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)B* Sf{vnbu 

Bdfbtuă uf{ă ef bcjmjubsf eftdsjf sfbmj{ăsjmf Ɓujjoƃjgjdf Ɓj qspgftjpobmf bujotf ef bvups îotre anii 

3123 Ɓj 3135 Ɓj ftuftusvduvsbuă îo djodj dbqjupmf mfhbuf ef epnfojjmf tusvduvsjmps vƁpbsf Ɓj

metodelor de optimizare. 

Qsjnvm dbqjupm qsf{jouă dpodfquvm ef tusvduvsj tboexjdi jfsbsijdf Ɓj dpousjcvƃjb bvupsvmvj îo

bdftu epnfojv/ B gptu ef{wpmubuă p tusvduvsă tboexjdi jfsbsijdă ef psejovm epj, sfbmj{buădin 

polimeri termoplastici auto-sbogpstbƃj printr-vo qspdft ef qmjfsf dpoujovă Ɓj bobmj{buă îo

dpnqbsbƃjf dv bmuf tpmvƃjj fyjtufouf ejo qfstqfdujwb sf{jtufoƃfj Ɓj sjhjejuăƃjj tubujdf- qsfdvn Ɓj

ejo qfstqfdujwb dbqbdjuăƃjj ef bctpscƃjf b fofshjfj ef jnqbdu/ 

Bm epjmfb dbqjupm eftdsjf dpodfquvm ef tusvduvsj ijcsjef/ P bcpsebsf qsbdujdă ftufqbsdvstă aici 

qfousv b efnpotusb cfofgjdjjmf vujmj{ăsjj QFU-vmvj bsnbu dv gjcsă ef dbscpo buvodj dâoe ftuf

vujmj{bu qfousv b îompdvj pƃfmvm îo dpnqpofoufmf tusvduvsbmf/ Bmuf epvă tuvejj ef db{ jowftujhbuf

îo bdftu dbqjupm tvou mfhbuf ef ef{wpmubsfb vovj Ɓvsvc dv cile cu arbore din DGSQ Ɓj qjvmjƃă ejo

pƃfm precum Ɓj ef{wpmubsfb vofj gmboƁf ef spbuă- bncfmf qspevtf gjjoe tvqvtfunor cereri de 

brevet ef jowfoƃjf. 

Al treilea capitol usbufb{ă ufnb pqujnj{ăsjj tusvduvsjmps Ɓj tjtufnfmps nfdbojdf Ɓj ftuf înqăsƃju

îo qbusv tvcdbqjupmf; eftdsjfsfb ufnfj- pqujnj{bsfb qbsbnfusjdă- pqujnj{bsfb ofqbsbnfusjdă Ɓj

optimizarea multi-obiectiv. 

P tdvsuă eftdsjfsf b dffb df îotfbnoă qspdftvm ef pqujnj{bsf îo dbesvm ef{wpmuăsjj vovj qspevt

nfdbojd ftuf ebuă nbj îouâj- bsăuâoe dbsf tvou qbƁjj ofdftbsj qfousv efgjojsfb Ɓj sf{pmwbsfb vofj

probleme de optimizare. 

Mfhbu ef tvcjfduvm pqujnj{bsf qbsbnfusjdă- tvou bcpsebuf epvă db{vsj ef tuvejv/ Qsjnul caz 

ftuf mfhbu ef pqujnj{bsfb hsbgjdă, pe baza unui model analitic, b sjhjejuăƃjj Ɓj sf{jtufoƃfjîn raport 
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cu masa proprie a unei structurii sandwich ierarhice de ordinul doi sfbmj{buădin polimeri 

termoplastici auto-sbogpstbƃj/ Bm epjmfb db{ ef tuvejv bcpsefb{ă qspcmfnb pqujnj{ăsjjunui 

tjtufn nfdbojd- dv tdpqvm ef b efnpotusb gvodƃjpobmjubufb dpodfquvmvj Ɓj ef b dsfƁuf fgjdjfoƃb

acestuia îodă ejo gb{b ef ef{wpmubsf dpodfquvbmă. 

Tvcjfduvm ef pqujnj{bsf ofqbsbnfusjdă ftuf bdpqfsju ef vo db{ ef tuvejv mfhbu ef pqujnj{bsfb

topologidă b vovj wbt tvc qsftjvof ef îobmuă ufnqfsbuvsădin cadrul vofj qpnqf ef dămevsă

UifsnpMjgu ef 31 lX/ Qf mâohă pqujnj{bsfb upqpmphjdă, sunt abordate qf tdvsu Ɓj celelalte 

ufiojdj ef pqujnj{bsf ofqbsbnfusjdă fyjtufouf; pqujnj{bsfb gpsnfj- pqujnj{bsfb upqphsbgjdă, 

optimizarea grosimii Ɓj pqujnj{bsfbliberă b dimensiunii. 

Optimizarea multi-pcjfdujw ftuf nbj îouâj eftdsjtăsuccint din punct de vedere teoretic, 

joejdâoe npevm îo dbsf usfcvjf joufsqsfubu sf{vmubuvm vofj btugfm ef pqujnj{ăsj/ Îo dpoujovbsf-

ftuf ejtdvubuă dpousjcvƃjb bvupsvmvj îo dbesvm qspjfduvmvj ef dfsdfubsf joujuvmbu PquGSQCpez

(Optimization of Body in FRP-Composite for small Electric Vehicle), la KTH ƛ Royal Institute of 

Technology, Department of Aeronautical and Vehicle Engineering. Un alt studiu de caz 

qsf{foubu tf sfgfsă mb pqujnj{bsfb nvmuj-obiectiv a încjoăsjmps ijcsjef pƃfm-compozit solicitate 

termo-mecanic. 

Îo dfmf ejo vsnă- tvou efubmjbuf fwpmvƃjb Ɓj qmbovsjmf ef ef{wpmubsf qfousv ef{wpmubsfb dbsjfsfj

autorului.  
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)B*Tvnnbsz 

This habilitation thesis describes the scientific and professional achievements reached 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 second order hierarchical sandwich structure made of self-

reinforced polymers by means of a continuous folding process was 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 chapter describes the 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 ball screw drive with CFRP shaft and steel nut and the 

development of a hybrid 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 sub-chapters: the description of the topic, the parametric optimization, 

the non-parametric optimization and the multi-objective optimization.  

A short description of what the optimization process means within the development of a 

mechanical product is given first, by showing what are the required steps 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 the second order hierarchical 

sandwich structure made of self-reinforced polymers based 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 the topology 

optimization of high- temperature pressure vessel of a 20KW ThermoLift Heat Pump. Apart 

from the topology optimization, the other existing non-parametric optimization techniques 

are shortly addressed: shape optimization, topography optimization, size optimization and 

free-size optimization are 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 entitled OptFRPBody (Optimization of Body in FRP-

Composite for small Electric Vehicle), at KTH ƛ Royal Institute of Technology, Department of 

Aeronautical and Vehicle Engineering, is further on discussed. Another presented case study 

refers to the multi-objective optimization of thermally stressed steel-composite hybrid joints. 

Eventually, the evolution and development plans for future career development of the author 

are detailed.  
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)C* Tdjfoujgjd boe qspgfttjpobm bdijfwfnfout boe uif fwpmvujpo boe

efwfmpqnfou qmbot gps dbsffs efwfmpqnfou 

 

)C.j* Tdjfoujgjd boe qspgfttjpobm bdijfwfnfout 

 

Jouspevdujpo 

The scientific and professional achievements presented in this habilitation thesis are 

registered in the period 2012-2024. The topics addressed are related to the field of 

lightweight structures and optimization methods and there are structured in five main 

categories:  

¶ Hierarchical sandwich structures,  

¶ Hybrid structures,  

¶ Parametric optimization,  

¶ Non-parametric optimization, 

¶ Multi-objective optimization. 

Thus, the following five chapters will detail the actual contributions of the author in these 

fields. 
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1 Ijfsbsdijdbm tboexjdi tusvduvsft 

1.1 Description of the topic 

Pof xbz up sfevdf uif wfijdmftƞ qbsut xfjhiu jt up vtf nbufsjbmt uibu qspwjef ijhifs tqfdjgjd

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 searched (M. F. Ashby, 2011). However, apart from material type, shape 

criterion is also important, and it may represent an added advantage (M. 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) where 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 of sandwich structures focuses also on developing novel core configurations, 

made of composite materials, to gain an improved mechanical behavior of the core. Examples 

of such efforts include composite corrugated cores (Russell et al., 2010), square honeycomb 

cores (Russell et al., 2011), rhombic and Kagome honeycombs (X. Zhang & Zhang, 2013), 

pyramidal lattice truss cores (Kooistra & Wadley, 2007; Queheillalt et al., 2008; Y. Sun & Gao, 

2013; Wadley & Kooistra, 2009; Xiong et al., 2010; G. Zhang et al., 2013) or novel expanded 

cores(Velea et al., 2012; Velea & Lache, 2011). Although 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 more recent 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., 2016).The hierarchical sandwich concept has been introduced 

as a solution to increase the in-plane 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 in-plane shear behavior of the structure is influenced by 

the shear properties of the joint. Moreover, the recycling capability represents another 

important issue which is currently difficult to deal with as typical hierarchical sandwich 

structures consist of several different materials. 
 

1.2 Achievements 

I. Second order hierarchical sandwich structure made of self- reinforced polymers by 

means of a continuous folding process (Velea et al., 2016) 

 

In this study a novel second order hierarchical sandwich structure and its manufacturing 

principle were described. The whole hierarchical structure is made of a fully recyclable material 

ƛ different forms of poly-ethylene terephthalate (PET):  PET matrix, reinforced with PET fibers 

(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 tests were carried out in 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 
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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.  

 
Figure 1 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 along their edges 

with an angle equal to 90+ʖ-ɻ. 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 the ɻ and ɼ angles in terms of the desired 

final angle ʖ and of the sandwich sections length l2. 

The used SrPET composite material (poly-ethylene terephthalate fibres (SrPET) and poly-

ethylene terephthalate foam (PET)) proves to be a good alternative with respect to lightweight 
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design but also considering its lower life cycle environmental impact (Poulikidou et al., 2015) 

an high impact energy absorption capacity (Kazemahvazi et al., 2015a). The 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 consolidation, 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 consolidated at 220°C for 20min under a pressure of 

1.5bar above ambient pressure (Schneider et al., 2013). The SrPET material used in this study 

is a commingled balanced 2/2 twill fabric with an areal weight of 0.75kgm-2 and 50% 

reinforcement fibres measured by weight (supplied by Comfil®APS (Comfil® APS. 

Thermoplastic Composites Denmark, www.comfil.biz, 2014)). Using the above-mentioned 

process parameters, one layer of woven fabric results in a lamina with a thickness of 0.45mm 

and a material density of 1380kgm-3. 

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 details on test 

procedures and specimens dimension readers are referred to previous work performed by 

Schneider et al (Kazemahvazi et al., 2015b; Schneider et al., 2013). 

The foam used is an ArmaForm PET AC with a density of 100kgm-3. According 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 0.9MPa (Armacell 

Benelux. ArmaFORM PET/W Technical Data, Rue de Trois Entities 9-B-4890 Thimister 

Clermont. <www.Armacell.Com> [Accessed 02.04.2014]., n.d.). 
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No additional materials are used for joining. 

A hot-press is used for consolidating the SrPET fabric and at the same time joining it with the 

foam, thus the unfolded plate containing the alternative monolithic and sandwich sections 

results. Firstly, the bottom aluminum profiles (see Figure 2) 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.  

 
Figure 2 (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 
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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 in the hot-press where it is heated 

up to 220°C within a heating rate of 20°Cmin-1, it is held at 220°C under a pressure of 1.5bar 

above the ambient pressure for 20min and cooled to room temperature. The resulted 

consolidated plate is extracted from the hot-press; cross-section within the resulted 

consolidated plate with alternative monolithic and sandwich sections is presented within 

Figure 4. 

 
Figure 3  Cross-section within the resulted consolidated plate with alternative monolithic 

and sandwich sections  

Different values for the geometric parameters l1 and l2 are possible to be obtained by 

arranging the aluminum profiles having the same shape and same cross-section as shown 

within Figure 4. 
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Figure 4 (a) single aluminum profile ƛ l2 ; (a) grouped aluminum profiles ƛ 3l2 

The resulting second order hierarchical corrugated sandwich structure results by simply 

folding the consolidated plate described in Figure 3. Starting from the consolidated plate (see 

Figure 5), the folding edges are locally heated until the PET matrix is softened. The sandwich 

sections are then bent 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 (see Figure 

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

 
Figure 5 Folding the consolidated laminate with foam inserts to a hierarchical sandwich 

structure 
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Figure 6(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 sandwich sections 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 required, additional structural face sheets 

can be added. 

 
Figure 6 (a) The resulted hierarchical sandwich structure (b) Cross section within the joining 

area 

The parameterized topology of the unit cell is shown in Figure 7, where: l1 ƛ length of the 

sandwich section, l2 ƛ length of the monolithic section, h ƛ height of the sandwich unit cell, tc 

ƛ thickness of the foam, t f ƛ thickness of the face sheets, ʖ ƛ folding angle. 
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Figure 7 Unit cell and its geometric parameters. The dotted area is representing the 

structural foam 

 

The relative density of the sandwich ʍr is defined with: 

 

”
ὰὸ ςὸ τὸÃÏÓ ‫ τὸ

ὸ ὰÃÏÓ‫ τὸ ὰÓÉÎ‫
 (1) 

 

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

derived further on by: 

 

” ” ”
ὠ

ὠ
”

ὠ

ὠ
 (2) 
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where 

- ʍsolid ƛ represents the density of the solid material  

- ʍfoamƛ represents the density of the foam 

- Vsolid= (4t f(l1 +l2)+tc(t f/2cosʖ+t f/2sinʖ))b; Vfoam= 2l1 tcb ; Vstructure= bhl2 , where b is the unit 

cell width and V comes 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 min-1. 

The experimental investigation is done on unit cells. However, in order to avoid the edge 

effects, each specimen is glued using epoxy-based glue -  Araldite®- on a metal block having 

a U shape thus simulating the continuity of the structure (see Figure 8). 

 
Figure 8 Specimen used for mechanical testing in out of plane compression 
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The effective elastic modulus Ez and the ultimate strength ʎz are determined based on the 

nfbtvsfe sfbdujpo gpsdf dpssfmbufe xjui uif jnqptfe ejtqmbdfnfou boe uif tqfdjnfotƞ

geometric dimensions. 

Four geometric configurations were tested by varying the value of foam thickness tf and 

length l1, (see Table 1). These configurations were possible to be made with the same shape 

for the aluminium profiles as shown in Figure 4. Three specimens have been tested for each 

geometric configuration. 

 

Table 1 Geometric configurations investigated experimentally 

Configuratio
n 

t f 
[mm] 

l1 
[mm] 

tc 
[mm] 

ʍr 
[- ] 

ʍ 
[kgm-3] 

I 0.45 24 7.1 0.738 232 
II 0.90 25 6.2 0.715 346 
III 0.45 81 7.1 0.245 23 
IV 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. al (Kazemahvazi & Zenkert, 2009) for corrugated cores and by Yin et. al (Yin 

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

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

results (see Figure 9).  
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Figure 9 Unit cell under out-of-plane compression loading 

Evf up uif tusvduvsftƞ tznnfusz uif bobmzujdbm npefm dbo cf cvjmu cz bobmztjoh uif

deformation of a single sandwich strut. When looking at the right-hand side sandwich strut 

the reaction force Fz can be decomposed in the two components: FN ƛ representing the force 

acting along the sandwich strut and FT ƛ representing the force acting perpendicular to the 

sandwich strut, where Fz=FNsinʖ +FTcosʖ. 

Based on the sandwich beam theory (Zenkert, 1997), the resulted forces FN and FT may be 

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

 

Ὂ
‏

ὰ
σὈ

ὰ
Ὓ

 (3) 

 

Ὂ
ὃ‏

ὰ
 (4) 
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where: 

- ɿN=ɿzsinʖ  ;ɿT=ɿzcosʖ 

- ὃ ςὸὉ, represents the extensional stiffness 

- Ὀ , represents the bending stiffness 

- Ὓ , represents the shear stiffness 

- l1 represents the length of the strut  (see Figure 9). 

The nominal stress that occurs within the investigated structure is 

„
Ὂ

ςὰÃÏÓ‫
  Ȣ (5) 

 

The nominal strain within the structure is defined as:  

‐
‏

Ὤ
  Ȣ  (6) 

 

The effective elastic modulus in out of plane compression Ez is defined as: 

Ὁ
„

‐
  Ȣ (7) 

 

Eventually, from Equations (3)- (6), Ez  becomes: 

 

Ὁ

ÓÉÎ‫

ở

Ở
ờ ÃÏÓ‫

ςὰ

σὉὸὸ ὸ

ὰὸ

Ὃ ὸ ὸ

ςὉὸÓÉÎ‫
ὰ

Ợ

ỡ
Ỡ

ÃÏÓ‫
   Ȣ  

(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 et al. (Yin et al., 

2013, 2014) and Kazemahvazi et al. (Kazemahvazi & Zenkert, 2009). Four failure modes are 

considered when calculating the theoretical strength: local buckling, general buckling, core 

shear buckling and shear failure of the core. 

¶ Local buckling 
The face sheets of the sandwich core element can buckle when they are relatively 
thinner due to the existing in-plane loads. When such a failure mode occurs, the out-
of-plane strength of the structure can be determined through Equation (9): 
 

„

ὉὉὋὸÓÉÎ‫

ở

Ở
ờ ÃÏÓ‫
ὰÓÉÎ‫

σὸ ὸ

ὸ

Ὃ ὸ ὸ

ρ

Ợ

ỡ
Ỡ

ÃÏÓ‫ὰ ςὸ
   Ȣ  

(9) 

 

¶ General Buckling of sandwich 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 Equation (10): 
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¶ 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 Equation (11):   
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¶ Shear failure of core  
This failure mode occurs when the shear stress in the core equals the shear strength 
of the core material [19]. The compressive strength of the hierarchical structure can be 
calculated using Equation (12): 
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Figure 10 shows the experimental compressive stress-strain response for the configuration I 

and III where tf = 0.45mm, Table 1; this value for tf corresponds to a single layer of SrPET 

material. As expected, lower values for the tc/l1 ratio will provide higher ultimate strength, 2.9 

MPa vs. 1.6 MPa.  
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Figure 10 Out-of-plane compression stress ƛcompression strain response fort he 

investigated geometric configurations I and III, Table 1. 

However, the resulting specific strength indicates approximately the same performance for 

both I and III geometric configurations, see Table 2. Local buckling failure mode is found when 

testing both configuration I and III. The determined out-of-plane compression stiffness values 

Ez indicates a more than two times increase for configuration I with respect to configuration 

III. However, this ratio is inversed when it comes to the specific stiffness, and it has a value of 

3.8 (see Table 2), meaning that a higher stiffness performance with respect to weight is 

offered by configuration III. 

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

where tf = 0.9mmare presented within Figure 11. 
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Figure 11  Out-of-plane compression stress ƛ compression strain response for the 

investigated geometric configurations II and IV (see Table 1). 

 The strength behavior is similar with the one for configurations I and III only that the recorded 

magnitudes are higher for II and IV (6.5MPa and 2.2MPa respectively), as expected. The shear 

buckling failure mode is found for both configurations II and IV. However, for a lower tc/ l1 ratio, 

the general buckling of the sandwich strut was recorded as a post- failure mode (see Figure 

11). 

The obtained stiffness is approximately two times higher for configuration II compared to 

configuration IV. When it comes to the weight specific stiffness, the value is four times higher 

for configuration IV compared to configuration II, see Table 2. 

 

 



Habilitation thesis                                                                                              Marian Nicolae Velea 

 

24 

 

Table 2 Stiffness and strength results 

Config 

Experimental results Analytical predictions 

Ez 
[MPa] 

ʎz [MPa] / 
Failure 
mode 

Ez/ʍ 
 [MPa / kg m-3] 

ʎz/ʍ 
[MPa / kg m-

3] 

Ez 
[MPa] 

ʎz [MPa] / 
Failure mode 

I 185 
2.9 /  
Local 

buckling 
0.79 0.012 236.9 

6.2 / Local buckling 
419/ General buckling 
10.3 / Shear buckling 
24.6 / Core shear 
 

II 271 
6.5 /  
Shear 

buckling 
0.78 0.019 455 

11.4 / Local buckling 
336/ General buckling 
8.3 / Shear buckling 
20 / Core shear 
 

III 70 
1.6 / 
Local 

buckling 
3.02 0.069 73 

1.9 / Local buckling 
11.8/ General buckling 
3.1 / Shear buckling 
7.5 / Core shear 
 

IV 141 
2.2 /  
Shear 

buckling 
3.42 0.054 142 

3.7 / Local buckling 
11/ General buckling 
2.6 / Shear buckling 
6.4/ Core shear 
 

 

Figure 12 illustrates, based on the developed analytical model, the way the out-off plane 

stiffness is influenced by ʖ angle and by the tc/ l1 ratio, where tc=8-2t f with t f= 0.45 for 

geometric configurations I and III and t f= 0.9mm for geometric configurations II and IV (see 

Figure 10).As expected, Ez is increasing with the increase of ʖ angle. Moreover, higher values 

for the tc/ l1  provide higher stiffness properties but also higher densities.  

A good agreement was found between the analytical model and the experimental results for 

geometric configurations III and IV (longer sandwich core elements). However, differences 

were found between the analytical model and the experimental results for geometric 
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configurations I and II, mainly due to manufacturing of the specimens with higher tc/ l1 ratios 

(shorter sandwich core elements). One issue is the misalignment of folding edges during the 

folding process which was difficult to control for higher tc/ l1 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 obtained ά angle for the specimens 

that vary from 55°  to 60° . Apart from the geometric imperfections, material imperfections 

also occur with an important contribution to the structureƞs behavior: the foam core degrades 

during manufacturing and the resulted bonding is not perfect at the sides which can initiate a 

premature failure. 

The out-of-plane stiffness of the investigated structure is compared as function of density 

with several cellular structures in Figure 12. The investigated configurations III and IV show a 

higher stiffness compared with the commercially available foam structures (Armacell Benelux. 

ArmaFORM PET/W Technical Data, Rue de Trois Entities 9-B-4890 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® IG/IG-F Properties, 64293 Darmstadt, Germany. 

<www.Rohacell.Com> [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 I and II reach higher stiffness values but also higher densities. 
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Figure 12 Tujggoftt qspqfsujft bt b gvodujpo pg tusvduvsftƞ efotjuz 

The out-of-plane strength of the investigated structure is compared as function of density 

with several cellular structures in Figure 13. At lower densities, configurations III 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 strength performance is found at lower densities compared with the 

commercial foam structures (Armacell Benelux. ArmaFORM PET/W Technical Data, Rue de 

Trois Entities 9-B-4890 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® IG/IG-

F Properties, 64293 Darmstadt, Germany. <www.Rohacell.Com> [Accesed 21.11.2013], n.d.) 

. A small increase in strength is found at higher densities for configuration III and IV resulting 

in a worse strength performance compared to the other types of structures. 
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Figure 13 Tusfohui qspqfsujft bt b gvodujpo pg tusvduvsftƞ efotjuz 

The experimental 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 III. It results 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 performance. This conclusion has 

led to the next study which is related to the investigation of the specific impact performance. 

A patent of invention has been published for the herein presented and analysed hierarchical 

sandwich structure 2018 (Velea et al., 2018). An extract from this patent of invention is shown 

in Figure 14. 
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Figure 14 Extract from the obtained patent of invention 
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II. Energy absorption of all-PET 2nd order hierarchical sandwich structures under 

quasi-static loading conditions (Velea & 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 perspective (M. Ashby et al., 2000; Gibson & Ashby, 

1999; Kazemahvazi et al., 2012). Several 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 materials (Cote et al., 2004; Smith et al., 2011; F. Sun et al., 

2016), CFRP (Kazemahvazi et al., 2009; Sebaey & Mahdi, 2017; Xiong et al., 2012; G. Zhang et 

al., 2013) or a combination of several materials (Costas et al., 2016, 2017; G. Zhang et al., 2013) 

formed into simple (Shin et al., 2008; Yang & Qiao, 2008) or complex shapes (An & Fan, 2016; 

Fang et al., 2018; G. Sun et al., 2016; Sypeck & Wadley, 2001; Ullah et al., 2016; X. Wang et al., 

2015,McKown et al., 2008) it 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 thin-walled tubes having different cross 

sections, filled or not with stochastic foams, is done by Baroutaji A. et al. (Baroutaji et al., 2017). 

A critical review done by Brathelat F. (Barthelat, 2015) emphasizes the benefits of using the 

so called architecture materials with respect to impact energy absorption. 

Recently, the self- reinforced poly-ethylene terephthalate (SrPET) material (Schneider et al., 

2013; J. M. Zhang et al., 2009; J. M. Zhang & Peijs, 2010) has been investigated and used for 

manufacturing different cellular topologies for sandwich structures (Schneider, Velea, et al., 
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2015; Velea et al., 2016). Kazemahvazi et al. (Kazemahvazi et al., 2015c) and Schneider et al. 

(Schneider et al., 2016) proved 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., 2015), apart from the obtained lower 

life cycle environmental impact (Poulikidou et al., 2015).  

An all-PET 2nd  order hierarchical sandwich structure has been previously proposed (Velea et 

al., 2016) based on a simple manufacturing route (i.e. folding of a single sheet of material which 

has monolithic and sandwich sections distributed in an alternate way), Figure 15, Figure 16, 

Figure 17. This structure is herein investigated based on a validated FE model, with respect to 

the specific energy absorption under quasi-static loading conditions, for several geometric 

configurations.  A comparison of the specific energy absorption for the investigated structure 

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

 
Figure 15 Manufacturing principle of the 2nd order hierarchical sandwich structure 
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Figure 16 The unit cell of the investigated all-PET 2nd order hierarchical sandwich structure 

and its geometric parameters [29]. The dotted area represents the PET structural foam. 

Geometric parameters: l1 ƛ length of the sandwich section, l2 ƛ length of the monolithic 

section, h ƛ height of the sandwich unit cell, tc ƛ thickness of the PET foam, tf  ƛ thickness of 

the face sheets, ʖ ƛ folding angle 

 
Figure 17 The all-PET 2nd order hierarchical sandwich structure (b) Cross section within the 

joining area ƛ 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 software to extract the force -  displacement curve in out-of-plane compression 

quasi-static loading conditions for 10 geometric configurations (Table 3). Based on these 

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

energy capacity can be performed. 

Table 3 The investigated geometric configurations; ʖ is kept constant at 60°, as well as the 
width of the specimens, w = 40mm 

Configuration t f [mm] tc [mm] l1 [mm] l2 [mm] h [mm] ʍ \lh nǃ4^ 

I 0.45 7.1 24 25.8 23.64 232 
II 0.9 6.2 25 27.6 25.94 346 
III 0.45 7.1 81 80.8 70.99 23 
IV 0.9 6.2 82 84.6 75.31 41 
V 0.45 4.2 34 34.8 31.16 75 
VI 0.9 8.5 35 36.6 33.74 254 
VII 0.45 4.2 56 56.8 50.21 29 
VIII 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 SrPET material are modelled as shells while the PET foam is modelled as solid, 

Figure 18. 8-node linear solid elements, type C3D8R, with reduced integration and hourglass 

control are used for the discretization of the foam geometry (Figure 19). The shell geometry is 

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

control (Figure 19). 
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Figure 18 Type of geometry of the components (foamPET and SrPET). 

 

 
Figure 19 Discretization of the geometry with finite elements 

The bottom and side surfaces of the unit cell are constrained, as shown in Figure 20, to avoid 

the edge effects. An imposed displacement is applied on point A, Figure 20, 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 ɿ is calculated, for each geometric configuration, to obtain ʀ = ɿ/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, Figure 20. A self-contact is defined by using the surface- to-surface discretization 

method (Dassault Systemes, n.d.) to avoid penetration of the surfaces during the out of plane 

compression of the structure (see Figure 20). 

 
Figure 20 The applied boundary conditions and constraints. 

 

The elastic and plastic material data considered in the numerical model for the SrPET material 

are shown in Figure 21 and they are established according to the measurements published by 

Schneider et al. (Schneider et al., 2013) and by Kazemahvazi et al. (Kazemahvazi et al., 2015a).  
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The data describing the elastic and plastic material behavior for the PET foam material is 

shown in Figure 22 boe ju jt cbtfe po uif qspevdfsƞt ufdiojdbm tiffu (Armacell Benelux. 

ArmaFORM PET/AC Technical Data, Rue de Trois Entities 9-B-4890 Thimister Clermont. 

<www.Armacell.Com> [Accessed 02.04.2014]., n.d.), correlated with the experiments carried 

out by Costas et al. (Costas et al., 2017). 

 
Figure 21 Plastic material behavior of the SrPET material considered within the FE model 

 

 
Figure 22 Plastic material behavior of the PET foam considered within the FE model 
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The developed FE model is validated by comparing the experimentally obtained stress-strain 

curves for the geometric configurations I, II, III and IV (see Table 3) and the corresponding 

analytical solution, both obtained by Velea et al. (Velea et al., 2016), with the ones numerically 

obtained herein, from Figure 23 to Figure 26. Based on the numerically obtained force-

displacement curves, the stress ʎ is obtained by dividing the measured force F to the area of 

the unit cell (w Ā l2), while the strain ʀ is given by the ɿ/ h ratio, where ɿ 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 can be explained 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 SrPET face 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 expected. The post- failure region of the numerical model is comparable with 

the experimental curve. 

When looking at case III, Figure 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 post- failure region of the numerical model fits very well the 

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

 
Figure 23 The obtained numerical results compared with the experimental results and 

analytical calculations for case I (Table 1). 

 

 
Figure 24 The obtained numerical results compared with the experimental results and 

analytical calculations for case III (Table 1). 

Figure 25 shows that scattered solutions are obtained for case II, for the maximum strength 

point of view. We certainly have the same influence of the manufacturing method, like case I, 

(Velea, 2016) 

(Velea, 2016) 

(Velea, 2016) 

(Velea, 2016) 
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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 I because the thickness of the SrPET material 

is doubled (0.9 mm instead of 0.45 mm) which increased the stiffness of 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.  

 
Figure 25 The obtained numerical results compared with the experimental results and 

analytical calculations for case II (Table 1). 

For case IV, Figure 26, there is an almost perfect correlation between the numerical, analytical 

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

buckling. 

 

(Velea, 2016) 

(Velea, 2016) 
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Figure 26 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 II and IV; these results are also strengthened by the analytical results. Differences exist 

for cases I and III, at higher l1/ tc 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, II, III, and IV, additional geometric 

cases V to X, Table 1, have been investigated in quasi-static loading conditions to extract the 

force -  displacement curve, Figure 27. 

By having the force -  displacement data, and by taking into consideration the size of the 

specimens, Table 3, for each investigated case, the Stress -  Strain relationship is reached, 

Figure 28 Strain -  Stress curve for the investigated geometric configurations.  

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

ʀ = 0.1 are shown in Figure 29 The deformed shapes of the structures (V to X) for ʀ = 0.1. 

(Velea, 2016) 

(Velea, 2016) 
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Figure 27 Force -  Displacement curve for the investigated geometric configurations. 

 

 
Figure 28 Strain -  Stress curve for the investigated geometric configurations. 
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Figure 29 The deformed shapes of the structures (V to X) for ʀ = 0.1. 

Several quantitative criteria exist for the evaluation of the energy absorption capacity (Gibson 

& Ashby, 1999; Nagel, n.d.). One of the most used refers to the determination of the specific 

energy absorption capacity Em [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 energy Eabs and its mass m, equation (13). 

 

Ὁ ὛὉὃ
Ὁ

ά
ȟ (13) 

where, 
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Ὁ Ὂ‏Ὠ‏ȟ (14) 

 

with:  m ƛ mass of the structure; F ƛ measured force; ɿ ƛ crushing distance 

 

It is known that higher values for the reaction forces are obtained at higher strain rates when 

compared to a quasi-static loading (S. Lee & Espinosa, 2005; Tancogne-Dejean 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 quasi-static loading conditions, allows 

obtaining the lower boundary for the energy absorption capacity. 

The energy absorption Eabs and the corresponding specific energy absorption Em are calculated 

herein for ʀ = 0.1. This condition results from the need of a comparison base between the 

investigated geometric cases (see Figure 27, 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 absorption Em increases while the l1/ tc ratio decreases. For the same tc/ t f ratio, 

the specific energy absorption Em jodsfbtft uxjdf gps uif dbtf J )343 lh nǃ4* dpnqbsfe up uif

dbtf JJJ )34 lh nǃ4*/ Uif tbnf cfibwjps jt tjnjmbs gps dbtf JJ )457 lh nǃ4* dpnqbsfe up dbtf JW

)52 lh nǃ4*- xijdi joejdbuft- bt fyqfdufe- bo jodsfbtf pg uifEm values with the density. The 

value of the Em doubles while the density of the structure is ten times increased. Another 

observation is that the Em is increasing by 20% while doubling the thickness t f of the face 

sheets. 
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Figure 30 The resulted Em in terms of the geometric parameters of the investigated structure 

Figure 31 shows a comparison of the specific energy absorption Em obtained for the 

investigated structure with the one of different types of structures found in the literature 

(Figure 32)- jo ufsnt pg tusvduvsftƞ efotjuz/ Gps uif tbnf tqfdjgjd fofshz bctpsqujpo )bqqspy/ 2

KJ/Kg), the density of the all-PET 2nd 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., 2008) and seven times lower when compared to the micro- trusses made from 

Nichrome alloy (Sypeck & Wadley, 2001). It can also be observed that, for the same density 

wbmvf ) 51 lh nǃ4*- uif bmm-PET 2nd order hierarchical sandwich structure can reach a three 

times higher specific energy absorption capacity compared to the lattice structures made from 

CFRP (Sebaey & Mahdi, 2017). However, 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 CFRP (G. Zhang et al., 2013). 



Habilitation thesis                                                                                              Marian Nicolae Velea 

 

44 

 

 
Figure 31 Comparison of the specific energy absorption Em for different proposed cellular 

structures for ʀ = 0.1 

 

 
Figure 32 Types of cellular structures used for comparison of the impact performance 

ыñŔŸŰŊШsЮЯШΞΜΝΞь 

ыÉǃƓĲĦťШ?ЮsЮЯШΞΜΜΝь 

ы9ŸƚƣċƚШ~ЮЯШΞΜΝΣь ыüőċŰŊШ]ЮЯШΞΜΝΟь 

ы~ĦuŸƽŰШÉЮЯШΞΜΜΥь ыÉĲĤċĲǃШÑЮЯШΞΜΝΤь 

(Xiong J., 2012) 

(Sypeck D.J., 2001) 

Zhang G.,2013 

McKown S.,2008 

(Sebaey T. 2017) 

(Costas M.,2016) 
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The investigated all-PET 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 complicated manufacturing 

routes. The herein proved characteristics come 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 sandwich structure in addition to the already proved 

advantages, such as mechanical performance in out-of-plane compression and a lower life 

cycle environmental impact through a high degree of recyclability. 
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2 Izcsje tusvduvsft 

2.1 Description of the topic 

Hybrid materials or arhitectured materials as they are defined by prof. Ashby (M. F. Ashby, 

2013; M. F. Ashby & Bréchet, 2003) bsf pcubjofe uispvhi Ơcombinations of two or more 

materials or of materials and space, configured in such a way as to have attributes not offered 

by any one material aloneơ/In other words, hybrid materials are obtained Ơby combining two 

or more monolithic materials in chosen configurations and connectivityơ, (M. Ashby, 2011). 

While for composite materials and structures the concept of hybridization is done at a 

microstructure level, within the hybrid materials and structures the hybridization is done at 

the macrostructure level. 

2.2 Achievements 

I. Study case: Connecting rod for the anti-roll bar made of CFRP combined with steel 

(Velea M.N., 2020) 

The main purpose of this work was to evaluate the possibility of using thermoplastic 

composite materials (LPET reinforced with carbon fiber) for structural a component from the 

suspension system of a vehicle ƛ i.e. connecting rod ( ). A hybrid structure therefore results by 

replacing a portion of steel in the connecting rod of the antiroll bar with the carbon fiber 

reinforced LPET, to achieve lower weight while meeting the performance requirements of the 

original component.  
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Figure 33 Anti- roll connecting rod  

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

central rod (Figure 34) and replaced with an aluminum tube of the same diameter as the steel 

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

rolling the C/LPET fabric 

 
Figure 34 Connecting rod ƛ original concept 
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Figure 35 Connecting rod ƛ hybrid structure concept 

 

                             
(a) Steel components                               (b) Thin aluminum tube 

 
(c)  C/LPET weave wrapped around the steel end and aluminum tube 

Figure 36 Elements of the hybrid connection rod -  grooves were made on the ends of the 

connecting rod to increase the connection strength between the steel and the C/LPET 
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Figure 37 Rolling the C/LPET weave 

After the C/LPET weave was rolled, Figure 37, the connecting rod was wrapped with non-stick 

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

 

 
Figure 38 The CPET weave is covered with heat shrink tape 

The created assembly was placed in the oven, and the consolidation process took place for 

180 minutes, at a temperature of 200°C. During the entire process, a vacuum pump was used 

to create negative pressure in the vacuum bag (Figure 39 and Figure 40). 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 

(Figure 41). 
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Figure 39 Hybrid connecting rod in the vacuum bag prepared for the thermal consolidation 

process 

  

Figure 40 Hybrid connecting rod in the oven, at the end of the consolidation process 

 
Figure 41 The resulted hybrid connecting rod 

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

and hybrid one), Figure 42. An imposed force of 5000N was applied while measuring the 
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resulted displacement. At 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 rod (approx. 1.3 mm).   

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

 
Figure 42 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 cracks (Figure 42). 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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II. Study case: Ball screw drive with CFRP shaft and steel nut (D. G. Dima et al., 2016) 

Figure 43 represents an extract from the patent number DE102017114852A1 and 

RO132354A2, coauthored by Velea M.N. This invention 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) wound around the shaft (5) in a helical manner, which 

engages in a recess (7) wound around the shaft in the outer peripheral surface of the shaft (5), 

and wherein the helical spring (6) delimits the ball 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 fiber-plastic 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 relates to a method for producing the 

ball screw drive. (Dima et al., n.d.) 
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Figure 43 Ball screw drive ƛ the shaft represents a hybrid structure made out of metal 

(rolling path) and fiber reinforced plastics (the body of the shaft) (D. G. Dima et al., 2016) 
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III. Study case: Hybrid wheel flange and method for producing the wheel flange (D. 

Dima & Velea, 2016) 

Figure 44 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 thin-walled 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 further openings 

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, 70, 80) 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) accordingly. 
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Figure 44 Flange ƛ a hybrid structure made from metallic parts (inserts) and unidirectional 

fiber reinforced plastic that carries the load (D. Dima & Velea, 2016) 
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3 Pqujnj{bujpo pg nfdibojdbm tztufnt 0 tusvduvsft 

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 scheme in Figure 45. 

 
Figure 45 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 study after which 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 multi-criteria 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 the ranking, the design stage 

follows, which, most of the time, is divided into: 

¶ 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; 

¶ 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.; 

¶ 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 

ƛ series manufacturing, or it returns to one of the previous stages to correct any design 

mistakes. 

In a traditional design process, the evaluation of the degree of fulfillment of the performance 

criteria is carried out based on a model of the system, usually developed in the conceptual or 

preliminary design stage. Analyzing 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 system. Figure 46 describes this iterative process whose 

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

system. 

 
Figure 46 The traditional design process 

 

An optimal design process involves the automation of the search stage for the values of the 

parameters that influence the behavior of the analyzed system with the aim of reaching the 

imposed performance criteria (Figure 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 

Figure 47, 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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In relation 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 model for formulating 

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

 
Figure 47 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 the analyzed system presents 



Habilitation thesis                                                                                              Marian Nicolae Velea 

 

61 

 

a non- linear behavior, then the optimization problem must be formulated so that a non- linear 

optimization algorithm can be used to solve it. 

 

 
Figure 48 Interdependence of Design, Modeling, Analysis and Optimization 

 

A system is a collection of components that interact to perform one or more functions (Figure 

49). x represents the state variables of the system; they represent system state or memory. 

Initial states x(t0) and inputs i(t) determine outputs o(t) and state x(t), where t > t0. 

 
Figure 49 
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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. They can 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 vehicle, Figure 50, 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 energy ƛ fuel ƛ input 

and mechanical 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 crankshaft, 

connecting rod, etc. And so on, the decomposition continues down to a basic level, for example 

down to the material characteristics of each component or the heat treatment applied to the 

components in question (Level 5 in Figure 50). 
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Figure 50 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 self-contained system 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 values of 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 

quantities. The results obtained from the analysis, before 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 Figure 8. First, 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, i.e. the comparison of the output quantities (of the 

functions of interest). 

 
Figure 51 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, as shown in Figure 48. 

 Formulating the optimization problem involves identifying the design variables (input 

quantities) 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 the form: 
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(15) 

unde: 

¶ f(x) represents the objective function 

¶ g(x) represents the vector of inequality constraints 

¶ h(x) represents the vector of equality constraints 

¶ x represents the vector of design variables (independent variables) 

¶ the limits applied to the design variables x are also constraints 

 

Examples of objective functions: 

-  minimizes the weight of a system 

-  maximizes the rigidity 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: 

¶ parameters 
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o are quantities that remain constant throughout the optimization process 

¶ independent variables 

o their values do not depend on the values of other variables 

¶ dependent variables 

o their values from the values of 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 solutions 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 constraints.  

In other words, regarding the field of mechanical engineering, optimization refers to the 

application of mathematical reasoning by which the optimal values of 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 formulated. In the next step, the 

initial solution is estimated (that is, the output quantities are evaluated based on the initial 

input quantities ƛ 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 values of 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 loop. The process is iterative until the convergence criteria are 

satisfied. 

 
Figure 52 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 Parametric optimization 

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. For example, the structural 

optimization of a cantilever beam, Figure 53, may refer to finding the values of the parameters 

b, h and L that will generate a beam of minimum mass m that satisfies certain imposed 

conditions of strength (ʎ) and stiffness (Kb and ʖn). 

 
Figure 53 Cantilever beam loaded with a transverse force on the free end 

 

This cantilever beam subjected to bending by the force F is geometrically characterized by the 

parameters b, h and L whose values can vary in a given range (variables / input quantities), 

Figure 11. 
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Figure 54 

The modulus of elasticity E as well as the density ʍ are material characteristics, with constant 

values in this example (assuming we cannot change the type of material). The responses of 

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

¶  mass m represented as a function of parameters b, h, L and ʍ, Equation (16); 

¶  the maximum stress in the beam ʎmax represented as a function of the parameters 

b, h, L and F, Equation (17); 

¶  stiffness Kb  is represented as a function of parameters b, h, L, E, Equation (18); 

¶  the first natural frequency ʖ1 is represented as a function of parameters b, h, L, E 

and ʍ, Equation (19). 

 

 

  
ά ὪὦȟὬȟὒȟ” ὦẗὬẗὒẗ” (16) 
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The objective or objectives of the optimization problem as well as its constraints are defined 

using the responses of the analyzed system, i.e. its output parameters. In connection with the 

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

 

□░▪□ , such that: 

Ɑ□╪● Ɑ╪■■▫◌▄╫■▄ 

ⱷ ⱷ░□▬▫▼▄▀ 

╚╫ ╚░□▬▫▼▄▀ 

╫ ╫ ╫ 

▐ ▐ ▐ 

╛ ╛ ╛ 

 

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 graphical map of complete 

possible solutions on which imposed constraints are applied and so identify 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 

I. Graphical optimization of hierarchical sandwich structure (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 concept (Zenkert, 1997), where different 

components are assembled in order to obtain an increased cross-section 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., 2007) have shown that the specific strength in out of plane 

compression is significantly increased for a 2nd order corrugated hierarchical sandwich 

structure made from Aluminum alloy compared to a 1st order sandwich structure made of the 

same material. Yin et al. (Yin et al., 2013) have investigated the behavior of a 2nd order 

hierarchical pyramidal lattice structure made from CFRP. In another article, Yin et al. (Yin 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 such kinds of structures is relatively 

complicated, with several geometric parameters that must 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, strength). 
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Based on analytical estimates, failure modes maps are created for a novel 2nd order 

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 PET material, in three 

different forms: matrix, fiber and foam (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 investigated (Kazemahvazi 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: l1 ƛ length of the sandwich section, l2 ƛ length of the monolithic section, h ƛ height of 

the sandwich unit cell, tc ƛ thickness of the foam, t f ƛ thickness of the face sheets, ʖ ƛ folding 

angle. 

 
Figure 55 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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ʍr represents the relative density of the whole structures and it is calculated by: 

 

”
ὰὸ ςὸ τὸÃÏÓ ‫ τὸ

ὸ ὰÃÏÓ‫ τὸ ὰÓÉÎ‫
 (21)  

 

 

ʍsolid represents the density of the solid material (1380Kgm-3 for SrPET) while ʍfoamƛrepresents 

the density of the foam (100Kgm-3 for PET foam). V comes from Volume and Vsolid= (4t f(l1 

+l2)+tc(t f/2cosʖ+t f/2sinʖ))b; Vfoam= 2l1 tcb ; Vstructure= bhl2 , where b is 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 within Figure 56. 

 
Figure 56 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: 

„
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Local 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: 
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Shear 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: 
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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 the hierarchical structure is therefore 

determined by: 

„

†ὸ ὸ

ὋὰÃÏÓ‫ ρ
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(25)  

 

Each failure mode described previously has an associated weight that varies with the structure 

load carrying capacity (Vinson, 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 specific loading conditions, can be found by ensuring that the failure modes occur 

simultaneously (Vinson, 2005). 

The failure modes maps presented in Figure 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 equation (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 ʖ, it can be observed from Figure 57 that 

three failure modes occur simultaneously for the case when the tc/ t f ratio has a value of about 

9.4 while the length of the sandwich strut l1 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 a value of 75 Kgm-3.  

Figure 58 helps to identify the influence of the corrugation angle ʖ to the out of plane 

compression strength of the structure. For an increase in strength value, the ʖ angle should 

be increased. This will however add additional weight to the structure as it can be seen from 

the density contour lines, Figure 58. 

The solid circles from Figure 57 indicate the configurations (I, II, III, IV) that were experimentally 

investigated in a previous article of Velea et al. (Velea et al., 2016). Configurations II, II and IV 

have been correctly predicted by using the failure modes maps. For configuration I, it was 

experimentally found (Velea et al., 2016) that the local buckling failure mode occurred first 

while on the failure mode maps the core shear failure mode will occur first. This is however 

close to the border of the local buckling failure mode, see Figure 58, and the difference is most 

probably caused by the values of the geometric parameters (theoretical values vs. actual 

values of the experimentally tested specimens) (Velea et al., 2016). 
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Figure 57 Failure modes maps for the investigated 2nd order hierarchical sandwich structure 

made from SrPET material and PET foam by assuming ʖ=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 2nd order hierarchical sandwich structure, the best mechanical 

performance in out of plane compression, with respect to weight, can be achieved for tc/ t f=9.4, 

ʖ=60° and l1=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 increase in 
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strength can be achieved by increasing the angle ʖ; however, this measure will also increase 

the weight of the structure. 

 

 
Figure 58 Failure modes maps for the investigated 2nd order hierarchical sandwich structure 

made from SrPET material and PET foam by assuming l1=33mm 
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II. 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 actuator, Figure 59. The interest here is to succeed in 

braking axial forces as large as possible by acting with as little force as possible provided by 

the linear actuator at the same time by not exceeding the allowable contact pressure on the 

friction pads and by keeping a compact size for the overall system (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 considered, as shown 

in Figure 60. 

 
Figure 59  The investigated axial brake concept 
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Figure 60 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®.  

Figure 61 shows the selected input variables with the associated lower and upper boundary 

limits.  

 
Figure 61 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 in Figure 62. 

 
Figure 62 Input variables with the specified path to the analytical model (excel sheet) 

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

specified which can be an objective (minimize or maximize) or a constraint. 
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Figure 63 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 multi-objective optimization problem. Two algorithms are available in 

Hyperstudy that can deal with multi-objective problems: GRSM ƛ Global Response Search 

Method and MOGA ƛ Multi-Objective Genetic Algorithm. The first one is selected for solving 

this specific problem. 

 
Figure 64 Available types of algorithms for solving the defined optimization problem 

The graphs shown in Figure 65 and Figure 67 indicates the dependence between the actuator 

force and the required travel distance to brake 1500 N force applied on the movable rod.  
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Figure 65 All calculated solution. Trade-off between actuator force and the required travel 

distance while indicating the number of friction pads 

 

 
Figure 66 All calculated solution. Trade-off between actuator force and the required travel 

distance while indicating the required value of the friction coefficient 
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Figure 67 All calculated solution. Trade-off between alpha angle (see Figure 59) and the 

required travel distance 

 
Figure 68 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 

Figure 65 (bullets color) while the required friction coefficient can be viewed in Figure 66. 

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 in Figure 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 parameters to facilitate the selection of the most beneficial solution from the set of 

optimal solutions (the Pareto front).
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3.3 Non-parametric optimization 

3.3.1 Description of the topic 

The non-parametric optimization is usually referring to multiple techniques for doing 

structural optimization, applied on finite element models, such as: 

- Topology optimization 
- Shape optimization 
- Topography optimization 
- Free-size optimization 
- Size optimization 

The most known and used technique is the topology optimization which involves searching for 

the optimal distribution of material in a given volume, discretized with finite elements. During 

the topologic optimization process, the elements that are not useful from a structural point of 

view are deleted -  topological optimization (Figure 69).  

 
Figure 69 Topologic optimization 

Mathematically, topological optimization searches for a subset ɱmat  ɱ where ɱ is 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 constraints. It means that the shape of the finite elements will be 

altered (either by extension or compression) to reach the desired objective while satisfying the 

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

 
Figure 70 Shape optimization 

Topography optimization (Figure 71) is changing the shape of discretized surfaces to, for 

example, increase the stiffness of the structures. Topography optimization is normally applied 

on 2D finite element models. 

 
Figure 71 Topography optimization 
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In case of a free-size optimization problem, Figure 72, the thickness of each 2D finite element 

which is part of the design space, is modified independently according to the specified 

objectives and constraints. 

 
Figure 72 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 in Figure 73. 

 
Figure 73 Size optimization 
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3.3.2 Achievements 

 

I. Topology optimization of high- temperature pressure vessel of a 20KW ThermoLift 

Heat Pump (Research project coordinated by Velea M. N., 2019) 

 

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 arises, first , from economic reasons, 

namely, to reduce material costs, as very expensive materials are used (Inconel 718, Stainless 

steel 316, SS17-4PH). 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. 

 
Figure 74 Description of the working principle for the investigated heat-pump 
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Figure 75 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 heat pump more 

efficient. Currently the part is made of stainless-steel type 316 and weighs about 12.7 kg 

(Figure 76 and Figure 77). 

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. 

 
Figure 76 Initial geometry of the dome (upper part) 

 

 
Figure 77 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 most loaded 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 desired to optimize it or, if possible, to replace the existing material with another cheaper 

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

 
Figure 78 The initial geometry of the insulator ring 

The housing has both the role of strength and stiffness to combine stresses 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 inside them. 

The housing was not subjected to the optimization process. However, it was included into the 

optimization model to make the model as close as possible to reality regarding the stresses 

and displacements obtained. 
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Figure 79 Housing 

The assembly of the three components, dome, insulator ring and housing will be done 

by welding. 

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

temperature is recorded in the upper and lower part of the dome. 
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Figure 80 Thermal loads 

The mechanical loads are generated by the pressures developed inside the pump while it is 

running. The highest loads are present at the level of the dome - 120 bar applied on the inferior 

side of the dome (Figure 81). 

  
Figure 81 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 Inspire 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 software (the 

discretization method is automatic). The user has the 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 properties as 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, steel 17-4PH, and 

Inconel 718, which have the properties in Figure 82.  

 
Figure 82 Defining the properties of the materials used 

In Figure 83 the total displacements of the initial 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 

displacements is due to thermal expansion. 
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Figure 83 Displacements for the initial configuration  

Figure 84 shows the von-Misses stresses that develop during pump operation. The highest 

stress values are recorded at the level of the insulating ring, around the contact with the 

housing, where a stress value of about 900 MPa is recorded. This stress values do not reach 

the yield strength of the material at that temperature. Very high peak stress was recorded 

which were not considered at this stage of the work, because they are originated by the stress 

concentrators. 
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Figure 84 Stresses obtained for the initial configuration 

Figure 85  shows the sketch with the initial and extended volume of the component. Both the 

constraints imposed by contact interface 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. These surfaces are not 

frozen, meaning that they will be kept intact within the optimization process. 

Figure 86 indicates the total volume considered as design space for the topology optimization 

process. 
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Figure 85 Volume expansion for the dome component ƛ determine the interference limits 

with the adjacent components 

 

 
Figure 86 Volume expansion for the dome component 

 

Figure 87 indicates the volume extension for the insulator ring by considering the interference 

limits with the adjacent components. The resulted volume is shown in Figure 87. 
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Figure 87 Volume expansion for the insulator ring ƛ determine the interference limits with 

the adjacent components 

 

 
Figure 88 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 chosen, Figure 89.  Axial symmetry constraints were also imposed on the dome geometry, 

Figure 90, by defining 50 symmetry planes.  

 
Figure 89 Topology optimization set-up 
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Multiple optimization processes were carried out. It was also observed that the definition of 

symmetry planes, as shown in Figure 90, helped to reduce the calculation time from several 

tens of hours to a few hours.  

 

 
Figure 90 Axial symmetry planes applied on the dome geometry 

 

The results presented below (Figure 91) represent the best variant found as a constructive 

solution, this being obtained using the first  method, respectively by maximizing the stiffness 

and by imposing a volume fraction limit of 30%. 
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Figure 91  Best topology obtained for the dome ƛ indicates a better behavior of the dome if 

the curvature is reversed 

Form Figure 91 it can be observed an unexpected behavior which is that the dome geometry 

is curved in the opposite direction. By following this idea, the geometry has been 

reconstructed, Figure 92, such that more available design space exits on the bottom side. 

 
Figure 92 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. 

 
Figure 93 The best topology obtained for the dome 

Based on the best topology obtained (Figure 93) the dome geometry has been reconstructed 

as shown in Figure 94. 

 

 
Figure 94 Dome geometry after reconstruction based on the topology optimization results 
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While optimizing the insulator ring, it was observed a tendency of the algorithm to produce a 

curvature towards the exterior (Figure 95). This shape will be taking into consideration while 

reconstructing the geometry of the insulation ring (Figure 96). 

 

 
Figure 95 Topology optimization output for the insulator ring 

Hfpnfusjb sf{vmubuă tf wb mvb îo dpotjefsbsf qfousv sfdpotusvdƃjb bdftufjb Ɓj bobmj{b dv

fmfnfouf gjojuf b hfpnfusjfj sfdpotusvjuf îo wfefsfb wbmjeăsjj/ 

 

      
Figure 96 Insulator ring geometry 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 MPa while within the dome is below 200 MPa.  

 
Figure 97 von Misses stress distribution within dome and insulation ring 

Related to the resulted displacement, an improvement compared to the initial state can be 

noticed from Figure 98, where the maximum displacement reached is 1,17 mm.  

A stiffer and less tensioned construction is therefore obtained compared to the initial 

geometry (Figure 84) while the volume of the dome is reduced by approx. 45 %; the volume of 

the insulation ring remains approximately the same, compared to the reference model, but the 

stress level is significantly reduced through the new geometry. 
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Figure 98 Displacements results 
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3.4 Multi-objective optimization 

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 outputs f1 and f2 (Figure 99), functions described by 

equations (26) and (27) and shown graphically in Figure 100 for x [ɴ2,7]. 

 
Figure 99 

 

  
Ὢὼ ςὼ ςρὼ χυ (26) 

 

  
Ὢὼ ςὼ ρτὼ τπ (27) 

 
Figure 100 Graphical representation of objective functions (Equations and (26) and (27)) 
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Figure 100 shows that the minimum of function f1 is obtained when x=5.2 and has the value 

19.88 (M1) and the minimum of function f2 is obtained when x=3.5 and has the value 15.5 

(M2). 

In the situation where it is desired to minimize both functions f1 and f2 simultaneously, the 

problem becomes a multi-objective optimization one and the obtained result is described by a 

set of possible solutions -  i.e. feasible solutions (Figure 101-  blue line). 

While in a single-objective problem the superiority of a solution over other solutions is 

determined directly by comparing the objective function values, in a multi-objective 

optimization problem the dominance ratio between solutions in the feasible domain is sought. 

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 front (Figure 101). The Pareto front, described in detail in Figure 102, 

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

M1] in Figure 100. 

 

Figure 101 Representation of the Pareto front for the given optimization problem 
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Figure 102 Dominant solutions (Pareto front) vs. dominated solutions 

 

Figure 103 Identifying the values of 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 functions f1 and f2 ; these type of 

solutions correspond to values of the variable x outside the interval [M2, M1] , as indicated in 
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Figure 102 and Figure 103. Examples of dominant solutions, which are part of the Pareto front, 

are ND1 and ND2, which correspond to values of the variable x from within the interval [M2, 

M1]. 

Therefore, a multi-objective 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 

I. 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., 2014) describes the contribution of the first author within the project 

entitled OptFRPBody (Optimization of Body in FRP-Composite for small Electric Vehicle), at 

KTH ƛ Royal Institute of Technology, Department of Aeronautical and Vehicle Engineering. The 

upubm cvehfu pg uif qspkfdu xbt :511 lTFL )d;b 2NƼ* boe uif gvoejoh xbt tvqqpsufe cz Njtusb

Innovation ƛ The foundation for Strategic Environmental Research, Sweden. 

In this project, an optimization methodology was developed and applied on a FRP sandwich 

body of an electric vehicle ƛ ZBee, where single-objective and multi-objective optimization 

studies are performed stepwise using a commercially available software package (Altair 

Hyperworks). The single-objective 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 distribution 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 performance for the 

others. Therefore, a trade-off between objectives is needed. The interpretation of results is 

partially made by using trade-off plots, the so-called Pareto frontiers. A method for the overall 

selection of the most beneficial solutions is proposed 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 company ƛ Clean Motion 

AB ƛ regarding energy efficient electric vehicles. This urban vehicle, classified as scooter 

according to EU regulations, has been designed for short distance transportation of up to three 

people and smaller goods. Figure 104 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 cores. The composite body was made of 9 parts which were adhesively 

bonded together to form a whole.  

 
Figure 104 The 2nd generation of ZBee vehicle 
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A new generation of the ZBee ƛ the 3rd generation ƛ, 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 

uif dpotujuvfoutƞ tqfdjgjd qbsbnfufst(Walker & Smith, 2003). This goal can be attained if 

appropriate advanced optimization tools are used. 

 
Figure 105 The 3rd generation of ZBee vehicle ƛ new composite body design 

Bo pqujnj{bujpo qspcmfn jt nptu pgufo gpsnvmbufe xifo uszjoh up jnqspwf uif wfijdmftƞ

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 the design variables 

)f/h/ nbufsjbmtƞ qspqfsujft* boe cz dfsubjo jnqptfe dpotusbjout )f/h/ sfrvjsfe tujggoftt- tusfohui

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 to be defined 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 others (M. F. Ashby, 2000). Several complex techniques and 

algorithms have been proposed for solving such multi-objective optimization problems 

(Badalló 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 the pckfdujwftƞ 

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., 2010), although methods for dealing with this issue have been 

studied and proposed (R. Marler & Arora, 2010). 

Therefore, to obtain a large spectrum of solutions, dedicated multi-objective optimization 

algorithms remain here of interest (Almeida & Awruch, 2009; D. S. Lee et al., 2012). One of the 

most spread algorithms within the current available commercial FE packages is the so-called 

MOGA (Multi-objective 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-objective optimization study is partially made with the help of the trade-off 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 objectives 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 solver was used for 

FE analyses and single-objective optimization studies. Hyperstudy and RADIOSS solver were 

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 parts. The generated finite elements have been checked and 

refined where needed, according to the HyperMesh quality indexes default values (Altair, 

2014). The resulted mesh has 688638 degrees of freedom, Figure 106. The connection 

between body parts (i.e. the adhesive) has been modelled using rigid elements to simplify the 

model. 

 
Figure 106 Meshed body 

The composite structures the body parts are made of are modelled as laminates; each 

laminate being composed by several plies (layers). The material properties were thus defined 

individually for each of the layers within the software. Table 4 shows the types of layers that 

were used within the body structure of the ZBee-Generation 3 and their corresponding 
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material characteristics. The acronyms GF-weave and GF-csm represent a bi-directional 

weave and glass fibre chopped strands mats respectively. SORIC represents a polymer 

honeycomb core material. 

Table 4 The materials properties used within the optimization studies 

Material 
Type 

Material characteristics 

E1=E2 [MPa] G12 [MPa] ʍ [Kg/m3] Xt=Xc [MPa] Yt=Yc [MPa] S [MPa] 

GF-weave 16740 2237 1704 241 241 7 

GF-csm 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 and optimization of the ZBee composite body there have been considered 

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

 
Figure 107 The applied loads and constraints 

(a) ƛ Global torsion 
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This load case has the purpose of evaluating the 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 stiffness Kt 
is thus determined using Equation (28), where MxA is the moment applied along 
X-axis at point A and ʃxA represents the rotation measured around X-axis at 
point A.  

ὑ
ὓ

—
 .Í

ÄÅÇ
 (28) 

(b) ƛ Global bending 
The bending stiffness Kb of the composite body is determined using Equation 
(29), where FzC is the force applied along Z-axis at point C and ɿzC represents the 
displacement measured along Z-axis at point C. The node B has all degrees of 
freedom retained while node A is allowed to slide along X-direction, Figure 
107(b). 

ὑ
ὓ

—
 .Í

ÄÅÇ
 (29) 

(c) ƛ Front wheel brake 
This load case has been introduced to evaluate the local stiffness of the 
composite body around the front wheel, Figure 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 braking force F 
and a braking moment M are determined and both are applied on point B (center 
of the front wheel); the displacement of point C (the headstock top point) is then 
determined using Equation (30), where ɿx, ɿy and ɿz represent the displacements 
of point C evaluated within the analyses along the three orthogonal axes). 

‏  ‏ ‏ ‏   άά (30) 

(d) ƛ 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 nodes, Figure 107(d). 
 

(e) ƛ 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 non- linear FE analyses are usually considered for 
investigating this type of crash scenarios (Duddeck, 2008) but these imply a high 
computational time, especially in the case of a multi-objective optimization. For 
this reason, an equivalent static load case is here approximated, Figure 107(e), 
where a force F is applied on the depended node B and distributed within 
interpolation constraint elements ƛ RBE3 (Altair, 2014) on an estimated impact 
area from the composite body. The magnitude of the force F equals MĀ10g, 
where M is the full vehicle mass and g is the gravitational acceleration. The 
displacement of point B is then evaluated and used within the optimization 
studies as a constraint or objective in the form of Equation (30).  
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 A, Figure 107(e), are constrained to 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 to satisfy the 
displacement constraint of point B. Other authors have used the same approach 
for single-objective topology optimization (Cavazzuti et al., 2011).  
 

(f) ƛ 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 force F, Figure 
107(f), is calculated as MĀ3g, 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 height of 100mm, 
and the wheel radius is 230mm. The force is then applied in the center of the 
wheel represented by the point B, Figure 2.2(f), at an angle of 34°  from Ox axis, 
within the xOy plane, and it is transferred to the composite body by the 
interpolation constraint elements ƛ RBE3 (Altair, 2014), that represent the fork. 
The displacement of point B is evaluated and used within the optimization 
studies as a constraint or objective in the form of Equation (30). 

 

The proposed optimization methodology consists of three main steps, Figure 108.  

 
Figure 108 Optimization methodology applied on the composite body 

First, a single-objective 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 results. The 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 single-objective 

free size optimisation problem may be described as it follows (adapted from (Zhou et al., 

2009)): 

 

Minimize  Ὢὼ Ὢὼ ȟȣȟὼ  

Subject to  ὼ ὼ ὼȟ        Ὥ ρȟȣȟὔὰȠὮ ρȟȣȟὔὩ 

  Ὣ ὼ Ὣ πȟ     Ὧ ρȟȣȟάȠ    

where:  

- Ὢὼ is the objective function 
- ὼ  represents the thickness of the ith layer of the jth finite element 
- Ὣ ὼ and Ὣ  are the kth constraint response and its upper bound 
- ὔὰ and ὔὩ represent the number of layers and the number of elements 
- ά 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 in Figure 109. 

 
Figure 109 Section within the composite body structure 
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The initial thicknesses of the GF-weave and GF-csm layers, Table 5, have been predicted using 

Equation (31).  

Ὤ
ὡ

”

ὡ

”
ȟ (31) 

where:  
- Wf  and Wm represent the weight of the fibres and of the matrix per unit area; Wf  is 

given in Table 5.  
Wm is calculated for each as Wm= (Wf/w f)-Wf, where wf=ʍf vf/( ʍf vf+ ʍm vm), vf   represents 
the fibre volume fraction and it is equal to 0.4 for GF-weave and 0.2 for GF-csm. The 
matrix volume fraction vm is equal to 1-vf  .  

- ʍf  and ʍm are the densities of the glass fibres and of the polyester matrix, and they are 
equal to 2520 Kg/m3 and 1160 Kg/m3 respectively, (Åström, 2002). 

 

 

Table 5 Jojujbm uijdloftt boe mbzfstƞ ejtusjcvujpo xjuijo uif dpnqptjuf cpez 
Layer Type Placement Wf  [g/m 2] Initial thickness [mm] 
Gelcoat complete layer -  0.600 
outer GF-csm complete layer 300 0.595 
outer GF-weave complete layer 600 0.595 
PUR complete layer -  30 
inner GF-weave complete layer 600 0.595 
inner GF-csm complete layer 300 0.595 

 

Within the free size optimisation, the thickness value of the layers shown in Table 5 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 shown in Table 6. The thickness of 

the Gelcoat layer is kept constant. 
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Table 6 Design variables within the free size optimisation step 

Layer 
Thickness [mm] 

lower limit upper limit 
outer GF-csm 0.2 1.2 
outer GF-weave 0 1.2 
PUR 0 30 
inner GF-weave 0 1.2 
inner GF-csm  0.2 1.2 

 

The imposed design constraints within the free size optimisation may be interpreted as 

performance targets that should be met, for each of the considered load cases. The applied 

constraints are described in Table 7. 

 

Table 7 Constraints applied within the free size optimisation 
Load case Constraint Description 

Torsion 
stiffness  

Kt3 Ó 2Kt2  

Torsion stiffness of the 3rd generation, Equation (28), 
should be at least equal to two times the one of the 
2nd generation. 

Bending 
stiffness  

Kb3 Ó 2Kb2  

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

Front wheel 
brake 

ŭC3 Ò ŭC2 

Displacement of point C, Figure 107 (c) of the 3rd 
generation should be less than or equal to the one of 
the 2nd generation. 

Belt points 
stiffness 

ŭbelt_points_3 Ò ŭ 

belt_points_2 

Displacements of belt points, Figure 107(d) on the 
3rd generation should be less than or equal to the 
ones of the 2nd generation. 

Front 
impact 

ŭB3 Ò ŭB2 

Displacement of point B, Figure 107(e) of the 3rd 
generation should be less than or equal to the one of 
the 2nd generation. 

Curb strike  ŭB3 Ò ŭB2 

Displacement of point B, Figure 107(f) of the 3rd 
generation should be less than or equal to the one of 
the 2nd generation. 
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The values for the objective functions Kt3 and Kb3 are constrained to be at least equal to two 

times the corresponding values for the 2nd generation to force the PUR layer to grow in a more 

realistic shape instead of a scattered distribution. 

The single objective is to minimize the mass of the composite body by varying the defined 

design variables, Table 7, while satisfying the imposed design constraints, Table 7. 

The contour plot representing the thickness distribution of the PUR layer, Figure 110, 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 mm, Table 6. This happens because a T- joint 

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 the 2nd generation, at the same time by satisfying all the 

constraints defined in Table 7. 

 
Figure 110 Thickness distribution of the PUR foam layer 
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Although a theoretical feasible solution was obtained within the free-size 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 reason, the area covered by 

each layer is interpreted following the free size optimization results and redefined to reach a 

shape that is possible to manufacture. This step requires the assistance of experts on 

manufacturing technologies of composites. 

Figure 111 shows 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 analysis. 
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Figure 111 Joufsqsfubujpo pg uif mbzfstƞ ejtusjcvujpo xjuijo uif dpnqptjuf cpez gpmmpxjoh uif

free size results: (a) PUR foam; (b) PVC foam; (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 foam, Table 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 in Figure 111(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 
































































