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Abstract: A finite-element-based shape optimization methoglpldhas been developed for three-dimensional shell
structures and shape optimization of shell stresturas been performed. The shape optimization gmog implemented

by a job control language and commercial finiteneat analysis software ANSYS is used for structumadlysis.
Principles of structural analysis and automatichmgeneration are applied for achieving shape opétiun. The objective

is to minimize the weight of the shell structuredenfrequency constrains and the move limit forhedesign variable. In
this paper several optimization examples are peakid

Keywords. Shape optimization, shell structures, finite eletraaralysis, parametrization.

Introduction design variable. Example is provided to demonstthée
capabilities of this shape optimization program The

Mathematical methods for structural optimizatiordan implementation is performed based on the ANSYS code

shape optimization have been developed in the 38st

years [1,5]. In recent years, shape optimizatiorsieéll M odeling approach

structures has attracted more attention. Through th

increase in capacity and speed of modern compates In shape optimization process, the shape of atstric

the theoretical foundations from before, togethdthw is changed in each iteration step. In this cadixed finite

modern optimization algorithms, significant progrésas element mesh is no longer appropriate. The finkenent

been made in the development of finite elementdbasemesh should be updated in each iteration for the ne

shape optimization [7,8]. The design of shell dintes shape, loading conditions and any possible distortof

under dynamic loads is a common problem in enginger elements. It is obvious that the design variabies ¢ontrol

practice. In order to obtain an optimal design loése the optimization model should also control the téni

structures one generally seeks to keep their weight element mesh. In the finite element displacemeptagzh,

volume as low as possible (i.e. to minimize theisty, the modal analysis consists of solving the follogvin

while constraining their structural response inmegrof equilibrium equation:

displacements, accelerations, frequencies or stress

resultants. ~ Alternatively one can minimize the Ky = »?Mgp . 1)

displacement or acceleration at some point of thetire

ggn'stf’an%lﬂgatlh:'sgéaec%?ﬁg; :I/\ilglrlgtiol;ze?rzggot;tjz d;ci[lgmewhere K is the structural s_tiffness mat_rix, fo_rmed by

maximizé the frequency, corresponding to the vibrat assembling all elemgnt .stlffness matrlcd\ﬂ,. is the

mode that one seeks toystiffen keeping the stailime struqtural mass matrixe is the unknown eigenshape

. ' . . matrix andw is the natural frequency vector.

constant. In special cases of shells with multiple oo ) ]

eigenvalues, the intention is to keep their voluradow as A shape optimization problem is to finde Z"and

possible considering frequency constrains in otdervoid @< Z™, minimizing the objective functior@o(b). Here

cluste_rs. _This paper presents a finite elementebabape |, 46 the optimization parameters, andare the state
optimization program that has been developed tfopar . n m . :
variables,Z" and Zz™ are then- and m-dimensional real

automatic shape optimization of three-dimensiortalls b dinal h on f
structures. An example of shape optimization oflishe humber Spaces correspondingly. The state equaton
vibratory process can be written in the followiogrh:

structures is provided as well. The objective isniaimize
the weight of shell structures with constraintst thee the )
ranges of natural frequencies and the move lintitefach K(blp = 0’M (b, 2
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subject to constrains:

v(b,w)>0. (3)
The corresponding quantities may be developed into
the following form: @
@(b)=Dy(0y,by,....0, ), 4)
v(b@)=lyi(b,) o (0.0)..ymb o), (5) |
K(b)=[, (b), }i.i =11 (6) l

(b)
Eq. (6) is the stiffness matrix of the considered

structure, while the mass matrix has the followfiogn:

M(b)=[M, (b}, i,j=1I. @)
where | is the number of degrees of freedom of the
structure. '
Geometrical size limitations for the shell might be (c)

present as well — for example, the height of theeo In

the beginning a rough evaluation of the shell gadme Fig. 1. Level of discretization. More complicated diguratior

Iim_its must be made'_ This is,fpl_lowed by the Conpep illustrated in &) should be replaced by simpler ones, as sho
refinement phase with the initial model taken into (b) or (c)

consideration, aiming to minimize the shell massrgans
of its geometric shape modification. The basic atgm
for structural shape optimization can be summarindtie

following steps: (1) Initial shell geometry geneat (2) The total number of discretizing volumes must be

Application of the special technique to initializend L . N
control the shape of the shell during the furtherm|n|m|zed. The coarser discretization is preferogdr the

optimization; (3) Performing the optimization argiy detailed one as illustrated in Fig. 1. Detailed eiedvould

. LS . complicate the mathematical part of the optimizatio
Each step will be the detailed in the following peas. procedure and would significantly increase compartai

time. Therefore discretization should be perfornusihg
simpler configurations wherever possible (Fig. a\p,

The discretizing volumes must not intersect basgybo
at fixation (shell ground) level and imaginary wgadlbove
it — such shell cannot be mounted. These requirtsree
purely geometrical.

All the primitives are then logically united intone
dy, called discretizing body. One of the main
requirements for such a body is that any ray trefoeih

e origin point may and must intersect the bodyese in
ne and only point. This means that the discrediindy
should not have hollow nor heavily concave regidxfer
the unification of the primitives, the discretizirtgpdy
should contain minimum number of resulting surfad&s
the same time care should be taken in order torgene
neighboring intersection lines of the comparable
dimensions. Last but not least, the advantageshef t
symmetry must be exploited where possible.

The discretization procedure is based on experience
and cannot be strictly expressed in terms of numioer
equations. The result also depends on human fantbthe
intuition.

Modeling geometry of the mechanism

A part or multiple parts of a mechanism that aré no
fully enclosed in the base body need to be diswdtilt
means that the complicated form of the mechanismt mu
be simplified and described in terms of primitivdumes.
The choice of mechanism discretizing volume is eafo bo
point in this research. It is a very important phad the
whole shell optimization process because selecte
discretized geometry of the mechanism will strongly0
influence the final optimal shape of the shell.

The discretization of the mechanism is to be penéat
by using three main types of primitive volumes: &sx
spheres and cylinders, or parts of them. The gnielelfor
this procedure are described below.

Firstly, selected volumes must geometrically apphoa
the mechanism from outside as closely as possiliteout
challenging technological limitations and requirerse
Moving parts of the mechanism must fully fit insitkee
selected volumes. The selected primitives must have
minimal volume.
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Initial shell model fixation. These new master nodes are chosen at the
minimal distance from the nearest point of the estr

The second important phase of the proposed shedurface. At the same time, the master nodes oflteé at

optimization strategy is the selection of the alitshell the baseline level are dismissed. Having all thesiats,

geometry and its discretization. At this point, heve the we may generate a thin shell model, which is coragasf

discretizing body that is described as the uniors@he numerous triangular or rectangular areas.

primitive volumes. Only a part of the body, whichabove

the baseline of the shell fixation, will be takentoi Optimization

consideration. The initial geometry of the shelsédected

in a way that it replicates exactly the discreftighody that Naturally, each master node may move in three

was generated in the first phase. The resultinfpseris  directions in space. Multiplying the number of

composed of three types of primitive surfaces airth optimization design variables by three is not amaative

parts: plane, cylindrical and spherical. This re$ollows  perspective. Moreover, it would be very difficudt ¢control

from our previous choice of discretizing primitive mutual positions of the master nodes during the

volumes. optimization. And finally, geometric limitations ffo
Since the final optimal geometry of the shell islocation of the master nodes are quite difficuld&scribe

unknown beforehand, we must provide a generaand impose, especially for more complicated diszireg

description of the shell geometry to the finite nedst  shapes. Therefore a new strategy is proposed.

software in such a way that it could easily gereetass or The master node is considered as an end pointeof th

more possible shapes during the optimization p®C8s  yeciorR , whose origin coincides with the global origin

the same time, it must be able to generate smooth, . . . . . .
transitional shapes. To accomplish that, the dyatef which lies at the gravity point of the baselineufig. The

master nodes is proposed, relying on the generation of master nng can on.Iy b? dlsplqced_ln one S.'”gm’@"““’
additional intermediate control points on each (i C"’.‘”ed optimization direction. Th|s direction is coIhngar
surface of the initial shell. Each of three typésurfaces with the described vector (Fig. 3). Each masterencl

has different strategy of choosing the master nodes provided by a constant and individual optimization

For plane surfaces the main control master nodes apirection inspace, described .by spheriF:aI cootdimna
located in the comers of plane areas. Additionaster ~# @ndé;. As the method requires choosing the master

nodes are put at the intersections of auxiliargdinand nodes on the mechanism discretizing volume surfiue,
also at the intersections of auxiliary lines ane #rea is the limit position for the master node and theimum

boundary (Fig. 2 (a)). length for the vectoR . One single common origin should

For CY"f‘d”Ca' surfaces, the master nodes on pIanSe taken for all master nodes (though several sigiay
parts of cylinders are taken following the samecpdure be present in the special cases)

as for plane areas. The proposed locations of masties
for cylindrical surfaces are shown in Fig. 2(b)eThumber
of divisions on the arc of a cylinder depends oquied
accuracy.

Fig. 3. The master nodé®; is described by a vectoﬁ with

(b)

Fig. 2. Location of master nodes for various types of sa$
(a) plane, (b) cylindrical, (c) spherical

constant spherical coordinates and 4. F{* shows one of tt

possible intermediate master nodeB; locations durin
optimization

The choice of master nodes on spherical surfaces is The designed shell will serve as an acoustic sHald
more liberal. An example for a part of a spherghewn in  the mechanism beneath. Each mechanism has its abmin
Fig. 2(c). The sphere is divided into several sli@nd frequency or several frequencies, or a frequenogedhat
several master nodes on each obtained arc are takiem is the most probable while functioning. It is onterrest to
our interest to minimize their quantity since eachdesign a shell that would not resonate at thesekimgr
additional master node increases computational tfniée ~ frequencies. That means that we must choose state
optimizing. variables outside normal operating frequencies hé t

Additional design master nodes must be taken on th@echanism. Therefore, state variables of the opétitn
perimeter of the base (body) line, which servessioell
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procedure are the firstn natural frequencies in working
range.

As it was discussed before, the optimization object
function is to minimize the mass of the shell. Vd@sider
only the shells with uniform and constant thicknesshe
walls. In this case, the shell mass will be dinectl
proportional to its surface area, and the objediinetion
will be:

@ =minAk,..k,), (8)
subject to constrains:

1<k <Ko i=11, ©)
and state variables:

Ojin £ O <Oy j=1._m, (10)

yielded by vibration equation of the structure:

(©)

Fig. 4. Example of initial shell generation process}: the choic
of discretizing volumes and the locations of mastedes; 1)
three origins and the optimization directions); discretization ¢
the initial shell into triangular and rectanguleeas

11)

[K(k)lp = 0*M (Kl

where n is the number of master nodds,= OP"/OP is

the scaling factor for thieth master vector (Fig. 3). So the
optimization variables are relative elongations the
master vectors.

We may freely select simulation software and the
optimization method for performing the optimization
analysis. In most cases, finite element modelintwsoe
packages offer one or several algorithms for amalys
multi-parameter optimization tool is necessary. @@ands
for the construction of the geometric model, forshiag it
and then applying loads, are incorporated in a rs¢pa
command file using ANSYS Parametric Design Language
(APDL) included into this finite element package.
Variations in the model are produced by altering th
numerical parameters in APDL file. The values fbe t
modal analysis are the required results extraatmah the
result file of ANSYS, since most software recordsyw
detailed information in a result file.

Example and results

Let us optimize a shell for a mechanism that may be
similar to the differential slip mechanism. To begiith,
the underlying mechanism is discretized by volurass
demonstrated in Fig. 4(a). The initial shell is eexted,
and the master nodes are selected on its wallsnEster
nodes on the baseline level are replaced by cangtamnts
on fixation perimeter of the shell. We choose three
different origins for master vectors for groups rafarby
located points to better describe their optimizatio
directions (Fig. 4(b)). Shell symmetry conditionaigplied
while modeling. The final step is to produce thdiah
shell that is composed of plane triangular andaregtlar
areas as indicated in Fig. 4(c).

For illustration of this method ANSYS software is
used. The method used is a first order approximatio
where linear search step for each design variatadignt
calculation is performed [6]. The task in this caseto
minimize shell mass, while maintaining higher than the
first natural frequency of the non-optimized shell.

We have two discretizing volumes, for mechanisnhwit
base length approximately 23 cm, width 12 cm aridhte
9 cm. Triangular-type “SHELL63” element is used,ieth
provides six degrees of freedom at each nogeuy, uz,
rotx, roty and roz. Nylon is supposed as the material for
the shell, with Young’s modulus of 2100 MPa, Poisso
ratio of 0.4 and density equal to 1140 k§/Mylon is one
of the most frequently used materials for such tgbe
shells. Additional control condition is used: finsatural
frequency of the shell must not be lower than= 100 Hz.

It is the state variable during the optimizationg®ss.

After the optimization process, a shell with aniopd
shape was obtained (Fig. 5(a)). Surface area (aws)mof
the optimal shell was reduced by 2,9% in compariton
the initial shape, while the first natural frequgns by
58% larger than the required condition. CircleFig. 5(a)
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Fig. 6. Selection of additional master nodes (white ringsthe
right picture) and elimination of noeffective master nod
(black crossed circles on the left).

@)
L |7 surface area as well as mass of the optimal shad w
’ / 16 reduced by 5,2% in comparison to the initial shapleile
/ — 30 the first natural frequency is by 55% larger thdme t
1,3 — 3l required condition for state variabdg. Circles in Fig. 7(b)
— 8 indicate master nodes that undergone the largestgehof
— 111 position during the optimization process.

—112
—113
—121
A[—131
—132

Value of design parameter

1 5 10 15 [terations

(b)

Fig. 5. Comparison of initial and optimal shape of model 4)
optimal shape (semitransparent) overlaid overahghell. Circle
indicate master nodes displaced the most durinign@gation; (b
Variation of design parameters that changed thet rdasing
optimization

indicate master nodes that changed position thet mos
during optimization. It may be noticed that the mos
pronounced changes of shell shape occurred at
intersections of discretization volumes as weliraplaces
where the shell is joined with the base. Optimadlisis
characterized by smooth transitions between planes.
Furthermore, the edges and surfaces at the versetopin
unchanged (this reminds vacuum package). Distobuti
density of master nodes is relatively small in piof the
largest changes of design variables. In order ttaiob
smoother surface and more accurate result it isilsiento
increase number of master nodes in these placgs §Fi
In addition it is preferable to remove master noihes are
close to each other on different initial surfac€lus, in
total, 12 master nodes are added in places ofatgedt
changes of shell shape and 4 master nodes arenafedi
gaopn;sim)en ;3'22' ass,hglbb?;wiin?; a:hsep argiizt(?)remr/]\t%ierﬁ arFig_. 7. Comparison c_)f initial and optimal_shape qf _model(ﬁs
: . g ... optimal shape (semitransparent) overlaid over ahighell; p)
Flna!ly, Io<_:at|9n of centre of.master vectos is modlfled, Circles indicate master nodes that were displacednthst durin
by displacing it toward®, (Fig. 4(b)). Thereby we obtain gntimization.
new model B. After performing optimization on thisw
model, an optimal shell shape is obtained (Fig.))7(a
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Increase of density of distribution of master nodesulted
in a smoother description of geometrical shapeafsitional

One of the defined objectives of the shell optiniaa
was to retain required dynamical characteristias, the

zones. Similarly to the case with model A, the mosstructure cannot be excited at pre-determined tidora

pronounced changes of shell shape of model B asereéd
at intersections of discretization volumes as aslin places
where the shell is joined with foundation (Fig. )§(kCircles
in the figure indicate those master nodes that wéeglaced
the most. Fig. 8(a) presents variations of desigrameters
that describe spatial position of master nodeféncburse of
optimization process.

1,5 215
5 —30
¥ — 82
€14 —83
g — 84
112
g_l 3 114
S — 115
‘© — 116
L — 117
o 1,2 — 119
g — 120
e 121
CRREE — 123
> — 131
— 132
1.0 — 153
1 5 10 15 Iterations
(@)
Frequency, Hz
450
400 I,\_,\
350 l ’\//\\
300 27\ N
\\/\_/—/\/\\:(‘”5
— o,
N 7\ ’
200 —_—
/ N
150 ©,
100 11T T T T T T T T T T T T T T .
1 5 10 15 20 25 lterations
(b)
Frequency, Hz
400
350 /\
300
P
250 1\ @
T — @
200 - o,
/ \\/\‘
150 o,
100 rrrrrrrrrrrrrrrrrrrrrrrrr1rrrT
1 5 10 15 20 25lterations
()

Fig. 8. (a) Variation of design parameters that changedribs
during optimization. \ariation of the first 5 natura
frequencies of the shell during optimizatiarcase ofnode
A (b) and model B (c)

frequency. Fig. 8(b,c) demonstrates variation ef first 5
natural frequencies of the shell during optimizatiti may
be observed that the character of variation islaimim the
case of model A and model B. After 8-10 iteratiadhe
shell shape approaches an optimal one and theefnegu
curves attain constant value. The correspondingrakt
frequencies of the optimal shell are correlatedhim case
of different distributions of master nodes.

Conclusions

In this paper, a finite-element-based shape opétitn
program has been developed for the three-dimerisiona
shell structures. To achieve shape optimizatioffergint
principles such as modal analysis, automatic mesh
generation have been integrated. For the analysiteo
models, finite element software ANSYS was used. The
obtained optimal shapes have been presented patbe.

General-purpose shape optimization program has been
developed, which optimizes structures by contrgllin
natural frequencies. The program is applicableafeariety
of problems with little modification. Taking intoceount
obtained results several main conclusions may be
formulated. First, and most important, the presiénte
method may be successfully employed for the opttion
of the shells of pre-conceived mechanisms. The ooketbr
shell shape optimization presented here can derreas
noticeably the final mass of the shell, while maining its
natural frequencies in the initial or given randgehe
proposed method allows reducing the number of
optimization variables by a factor of three andré¢fiere
results in reduction of required computational time
depending on the optimization routine used. Ovetak
stability of such modeling approach is very highewh
compared with traditional 3D point displacement
description. Shape generation stability and quabtyfar
superior to the traditional methods. One of the mmai
advantages of this method is the software-indepgnde
approach. The convergence relies on the optimizatio
software and its internal numeric routines so éirgtement
modeling software must have a reliable multi-parame
optimization tool. The method relies on changincations
in the space of multiple master nodes that is whmyes
recommendations presented above must be followed.
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