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This habilitation thesis describes thecientific and professionahchievementsreached by the
author within 2012 and 2024 and it is organized in five chapters which are related to the fields
of lightweight structures and optimization methods.

The first chapter presents the concept of hierarchical sandwich structures and the contribution
of the author in this field. A scond order hierarchical sandwich structure made of self
reinforced polymers by means of a continuous folding procesas developed and analyzed in
comparison with other existing solutions from a static strength and stiffness perspective, as
well as from the impact energy absorption capacity perspective.

The second chaptedescribesthe concept of hybrid structures. A practical approach is used
here to prove the benefits of using carbon fiber reinforced PET when used to substitute steel
in structural components. Another two investigated case studies in this chapter are related to
the development of a hybrid bll screw drive with CFRP shaft and steel nand the
development of a lybrid wheel flange both products being subjected to patent applications.
The third chapter discusses the topic of optimization of mechanical structures and systems,
and it is split into four subchapters: the description of the topic, the parametric optimization,
the non-parametric optimization and the multiobjective optimizaton.

A short description of what the optimization process means within the development of a
mechanical product is given first, by showing what are the requiregss for defining and
solving an optimization problem

Related to the parametric optimization subject, two study cases are addressed. The first one
is related to the stiffness and strength graphical optimization of theesond order hierarchical

sandwich structure made of selreinforced polymersbased on an analytical model. The
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second study case is addressing the problem of mechanical system optimization, with the aim
of proving the functionality of the concept and of increasing its efficiency.

The non parametric optimization subject is covered by a study case related to tlepadlogy
optimization of hightemperature pressure vessel of a 20KW ThermoLift Heat Punispart
from the topology optimization, the other existing norparametric optimization techniques
are shortly addressed: shape optimization, topography optimization, size optimization and
free-size optimizationare shortly addressed.

The multi objective optimization is first described from a theoretical point of view, indicating
how the result of such optimization needs to be interpreted. Further on, the contribution of
the author within the research project entitledOptFRPBod)Optimization of Body in FRP
Composite for small Electric Vehicle), at KAHRoyal Institute of Technology, Department of
Aeronautical and Vehicle Engineering further on discussed. Another presented case study
refers to the multi objective optimization of themally stressed steelcomposite hybrid joints.
Eventually, theevolution and development plans fdiuture career developmenbf the author

are detailed.
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The scientific and professional achievementpresented in this habilitation thesis are
registered in the period 20122024. The topicsaddressed are related to the field of
lightweight structures and optimization methods and there are structured ifive main
categories:

Hierarchical sandwichstructures,

Hybrid structures,

Parametricoptimization,

Non-parametric optimization,

= == =-—a -4 =2

Multi- objective optimization.
Thus, the followingfive chapters will detail the actual contribution®f the author in these

fields.
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1.1 Description of the topic

Pof xbz wup sfevdf wuif wfijdmftn gbsut xfjhidt
stiffness and strength to weight ratios. Therefore, material (re)selection represents an
important weight optimization criterion and composite materials having improved mechanical
properties are usually searche(M. F. Ashby, 2011 However, apart from material type, shape
criterion is alsomportant, and it may represent an added advantad®. F. Ashby, 2013; M. F.
Ashby & Bréchet, 2003)An example of a near optimal use of material is given by the sandwich
concept(Zenkert, 1997 Wwhere the bending stiffness of the structure is increased by placing a
lightweight and thicker core between two thin and stiff face sheets while the weight is
negligibly increased. The continuing research on improving the overall mechanical
performance ofsandwich structures focuses also on developing novel core configurations,
made of composite materialsto gain an improved mechanicdehaviorof the core. Examples

of such efforts include composite corrugated cordRussell et al., 201Q)square honeycomb
cores (Russell et al., 2011)rhombic andKagomehoneycombs(X. Zhang & Zhang, 2013)
pyramidal lattice truss coregKooistra & Wadley, 2007; Queheillalt et al., 2008; Y. Sun & Gao,
2013; Wadley & Kooistra, 2009; Xiong et al., 2010; G. Zhang et al., 20L3)vel expanded
coreqVelea et al., 2012; Velea & Lache, 201A)though many of these structures provide
competitive weight specific strength and stiffness, their main drawback is related to
manufacturing steps which are often complicated and difficult to be integrated within a
continuous production line. The moreecent development of additive manufacturing

technologies allows generating complicated and efficient cellular shapes but on a limited scale
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yet (Dragoni, 2013; Rezaei et al., 2018he hierarchical sandwich concept has been introduced
as a solution to increase the iplane shear and the out of plane compression performance
(Fan et al., 2014; Kazemahvazi et al., 2009; Kazemahvazi & Zenkert, 2009; Kooistra et al.,
2007; Yin et al., 2013)The up to date developed hierarchical sandwich structures are obtained
by assembling at least three separate components through a specific joining method, the
contact area being placed within geometric planes that are parallel to the middle surface of
the structure. This configuration leads to a disadvantageous way of transferring loads
between components because the #plane shearbehaviorof the structure is influenced by

the shear properties of the joint.Moreover, the recycling capability representsnather
important issue which is currently difficult to deal with as typical hierarchical sandwich

structures consist of several different materials.

1.2 Achievements

. Second order hierarchicaanadwichstructure made of selfreinforced polymers by

means of a continuous folding proces®/elea et al., 2016)

In this study a novel second order hierarchical sandwich structure and its manufacturing
principlewere described. The whole hierarchical structure is made of a fully recyclable material
A different forms of poly-ethylene terephthalate (PET): PET matrix, reinforced with Ri6&rs
(Self reinforced SrPET) and PET foam resulting in a recyclable structure. The manufacturing
path is developed such that it can be implemented within a continuous production line.-Out
of- plane compression testsvere carried outin order to determine the stiffness and strength
properties of the proposed structure. An analytical model is developed for evaluating the out

of-plane stiffness and strength properties and used for investigating the influence of the

8
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geometric parameters on the structural performance of the proposed hierarchical sandwich
structure.
The second order hierarchical sandwich structure is obtained through a continuous flow of

operations described further on, related to Figure 1.

Figurel Schematic illustration of the manufacturing principle for the second order

hierarchical sandwich structure

The process starts with the first phase (A) from a single sheet material which contains
monolithic (1) and sandwich sections (2) arranged in an alternative way; the folding begins
within the second phase (B) where the sandwich sections (2) are rotated gltmeir edges
with an angle equal to 90 - . The joining (4) of the sandwich sections is made within phase
(C) through the contact areas (3) which are placed perpendicular to the neutral plane of the
structure and which are obtained by the definition of & and| angles in terms of the desired
final angled and of the sandwich sections length 12.

The used SrPET composite materiafpoly-ethylene terephthalate fibres (SrPET) and pely

ethylene terephthalate foam (PE)Jprovesto be a good alternative with respect to lightweight
9
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design but also considering its lower life cycle environmental imp#&Poulikidou et al., 2015)

an high impact energy absorption capacifitazemahvazi et al., 2015aThe SrPET composite
consists of a low melting temperature matrix PET (termed LPET) and a high tenacity PET
(termed HTPET) as fibre material. The LPET is chemically modified to melt at approximately
170°C whereas the HTPET melts at 260°C. During consolida, the temperature should be

as high enough to melt the LPET and wet the fibres but not too high so that the HTPET fibres
degrade and lose their reinforcing properties. A previous study showed that laminates with
good mechanical properties can be congtdted at 220°C for 20min under a pressure of
1.5bar above ambient pressuréSchneider et al., 2013Yhe SrPET material used in this study

is a commingled balanced 2/2 twill fabric with an areal weight of 0.75kgl and 50%
reinforcement fibres measured by weight (supplied by Comfil®@AREomfil® APS.
Thermoplastic Composites Denmark, www.comfil.biz, 20}4)Jsing theabove mentioned
process parameters, one layer of woven fabric results in a lamina with a thickness of 0.45mm
and a material density of 1380kgn®.

The compression modulus and ultimate compression strength for the SrPET composite is
5.3+0.2GPa and 94.7+0.7MPa, respectively. A material yield point is observed at 35MPa after
which the stiffness of the material reduces and results in softening. For détaon test
procedures and specimens dimension readers are referred to previous work performed by
Schneider et a(Kazemahvazi et al., 2015b; Schneider et al., 2013)

The foam used is an ArmaForm PET AC with a density of 100k§mAccording to the
manufacturer reference, the compression modulus is 105MPa, the shear modulus is 25MPa
while the compression strength is 1.5MPa and the shear strength is 0.9MBP&macel/
Benelux. ArmaFORM PET/W Technical Data, Rue de Trois Entitie8-8890 Thimister

Clermont.<www.Armacell.Com> [Accessed 02.04.2014h.d.)

10
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No additionalmaterials are used for joining.

A hot-press is used for consolidating th8rPETfabric and at the same time joining it witkhe
foam, thus the unfolded plate containing thalternative monolithic and sandwich sections
results. Firstly, the bottom aluminum profilegseeFigure2) are arranged parallel to each other
at a specific offset in such way to allow the profiled PET foam and the layer(s) of fabric to fit in

between.

Hot press

Aluminum F
profiles

PET

Figure2 (a)Schematic illustration for the manufacturing of the unfolded structure (b)
positioning the foam profiles and the fabric between the aluminum profiles; (c) consolidated

plate with alternative monolithic and sandwich sections

11
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Secondly, the top aluminum profiles are aligned correspondingly, being guided by the edges of
the profiled foam covered with the fabric. A release film is used between the aluminum profiles
and the fabric. The previously described package is placed inhbie press where it is heated

up to 220°C within a heating rate of 20°Cmin, it isheldat 220° C undera pressure of 1.5bar
above the ambient pressure for 20min and cooled to room temperaturehel resulted
consolidated plate is extracted from the hepress, cross-section within the resulted
consolidated platewith alternative monolithic and sandwich sections is presented within

Figure 4

Figure3 Cross section within the resultedconsolidated plate with alternative monolithic

and sandwich sections

Different values for the geometric parameters 11 and |12 are possible to be obtained by
arranging the aluminum profiles having the same shape and same cr@extion as shown

within Figure4.

12
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Figure4 (a) single aluminum profild I ; (a) grouped aluminum profiles 3I,

The resulting second ordehierarchical corrugated sandwich structure results by simply
folding the consolidated plate described fRigure3. Starting from the consolidated plate (see
Figureb), the folding edges are locally heated until the PET matrix is softened. The sandwich
sections are thenbent around the folding lines until they close the triangle and form the unit
cell. The joining between the folded sections is formed with no additional material (Begire

5), just by means of the melted PET matrix.

Pard
” 7 7
pe - ’
s 5
v’ >
et : 7 7
A ,/ 7 7/
P ’
z AN,
7’ 0y
7 7 7
’ ot
S
7
’ 4
’,
-~ Folding line Q‘

— Joining area

Figure5 Folding the consolidated laminate with foam inserts to a hierarchical sandwich

structure

13
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Figure6(a) illustrates the resulted hierarchical sandwich structure after the folding process is
finished. A more detailed image of the joining area is given in Figure 7(b). Apart from the
material joining, there is a mechanical interlocking between the sandwiséctions that
contributes to a better load transfer within the structure. In terms of a specific application, the
resulting structure might be used as it is, meaning that the thickness of the monolithic sections
can play the role of the structural face sheets or, if requiretiditional structural face sheets

can be added.

Figure6 (a) The resulted hierarchical sandwich structure (b) Cross section within the joining

area

The parameterized topology of the unit cell is shown KFigure 7, where:/; A length of the
sandwich section /> A length of the monolithic section/7A height of the sandwich unit cells.

A thickness of the foam A thickness of the face sheets) A folding angle.

14
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Figure7 Unit cell and its geometric parameters. The dotted area is representing the

structural foam

The relative density of the sandwichy is defined with:

a6 ¢co T10AT10 10 (1)
o aAlot10 aOEIT

The density of the structure, including the monolithic elements (e.g. face sheets), can be

derived further on by:

T B @

15
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where

- MwigA represents the density of the solid material

- MwanA represents the density of the foam

- Veoi= (@tAli+12)+1{td2c085 +142Sin 5 )b, Vioan— 21t Veruenre= bHL, where bis the unit

cell width and Vcomes from Volume

The out-of-plane compression properties are evaluated through experimental tests using a
hydraulic Walter + Bai testing machine with a load cell of 63kN. The tests were displacement
driven with a constant crosshead speed of 2mm mifh.

The experimental investigation is done on unit cells. However, in order to avoid the edge
effects, each specimen is glued using epeXased glue- Araldite® on a metal block having

a U shape thus simulating the continuity of the structure (séégure8).

Figure8 Specimen used for mechanical testing in out of plane compression

16
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The effective elastic modulu€z and the ultimate strengthAz are determined based on the
nfbtvsfe sfbdujpo gpsdf dpssfmbufe xjui ui
geometric dimensions.

Four geometric configurations were tested by varying the value of foam thickness tf and
length I1,(see Tablel). These configurations were possible to be made with the same shape
for the aluminium profiles as shown ifrigure4. Three specimens have been tested for each

geometric configuration.

Table1l Geometric configurations investigated experimentally

Configuratio Ly I t; Ny M
n [mm] [mm] [mm]  [-] [kgm?]
I 0.45 24 7.1 0.738 232
Il 0.90 25 6.2 0.715 346
1]l 0.45 81 7.1 0.245 23
v 0.90 82 6.2 0.259 41

The effective compressive elastic modulus is theoretically obtained by means of an analytical
model based on elementary sandwich beam theory. Similar investigations were carried by
Kazemahvazi et. alKazemahvazi & Zenkert, 2009pr corrugated cores and by Yin et. @in

et al., 2013)or pyramidal cores with sandwich core members.

Assuming an unit imposed displacementz applied on the unit cell a total reaction force Fz

results (seeFigure9).

17
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Fn=Fsing

7
e Wo..
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Figure9 Unit cell under outof-plane compression loading

Evf up ui f tusvduvsftn tznnfusz ui f bobmzu
deformation of a single sandwich strutWhen looking at theright-hand side sandwich strut

the reaction force Fz can be decomposed in the two componentsARFepresenting the force

acting along the sandwich strut and+FA representing the force acting perpendicular to the
sandwich strut, where Fz=ksind +Fcos) .

Based on the sandwich beam theor{Zenkert, 1997) the resulted forces kand i may be

calculated according to Equations (3) and (4):

|

0 3)

a a
o0 Y
o I @

a
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where:
- 1A Sind ) =) £osd

- 0 (00, represents the extensional stiffness

- O ———, represents the bending stiffness

- Y —————, represents the shear stiffness

/irepresents the length of thestrut (seeFigure9).

The nominal stress that occurs within the investigated structure is
” #’ 8 (5)
CcaAlNO
The nominal strain within the structure is defined as:
7 ©)
— 8
Q

The effective elastic modulus in out of plane compressiépis defined as:

0O -8 (7)

Eventually, fromEquations(3)- (6), & becomes:

D Ao oo OETHY
O iy & =5 5 & @)
000 0 0O 0o o o
O TR 8
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The out of-plane compressive strength of the hierarchical sandwich structure made of self
reinforced polymers is determined here based on the previous work of Yin efdin et al.,
2013, 2014)and Kazemahvazi et a(Kazemahvazi & Zenkert, 2009}-our failure modes are
considered when calculating the theoreticatrength: local buckling, general buckling, core

shear buckling and shear failure of the core.

1 Local buckling
The face sheets of the sandwich core element can buckle when they are relatively
thinner due to the existing iAplane loads. When such a failure mode occurs, the -out

of-plane strength of the structure can be determined through Equati{®):

e o 2l Ai1o v
0000 OF lorg5ET o P ©)
500 0 00 0 o,
" AlTOa c¢o

1 General Buckling of sanadwich struts
For longer sandwich struts and lower core thicknesses, the expected failure mode is

general buckling. The compressive strength of the hierarchical structure is therefore

determined by Equatior(10):

0" 5 6ETS o X Al O o
€07 00RIO 0 AHEEy 5 Pa (10)
500 0 00 0o o

" aAlnoa c¢o
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1 Core shear buckling
The compressive strength of the hierarchical structure in case when the shear buckling

failure of the sandwich struts occur can be determined by Equatidn):

RN Al O &y
00 OA 5 BET 5 P (1)
o0 o 00 0o Q4
? a ¢o

1 Shear failure of core
This failure mode occurs when the shear stress in the core equals the shear strength
of the core materia[19]. The compressive strength of the hierarchical structure can be

calculated using EquatioffL2):

oa AO p
to o O p
OANO 6 0 (12)
” N 8
a co

Figure10 shows the experimental compressive stresstrain response for the configuration |
and Il where tf = 0.45mmTable1; this value for tf corresponds to a single layer of SIPET
material. As expected, lower values for the tc/I1 ratio will provide higher ultimate strength, 2.9

MPa vs. 1.6 MPa.

21
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Figure10 Out-of-plane compression stresé compression strain response fort he

investigated geometric configurations | and ITablel.

However, the resulting specific strength indicates approximately the same performance for
both | and Il geometric configurationsge Table2. Local buckling failure mode is found when
testing both configuration | and Ill. The determined ewff- plane compression stiffness values
Ez indicates a more than two times increase for configuration | with respect to configuration
[ll. However, this rab is inversed when it comes to the specific stiffness, and it has a value of
3.8 cee Table 2), meaning that a higher stiffness performance with respect to weight is
offered by configuration IIl.

The experimental results obtained for the investigated geometric configurations Il and IV

where tf = 0.9mmare presented withirFigure11.

22
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Figurell Out-of-plane compression stresd compression strain response for the

investigated geometric configurations Il and I'¥ge Tablel).

The strength behavior is similar with the one for configurations | and Il only that the recorded
magnitudes are higher for Il and IV (6.5MPa and 2.2MPa respectively), as expected. The shear
buckling failure mode is found for both configurations 1l and NWowever, for a lowet/ /; ratio,

the general buckling of the sandwich strut was recorded as a pdailure mode (seeFigure

11).

The obtained stiffness is approximately two times higher for configuration Il compared to
configuration IV. When it comes to the weight specific stiffness, the value is four times higher

for configuration IV compared to configuration I, sd@able?2.

23
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Table2 Stiffness and strength results

Experimental results Analytical predictions
A [MPa] / A/Mm
Config E [ . ] E/m L E A [MPa] /
Failure [MPa / kg m )
[MPa] [MPa / kg m®] [MPa] Failure mode
mode 9

6.2 / Local buckling

29/ 419/ General buckling
I 185 Local 0.79 0.012 236.9 10.3/ Shear buckling
buckling 24.6 / Core shear

11.4 / Local buckling

6.5/ 336/ General buckling
Il 271 Shear 0.78 0.019 455 8.3 / Shear buckling
buckling 20/ Core shear

1.9 / Local buckling

1.6/ 11.8/ General buckling
1 70 Local 3.02 0.069 73 3.1/ Shear buckling
buckling 7.5/ Core shear

3.7 / Local buckling

2.2/ 11/ General buckling
\Y 141 Shear 3.42 0.054 142 2.6 / Shear buckling
buckling 6.4/ Core shear

Figure 12 illustrates, based on the developed analytical model, the way the ff plane
stiffness is influenced byd angle and by thet//; ratio, where {=8-2¢ with ¢= 0.45 for
geometric configurations | and Il ang= 0.9mm for geometric configurations Il and IV (see
Figure10).As expected£ is increasing with the increase of angle. Moreover, higher values
for the ¢/ /; provide higher stiffness properties but also higher densities.

A good agreement was found between the analytical model and the experimental results for
geometric configurations 1ll and IV (longer sandwich core elements). However, differences

were found between the analytical model and the experimental results for geetmc
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configurations | and Il, mainly due to manufacturing of the specimens with higléf; ratios
(shorter sandwich core elements). One issue is the misalignment of folding edges during the
folding process which was difficult to control for highet/ /; ratios.

The misalignment is causing a not even distribution of the load on the sandwich struts during
testing of the specimens. Another issue is related to the obtainédangle for the specimens
that vary from 55° to 60°. Apart from the geometric imperfections, material imperfections
also occur with an important contribution to the structurg behavior: the foam core degrades
during manufacturing and the resulted bonding is not perfect at the sides which can initiate a
premature failure.

The outof-plane stiffness of the investigated structure is compared as function of density
with several cellular structures irFigure12. The investigated configurations Il and 8liow a
higher stiffness compared with the commercially available foam structures (Armacell Benelux.
ArmaFORM PET/W Technical Data, Rue de Trois EntitieB-8890 Thimister Clermont.
<www.Armacell.Com> [Accessed 02.04.2014]., n.d.; DIAB Group. Divinycell® H Technical Data,
SE 31222 Laholm, Sweden, <www.Diabgroup.Com> [Accesed 21.11.2013], n.d.; Evonik
Industries AG, ROHACELL® IGHRG Properties, 64293 Darmstadt, Germany.
<www.RohacellCom> [Accesed 21.11.2013], n.d.) and with the pyramidal cores made of
Titanium alloy (Queheillalt & Wadley, 2009) and carbon fiber composite (Xiong et al., 2010) at
similar densities.

However, another pyramidal carbon fiber composite structure proposed by Li, M., et al. (Li et
al., 2011) indicates a significantly higher stiffness at approximately the same density. The

configurations | and Il reach higher stiffness values but also highensities.
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The outof-plane strength of the investigated structure is compared as function of density
with several cellular structures inFigure 13. At lower densities, configurations Il and IV
indicate higher strength than the Titanium lattice structures (Queheillalt & Wadley, 2009) and
similar strength compared to the tetrahedral structure made from aluminum (Kooistra et al.,
2004). Higher strengh performance is found at lower densities compared with the
commercial foam structures (Armacell BeneluArmaFORM PET/W Technical Data, Rue de
Trois Entities 9B-4890 Thimister Clermont<www.Armacell.Com> [Accessed 02.04.2014].,
n.d.; DIAB Group. Divinycell® H Technical Data,-3%E22 Laholm, Sweden,
<www.Diabgroup.Com> [Accesed 21.11.2013], n.d.; Evonik Industries AG, ROHACELL® IG/IG
F Properties, 64293 Darmstadt, Germany. <www.Rohac€lbm> [Accesed 21.11.2013], n.d.)

. A small increase in strength i®tind at higher densities for configuration Il and 1V resulting
in a worse strength performance compared to the other types of structures.
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Theexperimental investigations indicate that the best performance with respect to the weight
specific stiffness is offered by configuration IV. When it comes to weight specific strength, the
best performance is given by the geometric configuration Ill. It uis that the investigated
structure is very competitive at lower densities.

As shown by other authors, the SrPET material is suitable for impact energy absorption
applications due to a high ductility characteristic; the herein proposed arrangement of the
material may be an added advantage with respect to impact performanthis conclusion has
led to the next studywhich is related to the investigation of the specific impaperformance.

A patent of invention has been published for theerein presentedand analysed hierarchical
sandwich structure2018 (Velea et al., 2018)An extract from this patent of invention is shown

in Figure14.
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RO 130161 B1

(51) Int.CL.
B32B 1/04 200501

Fig. 1

Figure14 Extract from the obtained patenbf invention
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I/ Energy absorption of allPET 2nd order hierarchical sandwich structures under

quasr static loading conditiongVelea & Lache, 2019a)

Apart from high strength and stiffness to weight ratios, the specific energy absorption (SEA)
capacity of lightweight structures and, more specifically, of sandwich structures represents a
major interest from an impact protection perspectivéM. Ashby et al., 2000; Gibson & Ashby,
1999; Kazemahvazi et al., 20125everal constructive solutions were proposed in order to
reach higher SEA performance criteria. In general, the cellular cores of the sandwich structures
are the components that count when it comes to impact performance. Whether these cellular
structures are made of metallic material§Cote et al., 2004; Smith et al., 2011; F. Sun et al.,
2016), CFRRKazemahvazi et al., 2009; Sebaey & Mahdi, 2017; Xiong et al., 2012; G. Zhang et
al., 2013)r a combination of several material&ostas et al., 2016, 2017; G. Zhang et al., 2013)
formed into simple(Shin et al., 2008; Yang & Qiao, 200&)complex shapegAn & Fan, 2016;
Fang et al., 2018; G. Sun et &Q16; Sypeck & Wadley, 2001; Ullah et al., 2016; X. Wang et al.,
2015,McKown et al., 2008}t is always a matter of finding the proper type and arrangement

of material(s) that offer the highest absorbed impact energy to weight ratio. A consistent
review with respect to the SEA performance of thiwalled tubes having different cross
sections, flled or not with stochastic foams, is done by Baroutaji A. et@aroutaji et al., 2017)

A critical review done by Brathelat FBarthelat, 2015)emphasizes the benefits of using the

so calledarchitecture materials with respect to impact energy absorption.

Recently, the seHreinforced polyethylene terephthalate (SrPET) materigschneider et al.,
2013; J. M. Zhang et al., 2009; J. M. Zhang & P2(40) has been investigated and used for

manufacturing different cellular topologies for sandwich structurg§Schneider, Velea, et al.,
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2015; Velea et al., 2016 Kazemahvazi et allKazemahvazi et al., 2015&nd Schneider et al.
(Schneider et al., 2016proved that these materials pose higher ductility compared to
conventional glass and carbon reinforced plastics, which make them appropriate for impact
protection applications(Schneider, Kazemahvazi, et al., 2018part from the obtained lower
life cycle environmental impac{Poulikidou et al., 2015)

An alkPET 29 order hierarchical sandwich structure has been previously propog&tdlea et

al., 2016)ased on a simple manufacturing route (i.e. folding of a single sheet of material which
has monolithic and sandwich sections distributed in an alternate wal)gure 15, Figure 16,
Figurel7. This structure is herein investigated based on a validated FE model, with respect to
the specific energy absorption under quasitatic loading conditions, for several geometric
configurations. A comparison of the specific energy absorption for the invgated structure

is made with thestate-of-the-art cellular structures found in the literature.

sandwich structure elements

monolithic elements

214 order hierachical sandwich structure

] PET foam

StPET material

Figure15 Manufacturing principle of the2" order hierarchical sandwich structure
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122

Figure16 The unit cell of the investigated alPET 2nd order hierarchical sandwich structure
and its geometric parameters [29]. The dotted area represents the PET structural foam.
Geometric parameters: |A length of the sandwich section, |12 length of the monolihic

section, hA height of the sandwich unit cell, t& thickness of the PET foam, th thickness of

the face sheets) A folding angle

Figurel7 The alt PET 2nd order hierarchical sandwich structure (b) Cross section within the
joining areaA no additional material is used for the joining procedure; the joint is done by

locally melting the PET on the face sheets, pressing and cooling [29].
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The numerical investigation is performed based on a validated FE model developed in Abaqus

commercial softwareto extract the force- displacement curve in outof-plane compression

quast static loading conditions for 10 geometric configuration@able 3). Based on these

results and by following the resulted deformation modes, an evaluation of the absorbed

energy capacity can be performed.

Table3 The investigated geometric configurations is kept constant at 60°, as well as th

width of the specimens, w = 40mm

Configuration t/[mm] t:[mm] /; [mm] />[mm] Almm]  m\ | h r
I 0.45 7.1 24 25.8 23.64 232
I 0.9 6.2 25 27.6 25.94 346
1" 0.45 7.1 81 80.8 70.99 23
v 0.9 6.2 82 84.6 75.31 41
\% 0.45 4.2 34 34.8 31.16 75
VI 0.9 8.5 35 36.6 33.74 254
VI 0.45 4.2 56 56.8 50.21 29
VI 0.9 8.5 57 58.6 52.79 105
IX 0.45 4.2 100 96.8 84.85 10
X 0.9 8.5 97 98.6 87.43 39

The layers of STPET material are modelled as shells while the PET foam is modelled as solid,

Figure18. 8 node linear solid elements, type C3D8R, with reducedegration and hourglass

control are used for the discretization of the foam geometriiure19). The shell geometry is

meshed with 4 node linear elements, type S4R, also with reduced integration and hourglass

control (Figurel19).
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SrPET - Shell geometry

Foam - solid

geometry

Figurel8 Type of geometry of the components (foamPET and SrPET).

Figure19 Discretization of the geometry with finite elements

The bottom and side surfaces of the unit cell are constrained, as showfigure20, to avoid

the edge effects. An imposed displacement is applied on poinEfgure20, which is connected
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by means of a kinematic coupling constraint to the top surface of the structure. Along with the
simulation history, the reaction force is recorded on the same point A. The imposed
displacement is calculated, for each geometric configuration, to obtar=7/h = 0.1, where

h represents the initial height of the structure.

The foam (solid elements) is connected to the SrPET face sheet (shell elements) through a tie
constraint, Figure20. A seltcontact is defined by using the surfaeéo- surface discretization
method (Dassault Systemes, n.dtp avoid penetration of the surfaces during the out of plane

compression of the structure (se€igure20).

U2=4, U3=UR2=UR3=0, U1=URT=free

i~ = Tie

—een Self-contact

U1=U2=U3=UR1=UR2=UR3=0

Figure20 The applied boundary conditions and constraints.

The elastic and plastic material data considered in the numerical model for the SfPET material
are shown inFigure21 and they are established according to the measurements published by

Schneider et al(Schneider et al., 2013nd by Kazemahvazi et alKazemahvazi et al., 2015a)
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The data describing the elastic and plastic material behavior for the PET foam material is
shown inFigure22 boe j u |t cbtfe po ui {ArmacelpBernelX s nt
ArmaFORM PET/AC Technical Data, Rue de Trois Entitid3-€890 Thimister Clermont.
<www.Armacell.Com> [Accessed 02.04.2014).d.) correlated with the experiments carried

out by Costas et al(Costas et al., 2017)
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Figure21 Plastic material behavior of the STPET material considered within the FE model
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Figure22 Plastic materialbehaviorof the PET foam considered within the FE model
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The developed FE model is validated by comparing the experimentally obtained stisssin
curves for the geometric configurations |, Il, Ill and IV (Sesble 3) and the corresponding
analytical solution, both obtained by Velea et l/elea et al., 2016)with the ones numerically
obtained herein, fromFigure 23 to Figure 26. Based on the numerically obtained foree
displacement curves, the stresg is obtained by dividing the measured force F to the area of
the unit cell (v AL), while the strainris given by the/ Aratio, where) represents the imposed
displacement and h is the initial height of the unit cell (see Figure 4), similar to Harris J.A. et al.
in (Harris et al., 2017)

Figure 23 shows that, for case I, the peak strength is twice compared to the numerical and
analytical results, the latter two being very close in value (3% difference). This major difference
between the experiments and both the numerical and analytical solutions ¢canexplained by

a high sensitivity on the manufacturing method of the specimens (i.e. band saw cutting, at
moderate speed, in order not to melt de PET under friction) where the foam suffered at the
edges a premature crack at the interface with the SrPEAcé sheet. In addition, as shown in
(Velea et al., 2016)the failure mode for this geometric case was the local buckling which is
initiated by the above mentioned premature crack. However, since both analytical and
numerical results are close to each other, it is expected that an ideal manufactured sample will
have a similar experimental behavior. In terms of stiffness, a slightly higher value is obtained
numerically, as expectedl'he postfailure region of the numerical model is comparable with
the experimental curve.

When looking at case llIFigure 24, the maximum strength is very well predicted by the
numerical model compared to the experiments. The analytical solution is a bit higher but still

within acceptable limits (1% difference). The numerical estimated stiffness is slightly lower
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compared to the experiments. The posdhilure region of the numerical model fits very well the

experimental curve. The failure of the core is initiated by local buckling.

7
6F -~~~ o e I,/t.=3.5 (Experiment) (Veleg, 2016) . .
ol /b et =35 (Numeric) ‘ Experiment Numeric
= I," i |- - 1,1/t =3.5 (Analytic) (velea, 2016)
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=, / . I
L 1 ~
3 i \\.~-‘.~
I Y e Tt e
2r J
'I
LI F
i
o i
0 0.02 0.04 0.06 0.08 0.1

Figure23 The obtained numerical results compared with the experimental results and

analytical calculations for case | (Table 1).

——1Il, 1 /t_=11.3 (Experiment) (Velgn, 2016)

N s | A e _ Experiment Numeric
]
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Figure24 The obtained numerical results compared with the experimental results and

analytical calculations for case Il (Table 1).

Figure25 shows that scattered solutions are obtained for case Il, for the maximum strength

point of view. We certainly have the same influence of the manufacturing method, like case I,
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that gives a difference of approximately 45% between the experimental and numerical results.
However, the difference is not as big as in case | because the thickness of the SFPET material
is doubled (0.9 mm instead of 0.45 mm) which increased the stiffnest the strut and
therefore being more stable when cutting the specimens. The analytically obtained value is

however close to the numerical one (15% difference). The structure fails, in this case, by shear

buckling.

10 3
b | ——11,1,/t =3.8 (Experiment) (Velga.[2016)

1

I &

i s | R, — i 1 . -
; Il, 1,/t,=3.8 (Numeric) Experiment Numeric
]
i

- = -1l 1./t =3.8 (Analytic) (Velea, 2016)

o [MPa]
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I

.
——
—_———
e,
e e

Figure25 The obtained numerical results compared with the experimental results and

analytical calculations for case Il (Table 1).

For case IVE-igure26, there is an almost perfect correlation between the numerical, analytical

and experimental results. The observed failure mode is shear buckling followed by general

buckling.
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Figure26 The obtained numerical results compared with the experimental results and

analytical calculations for geometric configurations IV (Table 1).

It is therefore concluded that the FE model predicts very well the experimental behavior for
case Il and IV; these results are also strengthened by the analytical results. Differences exist
for cases | and I, at highey 7.ratios, where the structure is denser and where there is a major
influence of the manufacturing method on its experimental assessed behavior.

Based on the validated FE models for geometric cases I, Il, lll, and IV, additional geometric
cases V to X, Table 1, have been investigated in gquststic loading conditions to extract the
force - displacement curveFigure27.

By having the force- displacement data, and by taking into consideration the size of the
specimens,Table 3, for each investigated case, the StressStrain relationship is reached,
Figure28 Strain- Stress curve for the investigated geometric configurations.

The corresponding deformed shapes of the geometric configurations V, VI, VII, VIII, IX and X, at

R= 0.1 are shown irFigure29 The deformed shapes of the structures (V to X) for 0.1.
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Figure27 Force- Displacement curve for the investigated geometric configurations.
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Figure28 Strain- Stress curve for the investigated geometric configurations.
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Figure29 The deformed shapes of the structures (V to X) for 0.1.

Several quantitative criteriaxist for the evaluation of the energy absorption capacif§ibson

& Ashby, 1999; Nagel, n.d.Dne of the most used refers to the determination of the specific
energy absorption capacitys, [KJ/Kg], which is the absorbed energy per unit mass. Thus, the
specific energy absorption capacity of a structure is calculated as the ratio between the

absorbed energyEssand its mass m, equatiorl3).

where,
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(o) "0 Qih (14)

with:  mA mass of the structure;FA measured force) A crushing distance

It is known that higher values for the reaction forces are obtained at higher strain rates when
compared to a quasistatic loading(S. Lee & Espinosa, 2005; Tancogimejean et al., 2016;

Xiao & Song, 2018)meaning that higher SEA capacity results as the strain rate is increasing.
Therefore, the current SEA estimation, based on quasatic loading conditions, allows
obtaining the lower boundary for the energy absorption capacity.

The energy absorptiorEssand the corresponding specific energy absorptids, are calculated

herein forr = 0.1. This condition results from the need of a comparison base between the
investigated geometric cases (sekigure27, where the compression depth differs from one
geometric case to the other) and the other types of cellular structures from the technical
literature. Figure 30 shows that, for the investigated hierarchical sandwich structure, the
specific energy absorptiorE,increases while the// t.ratio decreases. For the samg/ #ratio,

the specific energy absorptiols,j odsf bt ft wuxjdf gps wuif dbtf J
dbtf JJJ )34 | h nt4*/ Ui f tbnf cfibwjps jt t
)52 | h n!t4*- xijdi | oej db ubk&,valueshvith the gegsitydThé e - b
value of the £, doubles while the density of the structure is ten times increased. Another
observation is that the &, is increasing by 20% while doubling ghthickness #;of the face

sheets.
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Figure30 The resulted&, in terms of the geometric parameters of the investigated structure

Figure 31 shows a comparison of the specific energy absorptiof, obtained for the
investigated structure with the one of different types of structures found in the literature
(Figure32> j o ufsnt pg tusvduvsftn efotjuz/ Gps
KJ/Kg), the density of the alPET 29 order hierarchical sandwich structure is five times lower
compared to the one of the lattice structures made by steel through additive manufacturing
(McKown et al., 2008and seven times lower when compared to the micrsusses made from
Nichrome alloy(Sypeck & Wadley, 2001)t can also be observed that, for the same density
wbmvf ) 51 |[-PET 80rder hierarchichl samdwioh structure can reach a three
times higher specific energy absorption capacity compared to the lattice structures made from
CFRRSebaey & Mahdi, 2017However, a better behavior at the same weight is observed for
a hybrid structure that contains Aluminum, PET foam and GFRP reinforcements [11] and for a

type of pyramidal structure made from CFR({&. Zhang et al., 2013)
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Figure31 Comparison of the specific energy absorptidg, for different proposed cellular

structures forr= 0.1
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Figure32 Types of cellular structures used fazomparison of the impact performance
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The investigated alPET 2nd order hierarchical sandwich structure proves to be a competitive
constructive solution with respect to energy absorption capacity when compared to other
existing cellular configurations which are made through more complicatecamafacturing
routes. The herein proved characteristiaome both from the ductile behavior of the SrPET
material, combined with the PET foam, and from the geometric arrangement of the
investigated cellular structure. This competitive behavior represents an added value for the
investigated 2nd order hierarchical salwich structure in addition to the already proved
advantages, such as mechanical performance in eoft plane compression and a lower life

cycle environmental impact through a high degree of recyclability.
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21l zcsje tusvduvsft

2.1 Description of the topic

Hybrid materials or arhitectured materials as they are defined by prof. Asi. F. Ashby,
2013; M. F. Ashby & Bréchet, 2003) s f p cubj odombinations ef ywo ior more
materials or of materials and space, configured in such a way as to have attributes not offered
by any one material alone Ih other words, hybrid materials are obtaine@y combining two

or more monolithic materials in chosen configurations and connectiatyM. Ashby, 2011)
While for composite materialsand structures the concept of hybridization is done at a
microstructure level, within the hybrid materials and structures the hybridization is done at

the macrodructure level.

2.2 Achievements

. Study case. Gnnecting rod for the antiroll bar made ofCFRP combined with steel
(Velea M.N., 2020)
The main purposeof this work was to evaluate the possibility of usingthermoplastic
composite materials(LPETreinforced with carbon fibe)) for structural a componentfrom the
suspensionsystem of a vehicleA i.e. connecting rod ( A hybrid structure theréore results by
replacing a portion of steel in the connecting roof the antiroll barwith the carbon fiber
reinforced LPETLo achieve lower weight while meeting the performance requirements of the

original component.
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Figure33 Anti-roll connecting rod

Forthe construction of the hybrid connecting rod, a 195 mm section was cut from the steel

central rod(Figure34) and replaced with an aluminum tube of the same diameter as the steel

rod (Figure 35 and Figure 36). The role of thethin aluminum tube is to provide support for

rolling the C/LPET fabric
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Figure34 Connecting rod\ original concept
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(a) Steel components (b) Thin aluminum tube

(c) C/LPET weave wrapped around the steel@mand aluminum tube
Figure36 BElements of the hybrid connection rod grooveswere made on the ends of the

connecting rod taincreasethe connectionstrength between the steel and theC/LPET
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Figure37 Rolling the C/LPET weave

After the C/LPET weavevas rolled,Figure37, the connecting rod was wrapped with norstick

foil andwith heat shrink tape to keep it together, Figure 38.

Figure38 The CPET weave is covered witleat shrink tape

The created assembly was placed in the oven, and tt@nsolidationprocess took place for
180 minutes, at a temperature of 200°C. During the entire processyacuumpump was used

to create negative pressure in the vacuum bagigure39 and Figure40). The LPET melts and
washes the carbon fiber at the same time while connecting the steel ends. No adhesive was
used for joining the elements. The LPET provides also a surface finish for the component

(Figure4l).
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Figure39 Hybrid connecting rodn the vacuum bag prepared for the thermabnsolidation

process

_ u;&’ﬁ;‘" s

Figure41 The resulted hybrid connecting rod

A Zwick testing machine was used for compression testirgf both connecting rods (original

and hybrid one)Figure42. An imposed force of 5000N was applied while measuring the
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resulted displacementAt 5000N, an elongation of 0.8 mm resulted in the case of the steel rod

while a slightly higher elongation is observed for the hybrid connecting {agprox. 1.3 mnj

(a) Steel connecting rod (b) Hybrid connecting rod

Results:
Pull out force
Legends| Nr N
Bieleta otel NN 1 5005
Bielta hibridi .| 2 5001
Series graph:

Force inN

1.0
Stroke in mm

Figure42 Comparative results between the original and the hybrid connecting rod
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However, a permanent deformation of 0.35 mm was observed for the hybrid connection rod
without any visible cracksKigure42). This hysteresis like behavior could be an advantage in a
dynamic loading regime. The hybrid concept for the connection rod provides a mass reduction

of 16,6%.
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I/ Study caseBall screw drive with CFRP shaft and steel ni@. G. Dima et al., 2016)
Figure 43 represents an extract from the patent numberDE102017114852A1 and
RO132354A2 coauthored by Velea M.N. Ehinvention relates to a ball screw drive,
comprising a threaded spindle (1) and a threaded nut (2) which is rotatably mounted on the
threaded spindle (1) via balls (4) guided in a ball channel (3), wherein the threaded spindle (1)
has a shaft (5) and a helical spring (6) walaround the shaft (5) in a helical manner, which
engages in a recess (7) wound around the shatft in the outer peripheral surface of the shaft (5),
and wherein the helical spring (6) delimits thmall channel (3) for partially receiving and guiding
the balls (4) on the threaded spindle (1).

According to the invention, the shaft (5) is made of a fibplastic composite material, wherein
the recess (7) is formed by the heat effect of the helical spring (6) in the outer peripheral
surface of the shaft (5). Furthermore, the invention also relatesa method for producing the

ball screw drive. (Dima et al., n.d.)
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DE 10 2017 114 852 A1 2018.02.01

Anhangende Zeichnungen

Figure43 Ball screw driveA the shaft represents a hybrid structure made out of metal

(rolling path)and fiber reinforcel plastics (the body of the shaftYD. G. Dima et al., 2016)
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1/ Study case.Hybrid wheel flange and method for producing the wheel flang®.
Dima & Velea, 2016)

Figure44 represents an extract from the patent number DE102016205493A1, coauthored by
Velea M.N.The invention relates to a wheel flange (20) for wheel bearing arrangements
comprising a thinwalled base body (30) made of sheet metal, wherein the base body (30) has
a first central opening into which a first metal insert (40) is inserted and has furtiog@enings
arranged around the central opening into which further metal inserts (50, 60, 70, 80) are
inserted, wherein a fiber composite material (60) is guided starting from the first metal insert
(40) around one of the further metal inserts (50, 60, 780) and from the one of the further
metal inserts (50, 60, 70, 80) back to the first metal insert (40), wherein the fiber composite
material (60) is guided starting from the first metal insert (40) around all the further metal

inserts (50, 60, 70, 80) acadingly.
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DE 10 2016 205 493 A1 2017.10.05

Anhingende Zeichnungen

Fig. 2

Figure44 FlangeA a hybrid structuremadefrom metallic parts(inserts)and unidirectional

fiber reinforced plastidhat carries the loadD. Dima & Velea, 2016)
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3 Pqujnj{bujpo pg nfdibojdbm tztuf

3.1 Description of the topic

In various branches of engineering, the general design process of a system/product can be

described in stages according to the schemeRigure45.

Requirements

Generate Ideas

Feasibility studies

Conceptual design

Preliminary design

Detailed design

Manufacturing and testing

Series manufacturing

Figure45 The overall design process of a system / product

Starting from the identification of a problem, the design team goes through several steps to
develop the system/product that meets the specifications defined in advance. The ideas
generated in brainstorming sessions are subjected to a feasibility studyeaftwhich the

concepts with the potential to meet the imposed criteria are selected. The selected concepts
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are then ordered in a ranking based on a mudtriteria analysis. Up to this point, we work with
simplified schemes that describe the logic of the system's operation, most of the time these
are represented by hand sketches. For the first concepts in thenkang, the design stage
follows, which, most of the time, is divided into:

1 conceptual design, where the operating principle is validated, for example by carrying
out energy balance analyzes of the system; the fulfillment of the desired functionalities
is verified using simple specific technical calculations;

1 the preliminary design, where the system components are assigned a preliminary
geometry, the necessary elements for the connection with other systems are taken
into account, if necessary, the type of material is chosen for each individual component,
etc.;

1 detailed design, where it is considered, for example, the integration into the system of
all components or subassemblies, the development of the manufacturing process, the

finalization of the specifications for the manufacturing conditions, etc.

In the manufacturing stage, the prototype of the developed system is made in the first phase.
Depending on the results of the tests carried out on this prototype, it moves to the next stage
A series manufacturing, or it returns to one of the previous stagdo correct any design
mistakes.

In a traditional design process, the evaluation of the degree of fulfilment of the performance
criteria is carried out based on a model of the system, usually developed in the conceptual or
preliminary design stageAnalyzing this model allows understanding and quantifying the
behavior of the system. If the performance resulting from the analysis of the model is not

satisfactory, then it is returned to the concept and/or to the model to adjust the parameters
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that influence the behavior of the systemkigure 46 describes this iterative process whose

success depends largely on the experience of the specialist who models and analyzes the

system.

Performance criteria

based on the initial
requirements ‘

Modelling and X
System analyzing oo yes
Understand and ————*<_ performance o
COnEE Rl quantify the system ""'-~-..____‘__~ ? -
behavior -

\
F 3 F 3

NO

‘ Design changes \‘

based on the
experience of the
specialist

Figure46 The traditional design process

An optimal design process involves the automation of the search stage for the valagthe
parameters that influence the behavior of the analyzed system with the aim of reaching the
imposed performance criteria Kigure 47). Thus, optimal design involves defining an
optimization problem based on a model of the system and analyzing it based on an algorithm
for finding the optimal solution / solutions (optimization algorithm). It is important to note, in
Figure47, that the optimization algorithms can act on the parameters that define the system

model but not on the system concept, this remains the task of the design engineer.
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Inrelation to Figure 4, within an optimal design process, the conceptual, preliminary or detailed
design stages involve the use of two types of models of the designed system: a model
describing the behavior of the system (used for its analysis) and a moadel formulating

optimization problem (used to search for the optimal solution).

Performance criteria

based on the initial
requirements

=

) Modelling and o
Svstem analyzing — Acceptable ™ ] YES
e Understandand | ———><._ performance >
P quantify the system — E -
|_ behavior —_
. NO
Design changes Design changes
based on the based on an le
experience of the optimization
specialist algorithm

F 3

Figure47 The optimal design process

In relation to Figure 48,, within an optimal design process, the conceptual, preliminary or

detailed design stages involve the use of two types of models of the designed system: a model
describing the behavior of the system (used for its analysis) and a model for formulating
optimization problem (used to search for the optimal solution).

The model for optimization must be coherent with the model that describes the behavior of

the system, so that the objective functions pursued in the optimization process are found as

outputs in the behavioral model (the model for analysis). Also, if themzed system presents
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a nontlinear behavior, then the optimization problem must be formulated so that a néinear

optimization algorithm can be used to solve it.

J 1 1

1 1

— = 1 - P " 1

s i i 1

Generate Ideas ’ 1 JAccallpeihalopinizton Modelling the system behavior 1

7 \ problem . | )

/ . R ts t ati

! : Defines Objectives, Constraints descr? : riis:gf t:emastzrr: bt—lj:iwiur :

)/ | and Variabiles (o 5Y |

Feasibility studies ’ 1 o 1

7 1 [

’ 1 1

/ 1 |

4 1 1

Conceptual design ,I [ X < - -~ |

;J : Optimization Analysis :

r J : Search for the best solution under Understand and quantify the :

Preliminary design | given circumstances system behavior |

1 1

N 1 | I

— __ 1 1

N ~ ! i I

Detailed design ~ | Py 1

. 1 — 1

N 1 Acceptable NO |

B, N 1  — performance |

Manufacturing and ~\ : ? :

prototype testing N N |

N | \

1

L |

Series YES
manufacturing

Figure48 Interdependence of Design, Modeling, Analysis and Optimization

A system is a collection of components that interact to perform one or more functiokgy(re
49). xrepresents the state variables of the system; they represent system state or memory.

Initial states x(%;)and inputs/(t)determine outputs o(¢)and state x(z) wheret> ¢,.

Variabile de interes ale

sistemului (ex: deplasare,
Influente externe viteza, ...)
asupra sistemului:

(ex. forte, ...)

Sistem (mecanic)

X

Constrangeri, limite

Figure49
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The model of a system is a description of the real system; it must capture the essential
information about the system (depending on the purpose pursued). Modeling is the
development of an approximate, simplified representation of a system.

So, the behavioral model of the system is usually a mathematical, analytical or numerical
model, which is used to analyze the system in order to understand and quantify the behavior
/ physics of the system.Theycan also be used for the behavioral description of systems and
meta-models or models based on Fuzzy logic.

Regardless of the type of model used, each system must be modeled at a particular level of
detail that corresponds to the interests of the one studying the behavior of the system
(Papalambros & Wilde, 1988)Thus, if we consider the general case of the transmission
system of a motor vehicleFigure50, several levels of detail can be identified at which the
desired model can be developed. Level 1 would involve modeling the transmission system as
a single block with appropriate input and output quantities (e.g. chemical enérdyel A input

and mechantal energy output). Level 2 involves modeling the subsystems found in the
transmission assembly. For example, one model / block with specific inputs and outputs for
each of the engine, gearbox and clutch subsystems was considered. Level 3 corresponds to
sub-sub systems modeling. For example, the engine subsystem is broken down into-sub
subsystems or components, in the case of the engine it could be, for example, the crankshatft,
connecting rod, etc. And so on, the decomposition continues down to a basidéveexample
down to the material characteristics of each component or the heat treatment applied to the

components in question (Level 5 iRigure50).

62



Habilitation thesis Marian Nicolae Velee

p

I NI NKA IS OSN3

L ¥ LIgzil h dzii L

I3 NN N__[_"g.zo NA Ol &
[ "8 B

Figure50 Transmission system of a motor vehicle broken down into different hierarchical

levels

The classification presented on hierarchical levels is intended to exemplify the way of ranking
according to the level of detail. Each block in Figure 7, regardless of the hierarchical level at
which it is found, can be interpreted as a setontained sysem and modeled as such, with
specific input and output quantities, based on which the analyzes of interest can be developed.

By solving the mathematical model of a system, its simulation and analysis is carried out.

The analysis of the system involves the use of its behavioral model for checking and evaluating
the responses of interest (of the output quantities) under certain operating conditions (for
certain valuesof the input quantities). In other words, system analysis means solving the
mathematical model (analytical or numerical) of a system. The results of the system analysis
basically represent the dependence of the input quantities of the system on its output
guantities. The results obtained from the analysibefore any other interpretation, must be

validated with the reference system. The validation of the theoretical model with the
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experimental system can be done in several stages, as shown in Figurf€ii8t, the existence

of the same functions of interest (functional role) must be validated. After that, the conceptual
validation can be done based on the input quantities of the system (representation details).
Finally, the behavioral validation is done, ithe comparison of the output quantities (of the
functions of interest).

Experimental
environment

Experiment

Efect

Cause

7 Real sistem
[
1
I|Ill 1
| 1
/
[
| 1
| 1
[ J
1. Function validation 2. Conceptual validation (reality, 3. Comportamental validation (comparing
(equivalent functions) representation, requests) experimental results with simulated ones)

Figure51 Steps in validating mathematical models with real systems

The model used in the optimization process may be the same as the behavioral model or may
be derived from it, depending on the type of problem being studied. In any case, the model of
the optimization problem must be validated with the behavioral model, sisown inFigure48.
Formulating the optimization problem involves identifying the design variables (input
guantities) and defining their lower and upper bounds, establishing the objective function or
functions, and defining constraints, if applicable.

The general form, expressed mathematically, of an optimization problem is of fiven:
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unde:

f(x)represents the objective function
g(x)epresents the vector of inequality constraints
h(x)represents the vector of equality constraints

xrepresents the vector of design variables (independent variables)

= == = =2 =

the limits applied to the design variables x are also constraints

Examples of objective functions:

minimizes the weight of a system

maximizes therigidity of a system

minimizes the size of a system

maximizes the number of cyclic stresses that a given component can withstand

maximizes the efficiency of a system

minimizes the energy consumption of a system

minimizes polluting emissions

minimizes the cost of a system, etc.

Of course, these objective functions should be represented as mathematical functions,
depending on the type of model used.

The quantities that are used to define equality or inequality constraints are of three kinds:

f parameters
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0 are quantities that remain constant throughout the optimization process
1 independent variables
o their valuesdo not depend on the valuesf other variables
1 dependent variables
o their valuesfrom the valuesof other variables
o the number of dependent variables is usually equal to the number of
equality constraints

A set of independent design variables x (input quantities) that satisfies all applied constraints
is called a feasible solution (even if it does not minimize/maximize the objective function). The
optimal solution, if it exists, is found in the set of solins that satisfy all the constraints
considered.
Optimization is the process of maximizing and/or minimizing one or more objectives, without
violating the imposed constraints, by adjusting a set of variable parameters (input quantities)
that influence both the objectives (output quantities) and the comatnts.
In other words, regarding the field of mechanical engineering, optimization refers to the
application of mathematical reasoning by which the optimal value$ the parameters that
characterize a component or a set of components in a mechanical system are determined,
values that correspond to the maximum/minimum points of response functions
corresponding to the analyzed system.
Figure 9 shows the general steps taken to solve an optimization problem. Starting from the
identification of the variables, the objective function and the constraints, the optimization
model is developed, respectively the optimization problem is formulatdd the next step, the
initial solution is estimated (that is, the output quantities are evaluated based on the initial

input quantitiesA imposed as starting values). Then, the analysis of the system is carried out,
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the constraints are checked, if they are satisfied, after which it is checked whether the
obtained solution also satisfies the imposed convergence criterion.

If the convergence criteria are not met, the valuedf the input quantities (of the design
variables) will be changed, based on an algorithm for searching for optimal solutions (which
we will discuss in the following chapters) and the analysis of the system is returned by
entering thus in a new search loofdhe process is iterative until the convergence criteria are

satisfied.

Modelling of the investigated system

Define the optimization problem

Define variables, objectives, constraints J

Estimate initial solution

I——— Analyze the system

Check constraints

The obtained solution satisfies the

convergence criteria? l—"‘ STOP ‘

Modify the solution based on specific
optimization methods |

Figure52 Steps in solving an optimization problem

There are two major categories of optimization techniques applied in mechanical engineering:
- Parametric optimization

- Non-parametric optimization
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3.2 Parametricoptimization

3.2.1 Description of the topic

In this optimization technique, the parameters that define the geometric model are used as
design variables. In other words, all the dimensions that define a geometric shape in a model
can be used as variable parameters in the optimization process. Fomeple, the structural
optimization of a cantilever beanfigure53, may refer to finding the valuesf the parameters
b, hand L that will generate a beam of minimum massgn that satisfies certain imposed

conditions of strength £) and stiffness K andJ ,).

E)%;UCI-_

Figure53 Cantilever beam loaded with a transverse force on the free end

This cantilever beam subjected to bending by the forégs geometrically characterized by the
parameters b, #and L whose valuescan vary in a given range (variables / input quantities),

Figure 11.
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Figure54

The modulus of elasticitycas well as the densityware material characteristics, with constant

valuesin this example (assuming we cannot change the typeroaterial). The responses of

the analyzed system (parameters / output quantities) are in this case:

1 mass m represented as a function of parametes A, Land m Equation(16);

1 the maximum stress in the beam . represented as a function of the parameters

b, h, Land F, Equation(17);

1 stiffness K, is represented as a function of parameter§ A, L, £ Equation(18);

1

the first natural frequencys ; is represented as a function of parameterg A, L, £

andm Equation(19).

(16)
reanio @O0
) QG0 == (17)
T I a0 652
0 edfigbio —— (18)
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The objective or objectives of the optimization problem as well as its constraints are defined
using theresponses of the analyzed system, i.e. its output parameters. In connection with the

example above, we could define the optimization problem as follows:

0 & ,such that:

The optimal solution can be further on reached in several ways: the most common way is to
apply an automatic searching strategy on the defined model to reach the optimal solution by
using one of the existing algorithms. Another way is to create a graphicalp of complete
possible solutions on which imposed constraints are applied andidentify the best solution

for a given application. Such an example, of graphical optimization of parameterized models,

is given further on.
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3.2.2 Achievements

L. Graphical ptimization of hierarchical sandwich structur@velea & Lache, 2018)
When designing a lightweight structure, the type of material(s) and the shape of the structure
are the most important selections to be made. With respect to the shape, an already classical
solution used is represented by the sandwich concefZenkert, 1997) where different
components areassembledin order to obtain an increased crossection moment of inertia
and therefore higher stiffness and strength to weight ratios.

Hierarchical sandwich structures represent a relatively new approach of arranging the
material to increase even more the mechanical performance of the sandwich structures.
Kooistra et al.(Kooistra et al., 2007have shown that the specific strength in out of plane
compression is significantly increased for a"order corrugated hierarchical sandwich
structure made fromAluminum alloy compared to aslorder sandwich structuremade ofthe
same material. Yin et al(Yin et al., 2013have investigated the behavior of a"® order
hierarchical pyramidal lattice structurenade fromCFRP. In another article, Yin et @in et al.,
2014) studied the out of plane compression properties of a composite pyramidal structure
where the core struts are represented by sandwich elements with a foam core. Kazemahvazi
et al. have investigated the performance of all composite corrugated sandwich beams
(Kazemahvazi et al., 2009; Kazemahvazi & Zenkert, 2009)

The benefit of using such a hierarchical configuration is obvious with respect to the out of
plane compression properties. However, the topology of sukimds of structures is relatively
complicated, with several geometric parameters thamust be determined for the best
mechanical performance. A way of dealing with this issue is to create failure mode maps that
relate the values of the geometric parameters to the overall characteristics of the hierarchical

structures (e.g. density, stiffness,teength).
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Based on analytical estimates, failure modes maps are created for a novel @&der
hierarchical sandwich structure, thus allowing searching for an optimum selection of the
geometric parameters with respect to specific performance requirements. The investigated
structure is produced through a simple manufacturing process from PE&tarial, in three
different forms: matrix, fiber and foan{Schneider, Velea, et al., 2015; Velea et al., 2016; Velea
& Lache, 2019a)The potential benefits of using this type of material for producing different
cellular structures have been also previously investigateazemahvazi et al., 2015b;
Poulikidou et al., 2015; Schneider et al., 2013, 2016; Schneider, Velea, et al., 2015)

The geometric parameters that describe the shape of the structure are presented in Fig. 1,
where: /; A length of the sandwich section/z A length of the monolithic section/zA height of

the sandwich unit cellf.A thickness of the foam /A thickness of the face sheets) A folding

angle.

122

z I
|_X |

Figure55 The unit cell of the investigated structure

The overall density of the structure shown in Fig. 1, can be derived by:
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W W
noor — 7 — 20
” ” (20)
mrepresents the relative density of the whole structures and it is calculdtby:
a0 ¢co T10AT10 10
" (21)

0 aAinoto aOEIT

Meoiarepresents the density of the solid materigll380Kgnt? for STPET while M,amA represents

the density of the foam (100Kgni for PETfoam). VVcomes from Volumeand Viwi= (4tA/;

+1) +t{td2C0Sd +1425iN 5 ), Vioan— 21 tb; Veruere= bhlz , where bis the width of the unit cell.

The out of-plane compressive strength of the hierarchical sandwich structure made out of
SrPET material and PET foam is determined here based on the previous work of Velea et al.
(Velea et al., 2016)The typical failure modes that occurred on the sandwich core elements,

during experimental testing, are illustrated withifrigure56.

(a) general buckling (b) local buckling

(c) shear buckling (d) core shear failure

Figure56 Failure modes of sandwich core elements
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General Buckling
For longer sandwich elements and lower values for core thickness, the expected failure mode
is general buckling. The compressive strength of the hierarchical structure is therefore

determined by:

e s AET s s O Ai10 v
13 I > - - ~
506 6 06 o o
" aAlToa ¢o

LocalBuckling
For longer sandwich elements and lower values for core thickness, géxpected failure mode
is general buckling. The compressive strength of the hierarchical structure is therefore

determined by:

M Ao &y
l&y— S A
O000 OR S OE] 5 P& 23)
500 0 00 6 g,
" Alhoa c¢o

ShearBuckling
For longer sandwich elements and lower values for core thickness, the expected failure mode
is general buckling. The compressive strength of the hierarchical structure is therefore

determined by:

s A 20 A0 gl
| &y— : A
yo 0 O o0 0 O 8
) a ¢o
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Core Shear Failure
For longer sandwich elements and lower values for core thickness, the expected failure mode
is general buckling. The compressive strength of thgerarchical structure is therefore

determined by:

o4 ANO p
to o — O p
‘OAINO 6 o (25)
” b 1 8
a ¢co

Each failure mode describegreviouslyhas an associated weight that varies with the structure
load carrying capacityVinson, 2005) It is therefore of high relevance to identify the set of
geometrical parameters that assures the maximum load carrying capacity at the minimum
weight, by investigating the potential failure modes. Theoretically, the minimum weight of the
structure, for ecific loading conditions, can be found by ensuring that the failure modes occur
simultaneously(Vinson, 2005)
The failure modes maps presented ifigure 57 and Figure 58 are generated based on
equations(28) to (31) that were implemented and calculated within a Matlab script. For this
case, a set of 5 contour lines are obtained:
- the density of the structure calculated (black contour lines), according to
equation (27);
- the strength for the general buckling failure mode (blue contour lines), according
to equation(28);
- the strength for the local buckling failure mode (red contour lines), according to
equation (29);

- the strength for the core shear buckling failure mode (yellow contour lines),

according to equatior(30);
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- the strength for the core shear failure mode (green contour lines), according to

equation (31).
For a constant value of 60° of the corrugation angle, it can be observed fronrigure57 that
three failure modes occur simultaneously for the case when thét ratio has a value of about
9.4 while the length of the sandwich strut/; is about 33 mm. The strength contour lines
indicate a maximum out of plane compression strength of about 5.5 MPa at the point where
the lines of the corresponding failure modes intersect. For the same intersection point, the
density contour lines indicate value of 75 Kgn-3.
Figure 58 helps to identify the influence of the corrugation anglé to the out of plane
compression strength of the structure. For an increase in strength value, thengle should
be increased. This will however add additional weight to the structure as it can be seen from
the density contour linesFigure58.
The solid circles fronfrigure57 indicate the configurations (1, II, Ill, 1V) that were experimentally
investigated in a previous article of Velea et &/elea et al., 2016)Configurations Il, Il and IV
have been correctly predicted by using the failure modes maps. Eonfiguration|, it was
experimentally found(Velea et al., 2016)hat the local buckling failure mode occurred first
while on the failure mode mapshe core shear failure mode will occur first. This is however
close to the border of the local buckling failure mode, seigure58, and the difference is most
probably caused by the values of the geometric parameters (theoretical values vs. actual

values of the experimentally tested specimengYelea et al., 2016)
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@ s - local buckling [MPa]

& 5 - general buckling [MPa]
o - core shear buckling [MPa]

¥ 6 - core shear failure [MPa]

@ p [Kg/ma]

I1 [mm]
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Figure57 Failure modes maps for the investigated"2order hierarchical sandwich structure

made from SrPET material and PET fodm assumingd =60°

Such mode maps allow identifying the optimum geometric parameters for certain loading
conditions by ensuring that at least 2 failure modes have a high probability to occur
simultaneously.

For the investigated 2¢ order hierarchical sandwich structure, the best mechanical
performance in out of plane compression, with respect to weight, can be achieved{@=9.4,
5=60° and /=33mm. This is the configuration for which the local buckling, the core shear
buckling and core shear failure modes will most probably occur simultaneously. For this
specific configuration, the corresponding strength value is 5.5 MPa. If required, an aszen
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strength can be achieved by increasing the anglehowever, this measure will also increase

the weight of the structure.

@ s - local buckling [MPa]

@B 5 - general buckling [MPa]
o - core shear buckling [MPa]

@30 6 - core shear failure [MPa]
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Figure58 Failure modes maps for the investigated 2nd order hierarchical sandwich structure

made from SrPET material and PET foam by assuming 11=33mm
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I/ Study case.: Axial brake optimization
This example demonstrates how parametric optimization can be applied also on mechanical
systems not only on mechanical structures. The application relates to an axial brake which is
coupled / decoupled by a small linear actuatdfigure59. The interest here is to succeed in
braking axial forces as large as possible by acting with as little force as posgbdeided by
the linear actuatorat the same time by not exceeding the allowable contact pressure on the
friction padsandby keeping a compact size for the overalystem (minimizing travel distance
of the actuator).An analytical model is therefore needed that describes the relevant functional
behavior of the investigated system. This analytical model has been written in this case into
an excel sheet, where each relevant parameter, for each component, is considesedhawn

in Figure60.

Housing

P
A~
ey
™

Fa EE === Ffb pai i) %

Movable

rod Friction Lever'arm Rolling element Linear actuator
Brake

Figure59 The investigated axial brake concept
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Movable rod

Brake

Rolling elements and connical part

Actuator

Figure60 Analytical model implemented within an excel sheet
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Next step is to define the optimization problem based on the analytical model described above.
This is done by using the Hyperstudy application from Altair®.
Figure61 shows the selected input variables with the associated lower and upper boundary

limits.

EI* Bounds rﬂ Modes iy Distributions f Links % Constraints

+ Add Input Variable et TEI Remove Input Variable

Active Label Vamame Lower Bound Nominal Upper Bound Comment
1 d var_l 1s.000000 . 20000000 | 30.000000
2 i_pads var_2 1.0000000 . 20000000 __ 4.0000000
3 I_lever var_3 10.000000 . 40.000000 _  50.000000
4 r_lever var_4 looooooo . 30000000 . 5.0000000
5 alpha var_b 0.5000000 . 1.8000000 __  10.000000
6 mu var_6 0.3000000 ., 05000000 _ 0.5500000

Figure61 Input variables with the specified boundary conditions

Each input variable it is link to the corresponding cell in the excel file and can take discrete or

continuous numbers, as it is shown iRigure62.

. [+ Bounds 1 Modes ik Distributions (;0 Links |#£ Constraints

+ Add Input Variable &7 Tﬁ] Remove Input Variable

Active Label Varmame Model Parameter Model Type Data Type Format Distribution Role
1 d var_1 m_T.row_6.col_4.C06_V2 E' Spreadsheet| Numeric A4 /\ Continuous .s EEG- Design hd
2 I_pads var_2 m_T.ron ﬁ' Spreadsheet| Numerc hd _T_ Step: 1 .- EEQ— Design -
3 I_lever var_3 m_T.ro EE Spreadsheet| Numeric A4 /\ Continuous .s EE'— Design hd
4 r_lever var_4 m_1.ron ﬁ' Spreadsheet| Numeric - _T_ Step: 1 e EEQ— Design -
5 alpha var_h m_1 row _4.C E' Spreadsheet| Numeric v /\ Continuous .s EE" Design v
6 mu var_6 m_1.row _4.C06_V2 &' Spreadsheet| Numeric w | /™ Continuous .- EEQ— Design -

Figure62 Input variables with the specified path to the analytical model (excel sheet)

The selected output parameters are show withifrigure 63. For each of them, a goal is

specifiedwhich can be an objective (minimize or maximize) or a constraint.
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4. Define Output Responses Ej Data Sources @ Objectives/Constraints - Goals v Gradients @
+ Add Output Response = TE] Remove Output Response || File Assistant “_ Evaluate from Fit Model

Active Label Varname Expression Value < Goals Evaluate From Data Type
1 p r_1 E' m_T.row_26.col_ <= 1.0000000 vee ﬂ) Expression  w |[Numeric -
2 travel_actuator |r_2 E' m_1.row Minimize vee ﬂ) Expression  w |[Numeric -
3 Fc-actuatorf. |r_3 G' m_T.row_59.col_ Minimize vee f() Expression  w |[Numeric -

Figure63 Output variables used to define the objectives and constraints

For this specific optimization problem, two objectives were considered which means that we
must solve a multiobjective optimization problem.Two algorithms are available in
Hyperstudy that can deal with multiobjective problems: GRSM Global Response Search
Method and MOGA\ Multi- Objective Genetic Algorithm. The first one is selected for solving

this specific problem.

Specifications

Mode Label Vamame Details

1 . Adaplive Response Suface Method ARSM Only single-objective

2 o \n/ Global Response Search Method GRSM Global gradient-based search

3 » Sequential Quadratic Pragramming SapP Only single-objective, Format condition_
4 " Method of Feasible Directions MFD Only single-objective, Format condition_
5 « Genetic Algorithm GA Only single-objective, Format condition_
6 \n/ Multi - Objective Genetic Algarithm MOGA Format condifions are not suppor_
7 J_Jl_l_'J_ Sequential Optimization and Reliability - | SORA Only single-objective, Random design/_
8 Lh"_l‘L ARSM based SORA SORA_ARSM | Only single-objective, Random design/_
9 LJL'; System Reliability Optimization 5SRO Only single-objective, Random design/-

Show less ...

Figure64 Available types of algorithms for solving the defined optimization problem

The grapls shown inFigure65 and Figure67 indicates the dependence between the actuator

force and the required travel distance brake 1500 N force applied on the movable rod
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Figure65 All calculated solution. Trad®ff between actuator force and the required travel

distancewhile indicating the number of friction pads
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Figure66 All calculated solutionTrade off between actuator force and the required travel

distance while indicating the required value of the friction coefficient
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Figure67 All calculated solutionTrade off between alpha angle (se€igure59) and the

required travel distance
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Figure68 Set of optimal solutions (Pareto front) while negotiating between actuator force

and the required travel distance
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At the same time, the required number of friction pads for each calculated solution is visible in
Figure65 (bullets color) while the required friction coefficient can be viewedHigure66.

Figure 67 indicates the way in which the alpha angle influences the travel required for the
actuator to lock the 1500 N load at the same time while specifying the number of friction pads
which are needed.

The set of optimal solutions (Pareto front) while negotiating between actuator force and the
required travel distance is shown ifrigure 68 together with the results contact pressure
between the friction pads (colored bullets).

In the same way, the objectives of interests can be plotted in terms of other input variables or
output parametersto facilitate the selection of the most beneficial solution from the set of

optimal solutions (thePareto front).
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3.3 Non-parametric optimization

3.3.1 Description of the topic
The nonparametric optimization is usually referring to multiple techniques for doing
structural optimization,applied on finite element modelssuch as:

- Topology optimization

- Shape optimization

- Topography optimization

- Freesize optimization

- Size optimization
The most known and used technique is the topology optimization whiokolves searching for
the optimal distribution of material in a given volume, discretized with finite elements. During
the topologicoptimization process, the elements that are not useful from a structural point of

view are deleted topological optimization Figure69).

'Qmar F
| )
X[ x| x | X | X]X X X| X[X[X]X[X]|X |X]|X]|x]x]|X
/ X X | x X [ x x| x
x| X X | x X | X X |x
/ X1 X| x X X [ x| X
X[{x Ix |X X | X X| X [ X XX | X X | X

Figure69 Topologic optimization

Mathematically, topological optimization searches for a subset,.. m where mis the
searchable domain (initial volume) and the design variables are represented by the densities

of each finite element.
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Within the shape optimization technique (Figure 70), the positions of the nodes of the finite

elements are changed- such that to achieve the desired objective at the same time as
satisfying the imposed constraintslt means that the shape of the finite elements will be
altered (either by extension or compressigro reach the desired objective while satisfying the

imposed constraints.This technique may be applied on both 2D or 3D finite element models.

BN
\

| ——

NN

Figure70 Shapeoptimization

Topography optimization Figure 71) is changing the shape of discretized surfacés, for
example, increase the stiffness of the structure$opography optimization is normally applied

on 2D finite element models.

Figure71 Topography optimization
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In case of a freesize optimization problemFigure72, the thickness of each 2D finite element
which is part of the design space, is modified independently according to the specified

objectives and constraints.

Figure72 Free-size optimization

A size optimization problem will also modify the thickness of 2D finite elements only that this
is done not for each finite element independently but for specified sets of elements (patches),

as it is described irfrigure73.

Figure73 Size optimization
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3.3.2 Achievements

L. Topology optimization of hightemperature pressure vessel of a 20KW ThermolLift

Heat Pump(Research project coordinated by Velea M, BD19)

The present work describes the process and methodology of optimizing thermomechanical
stressed components with the aim of reducing the amount of material used to make the part.
The need for structural optimization of these components arisésst, from economic reasons,
namely, to reduce material costs, as very expensive materials are used (Inconel 718, Stainless
steel 316, SS174PH). These components are part of a heat pump that ensures both the
heating or cooling of the internal temperature of a building complex and the heating of

domestic water.

: Heat to house:
» Qw+W+BQ,
=Qyu (1 +np)

Te (-10 to 40 °F)

Figure74 Description of the working principle for the investigated heggump
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Confidential

©Thermolift Inc.

1. Dome

Confidential

©Thermolift Inc.

ap

Figure75 Parts of interests within the optimization process

The dome is a very important component for the whole pump. It takes a large part of the stress
and transmits it through the insulating ring in the pump housing. It is subject both to high
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mechanical stresses resulting from internal pressures and to stresses due to high
temperatures applied to it. It is desired to optimize it primarily to reduce the cost of the
material from which it is made, but also to make the internal space of the heaimp more
efficient. Currently the part is made of stainlesssteel type 316 and weighs about 12.7 kg
(Figure76 and Figure77).

The dome features a precise number of bores arranged radially in several rows. Stainless steel
tubes will later be installed in these bores. For privacy reasons, these components are not

shown here

Figure76 Initial geometry of the dome (upper part)

Figure77 Initial geometry of the dome (bottom)
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The insulating ring is a component that fulfills two functional roles: the role of mechanical
resistance, being the mostoaded component in the whole assembly, as well as the role of
thermal insulation between two rooms with different temperatures. It is made of a steel alloy
with very high mechanical properties (Inconel). The price of the material is high, which is why
it is dedred to optimize it or, if possible, to replace the existing material with another cheaper

one, but without the mechanical propeies of the entire system being affected by this change.

Figure78 The initial geometry of the insulator ring

The housinghas both the role ofstrength and stiffnessto combinestresses and the role of
supporting the components of the assembly. It also provides insulation of the systems against
environmental factors and the necessary mechanical protection for the elements inditaem.
Thehousingwas not subjected to the optimization procesdHowever, it was included into the
optimization modelto make the model as close as possible to reality regarding the stresses

and displacements obtained.
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Figure79 Housing

The assembly of the three componentslome, insulabr ring andhousingwill be done

by welding.

The thermal demands inside this heat pump are shown kigure 80. The highest

temperature is recorded in the upper and lower part of tltwme.
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B 550°C
B 415°C

Figure80 Thermal loads

The mechanicaloads are generatedby the pressures developed inside the pump while it is
running. The higheslbadsare present at the level of the dome 120 bar applied on the inferior

side of the dome Figure81).

B 120 bari
100 bar

Figure81 Mechanical loads

Altair Inspire software was used for the optimization procedure. The main reason for choosing
this software is that thermal and mechanical stresses can be considered at the same time in
the optimization analysis. Another advantage offered by the Altair piie analysis program is
the speed of the work mode for the preparation of an analysis model, but also the algorithm
that provides a result in a much shorter time compared to other competing softwatbe
discretization method is automatiy The user hashe freedom to enter a minimum element
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size for different elements. If this value is not filled in by the user, the software will
automatically assign an element size based on the dimensions of the part in question
Of course, this speed in work offered by this program leads to disadvantages. A simplification
of certain optimization settings and constraints is noted. A major drawback observed while
using this program is the impossibility of defining material propertieas a function of
temperature. As a solution to this problem, the introduction of material properties according
to the maximum temperature applied to them was considered.

Three materials are used in the analysis, stainless steel type 316, steel4FH, and
Inconel 718, which have the properties Figure82.

R o el T R g e RS et o S S b A o S el o b A S Y

Pats = Matenal Ubrary = My Matesials
2B +a®

Material E Nu Densty Yield Stress Coefficient of Thermal Expansion
SS316 162000E+03MPa 0265 8.000E-09 165.000E+00 MPa 17.500E-06
SS_17-4PH 197.000E-03 MPa 0272 7.800E-09 758.000E+00 MPa 11.700E-06
Inconel718 200.000E+03MPa 0250 8.220€-09 1.100E+03 MPa 14.562€-06

Figure82 Defining the propertiesof the materials used

In Figure 83 the total displacements of theinitial system configuration is shown The
maximum displacement has a value of approximately 1.2 mm and is recorded at the level of
the dome on the side at its contact with the insulating ring. A significant part of these

displacementsis due to thermal expansion
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Displacement: Mag v
Max: 1.213e+000 mm
— 1.213e+000 mm
— 1.092e+000 mm
— 9.706e-001 mm
— 8.493e-001 mm
— 7.279%-001 mm
— 6.066e-001 mm
= — 4.853¢-001 mm

Figure83 Displacements for the initial configuration

Figure 84 shows the von- Misses stresses that develop during pump operation. The highest
stress valuesare recorded at the level of the insulating ringyound the contact with the
housing, wherea stress value of about 900 MPa is recordedThis stressvaluesdo not reach
the yield strength of the material at that temperature. Very high peakress was recorded
which werenot consideredat this stage of the workbecause they are originatelly the stress

concentrators.
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von Mises Stress:

Max:  3.145e+003 MPa
= 1.1002+003 MPa
1 — 9.900e+002 MPa
— 8.800e+002 MPa
— 7.700e+002 MPa
— 6.600e+002 MPa
— 5.500e+002 MPa
— 4 .400e+002 MPa
— 3.300e+002 MPa
— 2.200e+002 MPa
— 1.100e+002 MPa
— 1.093-004 MPa
Mn:  1.093e-004 MPa

Figure84 Stresses obtained for the initial configuration

Figure85 shows the sketch with the initial anegxtendedvolume of the component. Both the
constraints imposed by contacinterface with other components and the maximum available
space were considered. The outline of the initial geometry was represented with a yellow line
and with a blue line the contact surfaces with other components. Thesearfaces are not
frozen, meaning that they will be kept intact within the optimization process.

Figure86 indicates the total volume considered as design space for the topology optimization

process.
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Figure85 Volume expansion for the dome componeitdetermine the interference limits

with the adjacent components

Figure86 Volume expansion for the dome component

Figure87 indicates the volume extension for the insulator ring by considering the interference

limits with the adjacent components. The resulted volume is shownRigure87.
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Figure87 Volume expansion for the insulator ring determine the interference limits with

the adjacent components

Figure88 Volume expansion for the insulator ring

Two topological optimization methods were chosen for the optimization process of the

studied parts. Both methods were run in parallel to obtain and compare the results.
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Method 1:
Objective: to maximize the stiffness of the components.
Constraint: Final volume to be up to 30% of initial volume
Method 2:
Objective: Mass minimization

Constraint: safety factor 1.2

For both methods, a minimum thickness of stiffening elements greater than or equal to 9 mm
was chosenFigure89. Axial symmetry constrains were also imposed on the dome geometry,

Figure90, by defining 50 symmetry planes.

Fun Optexzation X
Name Asambles 23 04 2019

Type Topology v
CObpective Maomize Rffness v
Mass Tarpets % of Total Design Space Volume v

m e 5 10 15 20 25 X0 3B 40 & SO

ot
Frequency Constrarts
®) None
@ Madmize froquoncies
S M S

Use supports from load case

Theckness Constrants
v, Moimum:  Smm b2
@! Mapdmm s
Speed/Accunacy ¥
Contacts ¥

e o Shdrg only
q Skdng with separaton
Gavty ¥

Load Cases ¥
Reston + Bpot v > RAn Cose

Figure89 Topology optimization setup
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Multiple optimization processes were carried oult was also observed that the definition of
symmetry planes as shown inFigure90, helped to reduce the calculation time from several

tens of hours to a few hours.

Figure90 Axial symmetry planes applied on the dome geometry

The results presented belowFigure 91) represent the best variant found as a constructive
solution, this being obtained using thérst method, respectively bymaximizing the stiffness

and by imposinga volume fraction limit of 30%
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Figure91 Best topology obtainedor the domeA indicates a better behavior of the dome if

the curvature is reversed

Form Figure91 it can be observedn unexpected behavior which is that the dome geometry
is curved in the opposite direction. By following this idea, the geometry has been

reconstructed,Figure92, such that more available design space exit® the bottom side.

Figure92 Initial volume is extended on the bottom side of the dome.
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Figure 93 illustrates the obtained topology after the optimization process where mass

minimization was considered with an imposed safety factor of 1.2.

Figure93 The best topology obtained for the dome

Based on the best topology obtained~{gure93) the dome geometry has been reconstructed

as shown inFigure94.

Figure94 Dome geometry after reconstruction based on the topology optimization results
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While optimizing the insulatoring, it was observed a tendency dhe algorithm to produce a
curvature towards the exterior Figure95). This shape will be taking into consideration while

reconstructing the geometry of the insulation ring~(gure 96).

Figure95 Topologyoptimization output for the insulator ring

Hf pnfusjb sf{vmubua tf wb mvb To dpotjefshb:

fmfnfouf gjojuf b hfpnfusjfj sfdpotusvjuf 1o

Figure96 Insulator ringgeometry after reconstruction based on the topology optimization

results
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Figure 97 indicates the stress distribution obtained within the reconstructed
geometries of the dome and insulation ring. The maximum stress level within the insulator

ring is reduced to 550 MPavhile within the dome is below 200 MPa.

S, Mises

(Avg: 75%)
+1.484e+04
+6.500e+02
+5.962e+02
+5.425e+02
+4.887e+02
+4.349e+02
+3.812e+02

Figure97 von Misses stress distribution withirdome and insulation ring

Related to the resulted displacement, an improvement compared to the initial state can be
noticed fromFigure98, where the maximum displacement reached is 1,17 mm.

A stiffer and less tensioned constructions therefore obtained compared to the initial
geometry Figure84)while the volume of the dome is reduced bgpprox.45 %the volume of
the insulation ring remains approximately the sameompared to the reference modebut the

stress level is significantly reduced through the new geometry.
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U, Magnitude
+1.176e+00
+1.078e+00
+9.801e-01

+5.881e-01
+4.901e-01
+3.921e-01
+2.940e-01
+1.960e-01
+9.801e-02
+0.000e+00

Figure98 Displacements results
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3.4 Multi-objectiveoptimization

3.4.1 Description of the topic

Multi- objective optimization problems are those in which the aim is to achieve at least two
objectives simultaneously, regardless of the number of input variables. For example, let be a
system with one input variable x and two output$; and 7> (Figure99), functions described by

equations(26) and (27) and shown graphically ifrigure100 for x [2,7].

f1
X
f2
Figure99
Qo W ¢ XU (26)
Mw W pwW T 27)

50
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40

35

30|
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151

10

Figure100 Graphical representation of objective functions (Equations a@2é) and (27))
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Figure100 shows that the minimum of function/; is obtained whenx=5.2 and has the value
19.88 (M1) and the minimum of functiorfz is obtained whenx=3.5 and has the value 15.5
(M2).

In the situation where it is desired to minimize both function and 7 simultaneously, the
problem becomes a multiobjective optimization one and the obtained result is described by a
set of possible solutions i.e. feasible solutionsKigure101- blue line).

While in a singleobjective problem the superiority of a solution over other solutions is
determined directly by comparing the objective function values, in a nudbjective
optimization problem the dominance ratio between solutions in the feasible domarsought.
Thus, the solutions can be dominated or dominant. Dominant solutions are those ones that
are not dominated by any other solution in the feasible domain, form the set of Pareto
solutions, or the Pareto frontFigure101). The Pareto front, described in detail Figure102,

is composed of those solutions that correspond to the valuesntained in the interval [M2,

M1] in Figure100.

45

_f1 VS. f2 forx =1[2,7]
==& Front Pareto |

40 B BX=7

35+

30

25

20

151

10 -

Figure101 Representation of the Pareto front for the given optimization problem
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Figure102 Dominant solutions (Pareto front) vs. dominated solutions
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Figure103 Identifying the valuesof the input variable for the dominant and dominated solutions

Solutions D1 and D2 are dominated solutions, meaning that there are other solutions that
dominate them, that offer better solutions for both objective functiong and 7> ; these type of

solutions correspond to valuesf the variablexoutside the interval [M2, M1] , as indicated in
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Figure102 andFigure103. Examples of dominant solutions, which are part of the Pareto front,
are ND1 and ND2, which correspond to valuekthe variablexfrom within the interval [M2,
M1].

Therefore, a multiobjective optimization problem results in a set of optimal solutions forming
the Pareto set; choosing one of the solutions requires a negotiation between the objective

functions by using specific selection methods.

3.4.2 Achievements

/. Multi-objective optimization of vehicle bodies made of FRP sandwich structures
(Velea et al., 2014)

The article entitled Multi-objective optimization of vehicle bodies made of FRP sandwich
structures (Velea et al., 2014describes the contributiorof the first author within the project
entitled OptFRPBody (Optimization of Body in FREbmposite for small Electric Vehiclegt
KTHA Royal Institute of Technology, Department of Aeronautical and Vehicle Engineering. The
upubm cvehfu pg uif gspkfdu xbt :511 | TFL )d
InnovationA The foundation for Strategic Environmental Researc®weden.
In this project, an optimization methodology was developed and applied on a FRP sandwich
body of an electric vehicld ZBee, where singleobjective and multiobjective optimization
studies are performed stepwise using a commercially available software pag& (Altair
Hyperworks). The singlebjective optimization allows the identification of the load paths
within the composite body, according to the loading conditions previously defined. Within the
multi- objective optimization, the optimum thickness and disbution for each of the layers
that form the composite body are searched within the design space to obtain the best

performance with respect to weight, material cost, global and local stiffness. Strength
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requirements are also considered as constraints within the optimization. A conflict situation
appears when several objectives are considered within the optimization, meaning that an
increased performance in one objective may often lead to a decreased penénce for the
others. Therefore, a tradeoff between objectives is needed. The interpretation of results is
partially made by using tradeoff plots, the so called Pareto frontiers. A method for the overall
selection of the most beneficial solutions is ppmsed and applied in order to choose between
the best obtained solutions according to the importance of the objectives.

The ZBee concept represents the materialized vision of the Swedish compa@Blean Motion

AB A regarding energy efficient electric vehicle3 his urban vehicle, classified as scooter
according to EU regulations, has been designed for short distance transportation of up to three
people and smaller goodszigure104 shows the 2nd generation of the ZBee vehicle. The body
in white was entirely made of FRP composites. Certain sections within the body were made of
FRP sandwich structure for an increased bending stiffness, having PVC foams and polymer
honeycombs as coresThe composite body was made of 9 parts which were adhesively

bonded together to form a whole.

Rear

Left wheelhouse

Backrest

Front

Seat and left SIPS

Figure104 The 2nd generation of ZBee vehicle
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A new generation of the ZBed the 3rd generationA, Figure 105, aims at an increased
performance in terms of weight, material costs, local and global stiffness behavior compared
to the 2nd generation.

Space for even more increased performance exists because overall properties of FRP
composites may be tailored to satisfy specific design requirements by changing the values of
ui f dpot uj uvf out rfWalkey & &mith,j2@03) This gdalnchnube attained if

appropriate advanced optimization tools are used.

Right side

Seat and SIPS

Left side

Figure105 The 3¢ generation of ZBee vehiclé new composite body design
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performance by weight reduction. An optimal solution of the objective function (e.g. mass) is
searched within a design space defined by the upper and lower limits of tlesign variables

)f/ h/ nbufsjbmtn gspqfsujft* boe cz dfsubjo
etc.)(Harte et al., 2004)

However, lowering the weight of a vehicle will most often imply a reduction of other
performance criteria such as the stiffness and strength properties, material cost or the safety
performance. Therefore, there are cases where several objectives need tadegned and

considered within the optimization procedure in which case a conflict situation appears
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between objectives, meaning that an increased performance in one objective leads to a
decreased performance for the otheréM. F. Ashby, 2000)Several complex techniques and
algorithms have been proposed for solving such mutibjective optimization problems
(Badall6 et al., 2013; R. T. Marler & Arora, 2004; K. Wang et al., 2002)

The weighted sum approach has been used as an attempt to simplify the problem complexity
of finding solutions within multi objective optimization problems, where all thep c kK f d uj wf 1
functions are summed into a single objective function, giving weight penalties for each of them
(Walker & Smith, 2003)Then, a solution may be obtained by running one of the many existing
single-objective optimization algorithms. The main drawback regarding the weighted sum
method is the quantification of weight penalties because the results are strongly dependent
on them (Kaufmann et al., 2010Q)although methods for dealing with this issue have been
studied and proposedR. Marler & Arora, 2010)

Therefore,to obtain a large spectrum of solutions, dedicated multibjective optimization
algorithms remain here of interes{Almeida & Awruch, 2009; D. S. Lee et al., 201Qhe of the
most spread algorithms within the current available commercial FE packages is thecatled
MOGA (Multiobjective Optimization Genetic Algorithm). Instead of providing one single
solution, MOGA produces a set of solutions by searching within the design space for a set of
Pareto optimal solutions(Konak et al., 2006)The interpretation of results in the case of a
multi- objectiveoptimization study is partially made with the help of the tradeff curves, the
so-called Pareto frontiers(Deb, 2011) The obtained Pareto frontiers only indicate the set of
solutions that gives the best compromise between objectives, but there is a further need for
choosing one single solution from the set. This can be done either by intuition or by
reformulating the oljectives as constraints, except one of them, or by using a composite

objective function(M. F. Ashby, 2000)
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All the analyses and optimization studies have been performed within the Hyperworks 11
software package. Hypermesh facilities were used to simplify the geometry, to generate the
mesh, to define material properties and to assign load cases. Optistruct somas used for

FE analyses and singi®bjective optimization studies. Hyperstudy and RADIOSS solwere
used for multi objective optimization studies.

The FE mesh is generated on the outer surface of the body parts. The target finite element
size was set to 10 mm. Quad and triangular shell elements were used to realize an initial
automated mesh of the body partsThe generated finite elements have been checked and
refined where needed, according to the HyperMesh quality indexes default val(&kair,
2014). The resulted mesh has 688638 degrees of freedorjgure 106. The connection
between body parts (i.e. the adhesive) has been modelled using rigid elemengmplify the

model.

Figure106 Meshed body

The composite structures the body parts are made of are modelled lasninates; each
laminate being composed by several plies (layers). The material properties were thus defined
individually for each of the layers within the softward&.able4 shows the types of layers that

were used within the body structure of the ZBe&eneration 3 and their corresponding
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material characteristics. The acronyms Gkeave and GFcsm represent a bidirectional
weave and glass fibre chopped strands mats respectively. SORIC represents a polymer

honeycomb core material.

Table4 The materials properties used within theptimization studies

Material Material characteristics

Type E=E[MPa] G-[MPa] M[Kg/m?] X=X[MPa] Y=Y [MPa] S[MPa]

GFweave 16740 2237 1704 241 241 7
GFcsm 8462 1712 1432 129 129 9
PUR foam 55 21 150 1.8 1.8 1.18
PVC foam 130 35 100 2 2 1.6
SORIC 800 35 1160 4 4 3
Gelcoat 3800 1387 1200 - - -

Within the analysis andptimization of the ZBee composite body there have been considered

6 loading conditions. The corresponding loads and constraints are illustrated in Figure 2.2.

Headstock
(RBE2)

Fork
(RBE3)

Fork
(RBE3)

\

RBE2

RBE3 )

(®) N d ()

RBE3
Fork
(RBE3)

) . @ : ®

Figure107 The applied loads and constraints

(a) A Global torsion
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This load case has the purposa evaluatingthe torsion stiffness of the whole
composite body.Figure 107(a) shows the considered boundary conditions,
where node B has all the degrees of freedom retained. The torsion stiffnégs
is thus determined using Equatio(28), where M.4is the moment applied along
X-axis at point A and .represents the rotation measured around -éxis at
point A.

.0 i
v — (28)

— AAC

(b) A Global bending
The bending stiffnessk; of the composite body is determined using Equation
(29), where F.cis the force applied along-2axis at point C and .crepresents the
displacement measured along-Axis at point C. The node B has all degrees of
freedom retained while node A is allowed to slide alongdiection, Figure
107(b).

C:
|

|
>
T
)
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(c) A Front wheel brake
This load case has been introducet evaluate the local stiffness of the
composite body around the front wheelrigure 107(c). It is assumed that the
vehicle is travelling on a downhill gradient of 15° and only the front wheel is
braking (worst case). Taking into consideration the legal requirements that the
vehicle needs to stop with an average deceleration of 2.7 m/s, a brakiorce F
and a braking moment M are determined and both are applied on point&hfer
of the front wheel); the displacement of point C (the headstock top point) is then
determined using Equatioif30), where) 1 ,and) :represent the displacements

of point C evaluated within the analyses along the three orthogonal axes).

1T 1 1 ad (30

(d) A Belt point forces
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Specific local stiffness at belt points is also required. Within this load case, static
forces are applied at belt points and their displacements are evaluated and used
as constraints within the optimization study. The degrees of freedom are

restrained for all the bottom nodeskFigure107(d).

(e) A Front impact
For the homologation of the vehicle, several safety requirements need to be
fulfilled and therefore equivalent load scenarios also need to be included within
the simulations. Dynamic noflinear FE analyses are usually considered for
investigating this typeof crash scenariogDuddeck, 2008put these imply a high
computational time, especially in the case of a mulbbjectiveoptimization. For
this reason, an equivalent static load case is here approximategyure 107(e),
where a force F is applied on the depended node B and distributed within
interpolation constraint elementsh RBE3(Altair, 2014)on an estimated impact
area from the composite body. The magnitude of the force F equal&l 64y,
where M is the full vehicle mass and g is the gravitational acceleration. The
displacement of point B is then evaluated and used within theptimization
studies as a constraint or objective in the form of Equatig80).
As in the case of the Front wheel brake load case, the inertia relief is used here
too for obtaining the load equilibrium of the model. The degrees of freedom of
node AJFigure1l07(e), are constrainedb restrain the rigid body motion.
Although this is a roughly simplified way to simulate a front impact scenario, it
is anyway expected that the applied static force will unveil the load paths by
increasing the thickness of specific layers as required satisfy the
displacement constraint of point B. Other authors have used the same approach

for single-objective topologyoptimization (Cavazzuti et al., 2011)

(f) A Curb strike
This load case allows the effect of the load distributed within the composite
body to be considered when the front wheel hits a curb. The forceFkgure

107(f), is calculated as Mg, where M is the full vehicle mass and g is the
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gravitational acceleration. It is assumed that the curb has a heightl®Omm,
and the wheel radius is 230mm. The force is then applied in ttenter of the
wheel represented by the point B, Figure 2.2(f), at an angle of 3rbm Ox axis,
within the xOy plane, and it is transferred to the composite body by the
interpolation constraint elementsA RBE3(Altair, 2014)that represent the fork.
The displacement of point B is evaluated and used within tlogtimization

studies as a constraint or objective in the form of Equati¢30).

The proposed optimization methodology consists of three main stefpsgure108.

Step: Action: ' Results:
. | Free Size optimization | !
(A) | Single-objective problem #l Load paths
, definition !
3 - : Possible to manufacture
' | Interpretation of patches | distribution of each
(B) 1 (the area covered by each of i I L.
| . . i ayer; reinforcement
w the layers is redefined) '
l ' patches
i Size optimization E Thickness distribution
(O 3 Multi-objective problem [=s={ for each layer relative to
i definition E multi-objectives

Figure 108 Optimization methodology applied on the composite body

First, a singleobjective free size optimization is performed on the composite body modelled.
Within the second step, the area covered by each layer is redefined according to the obtained
distribution of thicknesses from the free size optimization result3.he last step consists of
performing a multi objective size optimization to the redefined patches.

A detailed description of these three steps is given further on.
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When referring to composite laminates, the mathematical formulation of the singtdbjective
free sizeoptimisation problem may be described as it follows (adapted frof@hou et al.,

2009)):

Minimize Qo Qo B ho
Subjectto ® & wh Q
Mo Q m Q

ph8
ph8

g« S

where:

"Qw is the objective function

w represents the thickness of the™ layer of the /" finite element
- "Q w and™Q are the £" constraint response and its upper bound

- 0 Gand0 Qepresent the number of layers and the number of elements

a is the number of constraints

The goal at this stage is to identify the load paths through the composite body for the given
loading conditions. The initial structure of the parts is made of six layers all over the body,

according to the section illustrated ifrigure109.

outer | Gelcoat —
surface GF CSM —

s | ]
GF weave—

PUR

GF weave.

=l 1

mnner
surface |

GF CSM -—— e

r

Figure109 Section within the composite body structure
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The initial thicknesses of th&Fweaveand GFcsmlayers,Table5, have been predicted using

Equation(31).

O .
Q — N (31)

where:
- W and W, represent the weight of the fibres and of the matrix per unit ared; is
given inTable5.
W, is calculated for each asV/,= (Wi/w ¢)- Wi, where wi=ny vi/( Ny Vit My, Vin), Ve represents
the fibre volume fraction and it is equal to 0.4 for Gkeave and 0.2 for GFesm. The
matrix volume fractionv;,is equal to % v;.
- My andm, are the densities of the glass fibres and of the polyester matrix, and they are

equal to 2520Kg/m? and 1160Kg/m? respectively,(Astrém, 2002)

Table5Joj ujbm uijdloftt boe mbzfstn ejtusjcvujrg

Layer Type Placement Ws [g/m?] Initial thickness [mm]
Gelcoat complete layer - 0.600

outer GFcsm complete layer 300 0.595

outer GFweave complete layer 600 0.595

PUR complete layer - 30

inner GFweave complete layer 600 0.595

inner GRcsm complete layer 300 0.595

Within the free sizeoptimisation, the thickness value of the layers shown irable5 is allowed
to vary freely within a predefined interval for each finite element. These thicknesses represent
the design variables, and their upper and lower limits are shownTiable6. The thickness of

the Gelcoat layer is kept constant.
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Table6 Design variables within thefee sizeoptimisation step

Thickness [mm]

Layer — —
lower limit upper limit
outer GFcsm 0.2 1.2
outer GFweave 0 1.2
PUR 0 30
inner GFweave 0 1.2
inner GFcsm 0.2 1.2

The imposed design constraints within theree sizeoptimisation may be interpreted as
performance targets that should be met, for each of the considered load cases. The applied

constraints are described iTable?.

Table7 Constraints applied within the free size optimisation

Load case Constraint

Description

Torsion .

. KO 2 K

stiffness

Bending 3

. KpsO @K

stiffness

Front wheel _
UczO ca

brake

Belt points Ubelt_points_30

stiffness belt_points_2
Front oL
. UszO g2U
Impact

Curb strike  Ug3zO gall

C«

Torsion stiffness of the 3' generation, Equatior(28),
should be at least equal to two times the one of the
2" generation.

Bending stiffness of the 3' generation, Equation
(29), should be at least equal to two times the one ¢
the 2" generation.

Displacement of point Grigure107 (c) of the &
generation should be less than or equal to the one
the 2" generation.

Displacements of belt pointskigure107(d) on the

3 generation should be less than or equal to the
ones of the 29 generation.

Displacement of point BFigure107(e) of the &
generation should be less than or equal to the one
the 2" generation.

Displacement of point BFigure107(f) of the 3¢
generation should be less than or equal to the one
the 2" generation.
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The values for the objective function&; and K»s are constrained to be at least equal to two
times the corresponding values for the"2generationto force the PUR layer to grow in a more
realistic shape instead of a scattered distribution.

The single objectiveis to minimize the mass of the composite body by varying the defined
design variablesTable7, while satisfying the imposed design constraint$able7.

The contour plot representing the thickness distribution of the PUR layEigure110, shows

a thickness distribution up to 60 mm around the bucket region, although the upper limit of the
corresponding design variable has been set to 30 miiable6. This happens because ajbint
exists around the bucket and therefore the model implies two layers of PUR foam that are
concurring within that region.

A feasible solution has been reached within this optimisation step, where the mass has been
decreased by 29.9 % compared to th& generation, at the same time by satisfying all the

constraints defined inTable7.

outer | Gelcoat
PUR Thickness [mm] surface | GF CSM

}6.000&»01

N )

5.333E+01
4.667E+01
—4.000E+01
7 3.333E+01
=-2.667E+01

2.000E+01
[1.333E401

GF weave

GF weave

6.667E+00
0.000E+00

immer |
| GFCSM

oy

Figure110 Thickness distribution of the PUR foam layer
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Although a theoretical feasible solution was obtained within the fregze optimization, the
resulting thickness distribution of each layer within the composite body is hard to reproduce,
especially the layer that represents the core, Figure 3.3. For this reagbr,area covered by
each layer is interpreted following the free size optimizatiaresults andredefinedto reach a
shape that is possible to manufacture. This step requires the assistance of experts on
manufacturing technologies of composites.

Figure111shows the distribution of the PUR foam within the composite body (gray areas) as
it was interpreted based on the information provided by the free size optimization results,
Figure 110, and by the recommendations coming from manufacturing experts. One of the
benefits of using PUR as a core within the composite body is that it may be extruded by using

molds into complex shapes that can better follow the load paths indicated by the analys

123



Habilitation thesis Marian Nicolae Velee

Figurelll1J ouf sgsfubuj po pg uif mbzfstn ejtusjcvu
free size results: (a) PUR foam; (b) P/é@m; (c) SORIC honeycomb ; (d) GF weave

reinforcement.

However, there are regions within the composite body where higher local bending stiffness is
required; PVC foam has higher stiffness properties comparing to PUR fodiahle 4, and
therefore it may provide a better behaviour. Still, milling the PVC foam into complex shapes
may be an expensive process and thus this solution is acceptable only on relatively flat regions
within the body. Such areas are shown Figure111(b): the backrest and the bottom area of
the floor. The backrest part allows the transfer of loads between floor, sides, seat and roof and

therefore its contribution to the global behaviour of the body is important. Also, the bottom
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