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Sommario

L’ottimizzazione di forma €& una tecnica comunementéizzata per migliorare le prestazioni
strutturali dei componenti meccanici e strumensabasu geometrie parametriche stanno diventando
standard nel processo di ottimizzazione a livelldustriale. Questi strumenti possono gestire divers
tipi di analisi strutturali ma sono limitati dallaecessitd di garantire la coerenza geometrica.
Aggiornare direttamente le posizioni nodali di miidegli elementi finiti € una valida alternativd a
re-meshing di geometrie parametriche, in graddutaee il progettista nella valutazione di alteivat
studi ottimizzazione e progettazione robusta s@nablemi di coerenza geometrica. Le Radial Basis
Functions (RBF) sono riconosciute essere tra i ionigstrumenti matematici per gestire il mesh
morphing. Un’ implementazione industriale di meslorphing tramite RBF € il softwar®BF
Morph ™ nato per applicazioni CFD e oggi disponibile anzhénsys Mechanical come estensione
sviluppata grazie al nuovépplication Customization Toolkit (ACT) di Ansys®. Presentiamo
un'applicazione industriale @ACMI basata siRBF Morph e Ansys Mechanical partendo da una
topologia definita il lavoro mostra come il meshrpting pud essere usato per ottenere la forma
migliore in termini di affidabilita del componente.

Abstract

It is well known that shape optimization is a wayrhprove the structural performance of components
and tools based on parametric geometries are begostandard for fine-tuning optimization
processes in industry. These tools can handlerdiift types of structural analysis, but they angtéid

by difficulties in maintaining geometry coherenerect update of nodal positions of finite element
models by mesh morphing is a meaningful altereativre-meshing a parametric geometry, helping
the designer in what-if studies, optimization armabust design development without geometry
coherence problems. Radial Basis Functions (RB&yewognized among the best mathematical tools
to perform mesh morphing. An industrial implemeiotatof RBF is available in the softwaRBF
Morph™ born for CFD applications and now available in AES Mechanical as an Extension
created using the nevpplication Customization Toolkit (ACT) of Ansys®. We present an
industrial application of SACMI based orRBF Morph and Ansys Mechanical starting from a
defined topology the paper shows how mesh morptamgbe used to obtain the best shape in terms of
component reliability.
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1. INTRODUCTION

Currently, a lot of engineering enterprises havenbeoncentrated to develop reliable, efficient and
better products within least possible developmenes. To satisfy these multitudes of requirements,
companies have now adopted structural optimizatamis, like topology optimization and shape
optimization in their design and development atiégi due to obvious advantages. Topology
optimization is used in the concept and predeshse of the component design process. It reduces
product development times by generating an optitnatl compatible initial layout design. The
innovative design proposal is achieved by removimgterial in form of holes from a maximum
available delineated design space under the spécifiads and constraints [1]. During the entire
process location of nodes remain unchanged, wheheamaterial distribution is modified in each
optimization iteration. Advanced topology optimipat can be executed with different combinations
of objective functions and constraints, multipledocases and desired manufacturing restrictions.
Once the topology is defined, the designer hasitvess the geometry of the component and shape
optimization is an efficient way to do it. Todayeametry parameterization is almost a standard tool
for industries and designers to evaluate alteraasivapes in an automatic structured manner [2].
However, CAD-based optimizations are affected hyesdimitations: geometry coherence has to be
preserved during optimization, re-meshing noise Wu€AD reconstruction can affect FEA results
and not all the geometrical features can be efftbigparameterized. It is well known that morphing
techniques are used for shape optimization instda@AD-based optimizations when parametric
geometries are too complex to be properly managep!]. Radial Basis Functions (RBF), at the core
of the commercial Morphing Software RBF Morph, ar@l known [5] for the high local control and
flexibility that comes with many advantages linkeith their meshless nature. By means of the
ANSYS ACT technology a brand new implementationthef acclaimed RBF Morph software is now
available for Ansys Mechanical.

2. METHOD

2.1. Radial Basis Functions Interpolation

RBFs are powerful mathematical functions able terprolate everywhere in the space data defined at
discrete points only (source points). The interpota quality and its behaviour between points
depends on the kind of basis adopted. RBFs candssified on the basis of the type of support
(global or compact) they have, meaning the domdier&/ the chosen RBF is non zero-valued [6].
Typical RBF functions are shown in Table 1. RBFs acalar functions with the scalar variable r
which, in the case of mesh morphing, can be assumdze the Euclidean norm of the distance
between two points defined in a three-dimensiopats. In any case, a polynomial corrector is added
to guarantee compatibility for rigid modes.
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Radial Basis Functions with compact o) = f(5),E< 1,E =

support Rsup
Wendland ¢°) (1-9°2
Wendland (?2) (1-9)*4g+1)
Wendland ¢*) 1-9 (33—5 &+ 65+ 1)

Table 1: Typical RBF functions

A linear system (of order equal to the number afrse point introduced [7]) needs to be solved for
coefficients calculation. Operatively, once the RBystem coefficients have been calculated, the
displacement of an arbitrary node of the meshegeiifiside (interpolation) or outside (extrapolajion
the domain, can be expressed as the sum of thal ditribution of each source point (if the point
falls inside the influence domain). In such a waydesired modification of the mesh nodes position
(smoothing) can be rapidly applied preserving megiology. An interpolation functiom composed

by a radial basig and the aforementioned polynomlabf orderm — 1, wherem is said to be the
order ofe, is defined as follows il is the total number of contributing source points.

N
509 = Y vio(llx = xiq])) + heo ®
i=1

The degree of the polynomial has to be chosen digpgion the kind of RBF adopted. A radial basis
fit exists if the coefficienty; and the weight of the polynomial can be found sttt the desired
function values are obtained at source points &edpblynomial terms give zero contributions at
source points, that is:

S(in) =g,1<i<N (2)

N
Z YiP(x;) = 0 (3)
=1

for all polynomialsp with a degree less or equal than that of polynbinialrhe minimal degree of
polynomialh depends on the choice of the RBF. A unique infatpoexists if the basis function is a
conditionally positive definite function [8]. If thbasis functions are conditionally positive deérof
orderm < 2 [9] a linear polynomial can be used:

h(x) = B1 + B2x + B3y + Baz 4)

The subsequent exposition assumes that the afotiemet hypothesis is valid. A consequence of
using a linear polynomial is that rigid body tramigins are exactly recovered. The values for the
coefficientsy of RBF and the coefficient$ of the linear polynomial can be obtained by sajvihe
system:

(b 0)(p)=(5) ®)

whereg are the known values at the source poiMtss the interpolation matrix defined calculating al
the radial interactions between source points:

My = ¢ (||Jxi —x]|) 1<isN1<j<N (6)
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andP is a constraint matrix that arises balancing thigrpmial contribution and contains a column of
“1" and thex y z positions of source points in the others threermols:

/1 Xk1 YI(l Zkl\
P[] Mo Ve T ()

1 XkN y}(N ZkN

Radial basis interpolation works for scalar fielfisr the smoothing problem, each component of the
displacement field prescribed at the source pagntgerpolated as follows:

sx(®) = 2L, v o(||x — xi||) + BY + B3x + B3y + Piz
sy(®) =21 v o(]lx — xi||) + B + Byx + B3y + Bz (8)
s, (x) = XiL, v7o(||x — xi]|) + B + B5x + Piy + Biz

Radial basis method has several advantages thagsmiakvery attractive in the area of mesh
smoothing. The key point of is that, being a meshlaethod, only grid points are moved regardless of
element connected and it is suitable for parattgdléementation. In fact, once the solution is known
and shared in the memory of each calculation nddieo cluster, each partition has the ability to
smooth its nodes without taking care of what happartside because the smoother is a global point
function and the continuity at interfaces is implyjcguaranteed. Furthermore, despite its meshless
nature, the method is able to exactly prescribeMkndeformations onto the surface mesh: this effect
is achieved by using all the mesh nodes as RBFawniith prescribed displacements, including the
simple zero field to guarantee that a surfacefisil@ouched by the morphing action.

2.2. Ansys Mechanical Extension

ANSYS® Workbench™ is built on a modular architecture tiiiws users to extend the functionality
of such a framework using add-in software companelnt particular, the ACT technology supplies
internal mechanisms conceived to enable custoroimtf a Workbench application allowing for an
easy connection with the inner libraries, thusvailhg a deep integration with the system.

Exploiting this framework RBF Morph, well known ftlie morphing and shape optimization ground-
breaking add-on system tailored for ANSYS FLUENS ,available also as an ACT extension for
ANSYS Mechanical. Exploiting the features of ACTheology, the RBF Morph Extension is deeply
integrated in Mechanical sharing its look & feetlanteraction logic including the usual scopingl$oo
for geometrical and mesh elements selections. &enBion can be enabled using the custom toolbar
shown in Figurel: RBF Morph integration in the Mechanical tree, whalso the access to the back to
CAD features, morphing contours and additionalnimiation are located.

RBF Morph rbf | @ | = = o

Outline

Filter: MName <

Project
B Model (A4, B4)
----- '/ﬁﬁ Geometry
----- > 2k Coordinate Systems
----- Connections
./@ Mesh
..... ~18# REF Morph
E-,{=] Static Structural (B5)
7 Analysis Settings
: '/ﬁ;, Fixed Support
ﬁ.. Pressure
E-/d8 Solution (BE)
; @ Solution Information
@ Total Deformation

Figure 1: RBF Morph integration in the Mechanicakt
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The extension is nested in the Mechanical treenaadaled object right after the mesh element and
before the solver, given its function of mesh miedifTo handle complex mesh modifications the

El ----- bl REF Morph |-~ £k REF Morph |-~ -#bf REF Morph
iR ﬁ REF Target N \,& REF Target B ﬁ REF Target
----- ,,Jij surf_disp ‘/fij surf_disp ,,Jij surf_disp
B ,,Jij fixed edges T ./Gj fixed Edges LB ',ij fixed edges
- ABf] moving nodes ,,Jij ‘,@ moving nodes
G} i : ,,Jij fixed nodes : ‘,@ fixed nodes

,,Jij fixed_surf inj fixed_surf

l_l A St atie Chenebaea] FREY

,,Jij fixed_surf

-1bf REF Morph |- 16 REF Mcrph % T]REF Morph

=, REF Target =, =8 REF Target
E| ..... «@ El ..... ,/'33 Surf * disp E| ..... «@ surf_disp
= ,,Jij fixed edges T ./Gj fixed edges LB ,,Jij fixed edges
i A1 moving nodes ,,Jij moving nodes ‘,@ moving nodes
‘,@ fixed nodes : ,,Jij fixed nodes : ‘,@ fixed nodes
,,Jij fixed_surf inj fixed_surf ,,Jij fixed_surf

| |
Figure 2: Preview and Morph for a hierarchical petu

RBF Morph Extension has a hierarchical working d¢othiat foresees the use of multiple children as
shown in Figure 2. Each children in the RBF Morptetis a shape modifier acting on its selection
(nodal, geometrical and named selections are dlajlathis selection is called Source) and

propagating it to its father (this selection islealTarget). Multiple RBF Sources can be added to a
target, as in the case of “moving nodes” and “fixextles” in Figure 2, where respectively moving

nodes and fixed nodes are propagating their atti@aset of fixed edges.

Scoping Method Geometry Selection hd

1 Face

Geometry

[=l| Definition
Transformation Rotation
Rotation System Definition | By Coordinate System
Angle 101
Coordinate System Global Coordinate System
Axis Used X
[=I| RBF Function
Degree 1
[=I| Combine Select
Acting On Undeformed
If Selected Modes Overlap | Override

Figure 3: left — rotation modifier, right — morplicontours

Several shape modifications are available includiranslation, Rotation, Scaling, Curve and Surface
Offset and Curve and Surface Targeting. For TraéioslaScaling and Rotation custom coordinate
systems can be selected for a faster setup as siholkigure 3 left. Other available options are the
kind of RBF used and the ability to apply the shapelification to the baseline mesh or to the alyead

modified grid.
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For each RBF source the resulting behaviour camteeactively previewed and, finally, the mesh

morphed with a serial calculation or exploiting CADbr OpenMP acceleration. The obtained

morphed shape can be then analysed with a conkmuagpshown in Figure 3 or exported back to cad
format using the baseline NURBS geometry.

3. INDUSTRIAL TEST CASE
3.1. Problem overview

Crudely speaking, topology optimization is an usetimputational method to distribute material in a
given region, so that a given objective functionrimimized while given constraints are respected.
Even if commercial software are closer and closetheir customer’ needs, a typical issue in using
topology optimization seems to be the difficultfimd the correct final proportion among component
different zones. Moreover, in many cases, these desire to optimize a structure, taking stresses o
fatigue analysis outputs into account, but issumerge when trying to introduce local derived
quantities in topology optimization. It is well kwa that stress constraints can lead to so called
"singular topologies” [10]-[11] and that the locadture of stress constraints implies the introducti
of mathematical norms and constraints aggregatioorder to rightly consider stresses and fatigue
analysis, a forward step is needed in structurdimipation: the shape optimization. Typical
workflows of structural optimization provide locahape optimization after topology to get local
optimum results: thanks to fine tuning optimizatitve analyst is able to work on geometry details in
particular areas. Geometries of massive componebitsined with topology optimization are an
example of complex geometries hardly manageable @D parameters and we retain that morphing
technique is currently the best choice to managesiiape obtained by a topology optimization.

We present here an industrial example of using RBFph ACT to increase structural performances
of a SACMI component. The studied component is @&sma cast-iron part which reliability is
evaluated via an in-house fatigue analysis critedompletely developed inside Ansys Workbench
environment. Choosing RBF Morph technology gives #msys Mechanical users’ the capability of
working inside their standard design tools by givinnew advanced tool to their hands.

We obtained the starting geometry to perform shaimization by topology optimization from
Altair Optistruct. The basics of this preliminarteg are described in section “Topology definition”
while section “Morphing setup and results” desailtbe details in using RBF Morph to perform
shape optimization on different zones together wpitimization results.

3.2. Topology definition
We perform the following topology optimization tetghe starting geometry for shape optimization:

(min C(x)

w(x) <wymy L= 1, 0,my
. J B2 Me(X) S M (9)
|7 | SE@ > SFum

Le <x, <1l e=1,..,n,

where( is the component compliancethe array of topology design variables, m, is the mass of
element en, the number of elements in design spaag,, the mass limity; the displacement of
nodei, uy;y,; the displacement limit for node n,. the number of node displacement constraints,
SF,(x) the global Safety Factor measure di,, the global Safety Factor limit. The global Safety
Factor was evaluated by using the multi-axial Dsflagr criterion for fatigue analysis implemented in
Altair Optistruct evaluated as a global constrantthe design space. No local stress nor fatigue
constraints are allowed in the design space buiafjlaveraged constraints are available and useful
[12].

Figure4 shows in purple the design space and in grey thees@n space of topology optimization
domain at first(a) and last(b) optimization iterations. We re-design the CAD-modetained from
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topology optimization(c) by adding some functional features and used #xdsngtry as starting point
for RBF Morph shape optimization.

‘) ld (b) ) (C)

Figure 4: Design and No-Design space of topolodginapation at first and last iteration and re-
designed CAD-model

3.3. Morphing setup and results

Starting from the same geometry obtained via tgpploptimization, we investigated different zones
with RBF Morph for Ansys Mechanical and morphinguge and results are provided for each
investigated zone. Even if they are not providede heombinations of the proposed morphing setup
could also be implemented in order to better exptbe full design space.

3.3.1. Internal clew

The zone affected by morphing is circled in Fighf&) and the RBF Morph setup is shown in Figure
5(b-d). The aim of morphing this zone is to evaluate biest shape of the main internal clew
considering different zones fatigue results. Besithe internal clew, also the fillet has been cledng

in order to get a more smoothed external surfacerigure 5 and in the analogous for the other
examples, the parametric morphing sources areigigbt in yellow and the fixed sources in red. We
decided to use the translation feature acting encéntral edge of the upper face of the clew to
parameterize the morphing setup by fixing the edgethe other face side. In general it is possible
define a generic translation direction by usingrdowte system definition and different setup could
be possible to achieve a similar morphing resudj: edge offset, edge scaling, surface scaling. We
used the scaling feature to the external filledrider to replace it with a smooth face.

Figure 5: Internal clew original geomefid), RBF Morph previewsgb) and(c) and RBF Morph tree
(d). Parametric features in yellow.

In the current example we performed the followingjtivobjective shape optimization:
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max SF;

min o,

min o3 (10)
minu,

St P1yim < P1 < Plyim

whereSF,; is the minimum Factor of Safety of zone 1 evaldatéth SACMI in-house multi-axial
fatigue criterion,o, and g; the maximum of the fatigue equivalent stresseszafes 2 and 3
respectivelyu, the deformation of a relevant point of zone 4tHis example no nodes of the four
zones of the component where optimization objestas® evaluated are directly moved by morphing.
We used the MOGAII genetic algorithm implementedriodeFrontier [13] to find the Pareto frontier
of this problem.Figure 6 shows optimization results of the currexample: bubble 4D chart and
parallel coordinate chart for each Pareto fronpemt. All the solutions belonging to the Pareto
frontier are optimal form the mathematical point wiEw, however, considering the different
importance of the different objectives, the analgBbuld choose the best compromise between
possible optimal solutions. For instanceSH, andu, are more important thas, ando; a well-
balanced compromise could be the yellow designtpafifrigure6, or vice versa a light blue design
should be chosen.

N & P1 Pl SFy Uy 3 o3 (b)
O Starting point ulim

g, Bubble color
o3 Bubble diameter

[ J
SFq Plyjim

Figure 6: Optimization results: bubble 4D ch@)tand parallel coordinate chgkh).

3.3.2. External fillet

Fillets are typical zones of stress concentratemd low reliability, they are usually easy to mamag
with parametric geometries especially if only oraglial dimension is used to define the fillet.
Considering multi-radius fillet could be possiblesome cases but usually difficulties in maintagnin
geometry coherence arise. In the example we prdwde, the fillet feature is governed by moving a
node path as RBF source while keeping fixed tHetflborder edges. This simple setup gives the
possibility to modify the fillet face curvature Wwdut any problem in geometry coherence. More
complicated setup could also be possible in ordarbtain different fillet shape: e.g. combinatidn o
scaling and translation of source nodes, combinatfdace offset and source nodes translation.

AN
& #bf REF Morph (a) X AN \‘Q\\\\}\\}}‘\&{\‘:‘\‘\
=@ RBF Target - Main Fillet TN \\Ql\\\\\\\\\“
/R Fixed1 LW
/& Fixed2
=,/ FilletFace
,@ EdgesFixed

Figure 7: RBF Morph treg) and graphical morphing descripti@n). Parametric features in yellow.

We perform the following mono-objective shape ojsation in order to enhance reliability of the
external fillet zone:

max(minSF)
s {Plz,um <P1<Plym (11)
P2y 1im < P2 < P2y 1im
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whereSF is the Factor of Safety of the external fillet @idandP2 are the parameters governing the
node path scaling. It is a max(min) mono-objectyptimization: we choose the SIMPLEX gradient
based optimization algorithm [14] to maximize filleactor of Safety by limiting the possible changes
within the morphing parameters limits depictedrigure8.

PLyjim~_
P2 jim

= P2y =
Figure 8: RBF Morph preview of MovingNodePath seuwdth P1 andP2 limits.
This is a typical case of using morphing to acediy on the output control zone. Figure 9 shows

optimization results of the current example: thgeotive value point and the parallel coordinatercha

for each optimization design point. Thanks to désd shape optimization, we get an increase of 16%
in terms of Factor of Safety in the studied zone.

(b)

minSF

minSF

O Starting point

O Best point

Design Point ID P1yjim

Figure 9: Optimization results: Objective histohact(a) and parallel coordinate chgk).

3.3.3. External clews

As-cast surfaces could be very irregular, howebeirtshapes should be commiserate to foundry
requirements and dimensional measuring systemditiéipa. An important role of mesh morphing is
the one of redefining complex shapes by smoothivemt in order to maintain certain reliability
requirement together with easier manifacturing. Mitw/ide an example here in using mesh morphing

as a sort of automatic push & pull tool to mandge liottom zone and the external front face of the
studied component. Figure 10 displays the morphkétgp.

- #bf REF Morph R
‘8 @ RBF Target 1 (a) & /@ REF Target 2 (b)
7Y R Fixed1_2
/R Fixed1_1 «@ .
ixed2_2
/R Fixed2_1 ¢® F
P1and P2 /O Fixed3. 2
/D FixedNode1 2/ ® Eglaxmz ,
= /&) CurveTargeting1 < - 3
EdgeScaing1 & 4@—_569ez
P1 and P2 (symmetric) R Fixed2_2
FixedNode2 )
D e L P3 (symmetric)
. X
/R Edgescaing2 / ¥

Figure 10: RBF Morph tree and graphical morphingecdgtion for the bottom zon@) and the
external front fac¢b). Parametric features in yellow.

In the current example we performed the followingjtivobjective shape optimization:
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(max SF,
| min o,
4 minug

{lem < P1< Plyum 12)
Lst

le,lim <P2< qu,lim

P3l,lim <P3< P3u,lim
whereSF,; is the minimum Factor of Safety of zone 1 evaldatéth SACMI in-house multi-axial
fatigue criteriong, is the maximum of fatigue equivalent stressesookz2 andi; the deformation of
a relevant point of zone 21 andP2 are the parameters governing the edge scalingeobottom
zone whileP3 rules the external front face scaling. We congideghe representative FEA results of
three different relevant zones to automatic puspu& the described zones via the MOGAII genetic
optimization algorithm. The result of the optimipat are displayed in Figurgél where bubble chart
and parallel coordinate graph are provided for edesign point: we used an optimization strategy
based both on direct FEA calculations and Resp8ustace (RSM) evaluations to better cover the
full design space. Since it is a multi-objectiveimjization, the analyst should choose the component
final shape among the Pareto frontier points bkiranthe objectives.

SF,
! O  FEA calculation

* RSM calculation

() withi=123

Figure 11: Optimization results: bubble ch@}and parallel coordinate chdt).

4. CONCLUSIONS

Advanced radial basis functions morphing of RBF pothas been used to re-shape the result
obtained from a topology optimization with Altaip@struct. We used different features to manage
the RBF source points and we performed shape ggattion driven both by SACMI in-house fatigue
criterion and typical FEA results achieving intéieg results. We believe that the combination of
advanced optimization tools like topology and shispe valid opportunity for industries looking for
innovative design processes. The integration of R®&iph in Ansys Mechanical gives to the
Workbench user the possibility to manage complaitdi element models and perform shape
optimization studies directly inside a familiar @onment.
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