model
underFlexin b=
Ju

Optimal material
and thickness

E=192,000 MPa
(Gim=1,200 MPa)

E=165,000 MPa
(Glim=1,500 MPa)

0.6 mm 0.8 mm
Stroke amplification 2.4 2.6
e 0.27 0.28
Force amplification (4 mm diameter object) | (4 mm diameter object)
Maximal o 2,040 MPa
(gripper closed) (off-line FE analysis) 1,045 MPa
Design validity NO YES

of the optimal solutions obtained are plotted anp E#4.

Nx10*

® 5
e A Ed

A X Active beam blocks library
< Complete active blocks library|

mmm Active PZT blocks
== Passive PZT blocks|

Xx 8 kL; =
| X e

Force at output port (when blocked)

XX
KKK

T o

C
©
E:75

mm

| | | | | |
0.04 0.045 0.05 0.055 0.06 0085 007 0
Displacement of output port (load free)

Fig. 14. Pareto graph of piezoelectric compliaidrogrippers synthesized
using FlexIn (half gripper dimensions are 5 mm mi@, the thickness is 10
um, PZT material is PIC 151 from Pl Piezo Ceramichrelogy [57], the
input voltage is 150 V). A, B and C are selectelfi-tegpologies (markers are
boundary conditions, arrow is the output displacenoptimized).
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As forecasted, the passive PZT blocks act like kstro

amplifiers, whereas the active PZT blocks can &irmnultiple
coupled degrees of freedom, thus generating moneplex
movements with a lower encumbrance. To
microgripper B (see Fig. 14) allows a gripping forabout
0.25 mN and a stroke between jaws of 11387 (orthogonal

A new method suitable for optimal topology syntlesf
compliant mechanisms, calldelexin, has been presented. It
considers a compliant mechanism as an assemblynablant

illustratéquilding blocks, using structural material as wai smart

material (PZT), so that actuators can really begrdted in the
structure. The method automatically generates @ptitasigns

stroke is 2.97um; in-plane jaw rotation is 0.52°). Oneof compliant structures, for a specified schedidleamditions.

perspective envisaged is to take advantage of fhectd
piezoelectric effect, to consider as well force ssen
integration inside monolithic structures.

V. POTENTIAL DEVELOPMENTS OFFLEXIN FOR THE DESIGN OF
MICRO- AND NANO-ROBOTIC DEVICES

Other design criteria are being considered by thkaas for
their integration intd=lexIn : minimization of the output port
rotation (e.g., for the design of parallel jawspgers) and
minimization of perturbation displacements alonglesired
output d.o.f. [59], [55]; optimal location of semsp for

The designer can choose a design among a set ofigse
optimal solutions of various topologies. He may daw
investigate it further, off-line. Indeed, some specaspects
linked to micro-scale models, and technologicaleatp are
not implemented yet iRlexIn optimization software.

The choice of the criteria to consider for the wytation
depend on the application, and has to be as lagmssible.
Moreover, the performance testing on prototypeseisessary
to verify the simplifications assumed in the diéfiet models
included, as well as the real performances of theerpted
structures.

Considering new

research and potential applications

measurement purposes and the design of CharadmizaaddrESSing the field of the nanorobotics ShOUIdprSible,

micro-tools [32]; optimal simultaneous location aftuators
and sensors considering controllability and obdslia
criteria for control purposes [33]; mechanical Hirgk load
prevention [22]. Especially, the dynamic modelin§ the
flexible structure is now considered (structural smaand
damping matrices).

But to obtain an efficient and versatile optimakige tool,

while adding functionalities to the optimal desigmethod.

This will be possible only if the different sci€iti
communities (microrobotics and microtechnologies
communities, for example) share and capitalize rthei

competences and knowledge, to make the developwfent
generic numerical tool for the optimal synthesisraéro/nano
robotic devices efficient and meeting the needs.

some other developments Bfexin should be considered in

the future. These can be classified into many ®p&xtension
of the method and of the associated numerical (8eD
displacement modeling of the planar structures, &nite
element model for the synthesis of 3-D complianticttires);
new optimization criteria (encumbrance criterion design
more compact devices), new physical models (miaales
mechanical properties of the materials for the gtesi micro-
and nano-devices, use of other smart materialsgiation of
micro- and nano-scale contact forces and envirohm
modeling); technologically linked developments diration
of dedicated MEMS actuators or sensors, and coraida of
meso-, micro- and nano-fabrication process comtghi

In a near future, these new developments couldsee o
design nano-robotic devices such as grippers kg kgs,
wings or aquatic propulsion members for robots [65)r
nanoscopic applications, Carbon Nano Tubes cowdd be
considered as elementary flexible beams for thest@ation of
compliant blocks library, and the design of truks-|
compliant structures, like grippers. Another naadesc
innovative elementary cell, for such designs, cdddased on
proteins assembly [52].

VI.

In this paper, we have presented a state of theomrt
compliant mechanisms in microrobotics, and the lmgpo
optimization methods still in development for thesin of
these specific devices.

CONCLUSION
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