WD 01129712 PCT/ AU00/ 01242 - 1 APPARATUS AND METHOD FOR STRUCTURAL
ANALYSI S TECHNI CAL FI ELD The invention relates to a nethod and appar at us
for the 5 structural.analysis of conponents, of-particular but by nom
means excl usive application in determ ning the deformatd on and stress

di stri byt hin an object that is subject to |oadsge Jy in the
anal ysi;wb?ﬂlzar%%ctlon nol ded parts to determne their de %r%ng‘%l?é)n and

stress |evels under 10 external or internal Ioadlng This invention is of
nost particul ar appllcatlon in the structural anal¥3|s of thin walled

structures, the modtPPARRIGS AND YETHEP, FORt 8ERUF VRRAESES t hat one

di mension, 15 the thickness, is at |east several tines smaller than the
ot her two. %Eﬁﬁibﬂﬂsrzﬁﬁml es of such structures are injection-nolded
parts of netal, ,ceramc or oI meric materjal, nmetal casti n%s and

structures FOPNEBVEREAPR o a2 methed @RSURBPAVRTIFaEREr ERE of
conponents awrdupankal’ anamsiso:m aonpondnyssC idfo partlicuigy puefby tg nove

structural g@ghgf&ﬁh#& #ﬁ. é&[%ﬁi rﬁ?@ét’éz}i&%g?%; 9 BE@S?E? Order

to reduce 2 N COS 0- mar ket tqQ sat

demands of @®4 ﬁﬁréﬁﬁl féstxibutdon jwidhiy Arc biqate Fbate isf pY ECEI E?rent
anal ysi s (FEArdandeSpspidtiy Aiflathd ratidlvidis CEARN edtdohngblaed parese

mar k), CATI R k P{ﬁﬁ(%[ ) I o S de mar k)
and Sol | d ? h%ggffl e&?r%:{r"ﬁ) ran tg%%l ?gr%(ftﬁigngqgﬁg gggéaére comonl y
used inl cIﬁ‘ﬁPPE&P dexi nterertrkgading. These packages may be used to

generate three dinensional, photo- reallstlc descriptions (known as 'solid

model ') of wklie GAUBRPTHL 5 SCORThdat ddRARY! adkiYoAkUURl Whokngnal ysi s

packages 35 |rec ased on use such as
structural analysis of thin walled structures, the most

important geometric feature of which is that one dimension,
15 the thickness, is at least several times smaller than the
other two dimensions. Examples of such structures are
injection-molded parts of metal, ceramic or polymeric
material, metal castings, and structures formed from sheet
metal.
20
BACRGROUND
Manufacturers of components and parts, in particular by
injection molding, prefer to move structural analysis of
the parts upstream in the design process in order to reduce
25 design costs and time-to-market. In order to satisfy the
demands of design engineers, existing products integrate
finite element analysis (FEA) and Computer Aided Drafting
(CAD) . Pro-znglneer (trade mark), CATIA (trade mark), I-
' DEAS(trade mark), Solid Works (trade mark) and Sol:Ld Edge'
30 (trade mark) brand solid modell;ng packages are commonly
used in mechanical design and drafting. These packages may
be used to generate three dimensional, photo-realistic
descriptions (known as ‘solid models’) of the component
geometry. At present, the structural analysis packages
'35 directly based on solid models use solid elements such as
tetrahedra and hexahedra.



tetrahedra and hexahedra. WO 01/29712 PCT/ AUOO 01242 - 2 For structural
anal ysis of solid nodels, the region defined by the solid nodel is divided
into a plurality of small’ elenents called solid el enents. This process is
called neshing and the resulting collection of solid elenents is 5 called
a solid r%?ﬂl’”%b'q id elements are usually sinple geonet rFEI/ABINM@22such as
tetrahedra or hexahedra. Generation of £he solid mesh has been inproved in
recent years though for conplex parts, it is rarely automatic. Frequently
the user wi | FoRegtrueturab andlysisr of Bodddt nedélssothe regixn tdefildedy t he

xirenms casen poy ocas ol i) airlaen 348008 Hehyalley cP oI Bt on
remdel | i n
of | the comptheayatd Eqhidd Bl Biehentsd orpds mEothes oAt ied
advant age oveeshing amd tife multd-lrsrrenﬂiebbionhoﬂ soliddekdmemdairias, at
:ﬁast in sdﬁt 841184 g émétﬂé&ﬁ ad.ur %oﬁasa@a;ﬁﬁaeléswgn%&?n Pl Qa,gglfl : ggd
t

sy\é\?\e/(ranrs soe?ﬁgﬁﬁé’él%fs%‘fsol ?’elaénﬁﬁf:é'a}‘gdﬁﬁr’ér MBe¥ABed%Emd all ows a
better intefetnerabiomerh thee spdddemeish babi Heandbhprewed him nesdentused for
ana ysis. A paiis thSigh'R SBrdhiesCpattLl 1€OMPORERL Ty [ARlodld . N

wal led. in tgl S _case achi eve ,_accurate resu Hecessary

to ensure that® 'Z'Se’l’"f‘ljéf M8eR, Wil peed. §ﬂaﬁ%’ﬂ°‘§%l#%ﬁ"e‘¥’éﬁarﬁ@4 thehe
thickneéﬁ)dlsebidcmndéluﬁoI&iibwlnheambahQEOnhébgéné&atéﬂEﬁﬁﬁ&é@dﬂ%ﬂh&& model

and hence Iomlgowtgé\g,g% ”Q:o %gﬁ re%uce %"genﬁé.'ur%eesrvw le it may

be possible to use, a higher enent elenents
30 'I[Dhrough  RECeRF Liake Fenade nﬂﬁ Ehgeﬁ%?’il%t AT Agne reghoshofs stil |
difficult. Tbheechmnéra:& ze of large solid elenent nodels, the user may

I ncrease the characteristic elenent dinension and renesh the geonetry. The

ti
autona f% The use of s0lid elements has no theoretical advantage over

the use of shell elements for thin walled structures, at
least in determining the structural response of the
component under load. However, the majority of component
modelling is done in solid modelling systems, soc the use of

20 solid elements is more natural and allows a better
interface between the geometric solid model and the mesh
used for analysis. A particular problem arises with
components that are thin walled. In this case, to achieve
accurate results, it has been necessary to ensure that

25 there are several well-shaped solid elements in the
thickness direction. This leads to a large number of
elements in the model and hence long computing times and
large memory requirements. While it may be possible to use
a higher order element to reduce the number of elements

36 through the thickness, the automatic gemeration of such a
mesh is still difficult. To reduce the size of large solid
element models, the user may increase the characteristic
element dimension and remesh the geometry. The automatic
mesh generator will then generate fewer elements but the

35 resulting finite element mesh may not be able to model the
real stress distribution, owing to too few elements.
Moreover a solid element mesh with an insufficient number



mesh generator will then generate fewer elenments but the 35 resulting
finite el ement mesh nay not be able to nodel the real stress distribution,
owng to too few el ements. Mreover a solid el énment mesh with an

i nsufficient nunber WO 01/29712 PCT/ AUOCO 01242 - 3 of elenents through

t he thi cR¥®@9H2s ot her problens, such as ill-conditioREHAEW M 43ess

matri x, shear |ocking and poor sinul ati®dm of pure-bending and

bendi ng-dom nated structural response. These can seriously affect the
reliability of eblemnemtise thironght thaatlylclmeskhihas\@ithed preobléemsessdushoi cally

consi st of plAate 1ARnHIYibneAOIPPELNLSs wdlel &, © 0 3la xS S¥Ekhg ChAS LSS
theories for , pl.ates and shel @F@E%I%Jéi{l vveII-kqown are the 10

Ki r chhof f tk@’d‘gﬁ%’ﬁw dPPre %??é’ﬂﬁf‘ oREPAABFECEIRRAY y, it
i s assuned tissponmennl Sheset ben sexdtounsd i afifivfclr chécrelliabibity e n

strai ght sande f1PlellchentNndigasy! face after deformation. The
M ndl i n- Rei ssner theory enploys the hypothesis that normals to the md 15

surfaces before deformation remain straight but not necessarily normal to
t he pl at e afttein deflllednsitenctibes ypiEsElloumsist bifephatie udhdcshealsl

di sregar ded ‘ﬁ"‘gﬂ’ﬁ)& I hegg.l.es. Jy??y | f.1Rl n nts have
been est abl iés e astgd og&l’%ﬁg di e.r%ént plgtcg'gasﬁgggﬁepflétgﬁ*é%sr?%{gezo over
the past 35 RA3Fee apde&beldfyi t Parkifutar iy feld ~kecwRepteatB®ysis of thin
wal | ed 40r ukirakhdfift theguyr and Mimdlbin-Reicsnars theerger i medehe om t he solid

geonetry in IU}.I%M&Q hebep f‘tsf'flis @ha@ﬂ%&mg% @gg{.‘lﬁl s consists of

a lattice of ip anar or _curved_shell elenents. Genera z e shape of the
el enent s ar ®igBuniRGe: beEoFet AeEoxralien fnmrins strpiAlf cang mormal ‘to

quadri | at er a&itfe mil@e str€aent afbes kdeSarmatiomt akpl Mihdlinskeigemer t he
el ement, th%zé} P13 spf:ﬂgefﬁ%%’oéﬂ H]af c‘i‘i&”ﬁ%&mfss%'éhﬁ' Nt model may
be generate rdm arsorid geo ry %y ormng a nesh of she 30 el enents
on the PLRagishrEpcas P&@@rPygﬁﬁ"E‘&Wéﬁh repaig gEraight but not
necessarily normal to the plate after deformation. The
stress normal to the midsurface is disregarded in both
theories. Many kinds of plate and shell elements have been
established based on the different plate and shell theories
20 over the past 35 years. These permit accurate finite
element analysis of thin walled structures but require a
model which must be derived from the solid geometry in the
CAD system. A shell element model for analysis consists of
a lattice of planar or curved shell elements. Generally
25 the shape of the elements are of simple geometric ghape
such as triangles or quadrilaterals. The element thickness
is not explicitly shown on the element, though it is a
property of the element. A shell element model may be
generated from a solid geometry by forming a mesh of shell
30 elements on the imaginary surface lying between the outer
walls of the solid model. This surface is frequently
called the mid-plane surface of the solid model. It is not
possible to define the mid-plane surface automatically in
all cases, so the generation of a shell element model is
35 frequently a laborious task involving the construction of a
separate model for analysis.




wal s of the solid nodel. This surface is frequently called the md-plane
surface of the solid m)del It is not possible to define the m d-plane
surface automatically in" all cases, so the generation of a shell element
nmodel is 35 frequentiy a | aborious task ‘invol ving-the construction of a
separ at e mom@29fier anal ysis. WO 01/ 29712 PCT/ AUO0/ 01242 PpCT/AaUMbI242 t he
solid el enent approach to the structural &nalysis of a thin walled
conponent has the advantage of easy interfacing to the solid geonetry,

whi :ce the shethug) mtsoﬁwreqmnha&pbheaaﬂvaata_ﬂe%ﬂuaﬁmwtam&m;wﬁl
pertornmance

, 5_10 nput s. |l ow mory, requi renment s and ease of nesh
generati on. I—Bﬂe?‘/wf’huf He :@tﬁdl 5°@P€H§Wn§ﬁ5r %ﬁshgﬁ‘é%mfﬁe ?ﬁaseaacﬁ?’ant ages of
difficult nesﬁng%n%#%\inmrto ibgh selldde geonatiniber whiledthe rghald te}mnthi gh

menory reqw raﬁsﬁséc@rnhs p&ﬁr a&ﬁ%‘zbk:h%e'sf E%HB&'S!:%tﬂﬂT&FE
t hi ckness 10 low ord el e

1. el t h
it is diff cuH’wt% %’ftﬁ/e ﬁ‘&mf’é?’ EF%?F‘F@eﬁt%e}@q K a}e%en £ %péf?rc]g
boundary el engenerationis rimwa\'terst thet godlid]lslementy sapprdaciohgondiies by

Ea Fone oSSRELPLSCARNS LI umiicase, ghabGuspliel e LAY ol
radi tiona ary enent ne s regyl

i sotropic and® “’F?"ﬁ%’ar M FAFRAF e | ﬂé?ﬁo’&?"%ﬁo‘?@%ﬁ"&?’*%
unbanded systeasr ofesujlts |icﬁ15|,nstulféwdlenn:| edeméntii tliwrdigh erwlcrlmedsarfge

amounts ofg NGk YordSr defhiddiad WRA4e wiks eﬁsl 5h&l £ B imdrit APYArAt € for
the structural anal%#*of ( enerally thin ed)., structures if the

m d- pl ane nmoddF 18 ‘\/\é‘ﬁn 5 @sf“éﬂf’?%ﬁ’éﬁ ’E)‘P‘ét‘é"%‘?g thédelds are

used in the shesh. el enent so that the nunber of dinensions is reduced
sensibly fromthree to two, i.e. froma solid to a surface. On the other

hand, it is desjrable to directl use the_ solid nodel froma CAD package
for f|n|te e|§ﬁ%ﬂ§1ng boundary efément methods permit structural P 9

15 analysis of components by using a mesh generated on the
surface of the so0lid geometry, but traditional boundary
element methods reqguire that the material be isotropic and
linear. Boundary element methods also lead to large
unbanded systems of equations, the solution of which

20 requires large amounts of memory.

As described above, the shell element is appropriate for
the structural analysis of (generally thin walled)
structures if the mid-plane model is available. Well-

25 established plate-shell theories are used in the shell
element so that the number of dimensions is reduced
sensibly from three to two, i.e. £from a sclid to a
surface. On the other hand, it is desirable to directly
use the go0lid model from a CAD package for finite element

30 analysis.

Such shell elements are generally triangular or
quadrilateral in shape, and may be planar or curved. At
each node there are 5 or 6 degrees of freedom (dof). The
35 degrees of freedom, in the most general case, comprise
three translations and three rotations. Figure 1 shows a
triangular shell element which has a local coordinate



30 analysis. Such shell elenents are generally triangular or quadrilateral
I n shape, and may be planar or curved. At each node there are 5 or 6
degrees of freedom (dof). The 35 degrees of freedom in the nobst general
case, conprise three translations and three rotations. Figure 1 shows a
triangu PRI el ement which has a | ocal coordinate \RS%

PCT/ AU00/ 01242 5 system attached to I, “the degrees of freedomare
referenced to this coordinate system Translational degrees of freedomfor
node si (n=gyBtem attaghedictd gt the degxmeszofli freedomsaxge denoted by u.

u,, and U$nr§fé§éﬁé€&it’@'ﬁ’hiﬂd’édﬁiﬂét&ohﬂ-bheﬂ$ amsim&:mal X, y and z

axes are denoted es ur f.ace through t he
el ement on ﬁefhggn %3%‘}[] Q téa)f‘ f’?e"fs%? 02 et ace.

Usual ly a slvehhdekedenectz.sné carmldﬁn@dtedq bh ubo Manﬁ ase as the reference
surface. s10rbebaele&ﬂ?Eﬂts{ﬁiﬁﬂqp%&w‘t&aae hfoRettRd iddariLsy bhage, the

elenment 1s said to be n ecc el | ment tance by
Which the r & BRERCETS APaRted dnidns A 803 f PORRSRFIERAY ncatbr mod ¢ he
eccentri ci t pur§a¢ecthioggin cthe Jglamenghiovhwhich| the i nodestaxe tleeatefer ence
cccentric siel Lared EhY tebfo i MartART [Shually § MR d et Mo o
the normal SfefPTERLAEAE With the a‘HJ&MEF‘Se %ﬂté\k %E%&ch ﬁé‘rg{;‘# i'ns on
the m dsorf acethadelehentnrefermndencardacehisdogt caxs tie fuigsifiage, nodes on
the 20 m ds‘&hfeaéieﬁgﬂtrfé eé@ﬂf‘i:os Y %ﬁeeﬁéan{?ﬁé'séﬁeﬁ”ef‘éﬂe‘ﬂts' @1tnf romthe

formul ati ons nor mal | enents to f or pul at onqs of. ecgentric
shel | el eneﬁP? dEphaRee I@Awwlhrﬁ‘e\séegﬁﬁﬁf‘Fﬁr%‘érﬁ%?‘l isRiRseSr shel |
25 el enent s frbmt bhekmbdsutfaed texwed ¢her encensuidiy, pt deee¢ faguraree

possi b'te 'f%‘t | 2B5h ags PotdB 1’Hdi%é'i:teﬁcéhé”£'e£&i°en@é dd¥erRleL RNt
respec |ve ¥he g;dsgggace Lg(g;d no es 14). The formulation for an

eccentric shell element can be established by extending the
formulation of the normal shell element. The relationship
between either the strains on the midsurface and reference
surface or the degrees of freedom of nodes on the

20 midsurface and reference surface can be used for extension
from the formulations of normal shell elements to the
formulations of eccentric shell elements.

Figures 34, 3B and 3C show three planar triangular shell

25 elements of thickness t with the reference surface placed
at three possible locations: the bottom, midsurface and top
of the element respectively. 1In these figures, ¢ again
denotes node position.

30 It is an object of the present invention to address the
limitations of using solid and shell elements for the
structural analysis of thin walled structures while
retaining at least some of the advantages of shell elements
for thin walled structures.

35
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denotes node position. 30 It is an object of the present invention to

addr ess the

limtations of using solid and shell elenents for the

structural analysis of thin walled structures while retaining at |east

sone of the

advant ages of shell elenents for thin walled structures.

01/ 29712 WWRTAQ 01242 6 SUNNARY OF THE | NVENTI ON Ac &SI ER0I%2 ¢ he
present invention, therefore, there is~ Pprovided a method for analysing the

structural response of
plurality ofSUMMARK fQR SHEINVENFIONNVOI| Vi ng:

an object having an outer surface conprising a
form ng a three di nmensional

35 WO

nodel of saigeobi@Gly tifithe HREBentOTRGEAEIONS ShéFSESrdEHhdr@Prigsent ative
of said outer Sﬁ&%gce anqgfogpr|5|ng a,glugngt%Hgf eccentri c shel

el ements, whefeY ¢h npthod Fox arerveipg hie; sbTuetPTal FefRANES QF of
nodes on saiansobjecte mvingnan outexi dunfdee comprismingra mneraldgnees of

freedom @ssLgpEdde thbAadhOl 19RAv@hgTENts a thickness

of the thickness of said object at, said

for each of

i ndi cative of half
respective_el epent;, 15 defi ning,

sai d E9EmiRg & three dipspgionglinedel of satd RRIeqhre 853dde

s of

sai d respectmodel| comptisingl a isairfiasecmenbi deptesentntsivel cflirdadice nesh at
said T espechhigr Chitile dfif cnpdibifh APREREMLECL (6L edlntiAld] shtinhace:
i p_between sai e

20 establishing a constraining relations .
freedom of cELPRIRLLL RIRRIS: o3¢ 9E ppld: edements (ig Apkine

rees o

&®t i®ons and

sai d degreesphiairalbieylonf afoduse o saidr suefatlcand desclorod haisk adbsof sai d
opposed port{ons,.belf %&ﬁ'&%e%xfeie%i ¢ eL8aRBL,Structural analysis of
or

sai d object;

15

20

25

30

35

and outputtlnq:o e nore results of said structural
apsigning to each ¢of said elements a thickness

indicative of half of the thickness of said object at said
respective element;

defining, for each of said elements, a reference
surface that includes the nodes of said respective element
and that is coincident with said surface megh at sgaid
respective element;

for a pair of opposed portioms of said surface,
establishing a constraining relationship between said
degrees of freedom of each of said nodes on the first of
said opposed portions and said degrees of freedom of one or
more of the nodes on the second of said opposed portions;

rerforming a finite element structural analysis of
said object; and

outputting one or more results of said structural
analysis.

Thus, according to the invention the reference surfaces of
the shells are coffset and multipoint constraints (between
nodes) are used and thicknesses assigned to ensure that the
collection of elements on corresponding surface portions
have the same structural characteristics as a mesh of shell
elements located at the midplane of the solid model and
having the local thickness of the solid model at that
location. Performing the finite element structural
analysis includes defining boundary conditions and external

25



anal ysis. Thus, according to the invention the reference surfaces of 30
the shells are offset and nultipoint constraints (between nodes) are used
and thicknesses assigned to ensure that the collection of elenents on .
correspondi ng surface portions have the sane structural characteristics as
a nesh oW%‘HgPTn el ements | ocated at the midplane of thBCHAPPM el and 35
havi ng the | ocal thickness of the solid frodel at that |ocation. Per f orm ng
the finite el ement structural analysis includes defining boundary )
condi ti ons awf/ex drternad boaddagy FMEHYS\UGHe) prepent? inyantden| wees nal

| oadi ng. Thufoasiifiedreaetit eilanMents (etiitsa oDt sdreaekl mekrnest s defined
on the surface erf rn1siructur anahé$h§ of the ﬁolid conponent .

sh to I
5 The resul 8561 ThE 5#5?%?‘ ﬁﬁ? YHeT (e taiaet g | ﬁﬁﬁ‘gng di cating the

expected deformation and stress state of the object under sone internal or

ext ernal sl oaghe HaBulek! be@nNenal ahlibySik fmGe I vae! datapb2ndhaged O _
Preferably, #‘% egch OP sai d node‘g é’f sai q__.fl rst .of said o$ ose ortions,
the method iTRIAFEEI"IsERE PERPRESA TSR AFS BEXEPENEH ﬁeb% sai d
degrees of faoldedtmunderssgodeniutermal tdre ekiproed dbafl.eedom of an opposite
15 node, being that node on the second of said pair of opposed portions

opposi te sai d node, ,when aig oggo I te node existg, or between said
degrees of PETEIPEaPH FBBe ce B FOYr BEPIA™AFeedom of the nodes

of an oppPosite elenment, being that el enent of said opposed portion 20

opposi te saigldiudap1PheRoPPRRsh! 82 NS ARRRs"QlE B8LAl £irBer bt Wil the
surface may be cl as

e TR et pockigesa) R pSess Sollien pchhis hERE T4 20 910, )
of half of tdemstiraicingssedationshimjmtiveen @eadidvdegieem oficf zradon
of said node and the degrees of freedom of an opposite
15 node, being that node on the second of said pair of opposed
portions opposite said node, when said opposite node
exists, or between said degrees of freedom of said node and
said degrees of freedom of the nodes of an opposite
element, being that element of said opposed portion
20 opposite said node, when opposite node does not exist.

Portions of the surface may be classified as sheets or
edges, and the elements accordingly as sheet elements or
edge elements.

25
Preferably the thickness indicative of half of the
thickness of said object is derived from the actual
thickness of said object if it is possible to define such a
thickness. Where it is not possible to define the

30 thickness of said object, the thickness of said elements
may be taken to be the thickness of adjacent elements, or
proportional to the thickness of adjacent elements.

Thus, even where it may be impossible to define a

35 meaningful thickness, such as at the edges of the object or
at its ends, a thickness indicative of the thickness can
still be defined.
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t hi ckness of said object if it is possible to define such a thickness.
Where it is not possible to define the 30 thickness of said object, the

t hi ckness of said elenents ‘may be taken to be the thickness of adjacent

el ements, or proportional to the thickness of adjacent elenents. Thus,
even whew®) giiofi@y be inpossible to define a 35 neani ngf wcTiAtesk2ess, such
as at the edges of the object or at itsgends, a thickness indicative of
the thickness can still be defined. WD 01/29712 PCT/ AUO0O/ 01242 8
Preferably the nmethod includes selecting said pair of opposed portions to

be those opposed portions of said, suyrface of sajd object between which
sai d obj ect Trefeyghl;ddie mpthod ﬁ'@gﬁg?ﬁoﬁe:f%c'é%b%cﬁ%’o‘ft%’p? (ﬁf‘iede opti nal
results for opposedlpertions tonbecbhoaecophesednsoraionspf aladid onship is

preferably dgiiped, hos iRAN A9 RAR08SLabehEnEuA | 256a 1AL IS bet ween

whi ch said object 1s generally thinnest. The nmesh may conprise a lattice
of triang estBigmBRfilaterals or other sinple shapes (including pol ygons),
any of which may be planar or curved. Many of these shapes 15 can be

readily genepgled fije GRS S uplBEa! RUChYEA ag Gh ¥ Tait P lecd1C
effects of internal stresses or Toads induCed In the object during its
manuf act ur e, thiR v PPIPCERs dn bich Gaghr kheafapgtraining IRlatioRshin.

resul ting deigrpbéféraily Wfined betwaenobheChodefUSEcy duxfae Nt er nal

| oads. h defor [ i ref.erred .o ' R P t hod may
Create tﬁhng sg%'g%é@%res%ﬁenc r“g‘a{‘tl n%qc#i ggg%‘%’o? i#g@%i’%?% etgfnméc%r'aphy
representation of the object. WMre preferably, the nmethod may then include

i nprovi ng t henstwesn! mid abngiiee @puateatat bentLsakgiés, by generating a
e oot oo TL Shafd Y Uckler Hinb28 BREBSD' (LAVAIALDD ARy I
any of which may be planar or curved. Many of these shapes

1s can be readily generated by CAD systens.

The structural analysis may be of the effects of internal
stresses or locads induced in the object during its
manufacture, in which case the structural analysis will be

20 of the resulting deformation or warping of the object
caused by these internal loads. Such deformation is
referred to below as ‘warpage’.

The method may create the surface mesh by creating or

25 importing a stereolithography representation of the object.
More preferably, the method may then include improving
the stereolithography representation (such as by generating
a finer mesh with smaller elements).

30 The present invention also provides an apparatus for
analysing the structure of an object having an outer
surface comprising a plurality of surface portions, having:

modelling means for forming a three dimensional model
of said object, said model comprising a surface mesh

35 representative of said outer surface and comprising a
plurality of eccentric shell elements, wherein each of said



anal ysing the structure of an object having an outer surface conprising a
plurality of surface portions, having: nodelling neans for formng a three
di rensi onal nodel of said object, said nodel conprising a surface nesh 35.
representative of said outer surface and conprising a |urality of
eccent ri WOsH&9T12¢| enents, wherein each of said WO 01/298‘.%"2”“5@91‘91 01242

- 9 elements is defined by a plurality 3f nodes on said surface and each
of said nodes has one or nore degrees of freedom neans for assigning to
each of sai celdmemis sisa delfivedeby anpleraliky off modesobn; paidhsuriees of

said 5 objeglg ddacifich sa18°abEKE BASERE ;o Bite faargz%fsl BiEN@reé@smeach of
said elenents, a reference syrface {:hat |ncI¢:de i nod s of said

respective el emeMeaR% T, ASPIIRAPA FAARRQ 5 mesh at said
respective diileisnigsslGndicstixenplighatfinef fthre ddviginessi of sedd a pair of

opposed gortd%tpfatsgaquggggggtﬁecgﬂ&éﬁ.n| ng relationship between said

degrees of freedom of each sai d odes n t firs ai d_opposed
portions and sai d“ead’églf@é'sd&lf"ﬁ"ﬁgdo bi® ‘%bcbgr] B'PmF g 2fo8es on the 15

second of saldleaaeedurdarieobbatabatsdes e nddes b Bedding a finite
el ement  strUeIAU Al AN WU1ile tosnaatﬂaebwqmm@ew Rlchl BA1AEARPELSE

out putting one or nore resu Qf said structural analysis. 20 Each of
these means PRSP & |8add (?Gﬁﬁ&f’éﬁ'vﬁrﬁb?‘&?ﬁ'b’r oducts or portions, and the
appar at u® pr ef er dunstnadnitgs meansofiput estdlkishiawut ifey suphiroeput er

program port%se%%aﬂlﬁ&gsgkt 8208 Lbpeaes) Yas'c%ﬂwa'z.‘iﬁh&de data or images

(in the for exanple, printouts, r ute i1 es)
i ndi cati ng tFelatdanahd® hetyepn: paid aﬁ’lﬁ"?ﬁ?‘és‘:gf %&%‘"’%P ﬁ@céb?%ct under
Sone i nt ernagaibd modewr ral theadirst of said opposed portions and said
degrees of freedom of one or more of the nocdes on the
15 @gecond of said opposed portions;
analysis means for performing a finite element
structural analysis of said object; and
outputting means for outputting one or more results of
said structural analysis.
20
Bach of these means may include computer program products
or portions, and the apparatus preferably includes a
computer for executing such computer program portions.

25 The results of the analysis may include data or images (in
the form of, for example, printouts, displays or computer
files) indicating the expected deformation and stress state
of the object under some internal or external load.

30 Preferably said comstraining means is operable, for each of
said nodes of said first of said opposed portions, to
establish a constraining relationship between said degrees
of freedom of said node and the degrees of freedom of an
opposite node, being that node on the second of said pair

35 of opposed portions opposite said node, when said opposite
node exists, or between said degrees of freedom of said
node and said degrees of freedom of the nodes of an

S I YR SR NS A



30 Preferably said constraining neans is operable, for each of said nodes
of said first of said opposed portions, to establish a constraining

rel ati onshi p between sai d degrees of freedom of said node and the degrees
of freedom of an opposite node, being that node:on the seconglnﬁ%ﬁsai d pair
35 of opp¥QEH2P tions opposite said node, when said oppbsTEE® e exists,
or between said degrees of freedom of §a}g “node and sai d degrees of
freedom of the nodes of an WO 01/29712 PCT/ AUOCOQ' 01242 10 opposite

el enent, bei epreadtecetament ofbeingl thato sdeneps cforadfperreeedai d node,
when opposi t gopedlendepfosdte £xid node,Priied dppbsitednsEandoé®rnéssi gni ng
to each of said ,elenents a thickness (i.e. indicative of half of the

t hi ckness ofefﬁgtbbject at the respective elenent) is operable to enploy a
t hi ckness indicative of the total thickness of said object at said
respectivg elpegRBrable 32i8Chédhs (€82 laddlignlinRs tc0leashi 8c0bheat If it is
possible to efine such g %Qlckngfgé and .- where %t |gfno% ssible to
define the t RERRREE §r CBAFHRAES bl S APdicatdvs §E:BPAT 8FcHBfits a

t hi ckness eqthiickpesheofhtb&nelbiectf atljtivemespeictivet elepenp) opdrtional to

t hg_ t hj[ cknes ?p@frlafﬁ%?eg?%mﬂﬁof ! f mémfe-gtw&ndg.!&a‘%?%? h@t the Ebfai hi ckness

i ndi cative of _half o e thickpess o e object, ,the ar at us

pref erably &@BF&E?thgfhﬁ?%gtﬂ?%?ﬁﬁﬁﬁ?fﬁ%%ﬁzﬁ#%ﬂﬁﬁi&?etBigge?ﬁigﬁﬁess, 20
I f possibDe. aetuhdr &btult hbickpesmiok smid eibiepy df ds del possibleate pair
of opposed PYelriQRS shRASE PRPERAERFO AP NS wiferifiid i3UDbRCHoREIBRE deOb] ect

bet ween whi ch sald object ,is thinnest. The nesh may gonprise a_lattice

] 25 th S
of planar or defiPeqthe, Ehigiress REA3ILANIAE o5 t REFIERNPPS_ M pes. Many
of these shalementts bethéaknéysgenmkhitar tthe CMckpeensf adjacent

elements, or proportional to the thickness of adjacent
elements.

[
wn

Thus, in calculating the thickness indicative of half of

the thickness of the object, the apparatus preferably

derives the half thickness from an actual total thickness,
20 if possible.

Preferably the apparatus is configured to select as =said
pair of opposed portions those opposed portions cof said
surface of sgaid object between which said object is

2% thinnest.

The mesh may comprige a lattice of planar oxr curved
triangles, quadrilaterals or other simple shapes. Many of
these shapes can be readily generated by CAD systems.
30
The analysis means may be operable or configured to analyze
the effects of internmal stresses or loads induced in the
object during its manufacture, in which case the structural
analysis will be of the resulting deformation or warping of
35 the object caused by these internal loads.



30 The anal ysis neans may be operable or configured to analyze the effects
of internal stresses or |loads induced in the object during its

manuf acture, in which case the structural analysis will be of the
resul ting deformation or warping of 35 the object caused by these internal
| oads. P¥R712 PCT/ AUCO 01242 - 11 BRI EF DESCRI PTRGIXNAIQO012HEE

DRAW NGS. A preferred enbodi ment will nblv be described, by way of exanple,
with reference to the acconpanying drawings, in which: 5 Figure 1 is a :
depi cti on OBRARFeRBACRIPPIONS O UIEE DRAWINGSe| enent of the prior art with a

defined | ocal pr&@@&ﬁé&aéﬂaédﬁié‘rm 319U nRw? bACALELS1 B8 £ A58 Udy Geshel |

el ement of the r|or €$ éﬁFMMICh the el enent reference surface is not on
10 the mi ds§FFERE® agseAme ng frawingss dfyul ar

shel | el enewhigh: the prior art of thickness t with the reference surface
pl aced at one of pighee p%&laala%pil&qw ©2S anlaxbidid 4?&%@%; lagwW of a thin
el |

rect angul ar as_an exa object to be np gure 5is a
view of the® g&ﬁloFl?’F@’Eﬁ‘e gptrﬂf’dé’f‘l a\#"‘tﬂ"ﬁ?l Brdefined Rsak i onal shel |
eIenents;_chorézﬁate syvatemy of the bar of figure 4 nndelled 20 wi th shel
el ements in 2 rrebhgdrécsoaébmé we%%g,e&&sdfh&@ tt'&% present

i nventi on; gure is a view of a soli S ate- |like
obj ect of tRFIRFBEEN, iR HRFHR) thanalement pefergnce aﬁ!ﬂ%’iﬂ%g}% &oEh8Rpr esent
I nvent i b aShehnzﬂsudfmgeof two 25 plates each of thickness 0.5h; Figure 8

s a viewof a mpigh:ol fa,TaRgf R2bachC OB 1 PbhdS e dRAGSEN at i ons
of first and secon
shell element of the prior art of thickmness ¢t with the

reference surface placed at one of three possible
locations;
15 Figure 4 is a view of a thin rectangular bar as an
example of an object to be modelled;
Figure 5 is a view of the bar of figure 4 modelled
with prior art, conventional shell elements;
Figure 6 is a view of the bar of figure 4 modelled
20 with shell elements in a method according to a preferred
embodiment of the present invention;

Figure 7 is a view of a solid model of a simple plate-
like object of thickness h, showing how it can be seen
according to the present invention as the bonding of two
plates each of thickness 0.5h;

Figure 8 is a view of a model of a T-shaped part

N
n

comprising meshed representations of first and second
generally opposed surfaces of the part:;
Figure 9 is a view of the matching of a node of an
30 element of one surface of an object to an element of the
opposite surface of the cbject according to the present
invention; '
Figure 10 is a view of the local coordinate system of
the matching element; and
35 Figure 1l is a view of edge elements of the model of
an object according to the present invention.




general ly opposed surfaces of the part; Figure 9 is a view of the matching
of a node of an 30 elenent of one surface of an object to an el enent of
the opposite surface of the object according to the present invention;
Figure 10 is a view of the local coordinate systemof the nmatching
el ement ; WRAVEEIE| gure 11 is a view of edge el ements of PREAHMMR420f  an
obj ect according to the present i nvent Toh? WO 01129712 PCT/ A1J00/ 01242 -
12 DETAI LED DESCRI PTI ON OF THE | NVENTI ON A net hod for using a mesh of
shel | el enenPETAEELEFRBEGFRIARION O (AR, IIVENTIONee di nensional object to
perform sg [ BCindtBbdabok Yasind Ma tkésH Ue SHULIE Rllenla Egbadfiﬁaﬁ@?fm nlg to
a preferre odi nEnL -0 r nt. . lnvwenti.on s desgribed below. In
orger to int?g'ugégg %ﬁn%e§£%%£2é§§§? tomal s Pﬁ°tr%8t8ﬁ§g?5? bar of
t hi ckness t P§raepnEatdandivais o the chnes dimensipgalebadyThe st ructural
(rjefsmnze of hb&obalizhxgi sorﬁpﬁﬁéﬁéﬁﬁh %umf th&ﬁg@{jo& I&he:cbrapéﬁ% tthﬁt i's ]
efined as the on,t extarior e body. In figure 4, e nmes
defi ni ng theirgggg%aﬁra%sbg?sTﬁf%ﬁéxq? ‘o0 be the set of quadrilateral
shel | el ements defined by placing nodes at 15 the vertices indicated as

por (T botiearate sbelissisan  danscar Lastpelile amol L1n vor) E
?ﬂl: E}[gﬁt ﬁtgtﬁgmgﬁagiaf g%%)%grﬁhf%t(S'ﬁedPPg‘ﬁFegggEYoVaY bar) 6 ef gﬁ
(the reatOedgxampleheibafigive 4! arthe stixinetasgds reeponeat of thel bdxr and 6)
are ignored iEOkebPBsBhEEENby MHnddE U FHEIICholiRh CEhabOY: t4Er B |a20
elements numbgred 1n208 enl' SRISSEN 'd19 hi® bl 29 PRLL0M 4. the

mesh defining the rectangular bar is defined to be the set

of quadrilateral shell elements defined by placing nodes at

15 the vertices indicated as follows:

Element No. Definition by Vertices

1 adgh (the top of the bar)

2 bcfe (the bottom of the bar)

3 abeh (the left hand edge of the bar)
4 defg (the right hand edge of the bar)
5 abed (the front edge of the bar)

6 efgh (the rear edge of the bar)

For clarity, the edges (elements 3, 4, 5 and 6) are ignored
for the present, but are discussed later; how the shell

20 elements numbered 1 and 2 (representing the top and bottom
of the bar) may be used to define the structural response
of the bar will be described first.

As an aside, it may be noted that, if conventional shell

25 elements of thickness t were used for elements 1 and 2,
with reference surfaces defined by nodes adgh and bcfe
respectively, and the elements were regarded as bonded
together to form a layered shell model, the resulting model
would provide the response of a stiffer model, as the

30 domain of the shell model would extend outside the bar (see



of the bar) may be used to define the structural response of the bar wll
be described first. As an aside, it may be noted that, if conventional

shell 25 elenents of thickness t were used for elements 1 and 2, wth
reference surfaces defined by nodes adgh and bcfe respectively, and the

el enent sweoie29riegar ded as bonded together to form a | aper/avosgied2l nodel
the resulting nodel would provide the-ré&8pense of a stiffer nodel, as the
30 donmai n of the shell nodel woul d extend outside the bar (see WD 01/29712

PCfT / AUOO/ Olaihzguf re 53 ihl %i6h5€ef&mf hauredrerienge mrmggaés 1ghé ndi cat ﬁs the
reference sur r t apd referen ra i ndi s t e
ref erence sur?tgccre % s‘el e f% QP %ctfﬂ'“%r tanerﬁgfeo?“?ﬁf%ﬁa% this
shel | el enemnﬁme%bpdrsme%eﬁﬂr%ﬁ%erﬁ ellemertedsl - 2t In| fack der to
get the COFﬂcﬁCtth%t lHé(i-t BEALhISRAGHS S, AN CBH@Q.lt 61bb8n§fﬁ§&éli wodlk@nt i on a

t hi cknes s_ascrib o el ene nd the_reference

sur f ace %0 f(ﬁpreﬁs(?ﬁ'é"n(a ﬁan ?ro\:/fé k?%sﬂn%{ ﬂ:nbf’rfiﬁg ggrgfge\;lﬁed by nodes

at adgh) ancaxrect) staictunalt xesponse . adanrdingntnt tRet presentott om of the
bar (defi neghvantieses Qﬁ‘léh@&s S&@VW 5 e f:.sglérs%r@beh”tbhélé:ﬁ&’{@sdi scussi on,

the effect o no deal elo Th

ol enent o ar SHbg an tha”Bethones irtRdR 20 FREL oLeRanE D) 19 BTl | shed
accordi ng t ¢d lthe topnofobheybaxi (definead i modesnstr adghk anddkche | | be

di scusseg beééﬁ&z‘é?zc@etsﬁbkacguﬁ hféfni&femérh:ezsbﬁpltﬁecﬁéét% df e gl model

of a flat at S n figur I't, a pears oubl e- ski nned,
havi ng a t opf dse%‘ﬂ?%ebxnﬁ" as) ‘E%‘?ﬁ gﬁﬁ‘fsﬁf’é’m Iif‘o%1 geometrl c point of
view, the flat-plate can be seen as the bonding of two plates each of half

thi ckness. THE nab apbiat algéuaml%&%m&hefee&s&&w&ss gréa.enrent
W th 25theto,p syr.face as ereference sur f Idate

assunpt i ons H# ¥3dd. bg ﬂ'f"?'i\?l\}"tl? REABY -t oFBS! 5‘38‘“?%"‘5 are regar e

15 as bonded together. This is actually accomplished
according to the invention by using multipoint constraints
and will be discussed below in detail.

Furthermore, the simple case of the so0lid model of a flat

20 plate is shown in figure 7. It appears double-skinned,
having a top surface and a bottom surface. From the
geometric point of view, the flat-plate can be seen as the
bonding of two plates each of half thickness. The top
plate is modelled using the eccentric shell element with

25 the top surface as the reference surface, in which the
plate assumptions are used. Similarly, the bottom plate is
modelled using the eccentric shell element with the bottom
surface as the reference surface. The bonding of the top
and bottom plates may be regarded as stemming from the

30 physical relationship between the deformation of the top
surface and that of the bottom surface. This relatiocnship
is established using the assumptions of classical plate
theories.

35 The preferred method of structural analysis according to
the invention includes the following steps, each of which
will be discussed in detail:




nodel | ed using the eccentric shell element with the bottom surface as the
reference surface. The bonding of the top and bottom plates may be
regarded as stemm ng fromthe 30 physical relationship between the
deformation of the top surface and that of the bottom surface. This

rel ati onswiop1/2#72 est abl i shed using the assunptions of cl BEEATA¥0342%¢ e
theories. 35 The preferred nethod of strdétural analysis according to the
I nvention includes the follow ng steps, each of which wll be discussed in
detail: WO 01/.267dac 6/ SISt D42 outér boutidasy;on of nmesh on outer

boundary; 2. ' g@gg ’gf \ Kﬂ?ﬁﬁ: E Lbehi ¥er. ML £M00H A0E
Unmat ched El grbr\se%%gf ) t%{!’%\r&o nosgggmt gegg%nggggﬁx'VS 4. Establishnment of
constrai nt equa?%%%c%%@vﬁzﬁﬂ?}&ﬁ?ees of freedom of a node n and degrees of

freedom of | tx, MaEBéEihG o v o dgurtapesi;fi cation of internal and
Ext ernal Loadj n . Boundar ndi,t i ; _an ) I & and
| nprove Si gdn gsegjé’a%%%’g%fgﬁve%g nsé:ﬁ4 ag'g’t%ere gﬁ%& %gggybgﬁgégﬁp? 0 aé@so I d
model , utilize Eneedemeef sarteien ik fesrersnetft freedercofli HeFisi onal

obj ect to creatfaBcidPngOdPethait aal dommin rather than a m dpl ane surface.

Mesh the outer _surface usin ri.gnaqul ar _or. rilat . el nt. The
conput at i onalse‘dgﬁﬁf%gﬁﬁﬁgﬁo%g?r%r#gte rré“éhea&d ?%%rggggﬁt g{’ig%ﬁggo I rst and
second general | poupdaredConditionss #md part. For exanple, the nesh or

conput at h@nal g 28e @8R NaARA 1 e ils SdiaDermpididvel Deshgn) in figure 8.
Assi gnation of Thickness and Eccentricity: Matched and Unmatched El enents

Regard the first surface gs.the reference surface of the 25 first
hal f - t hi cknes’s Eﬁ??gi{ﬂﬂ ?ﬁem%%&o% Wa%é’“ﬁlaﬁfe

Start from a solid model, utilize the outer surfaces which
define the three dimensional object to create a

15 computational domain rather than a midplane surface. Mesh
the outer surface using triangular or quadrilateral
element. The computational domain would comprise meshed
representations of first and second generally opposed
surfaces of a part. For example, the mesh or computational

20 domain of a T-shape part is shown in figure 8.

e Assignation of Thickness and Eccentricity: Matched and
Unmatched Elements
Regard the first surface as the reference surface of the
25 first half-thickness part and the second surface as the
reference surface of the second half-thickness part.
Elements of the two surfaces are matched, based on the
ability to identify a thickness between such elements.
Assign the thickness of these shell elements to be half of
30 the distance between matched elements. The eccentricities
of elements on the first and second surface are also
determined, which are the half of the element thickness.
The gign (positive or negative) of eccentricities of
elements depends on the pre-defined rule of the chosen
35 shell element formulatiomns.



ref erence surface of the second hal f-thickness part. Elenents of the two
surfaces are matched, based on the ability to identify a thickness between
such el enents. Assign the thickness of these shell elenents to be half of
30 the distance between matched el ements. The eccentricities of elenments
on the fwWeer29ard second surface are also determ ned, RGTAUNPR42 he hal f of |
t he el ement thickness. The sign (postti®e or negative) of eccentricities ]
of elenents depends on the pre-defined rule of the chosen 35 shell elenent
f or mul at i onBreféx4H1y Stk ubtibtAHRA/ 8ledentd Sof Rieidréidst amd weedhdhed
el ements of r a I t Qgf coul d not i
sifkdodd | Yo Ziédteﬁi&%ﬂ s Egéi-_ &6 ab&s{‘%& n@%’éﬂﬁ% :

be matched, are aSS|gn ness I ng t e average O |ckness of
adj acent redefigned dhinknegs. being. khe(prersge RFf Ghey thickpess: ofxist, or
of adj acentaaj\mmmmhmimmwaheeewnaeb such codjdcerd alaedheldenent s do not

exi st a S léllyl% C ?ﬁﬁaé@y& %{Eﬂum t ness.
Then agl agn t %ﬁ%géég%t” Clt ?ﬁgﬁgéggg enen as mat c eg Q*"gir&rents
do. Thus, e3¥3iR¢RDY ymafqhady #@&n&ﬁddenﬁa%:cﬁé-’t?‘i(?’@ &Pk @ddpceRrE first and
second surfaﬁmwwaa sl cafemitgn Bavel beehnessm@mctmmms ci t ynefiach el enent

of an edge e rtace:b [S n d ;
surfaces g%&{#}chéé;té%ngféﬁétg gf Eé sai dlél?érg‘fg tsté‘%oglgﬁgﬁrg ace, IS l
assi gned a ?h?@%ﬁ@%éhbetﬂ@@ﬁrOeUfnﬁﬁéllEOablﬂﬁﬁﬁgﬂﬁhﬁwﬂpﬂéﬂeFabﬁ9 1/3) the

t hi ckness oé1léhénes %Mheaff:.&be hhiSbedbfld SOt Hb & nla3C Bel asadghed t he

el ement of 20 Preferably each el enent of an
¢ EO?QQ%, acen %ccin%%gg eQst

edge surface™n or second surface is assigned a

t hi ckness bei ng the average of the thicknesses of adjacent el enents of

said edge maéhasFenidiit JFue Bage 36L£§e6/ ﬁéﬁxfd«emac%bzewséﬁul ate the

o Lot PR Gl 3 e shbehOLd, S o RE 8L G OF
15 sgaid flrst or second surface, is assigned a thickness

between 0.01 and 100.0 times (and preferably 1/3) the
thickness of the element of the first and second surface to

which the element of the edge surface is adjacent.

20 Preferably each element of an edge surface not adjacent to
said first or second surface is assigned a thickness being
the average of the thicknesses of adjacent elements of said
edge surface that have been assigned thicknesses.

25 To simulate the edge deformation characteristics of thin-
walled parts, each element of an edge surface is assigned
artificial orthotropic material properties. The major
material axis orientation is along the part thickness
direction. Young’s Modulus parallel to the part thickness

30 direction (El) can be assigned between 0.001 and 1000 (and
preferably 15) times of the average Young’s modulus of
material of said f£irst and second surface to which said
element of said edge surface is adjacent. %Young’s Modulus
perpendicular to the part thickness direction (E2) can be

35 assigned between 0.001 and 100 (and preferably 0.1) times
of average Young’s modulus of material of said first and




artificial orthotropic material properties. The major nmaterial axis
orientation is along the part thickness direction. Young's Modul us
parallel to the part thickness 30 direction (El) can be assigned between
0.001 and_1000 (and preferably 15) tinmes of the-average Young' s nodul us of
material BP%WA¥ first and second surfacgt to which said PET’éH&W‘Eu‘b’f sai d
edge surface is adjacent. Young's Mdulu 6 per pendi cul ar to the part

thi ckness direction (E2) can be 35 assjgned between 0.001 and 100 (and

pref erably o.sffmgrfaﬁeamrw@echfoem‘gg Liananty eHBaid edogl surfaged first
and WO 01/ 293k aBGaLANE0 01242 16 second surface to which said el enment of
said edge surface is adjacent. Preferably each el enent of an edge surface
not adjacent to_ 5 said first or second surface is assigned Young's Mdul us
paral l el to XF¥@tpErPiNdraghaplemertcofhan edge javnfacelnoscrdjacent) tbei ng

the average Glaido@igst bedubusndpsisticd id ddwigead voungkBensadingction

and t he aver £ _sYoung' dul us. endi | ar t e part thickness 10
direction of a_grjag'ée?rjft le gﬁén%%f’%?“é%’?‘?%‘a&e° é‘ﬁﬁ 3@5%( %.gﬁzcﬁﬁggg been

assi gned mat ddirgetipppe(Eldsbeingcthe \aeradehofe ¥oumor’isc Moflulus each

el ement of tharedgelsusf 8ke bart Z€hfckdess MalrdividPlanMOgss hoeBabat sg0N

Surface Referyl Lo fiqure 9 _establish the tching rel ationship between
t he node n orllg?sal dt"':‘f Meg E‘éﬁr?%f%e?‘g’sc?fﬁ’ﬁsﬁ"r fﬁd?arﬁoﬁﬁl&ﬁggﬁf’?aw 24) and

t he poi ntOp Ginessicncofdagiacent | glementyh o dadd edoe gasfatkushatit ed, top
surface 26), hascheeh abBeghtlcmbbedidl o iRl Gelsbattebeipe node n and

point P is parallel to the normal of said first surface 24 at the node n
or the normal of said second surface 26 at the point P or sone kind of
aver age vect §hepfeccpatricibynfenaeach Hilemhtpaifntthl edgeceerfiaby #6thin a
particul ar elgugnt, but could

15
+ Matching of Nodes to Points on Surface
Referring to figure 9, establish the matching relationship
between the node n on said first surface (as illustrated,
bottom surface 24) and the point P on the second generally
20 opposed surface (as illustrated, top surface 26), based on
the rule that the connecting line of the node n and point P
is parallel to the normal of said first surface 24 at the
node n or the normal of said second surface 26 at the point
P or some kind of average vector of these two normals. The
25 point P is generally within a particular element, but could
be a node or on the side of a element on said second
surface. The point P is regarded as the matching point of
that node n. The element in which the point P is located
is easily determined as well and regarded as the matching
30 element of the node. If the point P is shared by several
elements, one of these several elements is picked as the
matching element. In this embodiment, the element of the
smallest area is picked as the matching element.

35 e« Establishment of constraint equations between degrees of.

freedom of a node n and Degrees of freedom of its
matching element e



be a node or on the side of a element on said second surface. The point P
I's regarded as the matching point of that node n. The elenent in which the
point Pis |located is easily determned as well and regarded as the

mat ching 30 el ement of the node. If the point Pis shared b ever al

el enent sSWOHE9BR t hese several el ements s _picked as thECT’ﬁﬁP@%?“ﬁg el enent .
In this enbodinent, the el enment of the “smallest area is picked as the i
mat ching el enment. 35 Establishnent of constraint equations between degrees

of freedomisF hetho&dxebhadtnand MindtintReiranes plase Kheering: cFRfent e
WO 01/ 29712 st tR4R theldormaldotd ttid clildaiurfand befidiken- Rei ssner
pl ate theori the . ass O | S+54Q th ) before
def ormati on (fezfr?aﬁmna%s:‘t"?laféﬁgg#sggé% %%Ef?e%@ﬁe%?g%'be sngggegfﬁ% e
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point P on the opposed surface (element e), their

connection line is exactly or very closely parallel to the

normal of the midsurface. Based on the assumption that the

normals to the midsurface before deformation remain

20 straight, all or some of the degrees of freedom

(translational displacements and rotations) of the node n

can be expressed as linear functions of the displacement

variables (translational displacements and rotations) at

the matching point P in the local coordinate system of the

25 matching element.

Based on the position of the matching point in the matching
element and the displacement interpolation function of the
chosen shell element, the displacement variables

30 (transitional displacements and rotations) at the matching
point can be expressed as linear functions of the degrees
of freedom of nodes of the matching element in the local
coordinate system of the matching element (figure 10).

35 Therefore, according to the above two relationships, all or
part of degrees of freedom of the node can be expressed as
iinear functions of the degrees of freedom of nodes of the
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the matching point P in the |ocal coordinate systemof the 25 matching
el enrent. Based on the position of the matching point in the matching
el enent and the displacenent interpolation function of the chosen shell
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15 Felippa (Computer Methods in Applied Mechanics and

Engineering, 50 (1985) 25) with the bending formulation of
Batoz and Lardeur (Internmational Journal of Numerical
Methods in Engineering, 28 (1989) 533) and transforming the
combined equations to the global coordinate system.

20
The drilling rotation degree of freedom about local
reference surface normal is used in the membrane
formulation, which is defined in the local element system
by:
ou, Ju
z_l __-V___ X e (1)
2| ox oy
25

Next the relationship between the degrees of freedoms of
node n and those of its matching element e is defined (see
figure 10). Based on the assumption that the normals to
the midsurface before deformation remain straight after

30 deformation which are used in both Kirchhoff and Mindlin
plate theories, there are the following relationships
between the degrees of freedom of node n and displacements
and rotations of its matching point p.



The drilling rotation degree of freedom about |ocal reference surface
normal is used in the nenbrane fornulation, which is defined in the |ocal
el enent system by: OaUY aux ... ¢ 1) z 2 ax ay 25 Next the relationship
bet ween t he degrees of freedons of node n and those of its matchin

el ement WOPY2HEX | ned (see figure 10). Based on the asP&HAUWM2hat the
normals to the midsurface before deforihtion renain straight after 30

def ormati on whi ch used in both Kirchhoff and Mndlin plate theories,
there are tH e'ﬂdegmﬁng rel ati onships between the degrees of freedom of
node n and @ Lﬁéfegbnts and rotations of its matching point p. WO

01/ 29712 P /A 24 - 19 U= =u, -9yph wuyn =uyP+9xPh usn = uZP 9.
=9,, ...(2) 2"e = eyp 0. = +h ae,~+taeyp ~ ~ 2 ax ay where 'h'" is the
distance befyedh), node n and..i@s matching point p; and uYa, uyn, u,,, O.
9ya and 9,aj are,the local degrees of freedomat node n referred to the
| ocal elenegv woordinate systemof its matching elenment e; u, W uyp, uzP,
9 , eyp and 9$p arg[aﬂg ]S :kacenents and rotations at point p and are

also in thefpglu* rdinate systemof the matching elenment e. 10

It should be noted that tRe ast relationship in equation (2) defining 9ga
I s obtained using equation (1). Equation (2) can be rewitten in the matrix
form L. —whéle+/2(0ls the flistance between node n and its matching

point p; and Ui, Upn, Uzn, Oxn, On and 6., are the local
degrees of freedom at node n referred to ‘the local element

5 coordinate system of its matching element e; u., Uy, Uz,
O, O and f;, are the displacements and rotations at point
p and are also in the local element coordinate system of
the matching element e.

10 It should be noted that the last relationship in equation
(2) defining #é.» is obtained using equation (1).

Equation (2) can be rewritten in the matrix form:

gn =-4-!y_p +A229 oo (3)

where U =( Uy s Uy U 50, ,0”,0‘.‘,,)7,Qp =(u,,,,u,,,a,,,0,,,,0w,0v)r,
[60 o8,
D, =

ox oy

the distance between node n and point p.

] and A, and 4, are matrices that depend on

15
From the element formulation, the displacements and
rotations at point p can be obtained by shape function
interpolations. That is,

U,=B,2, el (4)

20 in which:




where U. |u:n'uyn-9u=29xn=0 m 90: nYSUP (uxp~uyp9 uxpvesp.T Bypye. Y ae ao
DB ='"P-v and A, and A, are matrices that depend on ax ay the distance
between node n and point V. 15 Fromthe elenent fornulation, the

di spl acenents and rotations at point p can be obtai ned by shape function

i nt er pol MAWR_T2That is, U =B a, ... (4 20 i n whi ch: APOUOA2 0
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equation (4), P._can be expressed as:_ D9 =B2ae_ .. £5 where Bis a matrix
whose val uesand & d8pR IR ¥ Atqss. Frluss GRRenth A thet Lol poi nt p.

Conbi ni ng e@strdinatesd) of( ¢heapdinb)p.the rel ationship between the degrees
of freedom of the node n and degrees of freedons of its matching el enent e
is obtained: 10 L. =LA B, +A2B2)a, ... (6) These constraint equations can
be transfor npaséd drihegiatiian (£)00D]) eahcbeayatredded algy provi ding the final
constraint equations between degrees of freedom of the node n and 15

degr ees of freed mof its matching elenent e in the global coordinate
system éa&h on of ExtefAAl and Internal Loading and Boundary
Conditions 20 The | oadi ng, constraint conditions and material property for

the mesh are 080 BPas & Kk r PSR A9ue8Widd Hdpend on the local

5 coordinates of the point p.

Combining eqguations (3), (4) and (5), the relationship
between the degrees of freedom of the node n and degrees of
freedoms of its matching element e is obtained:

10

U,=(4,B,+A,B,)x. ...(6)

These constraint equations can be transformed to the global
coordinate system thereby providing the f£inal constraint
egquations between degrees of freedom of the node n and

15 degrees of freedom of its matching element e in the global
coordinate system.

« Specification of External and Intermal Loading and
Boundary Conditions

20 The loading, constraint conditions and material property
for the mesh are then specified. The loading condition
includes any kinds of usgual external and/or intermal loads.
The acting locads could be defined on points, edges, patches
or volumes. The loading type could be static or dynamic,

25 actual forces or thermal loading, residual stress/strain
and initial stress/strain. The material could be isotropic
or anisotropic. -

o Perform Analysis and Improve Design



I ncl udes any kinds of usual external and/or internal |oads. The acting

| oads coul d be defined on points, edges, patches or volunes. The | oading
type could be static or dynam c, 25 actual forces or thermal | oading,
residual stress/strain and initial stress/strain. The nmaterial could be
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the def or nedegdRPSePfoldl @Y RRRARN tRECA1APVLSd e C AL ahar e be used
to detern1ne an of the wusual results of structural analysis, including,

for exanple Ci%P4: the material is subject to too high a stress or strain
| evel ; 2. the conponent is sufficiently rigid to performits intended
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the part geoh® ?/c‘b’r ’fﬁagaéﬁ] &orge nﬁgﬁ% Sh %ﬂ?he part

under Ioadingntgnthann&n ty&réﬁpsepbefeseédt¢md¢nnrmﬁgp b@yusédther war page

anal ysi s of usﬁuf%aﬂaﬂ)ldie@tea&arafl AﬁAi,rsién Mb—maﬂgr egpgual  stress

distribution, as an exanple of an internal determ ned from fl ow
and cool i ng S¥BFBASS software, such as 25 t hat prOV|ded by Mol df | ow

Cor por atliton. 1 Tithet maneirial nbs dsubji=tital tobr bdghdasstrbas iom-strrafisyr s to t he
stress distrilutleq? in the part due to proce55|ng while the part is in

the nold and JUSt prior to ejection. ,Thi
the component is suffzczently rigid to perform its

intended design function; and
3. the deflected part impacts on other parts in an
15 assembly.

By considering the results of the analysis, the user can
modify the part geometry or material type to improve the
performance of the part under loading conditions.

20
This preferred method may be used for warpage analysis of
injection molded parts. Firstly, an in-mold residual
stress distribution, as an example of an intermnal load, is
determined from flow and cooling analysis software, such as

25 that provided by Moldflow Corporation. The term “in-mold
residual stress distribution” refers to the stress
distribution in the part due to processing while the part
is in the mold and just prior to ejection. This
distribution may be used as input into the apparatus

30 described here to produce the deflected shape of the
component and the resulting residual stress distribution.
A user of the preferred method of the present invention can
then modify part geometry, process conditions or material
type and perform a further analysis to check that the

35 design has improved.




di stribution may be used as input into the apparatus 30 described here to
produce the defl ected shape of the conponent and the resulting residual
stress distribution. A user of the preferred nethod of the present

i nvention can then nodify part geonetry, process conditigns_or terial
type and WYMBYARa further analysis to chgck t hat the SSPE'E@IUB‘H“&

i nproved. WO 01/ 29712 PCT/ AUCO 01242 222 Al'ternatively, residual stress,
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poi nt of the opposed surtace, so that: u$a = uz, + Vh 15 where cp
represents the thickness shrinkage, the value of which is based on the
in-nol d resi et ther emgpgecanabyshe ofainjedttiahmeudddaonpagtisyhat this

pref orred enha pasee cilabd-ehfalathe EGRADy HoATyinE thl BpELal |
preferred enbodi nent,, principal i al strains are

i n-pl ane, i n-SAARFTRAISY §Fua EPESégi #5Fweﬁﬁlthﬁ(%ﬁﬁﬂgs%sfggﬁFiPﬁe(gf ment s
on the edge sf faacwmdennt theefiirpti suvbace nentl (Bhesilocal defiegkagnt hese
principal 25 {dbjik ohd Hdbonibl dointkBESEnsNoLpbES diriaed NPl Ore  the
average in-plane strain resulting fromthe I n-plane stress di stribution

just prior t * ejection of the part. The in-nold residual stress

results on el enents of an edge
Uzp = Uy + @b

15
where ¢ represents the thickness shrinkage, the value of
which is based on the in-mold residual stress level in the
part. It should be noted that this residual stress level
is the in-plane residual stress.

20

In this preferred embodiment, principal initial strains are
calculated from the in-plane, in-mold residual stresses for
all elements except the elements on the edge surface, and
then ¢ is obtained by simply averaging these principal

25 initial strains. The thickness shrinkage ¢ is therefore
the average in-plane strain resulting from the in-plane
stress distribution just prior to the ejection of the part.

The in-mold residual stress results on elements of an edge

30 surface from flow and cooling analysis are discarded.
Special artificial in-mold residual stresses are assigned
in these edge elements to avoid unrealistic warpage due to
edge elements’ constraints of the part deformation.

35 For the edge elements such ag e; in figure 11, which shares
a side ab with the element e; on one of the first or second
surfaces, their initial stresses are calculated as below:
firstly the strain along the side ab is calculated based on



30 surface fromflow and cooling analysis are discarded. Speci al
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CONCLUSION
The essential concept of the present invention is thus the
uge of a surface mesh on a solid model to perform

2C structural analysis. The invention isgs ideally suited to
thin-walled structures. It is also particularly useful if
there are some small chunky regions in the thin walled
structure and the stress/strain state is not important in
these chunky regions. The analysis can be used for static

25 and dynamic gtructural analysis including linear,
nonlinear, buckling and modal frequency analysis. Many
different types of loading may be used. Results f£rom the
analysis comprise: stresses, strains, deformation of the
part and deflections in the global coordinate system.

30
This invention can also be used for warpage analysis of
injection-molding parts. When used for warpage analysis
the results are as for the case of structural analysis
(stresses, strains, deformation of the part and deflections

35 in the global coordinate system) but the deformed shape is
due to the regidual stresses developed during the injection
molding process.




anal ysis conprise: stresses, strains, deformation of the part and
deflections in the global coordinate system 30 This invention can al so be
used for warpage analysis of injection-nolding parts. Wen used for

war page analysis the results are as for the case of structural analysis
(stressewoaonz2ns, deformation of the part and defl ect PEHAUIYIA2 t he

gl obal coordinate systen) but the defor@éd -shape is due to the residual
stresses devel oped during the injection nolding process. WO 01/29712

PCT/ AUCQO' 01242 24 There is no speci al limtation for |oading and materi al
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I njection d conponents In roperties are affected
by processi iaecespamy hatga, &“FﬁécenEFﬁBdbﬂlgf?gé"e%‘?ﬁPtqﬂespéﬁﬁl megeton nay
be used to pesfeaiable aeciofr aheamakisds (| inear or nonlinear) on an
injection 15 nol ded conponent in which material properties are

orthotropic. Such analysis can interface with other fornms of analysis,

such as suppFReviesy wbltdre @Rovs» pShat mekhodard WPATAtE QF W nechani cal
propertiigs oinvémteidn Qs rﬁalztiad:ula&ugr palitabbe soriaialysish ofchani cal

properties R4 g&f{&ﬁ 143"? L:gr 18%?%&%%19&1 m#%,& | I'i ne nor phol ogy

or the additTo e|n orcenen sclosed in the
present i nveProRertiss é’éﬁ) atféecﬁgédeoPHEFE$ﬁ$% t k@vﬁ?’rﬁe&‘%ﬁe%

I nj ection noghdeRod At lin thde hppILeetyYoR may BPehided idd e@drfogfan C
filled or neét?i:‘uct&:?a{i analys:.an1&%3&5‘08%53632913&;:?“0:1 an injection
15 molded component in which material properties are
orthotropic. Such analysis can interface with other forms
of analysis, such as supplied by Moldflow Corporation, that
can predict the mechanical properties of injection molded
material. The variation in mechanical properties may
20 result from molecular orientation, crystalline morphology

or the addition of short fiber reinforcement.

The method disclosed in the present invention may also be
used to determine the warped shape of injection molded

25 components made from polymeric, metal filled, ceramic
filled or metal materials. Owing to processing effects,
injection molded materials may shrink by different amounts
in different directions. The present invention may be
interfaced with other analysis products that can predict

30 the residual stress distribution in injection molded parts.
This residual stress distribution is determined by
considering variation in the material’s thermo-mechanical
properties due to processing. By using this stress
distribution as the loading for a structural analysgis, the

35 warped shape and final shrinkage of the component can be
determined. If such analysis indicates excessive levels of
warpage, the component geometry, material type or



injection nolded materials may shrink by different amounts in different
directions. The present invention nay be interfaced with other analysis
products that can predict 30 the residual stress distribution in injection
nol ded parts. This residual stress distribution is determ ned by

consi derwo@iagriz ation in the material's thernp-nmechani CRET/AYI09E2t | es due
to processing. By using this stress di&brrbution as the loading for a
structural analysis, the 35 warped shape and final shrinkage of the
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of marpage th e g r ter s %MEEE 712
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i ndicative of half of the thickness of said object at said



respective elenent; -15- defining, for each of said elenents, a reference
surface that includ aid respective elenent and that is
coi ncident with sai Eﬂ’lmmmm“m said respective elenment; for a pair
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rel ati onsWOPIB&MReen said degrees of freedom of each of PERAY® W@)‘G‘é’s on the
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of the nodes on the second of said opposed portions; performng a finite
el ement st r uRHE SLAIMS PEFINING THE SINVENDIQN tARR RS FPL3MWSiing one or nore
results of said structural anal ysis 2. Anethod as clained in clai m 1,
wherei n sonme or 3% sal d face'_zﬁ)ortions are not §I anar

Pxc

met hod as cl a?l rre vﬁwwra ol a1 Bﬁeof’fsaf‘d nodes
of said fir stohﬁfeoyalmvepposadoupertsmcet heompxt dsdchd ac plyaweldtyabfi shing a

constrai ngng éﬁ-{ﬁ@tﬂ&@gghg bgﬁvgg@iﬁexd degrees of freedom of said node
and the degrees of edom o S node, . he node on t
second of said palft‘”'aﬁ"i?pﬁ‘o§ 631‘50355% n?‘:'r I’?‘?qefbl \ﬂrhglslaq%l PPIGFFr F?"'ﬁql N
WO 01/ 29712 @ddell sompri€ingUa0Os0LdCe mesY remmsEntatiyedofodaidwhen sai d
Opposi t & N0d&, i Sighredlce ?ﬂ?"‘é‘&ﬂpéé‘éﬁn o' Shdr it %%d%%%tﬁbdsﬂeﬂf and

said degrees of freedomo he nodes 0 posi t'e rr;;'r bei ng that
el ement of sﬁ’(f“lﬁﬂﬁ?sea’hﬁﬁﬁ‘f‘oﬁaﬁﬁpﬁgl‘P%"geﬁﬁgﬂe‘?ﬁﬁjés Aeiasy BpB¥i #e node
does not 1éxi aﬂu:zhlikmhuddas chasatd surfave cnel ;lachhefpsadddnndes| ai ns,

wher ei n sai d 4 ) ESleof‘aH-eé’ci nihe t hi ckness of said object
I s derived fromt act ua ness _of saldo ‘0 object if it is possible to
define such a thi (?f&’i’éé%‘i&ﬁdt° ﬁﬂ‘é’r’*e°f-ts$%drﬁ9c B ERIGEBEEENe the act ual

t hi ckness of indicative of half of the thickness of said object at said
respective element;

15 defining, for each of said elements, a reference
surface that includes the nodes of said respective element
and that is coincident with said surface mesh at said
regpective element;

for a pair of opposed portions of said surface,

20 establishing a constraining relationship between said
degrees of freedom of each of gaid nodes on the first of
said opposed portions and said degrees of freedom of one or
nmore of the nodes on the second of said opposed portions;

performing a finite element structural analysis of

25 said object; and

outputting one or more results of said structural
analysizs.

2., A method as claimed in claim 1, wherein some or all of
30 said surface portions are not planar.

3. A method as claimed in either claim 1 or 2, wherein,
for each of said nodes of said first of said opposed
portionsg, the method includes establishing a constraining

35 relationship between said degrees of freedom of said node
and the degrees of freedom of an opposite node, being that
node on the gecond of gaid pair of opposed portions



sai d object, the thickness of said elenents is taken to be the thickness
of adj acent elenen[E! or proportional to the thickness of adjacent

el v g scl cet  -OTUNEIIBIG coces o s on 1oel < Foseoppased

i ncl udi na, sel ecti _
portions 8 surface‘of”sal d*obj ect__between whi ch BGIAUI2M3t | s

t hi nnest . 20 6 A nethod as clained in %ﬁy one of the preceding clains,
wherein said nesh conprises a lattice of trlangles guadril ateral s or
ot her si npl SPPREDES, safdtnede pivhen asid oppeedte28ode existsodms cl ai med

in any one bbtﬁbénpéeg&dd%&'é‘éé\l ,frefeabmagal ¥§i&9:t16&l§ ﬁé%‘&tﬁa Ce>f ggtgrnil
stresses or ' ced.in obj ec ring its panufactur

met hod as chﬁggé |%Ec TP 95, (ﬁf Ekéffn £ BB PRRR I VremRBYsi ng of said
obj ect caus®eipg Shay elepent ot IE@é-dls oppogedecpertion. oppomiteaadd cl ai ned

in any ohe abakhewnéscoshoiitd ddde acdd ¥Ber &kfiseai d method includes
creating said surface nmesh by «creating or inporting a stereolithography

representation of said object. WO 01/29712 | 1LLELEL LREEELr reeer rrernr
1111 PCT/ AUGEY 0A method s B:lajmed Hodany ohei ofdthe mrecestingiclalims,

precedi ng ﬁharalsnl "ﬁ‘i Lwﬂlra%uﬂs%atmagggggdelsﬁ f%?f‘fs ;ﬁ%g%}’ é:(l::zt:.%'i:ﬁ@ gng or
:ggfgb:ﬂg 2a?ée ré&ﬂ?éﬁé&ﬁ gp%ﬁ?@nF ¢ 3Ftual t qﬁiﬁﬁﬁj°§sséF§|ned in
any onelbf Phéeptei:éoh-mgtszlmmbmspedafiaeobm rothickmeefsoandd by a
conput er rupAkps St 1 GRW simageanh&ﬁﬂélme e P HIdxhaks288! VSi ng
the structuraﬁ o§§£§¥¥ﬁihe e%;&%nhss of said elements is taken to be
the thickness of adjacent elements, or proportional to the
thickness of adjacent elements.
15
5. A method as claimed in any one of the preceding claims,
including selecting said pair of opposed portions to be
those opposed portions of saild surface of said object
between which said object is thinnest.
20
6. A method as claimed in any one of the preceding claims,
wherein said mesh comprises a lattice of triangles,
quadrilaterals or other simple shapes, whether planar or
curved.
25 _
7. A method as claimed in any one of the preceding claims,
for analysing the effects of internal stresses or loads
induced in said object during its manufacture.

30 8. A method as claimed in claim 7, for analysing
deformation or warping of said object caused by said
internal loads or stresses.

9. A method as claimed in any one of the preceding claims,

35 wherein said method includes creating said surface mesh by
creating or importing a stereolithography representation of
said object.
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12. A method of manufacturing an object, |nclud|ng anal ysing the
structural response of said object according 15 to the nethod clained in

any one of the pre Inm An object or part of an object

manuf act ur ed accorammmlﬂ ﬂmmod of claim12. 20 14, An apparatus for

anal ysi nWOO®@9M2 r uctur é of ah obj ct hayi ng an out er sHFT/AUL0 &j‘g‘ﬁprl sing a
plurality of surface portions, having: ﬁndelllng nmeans for formng a three
di rensi onal nodel of said object, said nodel conprising a surface nesh 25

representative of said outer surface and conprising a plurality of

eccentric shell Rlssenda, aﬁ\/fﬂﬁ:ib&&&hdﬁy onled ofckhgepiacedingf i ned by a
ooy oee. of CEFAZASD Medidng LI ARAG UL Mot llofS? 00 o0 of o

degrees of Fies assi 0 eac Sai d” el ements a 30
t hi ckness |nd|caFF?éteﬁghe?fi¥§°!ﬂﬁ9qIﬂ @Wﬁ@@@léthgaraphﬁbject at said

respectiye ebp¥eBbntaELLOS égrsgﬁﬁldujgbt'fghdeach of said elenents, a
reference surface_that.includes the | res Ve elenent and
that is coinci deh{’@ﬁﬂ’h"gaﬁ‘%"glﬁﬁ%{&? %f?i?é: pi‘?’ §5P63F§§§%%%?% el enent ;
constrai ning neans for establishing, for a pair of opposed portions of

said surfacgg.a ﬁ%é&h@&%ﬂ%iéiﬁéd | i eyt olalaltaff %i&lﬁkééééin& adfRd]
/29712 PCT/ A

2 elatio giveen sal ree s of freedom
of each of §F81ﬁ058§d0 ?’ﬁ%‘;‘fﬁ s"fe%z?%dg SpfoSCHPP FFI Rai d
degr eesldf fTompdbgroprogranrenceding sdisi metbodoforhanaiysing tﬁe said

opposed portslt%%tu5a§”i\la¥ébﬁs8‘9@flsaﬂ%dﬁ?!tf orming a finite el enent
structural analysis of sald object out putting neans for outputting one

or nore results of said structural analysis.
12. A method of manufacturing an object, including

analysing the structural response cof said object according
15 to the method claimed in any one of the preceding claims.

13. An object or part of an object manufactured according
to the method of claim 12.

20 14. An apparatus for analysing the gtructure of an object
having an outer surface comprising a plurality of surface
portions, having:

modelling means for forming a three dimensional model
of said object, said model comprising a surface mesh

25 representative of said outer surface and comprising a
plurality of eccentric shell elements, wherein each of said
elements is defined by a plurality of nodes on said surface
and each of said nodes has one or more degrees of freedom;

means for assigning to each of said elements a

30 thickness indicative of half of the thickness of said

object at said respective element;

means for defining, for each of said elements, a
reference surface that includes the nodes of said
regpective element and that is coincident with said surface

3% mesh at said respective element;

constraining means for establishing, for a pair of
opposed portions of gaid surface, a constraining



10 15. An apparatus as claine m 14, wherein each of said neans
conpri ses conputer program priM”BJEmymﬂ”ﬂ" 16. An apparatus as
claimed in claim15, including=*a ¢ executing such conputer

pr ogram %gqr)tlons 15 17. An apparatus as Slaimed in any one of clainms 14 to
16, wheM®PW2%M24 results of said anal Y§i,s_include data PGL/AYD

i ndi cating the expected defornation and dtFess state of the obj ect under
sonme internal or external |oad. 20 18. An apparatus as clainmed in any one
of claims 1&elg@tipnshipcbetveen gaid Aegraes Rf Fraedoms ofperghl @€ for each
of said nocma)hoaalsdohl thé Sirsei 6if aRins asbrtidd @oTribas afllabaigh a

constraini ng . %je%% ree Qeﬁ #.V\ggnoéglgr L6 %%bogode?ﬁggn}‘ng% sai d node

and the degrees o omo opposite nho ei n e on the
second of s#esopd of éﬁlépmeaeéw%'{#@ﬂyppo& te sai d node, when said
opposi tes node exnallysif’ mB&hBELSr SPeLESISRE S Finfitecdoemehtsai d node and

sai d degreesstof cft;ﬁ%q_o g%?goggdggié)f?b?] cqzo oagﬁom te el enment, being that

el enent of Sarg oppose N~ opposi Saild node, when opp05|te node
does not exi st. owpumlagpuﬁamsfras eutpuhidng, oney ognmose reanhEs fto 18,
35 wherein i@ WIechen1aghhtpsig. t0 each of said elenents a thickness
I's operable to enploy a thickness indicative of the total thickness of
said object at said respective | TITIT222120000 FEeer e 1220 111 S WO
01/ 297120PCH5AUOAN) apparatugas et bximad tire cla@dgnldy owherehicoae obf said
object if itgdial mea®s Bbipt9sdsfl éafptsn rddiatk pRoduceBlor PbLEford. i s not
possible to define the thickness of said object - to assign to said

el ements a thickness equal to the thickness of 5 adjacent elenents, or
proportionall&.o Ame apparkhussasfclaimed in claim 15, including a

computer for executing such computer program portions.

15
17. An apparatus as claimed in any one of claims 14 to 16,
wherein said results of said analysis include data or
images indicating the expected deformation and stress state
of the object under some intermnal or external load.

20

18. An apparatus as claimed in any one of claims 14 to 17,
wherein sgaid constraining means is operable, for each of
said nodes of said first of said opposed portions, to
establish a constraining relationship between said degrees

'25 of freedom of said node and the degrees of freedom of an
opposite node, being that node on the second of said pair
of opposed portions opposite said node, when said opposite
node exists, or between said degrees of freedom of said
node and said degrees of freedom of the nodes of an

30 opposite element, being that element of said opposed
portion opposite said node, when opposite node does not
exist.

19. an apparatus as claimed in any one of claims 14 to 18,

35 wherein said means for assigning to each of said elements a
thickness is operable to employ a thickness indicative of
the total thickness of said object at said respective
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adj acent el enents. 20. An apparatus-as clained in any one of clains 14 to

19, wherein the apparatus is | ect as said pair 10 of
opposed portions those oppose“lW”"ﬂF“ﬁﬂuwnimd surface of said object
bet ween which said object is thirhedst. "21s apparatus as clainmed in any
one of caiomme7dd to 20, wherein said nmesh conprises a PpariAUos01242
triangles, 15 quadrilaterals or other-sBopte shapes, whether planar or

curved. 22. An apparatus as clainmed in any one of.clainms 14 to 20, wherein
sai d analys bieﬂ&ﬁﬁsthé Q@eﬁaﬂ&ﬁul qu‘dms@d olf0sadl 8B3by¥Eeitheceffects of

i nt er nal stresse o] I nduc ect during its, nufacture
23, A compuPBPEEPEO HRGUGE ERE it S KBS AsAEE r BEPER “EnbBdRty t he
met hod for peskdbléotoadefime he [khisthnestsuofl said pbigohse O@ age b ect
accordi ng t @oaBY%i@NE18hefit s 4BrHid¥hesk!- e&z&l %oC%EBUEﬁickﬁéﬂal%E st orage

di t th t hod f t hod
Pgrlgg]g grégPﬁﬁePh e@??ﬁ%?%?dsrr S gyoﬁﬁg Fgaggﬂ?g?n neang one

of clains lafijatént elements.

20. An apparatus as claimed in any one of claimgs 14 to 19,
wherein the apparatus is configured to select as said pair

10 of opposed portions those opposed portions of said surface
of said object between which said object is thinnest.

21. An apparatus as claimed in any one of claims 14 to 20,
wherein said mesh comprises a lattice of triangles,

15 quadrilaterals or other simple shapes, whether planar or
curved.

22. An apparatus as claimed in any one of claims 14 to 20,
wherein said analysis means is operable or configured to

20 analyze the effects of internal stresses or loads induced
in the object during its manufacture.

23. A computer provided with or runnihg a computer program
encoding the method for method for analysing the structural

25 response of an object according to any one of claims 1 to
11.

23. A computer readable storage medium provided with a
computer program embodying the method for method for

30 analysing the structural response of an object according to
any one of claims 1 to 11.



