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Abstract

A method has been developed for designing composite 3D skeletal structures. This
method can be used to design weight optimized fiber reinforced structures that can carry
complex loads in high performance applications such as satellites. These designs are re-
alized through Size, Shape and Topology Optimization, using a ground structure ap-
proach as a starting point. This enables modeling of both the highly anisotropic proper-
ties of fiber reinforced materials, as well as arrangements in various stages of development
that exploit those properties. Rather than applying these three optimization processes
purely sequentially, a more robust approach is presented which increases the likelihood
of arriving at design solutions that are global optima. A trade-off between theoretical
optimality and manufacturability is made by implementing manufacturing constraints.
This is done at various stages in the optimization process, rather than as a final transla-
tion step where a theoretically optimal solution is converted to a realistic design. Merely
implementing manufacturing constraints as a final design step may lead to a design which
moves away significantly from the optimal design that was arrived upon at an earlier
stage. Manufacturing feasibility has been addressed by analyzing and building several
samples showcasing a joint design that forms the building block for the type of structures
that can be designed using the methodology presented in this thesis. The results indicate
that, especially for stiffness-critical applications, this is a feasible approach for building
structures that can be significantly lighter than state of art additive manufactured struc-

tures, while approaching similar levels of design freedom.



viii Abstract




Table of Contents

N 01517 i Vo N vii
List Of FigUreS .cccvuiiiiiiiiiiiiiiiiiiiiiiieiuiiieiietesureiersesacessssesssaseossssssasessssssssssosssssss xiii
557 v o A I 1 o) LT N xvii
List of Symbols and AbbreviationsS.....c.cvceviiieiieiiiiinineienieiieiirceisisecasrersenes xix
AcKknowledgements. .cocveieiiiieiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieitiiietireteisesattstsesasasetnenes xxi
(@ F:1 03 7= o NN 551 o Yo 11 U o) o NN 1
1.1 Background Information ...........ccoeiiiiiiiiiiiiiiiee e 1

1.2 ReSearch ODJECTIVE ...ceeeiiiiiiiiiiiii e 2

1.3 THESIS SEITUCTUTE .. eeeeiieiiiit et e e et e eeeeeeeaes 3
Chapter 2 Literature RevieW...ccccviiiiiiiiiiiiiiiiiiiiiiiniiiiiriiiieiieiceisisesesasersessns 5
2.1 State of Art of optimization methods for composite structures.......................... 7
2.1.1 Sizing and Shape optimization of grid stiffened structures ..................... 7

2.1.2 Layup optimization for planar or conical structures ............ccccccvvvunnennnn.. 8

2.1.3 2D topology optimization of fiber reinforced structures.................oeeennn. 8

2.2 Approaches to modeling 3D composite Structures........cceeeeeeeeveeeiiiiiinereeeeeeeiinns 10
2.3 CONCIUSIONS .oeieeeeeeeee e 12
Chapter 3 Project ObJectives ...civiieiiniuiininiiiiiiiiiiiiiiiiiiiiiiiiiiniceeeeeenes 13
3.1 Focus of RESEArch.......coooiiiiiiiiiiiiiiiiiiiiiieeeee e 13
3.2 Research ODbJectiVe .....coooiiiiiiiiiiiiiiiiiiiiiiiiiieeeeeeeeeeeee e 15
3.3 Expected OUtCOME ...oooviiiiiiiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeee e 18
3.4 Optimization Framework requirements...........ccooeeuiiiiiiiiiiiiiiiiiiiiieeeeeeeeiiin. 19
Chapter 4 Optimality ccoceeiiiiiiiiiiiiiieiiiiiiiiiiiiiiiiiiriiiieiieietireieetssacesessesasasens 21
4.1 Sub process level Optimality ........coooiiiiiiiiiiiiiiii e 21

4.2 Structural Optimizer level Optimality .......ooooeeiiiiiiiiiiiiiiiii e, 22



X Table of Contents
4.3 Project Level Optimality ..cocoeuueeeiiiiiiiiiiiiii e 24
Chapter 5 Manufacturing ....cccoeveviiiiiiiiiiiiiiiiiiiiiiiiiirrrrr s 25
5.1 Grid Structure Manufacturing Methods ........ccooeeeeeiiieoiniiii e, 25
5.2 Process- and material selection...........ooouuuiiiiiiiiiiiii 26
5.2.1 Material type and draping method..........cccccouviiiiiiiiiiiiie, 27
5.2.2 Molding and curing method: ...........ccooiiiiii e, 28

5.3 JOINE AESIEI «evveiii i 29
5.3.1 Methodology OVEIVIEW ......uuiiiiiiiiiiiiiiiiie e 30
5.3.2 Thickness build-up and overlap requirements ..........ccccccuvvuuiirrieiiieennnnnan. 31

5.4 Joint Manufacturing Test Campaign.........ccouuuriiiiiiiiiiiiiiiiiiiiii e 34
B.4. 1 GOALS e 34
D42 DESIZINciiiniiiiiie et ettt 35
5.4.3  RESUIES oottt 37
Chapter 6 Optimization FrameworK.......ccceviviiiieriiiiiieiuininineiesiieisesacassnens 41
6.1 Choosing an optimization approach ............cccooeeiiiiiiiiiiiiiii e, 42
6.2 OPHiMIZATION PIOCESS ...uuieeeeiiiiiiiiiie ettt e e ettt e e e e e eeeeeaaans 45
6.2.1 Overview of relevant built-in Nastran modules............ccccceeeiivieiiiiniinnnnn. 45
6.2.2 Assessment of applicability of Nastran modules...........ccccceeeiivieiiiiniinnnnn. 46
6.2.3 Ordering of the optimization SEqUENCE .............uiiveeeiiiiiiiiiiiiieeeeeeeeeiiieen, 47
6.2.4  DISCUSSION tettttiiiiet et 50

6.3 ANALYSIS oo 51
6.3.1 ReqUITEmMENtS. .....ccoeiiiiiiiiiiiii e 51
6.3.2 Considerations and FEA model setup choice ..............euueeivieiiiiinieininnnnnns 52
6.3.3 Buckling analySiS.......couuuuuiiiiiiiiiiiiiiiii e 55

6.4 Ground structure module ...........ueiiiiiiiiiiii e 57
6.5 Topology optimization module ..........coooeiieiiiiiiiiiii 61
6.5.1 Topology optimization theory and implementation .................cceeeeennnna. 61
6.5.2 Difficulties of using 1D elements in topology optimization problems.....63
6.5.3 Mesh independency scheme..............cceviiiiiiiiiiiiiiinni i, 66
6.5.4 Modal Analysis in 1D Element Nastran Topology Optimization ........... 66

6.6 Sizing OptiMIZALION ..oeeeeeiieii e 68
6.6.1 Scope of optimizer module and INPULS.........euueereiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiies 69
6.6.2 Choice of optimizer algorithim ...............euiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieeees 70
6.6.3 Result interpretation: Convergence and achieving robustness................ 70

6.7 Shape OPtIMIZATION «euuvetiiii i 74

6.7.1 Shortcomings of built-in Nastran functionality for shape optimization..74

6.7.2 Choice of optimization algorithm ............cccccouviiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiis 74



Table of Contents xi

6.7.3 Notes On OPETAtION ..cceuuuniiiiiiiiiiiiiie e e e 75

6.7.4 Relevant design constraints during shape optimization ...........cccccccce..... 76
Chapter 7 Finite Element Analysis of joints.....c.cccoivvuiuiuieiiiiiiiiiiiinininnnne. 77
7.1 Goals and apProachi.......cccee i 77
7.2 FEA RESUILS c.uviiiii e 82
7.2.1 Strength ANalysSiS..........euueueieiiiiiiiiiiiiiiii 82

7.2.2  Stiffness ANALYSIS ....ueuuumiiiiiiiiiiiii e 86

7.3 Moment balance and joint redesign.............uueeviiiiiiiiiiiiiiiii 88
T4 CONCIUSIONS oeeieieiiieeeeee e 91
Chapter 8 Conclusions and Recommendations......cccccveveviiiiiieiniiiiinenannnnn. 95
8.1 CONCIUSIONS ..ottt e e 95
8.2 RecomMmMEndations .........cciiiiiiiiiiiiii e 97
ReferencCeS cuiviiiiiiiiiiiiiiiiiiiiiiiiiiiiri e e s e e 99
Appendix A Joint manufacturing campaign layup ....ccccceeveviiiiineininnnnne. 103
Appendix B FEA Element type considerations.........ccceceeiininininienenenns 107
Appendix C Beam modeling property derivation.......c.ccoeeviiieiainininenen. 109
Appendix D Topology optimization initial element size sweep ............. 113

Appendix E Fluttering in Sizing Optimization........c.cocoviviiiinininneneninans 117



xii Table of Contents




List of Figures

Figure 2.1 Result of a topology optimization for a motorbike frame (left) and a 'translation'

of this solution into a printable design (right). (Source: Airbus APWorks)........ccccccceenene 5
Figure 2.2 Topology optimized aluminum bracket for a satellite antenna (Source: Ruag,

ATEAIT, FIOS) 1ttt ettt e 6
Figure 2.3 Anisogrid Structure as presented by Vasiliev .......cccccoovviiiiiiiiiiiiiiieieeeeee 7
Figure 2.4 2D optimization of a cantilever beam as presented by Ye et al. .......cccccevvniinnn. 9

Figure 2.5 Optimization of a cantilever beam for different input settings as presented by

Nomura et al. These beams are clamped on the left side, while a vertical load is applied

ON the TIgIt SIAE. .uueeiiiiiiiiiiiiii e 9
Figure 2.6 Ground structure (a) and optimized structure (b). Source: (Rajan, 1995)................. 10
Figure 3.1 Schematic of A freeform composite Structure ..........coccoovieiiiiiiiiiniiiiic e 16
Figure 3.2 Depiction of topology, shape and sizing manipulation principles ..........cccooccvieeereennn. 17

Figure 4.1 Topology optimization results with penalty method applied (b) and both penalty
method as well as filtering applied (c). Note the checkerboard pattern in (b). Adapted
from (Labanda, 2015).......ccciiiiiiiiiii e e 22

Figure 4.2 Hollow bird bone structure (source: www.sciencepartners.info)..........c.cccoceeviveiencns 23

Figure 5.1 Schematic of hybrid tooling consisting of base tool and expansion tool (source:
HUyDIeChts € Al.) wouviiiiiiiiiieieeee ettt et 25

Figure 5.2 Adaptations from 25 bar sizing problem to structures reinforced with continuous

(a) and interrupted fibers (b). Highlighted joint is shown in close-up in Figure 6.5. ........ 27
Figure 5.3 Schematic of a standard 25 bar truss structure (source: Xiao et al. (2014)) .............. 27
Figure 5.4 Overview of main material and process choiCes ............ccccooviiiiiiiiiiiiiiiiiiii 28

Figure 5.5 Close-up of joint detailed design, note: thickness build-up has not been modeled

RLETE . . 29
Figure 5.6 Simplified node with full overlap (a) and after redesign (b).......ccoccoveeeiniiivininiennn. 30
Figure 5.7 Schematic representation of staggered drop-off strategy with four regions ................ 31

Figure 5.8 Maximum fiber curvature reduction due to joint symmetry and drop-off strategies
DEEWEEIL TNIEIIIDETS ... iieiiiitiie e e e e et e e e e e et e e e e e e e e e e b e e e e e e eeabatseeeaeeeasaaannnns 34

Figure 5.9 Schematic of the joint manufacturing prototype design. Regions A through D
denote different overlap zones. Widths are fixed at 6.3mm, heights are indicated............ 35

Figure 5.10 Base tool (left), 3D printed expansion tool mold (middle) and expansion tool ........ 36



xiv List of Figures

Figure 5.11 Different stacking approaches for jOInts ........cccccoviiiiiiiiiiiii e, 36

Figure 5.12 V1 sample before (a) and after curing cycle (b), showing significant, asymmetrical
thickness DUILA-TD . ..veveriiiiiiiiiiiiiii e 37

Figure 5.13 Joint test sample V2, showing better compaction and more symmetrical thickness
[0 LG L o TSR 38

Figure 5.14 Schematic illustrating local reduced joint compaction in case of compaction

underestimation during expansion tooling design. The rib cavity in the expansion tool

I () 18 500 AP teveeuiiiiiiiiii ettt e e 38
Figure 6.1 Schematic of a single member in red within an FEA model discretized as uniform

squares for analysis of an iSotropic MAaterial...............vvvvvvvvriviririiiiiirieiirriireeeearereaere————— 42
Figure 6.2 Flow chart of optimization PrOCESS ........cccuvviiiiiiiiiiiiiiiiiieee e 48

Figure 6.3 A bending beam, fixed on one end, guided and free on the other end, with a shear

LOAA APPIIEA ettt 54
Figure 6.4 K-factors for different cOIUMNS.........c.ccoiiiiiiiiiiiiiiiiiiiii e 55
Figure 6.5 Ground structure for a cubic design space, isometric (a) and front view (b) ............ 59
Figure 6.6 Ground structure for a more complex design space with keep out zones.................. 60

Figure 6.7 Relation of Young's Modulus to material density for different penalization
parameter values (p=1: 10 PENAlZAtION) ......ovvirviiiiiiiiiieiere e 62

Figure 6.8 Element Density Distribution of a topology optimization on a ground structure

with 3736 elements with close to perfectly discrete 0/1 diviSiOn.........ccoceevveirvivciieriiencenn 62
Figure 6.9 Topology optimization result (geometry) corresponding to the EDD in Figure 6.8.
........................................................................................................................................... 64
Figure 6.10 EDD of a topology optimization identical to Figure 6.8, except with larger
MEMDET CTOSS SECTIOTIS. .etiiiiiiiiiiiiiiiiiitit ettt 64
Figure 6.11 EDD of a topology optimization identical to Figure 6.8, except with a smaller
IMEMDET CIOSS SECTIOTIS. ©.vvttttiiiiiiitititeittetee ettt ettt ets st st ssssssessnsssnsnsnnes 65
Figure 6.12 Geometry corresponding to the EDD of Figure 6.11........cccooiiiiiiiiiiiiiniiiiiiiieinnnn, 65
Figure 6.13 Typical EDD for a modal analysis-based topology optimization result in Nastran
for a SIMPLE SETTUCTUTE «.ooeiiiiiiiiiie e e e 67
Figure 6.14 EDD of a purely static analysis-based topology optimization (left) and
corresponding geometry after sizing optimization (right). Beam cross sections are not
plotted to scale. Colors denote strain energy density: red is high, blue is low.................. 68
Figure 7.1 Simple beam model, as applied in Optimization Framework (a) and boundary
conditions and applied load for load case 1 (D)...cccocoiiiiiniiiiiiiiiiii e 79

Figure 7.2 Beam model result: 011 is displayed with the same color scale used in Figure 8.5... 79
Figure 7.3 FEA mesh of the solid model. Different colors denote different layups/fiber
QL Yol (o1 1T TSP PRSPPI 80
Figure 7.4 Section view of the joint as depicted in Figure 7.3. Note the individually modelled
outer ply of MEMDET 2. ..oiiiiiiiiiiiii e 81
Figure 7.5 Result for load case 1 (compression of the main member): 611 plotted in the same
color scale as FIGUIE 7.2 ..ottt 82
Figure 7.6 The highest load factor for load case 1 occurs for tensile 022 in the transverse

F00Tc) 001015 TP PRRRR 83



List of Figures XV

Figure 7.7 Load Factor plotted for 622 in the transverse member, for load case 2 (max axial

tensile load on MEMDET 1) ..o..iiiiiiiiiiiiiiiii e e 84
Figure 7.8 Load Factor plotted for 022 in the transverse member, for load case 5 (bending

Lload ON MEIMDET 2) c..oiiiiiiiiiiiiii ettt ettt 85
Figure 7.9 €11 in beam model with both main members under compressive load of 10kN. ........ 86
Figure 7.10 €11 in solid model with both main members under compressive load of 10kN.

Fixed plane indicated in Ted......... ... 86
Figure 7.11 Local rotation of the joint due to moment imbalance, undeformed shape displayed

as outline. Direction and approximate magnitude of input loads and reaction loads at

member ends INdiCated. ..........uuuuiiiiiiiiiiii 87
Figure 7.12 Schematic of moment-balanced joint, members numbered 1 and 3 are subjected

to compression loads (red). Reaction loads on members 2 and 4 indicated in orange.......89
Figure 7.13 Resultant moment due to axial member loads for each point of the initial joint

(a) and redesigned joint (b). Member numbers are indicated..........cccccevvievieriiiieninnnene. 90

Figure 7.14 FEA result for redesigned joint, compression load of member 1 (right), compare

BO FIGUTE 7.5 91
Figure A.1 Joint Prototype V2 ply intersection design..........cccccoumriiiiiiiieeiiiniiiiiieie e 104
Figure A.2 Joint prototype V2 1ayup Sheet.....c..uuiiiiiiiiiiiiiiiiiiiii e 105
Figure E.1 Schematic displaying load case and member numbering of sizing test problem ...... 117

Figure E.2 Non-convergence due to design variable fluttering.............cccccccomnniiiiiiiiiinnnnnnn. 118



xvi List of Figures




List of Tables

Table 5.1 Selected material properties for Hexcel 8552 IMT ......ccoiviiiiiiiiiiiiiiiiiiiie e 32
Table 6.1 Descriptor Strings for NOAES. .......cooiuuiiiiiiiiiiii e 58
Table 7.1 Strength (A-basis) and Stiffness properties for Hexcel 8552 IM7 .....c.cocevviiniinniencens 81
Table 7.2 Load factors for load case 1: main load path member loaded in compression ............. 83
Table 7.3 Load factors for load case 2: main load path member loaded in tension ..................... 84
Table 7.4 Load factors for load case 3: transverse member loaded in compression ..................... 84
Table 7.5 Load factors for load case 4: transverse member loaded in tension ............ccccccvveeeeee. 85
Table 7.6 Load factors for load case 5: transverse member loaded in bending ...........ccccceeeeeeennn. 85
Table 7.7 Load factors for load case 1: member 1 loaded in compression...........cccceevvivvveeeeeennnn. 90

Table 7.8 Load factors for load case 6: combined loading of members 1 (compression) and 2
(COMUPTESSION) 1.ttt ettt ettt ettt ettt ettt et e sb e he ettt st et et et st eaneenneens 93
Table C.1 Stiffness properties for Hexcel 8552 TIMT ...coiiiiiiiiiiiiiiiiiiiiiiceee e 110

Table D.1 Topology optimization results for a range of initial element sizes .........cccccoveuureieen. 113



xviii List of Tables




List of Symbols and Abbreviations

Abbreviations

CAD Computer Aided Design

DOF Degree Of Freedom

EDD Element Density Distribution

FEA Finite Element Analysis

FPF First Ply Failure

FVF Fiber Volume Fraction

GA Genetic Algorithm

IPOPT Interior Point Optimization

MMFD Modified Method of Feasible Directions
MSCADS MSC Automated Design Synthesis

SLP Sequential Linear Programming

SQP Sequential Quadratic Programming
SUMT Sequential Unconstrained Minimization Technique
UD Uni-directional

VARTM Vacuum Assisted Resin Transfer Molding

Greek Symbols

€11 Strain along the fiber direction
Shear Correction Factor

Poisson’s ratio

Density
o Stress
011 Stress along the fiber direction
099 Stress transverse to the fiber direction

T In-plane shear stress



XX

List of Symbols and Abbreviations

Latin Symbols

Cross Sectional Area

Base of a rectangular cross section

Young’s Modulus

Young’s Modulus along the fiber direction

Young’s Modulus transverse to the fiber direction

Shear Modulus

Height of a rectangular cross section

Area Moment of Inertia

Torsion Constant

Column Effective Length Factor

Length

Load

Maximum allowable in-plane shear stress

Maximum allowable inter-laminar shear stress

Ply Thickness

Maximum allowable compressive stress along the fiber direction
Maximum allowable tensile stress along the fiber direction
Maximum allowable compressive stress transverse to the fiber direction

Maximum allowable tensile stress transverse to the fiber direction



Acknowledgements

I would first and foremost like to thank Samo Simonian, Leonid Pavlov, Michiel Vullings
and all of my colleagues at ATG Europe for providing me with the opportunity to un-

dertake this project and supporting me in various smaller and larger ways.

Special thanks are in order as well to Christos Kassapoglou. Thank you for agreeing to
take up this project with me. Even before I started this thesis, you were the teacher who
most challenged me to push harder. Your insight, work ethic and enthusiasm are inspir-

ing.

I would also like to thank Sergio Turteltaub and Otto Bergsma for agreeing to be on my

graduation committee.

I would like to thank Ivar te Kloeze for making himself available almost daily for tales
about my latest ideas while being trapped in a car with me. I’'m also grateful to you and
many other friends for on more than one occasion spurring me on in my quest to obtain
a degree by uttering that timeless creed that sums up the spirit of an impatient people:

Duurt lang!

Thank you to my room mates who supported me throughout this whole ordeal while

(almost) never complaining about my significantly reduced culinary output.

Finally, thank you to my loving family for always supporting me.

Delft University of Technology Thijs Papenhuijzen
April 11, 2017



xxii Acknowledgements




“Nodeloos ingewikkeld...”

—TP






Chapter 1

Introduction

A key assumption in this thesis is that for various applications in space industry and
otherwise, lighter structures can be built by combining key aspects from two separate

engineering fields:

1. The design freedom provided by 3D printing of metal structures, designed by
using commonly applied isotropic topology optimization techniques.

2. The superior specific strength and stiffness of composites, as used in the types of
regular grid structures described by Vasiliev et al. (2006) and Chapter 2 of this

document.

ATG Europe has built up relevant knowledge in the second field by developing techniques
that can be used to build so-called anisogrid composite lattice structures. This technology
can provide efficient solutions for large load bearing structures, such as an inter-stage
section in a rocket, measuring several meters in diameter and height, as well as smaller
applications. The company is looking to expand these capabilities towards a more gener-
alized approach for designing structures for load cases that are more specific and poten-

tially more complex.

1.1 Background Information

Grid Stiffened structures have been around for a long time, having been mostly developed
within the context of the Russian space program, notably in various publications by
Vasiliev et al. (V. V. Vasiliev, Barynin, & Rasin, 2001; V. V. Vasiliev et al., 2006; V. V
Vasiliev, Razin, Totaro, & Nicola, 2005). The majority of these can be described as ani-
sotropic grid composite lattice structures and are either planar or cylindrical/conical in

shape. Figure 2.3 shows a typical example of such a structure, about which much has
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been published. Structures like these are versatile and can be used for a range of different
applications in space structures, such as connecting elements between different parts of

a rocket, as the central tube for a satellite, or as fairings, when combined with a skin.

The fact that such structures are cylindrical/conical is a direct result of their manufac-
turing method, which limits the design freedom for such structures, as described by
Bakhvalov et al. (2009) and Totaro et al. (2012) among others. These manufacturing
methods also limit the range of applications for structures that can be described as free-
standing composite lattice structures. They cannot be currently applied to problems
where any collection of free points in space need to be connected. Such technology would
be useful for various applications. Many mechanical connections in satellites and other
equipment which needs to be as light as possible, are made by milling a bracket out of
aluminum billet. It is hypothesized that such structures could be replaced by a lighter
part if the possibility existed to use the superior specific strength and stiffness that fiber
reinforced materials offer. Other applications may include moving parts in wafer steppers,

or various other machines that require low weight and inertia.

The current state of art is such that technology that addresses free form composites is
vastly underdeveloped. There are two major obstacles to expanding the techniques used
for building ‘simple’ planar and cylindrical structures to a completely free form 3D struc-
ture. First, the current state of art of composite manufacturing technology does not allow
for placing (bundles of) fibers freely in space. Secondly, design techniques are lagging as
well. Most current methods that optimize fiber reinforced structures deal with regular

structures' and manipulate several geometrical design variables as opposed to thousands.

1.2 Research objective

The goal of this thesis can be summarized as follows:

Dewvelop a framework for 3D composite structure optimization, within which

manufacturability constraints can be implemented.

This technology is being developed as an assignment for ATG Europe. As such, it needs
to fit into the context of, and where possible build on, their current state of knowledge

with respect to design and manufacturing of composite structures.

A more precise formulation of the research objective is presented in chapter 3, and con-
siders conclusions from a literature review. The outcome of this research can be highly
relevant as it presents a new class of fiber reinforced structures that provides more design

freedom than composite structures that are widely implemented today.

! Regular in the sense of possessing orderly, periodic geometrical characteristics
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1.3 Thesis Structure

A literature review presented in Chapter 2 assesses the current state of art of design and
manufacturing of fiber reinforced composite free form structures. The following two chap-
ters expand on the research objectives and project plan, and define the concept of opti-
mality as used in the context of this thesis. Chapter 5 proposes a method to manufacture
free form composite structures. Based on this, a design methodology is presented in
Chapter 6 for such structures. Chapter 7 presents detailed Finite Element Analysis of
some of the structures that have been proposed in Chapter 5. Chapter 8 presents conclu-
sions and recommendations. Some test results and other additional information has been

included in appendices.
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Chapter 2

Literature Review?

Most state of art structural design optimization methods for high performance applica-

tions are aimed towards one of two general categories:

1. Metal additive manufactured topology optimized structures
2. Composite grid structures consisting of curvilinear ribs in flat or singly curved

planar arrangements

Despite having significantly differing densities, most metals that are used in high perfor-
mance applications (i.e. typical magnesium, aluminum, titanium and steel alloys) have

kgf;3 (or rather 26 - 106 m?s~2). High modulus car-

similar specific moduli, close to 26

bon fiber composites on the other hand can exhibit far higher specific stiffness along the
fiber direction, with values greater than 180 - 10® m2s~2. Specific strength is significantly

higher for fiber reinforced composites too. At the same time, additive manufacturing

Figure 2.1 Result of a topology optimization for a motorbike frame (left) and a 'translation' of this solution into a
printable design (right). (Source: Airbus APWorks)

2 This literature review has been written as a document that can stand on its own. For this reason,
its introduction overlaps somewhat with the introduction of this thesis (i.e. Chapter 1).
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provides increased design freedom compared to state of art methods for composite struc-
tures, granting the opportunity to connect free points in space in an efficient manner.
Figure 2.1 shows an example of a structure that has been optimized for additive manu-
facturing. Especially the left figure, displaying the topology optimization result, shows
that such a design problem leads to an open structure, many sections of which could be
described as a collection of curvilinear ribs, albeit in far more complex arrangements than
the one shown in Figure 2.3. Within this thesis, such open, rib-dominated layouts will be

characterized as skeletal structures. Another example of such an open structure can be

Figure 2.2 Topology optimized aluminum bracket for a satellite antenna
(Source: Ruag, Altair, EOS)

seen in Figure 2.2, which shows a bracket for a satellite antenna, for which the critical

design constraint is a specified Eigen frequency lower bound.

The goal of this thesis is to present an optimization method for structures that can
approach the design freedom offered by additive manufacturing methods while making
use of the superior specific properties of fiber reinforced composites. The following obser-

vations are made.

1. Fiber reinforced materials are highly anisotropic, i.e. maximum strength and
stiffness can only be taken advantage of along the fiber direction
2. Skeletal arrangements are suitable for a wide range of complex design problems

in the context of highly optimal metal structures

In order to constrain the goals within a manageable frame in the context of a graduation
thesis, the choice is made to develop a method for designing and optimizing composite
skeletal structures, i.e. structures that can be described as a collection of curvilinear
members. The two observations made above lead to the premise that such layouts can
provide more efficient structures than the current state of art, by recognizing that skeletal
arrangements are especially suited for taking advantage of the characteristics of fiber

composite materials.



State of Art of optimization methods for composite structures 7

Most previous publications review a focused field, and few attempt to bring together the
two separate aspects of composite structure optimization and design problems where free
points in 3D space are connected. Many groups have published on the subject of topology
optimization, but very few have done so with the use of highly anisotropic materials in
mind. Rather, the vast majority of topology optimization research results in structures
that are well suited for additive manufacturing. Therefore, this chapter will first review
separately the state of art in composite structure optimization. The next section addresses
modeling approaches within optimization methods that may exhibit greater freedom than
the current state of art for composites optimization. Conclusions are presented in the

final section.

2.1 State of Art of optimization methods for composite structures

Topology and shape optimization for structures built out of isotropic materials has seen
great development in recent years, in conjunction with advances in rapid manufacturing

that allow for unprecedented degrees of design freedom.

Much research in recent years on structural optimization of composites has been under-

taken in these three categories:

1. Sizing/Shape optimization of grid stiffened structures
2. Layup optimization of fiber-placed variable stiffness planar or conical structures

3. 2D topology optimization of fiber reinforced structures

This section will provide a brief overview of those fields, with a focus on which aspects
are transferrable to development of 3D skeletal structures.
2.1.1 Sizing and Shape optimization of grid stiffened structures

As noted in the introduction of this thesis, much has been published on the topic of
anisotropic grid composite lattice structures, notably by Vasiliev et al. (2001, 2006; 2005).

Figure 2.3 Anisogrid Structure as presented by Vasiliev

The height and width of lattice members in such structures may be varied according to
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the load conditions of the structure (sizing optimization). The directions of lattice mem-
bers are other design variables, and can be considered the shape parameters in this type
of structure. Anisogrid structures are suitable for a range of functions, yet the leading
principles largely limit these techniques to application in planar and conical sections. To
a large extent, the topology of such a structure is fixed at an early stage in design. The
leading surface is often not subject to design optimization (e.g. the surface of the cone
describing the structure in Figure 2.3 is required to connect the top and bottom ring and
is therefore fixed). Therefore the only topological design freedom that applies to this type
of structure is the spacing between individual lattice members. For this reason, the lead-
ing design optimization principles give rise to regular, repeating structures, and are not
directly transferable to a full ‘free form’ approach. However, much knowledge has been
accumulated by the same group of researchers on the topic of manufacturing of grid

stiffened structures, which will be referred to in Section 5.1.

2.1.2 Layup optimization for planar or conical structures

A related field of research focusses on layup optimization of variable stiffness composite
structures (Blom, 2010; Ijsselmuiden, 2011; Van Campen, 2011). Such structures are
typically manufactured using advanced fiber placement. This provides some degrees of
design freedom that anisogrid structures do not typically exploit, as they generally have
straight members. The introduction of fiber placement makes variable stiffness structures
possible with finely tunable in-plane behavior. However, with respect to transferability
of techniques to application in 3D free form composite structures, many of the same
observations can be made as for grid stiffened structures: To a large extent, the design
freedom is limited in the sense that the shape and topology of the structure is fixed from
the start, except for the possible introduction of holes. As for anisogrid structures, the
main surface describing the shape of the structure is typically flat or (a section of) a cone
or cylinder, and not subject to change. This limits applicability of current techniques to
structures where it is clear a priori that they are appropriately described using a single

surface.

2.1.3 2D topology optimization of fiber reinforced structures

Some publications deal with actual topology optimization. For example (Ye, Chen, &
Sui, 2010) present an approach in which base structures consisting of plies with different
directions result in radically different topologies when optimized to exhibit a desired
harmonic response (i.e. a certain natural frequency) as can be seen in Figure 2.4. Unfor-
tunately, the results do not extend beyond very simple 2D planar structures subjected
to a single load. The applicability of this technique is fairly limited, due to its narrow

scope. Also, the resulting structures are not particularly efficient, as they are created by
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making cut-outs from UD-plies that may or may not be locally aligned with the principle

load direction of the structure.

45° 60° 90°

Figure 2.4 2D optimization of a cantilever beam as presented by Ye et al.

More relevant is recent work by Nomura et al. (2014) of the Toyota Central R&D Labs
who have developed a method which simultaneously varies density and orientation of an

anisotropic material. Results of this method can be seen in Figure 2.5.

Figure 2.5 Optimization of a cantilever beam for different input settings as presented by Nomura et al.
These beams are clamped on the left side, while a vertical load is applied on the right side.

These results were published in 2015, and the authors have indicated that they aim to
eventually expand the method to be able to design 3D structures. This expansion effec-
tively involves adding an additional design variable to describe the direction at each
location. Also, the number of design nodes in the discretized design space increases dras-
tically due to the addition of a third dimension, making this an ambitious project. Several
intermediate steps have been proposed by the group to gradually get to this point. The

first two being:

1. Layer-by-layer design for a multilayer 2D orientation design
2. Orientation design on 3D surfaces, which would expand the work to be imple-

mented for e.g. conical structures, or more complicated surfaces.

Further steps beyond these two are necessary to actually achieve full 3D design freedom.

As of early 2017, no further research has been published by this group.

Their work on 2D structures is innovative and presents a powerful optimization technique
which results in efficient structures by implementing actual topology optimization while
facilitating use of continuous fibers. However, the complexity of this technology and its
current state of development prevent it from being readily adapted to more complex, 3D

structures, as acknowledged by Nomura et al. as well.
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2.2 Approaches to modeling 3D composite structures

A great difficulty in modeling composite structures is that many techniques that are used
for isotropic topology optimization cannot be easily extended to optimization of a struc-
ture that is built up out of materials with highly anisotropic properties, such as fiber
reinforced polymers which commonly exhibit stiffness and strength in the fiber direction
several orders of magnitude larger than they do in transverse direction. Simply put, a
topology optimization scheme for a design problem with an isotropic material will apply
the prescribed load case to a discretized solid block that is shaped according to the full
design space that is available. It will then assign different densities to different mesh
elements according to how much they contribute to the overall stiffness of the object.
Wherever element densities are sufficiently low, the algorithm may remove them com-
pletely, thus effectively removing material until only the areas are preserved which are
most useful towards fulfilling the boundary conditions. Sigmund et al. (2013) provide a
concise overview of different optimization approaches, and much other literature has been
published on this subject (Bendsge & Kikuchi, 1988; Bendsge & Sigmund, 2003;
Sokolowski & Zochowski, 1999; Wang, Wang, & Guo, 2003; Xie & Steven, 1993).

A fiber reinforced structure however, has crucial extra degrees of freedom in its design
variables. Rather than just local density of elements (which may be either 1 or 0 for a
usable final result, or any value in between for preliminary results), a fiber direction is
also required for every location. In order for a ‘simple’ topology optimization scheme to

be applicable to a fiber reinforced 3D structure, the base material must already contain
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Figure 2.6 Ground structure (a) and optimized structure (b). Source: (Rajan, 1995)

the correct fiber directions at every point in the design space. This is of course not
possible, as this direction is unknown beforehand, and is itself a design variable. A differ-

ent approach is therefore needed.

Much has been published within the civil engineering community on optimization of truss
structures, the building blocks of which are by definition highly anisotropic, as they can

only be loaded axially. To the extent that a fiber reinforced structure can be described
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as collection of trusses, the approaches described by various groups (Adeli &
Balasubramanyam, 1987; Balling, Briggs, & Gillman, 2006; Rajan, 1995) may be very
useful for reaching a high degree of optimality. They describe an optimization scheme
that makes use of a ground structure, which is built up from a collection of trusses in
multiple directions, between a set of nodes, see Figure 2.6. The algorithm is allowed to
both shift the nodes and change the thickness of individual members, or delete them
altogether. Oftentimes, in such problems, one of the crucial boundary conditions is that
individual members may not buckle. Because of this, many local minima exist in the
design space, where a member is assigned a certain minimum cross section, as a slightly
lower thickness would cause buckling. A gradient based sizing method would likely not
consider the complete deletion of the member, even though that is a crucial function of
a design optimizer operating on a ground structure. This is one of the reasons that genetic
algorithms have proven to be a powerful tool within this approach for this class of prob-
lems, where topology optimization is actually implemented within a sizing optimizer by
accepting a zero-cross section as a member sizing solution. This approach and others
have also been applied to 3D structures, as described by many research groups (Habibi,
2011; Kirsch & Topping, 1992; Soh & Yang, 1996).

The advantage of using ground structures as a starting point for optimization of a com-
posite structure appears to be significant: It allows for topology and shape optimization

of structures built out of highly anisotropic materials.

A disadvantage is that in its proposed form, this approach can only describe structures
that are completely built up out of trusses. As such, other shapes such as webs cannot
be considered as solutions. Further investigation will be needed if we are to determine
whether this is a problem that needs to be addressed at this stage of development, i.e.
can structures already be sufficiently close to ‘optimal’ as compared to current solutions
while only describing them as collections of trusses? If this turns out to be a significant
area of investigation, are there feasible ways of including more complex substructures

than trusses, either in the initial optimization, or at a later stage?

In assessing the current state of art of design and manufacturing of composite free form
skeletal structures, we can conclude that they are still underdeveloped, specifically in
terms of design methods, in that no methodology has yet been developed which can
robustly come up with a fiber reinforced composite-based solution for a design problem
where the optimal solution has a more complex shape than a simple tube or cone. It was
further found that in civil engineering there has in recent decades been much research
into optimization of truss structures, which opens up a route to optimization of 3D struc-
tures with highly anisotropic elements. It is recommended that further research is done
with respect to the feasibility of using a ground structure-based topology-, shape- and

sizing optimization method for composite 3D skeletal structures.
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2.3 Conclusions

Up to now, very little has been published on the subject of optimization and manufac-
turing of ‘free form’ composite skeletal structures. There is no generalized approach for
creating designs for 3D structures that exploits the properties of fiber reinforced materi-
als. Many studies in the aerospace industry have researched the design and production
of regular anisotropic grid composite lattice structures, which serve as a starting point
for this research. From a conceptual point of view however, inspiration can be drawn
from work in the civil engineering industry, where much has been published on optimi-

zation of truss structures.

Within this thesis, a method will be developed that can help in designing structures that
fall in a new class of composite structures, through topology- shape- and size optimization
of structures with anisotropic elements, with the aim of minimizing weight. Figures 2.1
through 2.3 in this chapter indicate the current bounds of the state of the art. The aim
is to develop structures that provide more design freedom than conventional grid stiffened
structures, which are mostly restricted to cylindrical or conical forms, while providing
better stiffness-to-mass and strength-to-mass ratios than what is available using ad-
vanced currently available design and manufacturing methods: ‘conventional’ isotropic
topology optimization combined with additive manufacturing. Further developed, this

technology could find applications in space- and other high-end industries.



Chapter 3

Project Objectives

This chapter presents a narrower focus of the thesis compared to its introduction by

reformulating the research objective and laying out a set of research sub-questions.

3.1 Focus of Research

As noted in Chapter 1, one of the assumptions in this thesis is that lighter structures can
be built if two aspects of current technologies are brought together:

1. The design freedom and optimization approaches provided by topology optimi-
zation methods

2. The building techniques as developed for fiber reinforced grid structures and the
superior specific material properties that such structures exploit

Before discussing modeling and subsequent optimization approaches in the next chapters,
it is important to define the type of structure for which a design framework will be
developed. Analysis of common load carrying structures (whether they are built out of
composites, metals or otherwise) allows us to identify several base features, or building
blocks that can be used to describe them, such as:

e Solid, beam-like sections that accommodate the major load paths in a structure

e Joints that connect such beams

e Alternatively, load carrying ‘solid sections’ that accommodate the full load.

e Thin skin sections that provide some load carrying capability, but act primarily
as shear plates or provide a method to create a closed space

e A variation on such skin sections is when several load-bearing skins combine to

form a torsion box or bending beams
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Connections to other structures. These are the load introduction points and can
take different forms, depending on the type and magnitude of the load, the
shape of the structure and the shape of the structure that it connects to

It is beyond the scope of this work to incorporate all these base features into one over-

arching design method. Instead, a combination of building blocks needs to be chosen that

will meet the following set of requirements:

1.

The elements provide the means to develop a wide range of varying structures,
for different types of load cases and shapes
The elements can be sufficiently described by a set of design variables that can
feasibly be used in an optimization method
They need to provide the means to describe structures that can be lighter than
current technologies allow
The whole project should reasonably produce relevant results within the scope
of a master thesis
As noted in the introduction of this thesis, the results from this research need to
slot into the greater context of technologies that have been developed by ATG.
The main focus of their research has been on the following technologies:
a. Grid structures without skins, similar to those seen in Figure 2.3, both
with pre-impregnated fibers as well as with resin transfer techniques
b. Grid structures with skins. Development specifically focused on node de-
sign and rib-to-skin adhesion
c. Load introduction into such structures. Load introduction points often
take the form of a solid, monolithic section that is incorporated into the
overall grid pattern. Research is primarily focused on how these local
loads or edge loads transfer into the larger structure, and how to manufac-
ture such sections
Besides itself being a requirement set by ATG, building on this knowledge works

towards meeting requirement 4.

Taking into account the above, the choice is made to focus on truss structures that can

be fully described by using solid beam-like members with constant rectangular sections,

connected by joints.
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This meets the above goals and requirements in the following ways:

1.

3.2

Trusses can be used to build a wide variety of types of structures in an efficient
manner

A truss structure can be fully described parametrically purely by defining joint
locations and cross sections of the members connecting them. This works to-
wards making manipulating the structure for the purpose of finding an optimum
a feasible task.

Even more so than isotropic materials, fiber reinforced materials are more effi-
ciently used in pure tension-compression as compared to bending. Beam sections
provide a means to describe a structure in which all elements are loaded primar-
ily in tension-compression, which is what an ideal composite structure would be
expected to be. See also Section 4.2.

The significant reduction in modeling complexity that is achieved by not imple-
menting the tools to describe and manipulate solid monolithic sections makes it
more realistic to explore the full design space of the problems that are pre-
sented, and hence come to useful results within the time frame of a master the-
sis. Manufacturing is also simplified, meaning that achieving a proof of concept
is more feasible.

A beam structure builds on the developments that have been made within ATG
with respect to skinless grid structures. The fact that ATG also has experience
with skinned grid structures means that there is a lower bar for future expan-
sion of the research presented in this thesis by implementing shear plates which,
like beams, are ‘building blocks’ that make efficient use of the specific properties
of fiber-reinforced materials.

Research Objective

The objective as presented in the introduction of this thesis can now be formulated more

precisely:

To develop a methodology for designing optimized free form (3D) composite skeletal

structures.

Where a skeletal structure is understood to be a structure as seen in Figure 3.1, consisting

of various constant section elements between joints.

A method will be developed that can help in designing such structures, which fall in a

new class of composite structures. They will provide more design freedom, and result in

solutions that provide better stiffness-to-mass and strength-to-mass ratios than what is

available using current design and manufacturing methods.
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The aim is to include manufacturing constraints, combined with robust and where needed
new building methods to ensure manufacturability of the final designs that this frame-
work will produce. This research objective can be split up in different sub questions. The

most critical ones are mentioned in the overview presented below.

Figure 3.1 Schematic of A freeform composite structure

Research Sub-Questions

1. How to analyze such a structure?
The goal is to use MSC Nastran simulations to analyze the skeletal structures.
This is a requirement from ATG. Research will be needed to determine the proper
way of describing them for the purpose of the sensitivity studies that will be used
for the optimization process. Structures will primarily be optimized based on their
performance with respect to weight and their performance in modal analyses,

specifically the frequency of their first mode.

2. Is a ground structure approach an effective way to solve this problem?
From the Literature Research presented in chapter 2, the proposal has developed
to focus this research on using ground structures as an optimization starting
point, which contains many members in various directions, representing possible
fiber directions that may be present in the final design. However, only after a
higher level of maturity of the optimization method can we be certain that this

is indeed the best way of approaching this complex problem.
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3. Which variables should be changed?

The current goal is to come to an optimum by

sizing
changing:

e topology (whether an element connects

two joints)
e shape (the location of individual joints)
e sizing (the dimensions of the cross sec-

tions of individual connecting elements)

As depicted in Figure 3.2. Research must be
. L o Figure 3.2 Depiction of topology,
done into determining an efficient method to shape and sizing manipula-

perform these steps using Nastran and Python. tion principles

4. How to develop a method that reliably finds the global optimum?
A key challenge for any optimization scheme is not to ‘get stuck’ at a local min-
imum that delivers a significantly worse result than the global optimum. Different
classes of optimizers are available which approach this in very different ways.
Some schemes, such as Genetic Algorithms, incorporate a measure of randomness.
In effect, this provides greater freedom to explore the entire design space and can
be a powerful tool especially in the case significant non-convexity of the design
space. For other problems however, it can be more efficient to incorporate a
Mathematical Programming-based method and/or use a gradient based approach.
Although it may be difficult to build an optimizer that can reliably find the global
minimum in a complex design space, methods are available to determine how it
performs in this respect. These focus primarily on feeding a design problem to
which the solution is known. This could for example be a complicated initial
ground structure for a relatively simple problem for which the optimum answer

is trivial for a human designer.

5. How to manufacture 3D composite skeletons, specifically the joints?
As noted in the literature review, most grid stiffened structures are highly regular
in shape, being almost exclusively planar or cylindrical. This makes manufactur-
ing them a controllable exercise, though still quite difficult. A structure that con-
sists out of a monolithic collection of ribs in free space is much less trivial still. A
manufacturing method for building such structures will be proposed in chapter 5.
The focus here is on how to transfer the loads between individual elements, i.e.

design and manufacturing of joints.
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6.

3.3

How to properly formulate and implement manufacturing constraints
within an optimization framework?

Several methods are proposed to control the optimization framework in such a
way that it works towards final designs that are feasible in terms of manufactur-

ability.

Expected Outcome

This research aims to have two main results:

1.

A design method which optimizes a ground structure using shape-, size- and to-
pology optimization, towards a structure that can be manufactured out of a car-
bon fiber reinforced polymer.

A manufacturing method that can provide the type of structures that are being

designed.

Simply put, the results of this research will be the answers to the research questions that

were presented in Section 3.2. The aim is to provide an adequate demonstration of the

effectiveness and reliability of the optimization scheme, as well as the manufacturability

of the final proposed types of structures.

The outcomes can be assessed in a number of ways, to determine if the types of structure

that the method produces fulfill the functions and requirements that have been set:

1.

Robustness analysis
How sensitive is the method to its initial condition? In other words: Can the
method come up with the same solution, even if a less sensible initial condition is

fed into the algorithm.

Analysis of the efficiency of the optimization method

How long does it take to fully design a structure? How quickly does the method
come within 5 percent in terms of weight of the fully converged solution?
Efficiency is considered less critical than the first two requirements, especially for
earlier iterations of the framework, as long as results can be delivered within a
reasonable amount of time. For an industrial project, a computation time of two
weeks may still be acceptable if that is a one-time analysis which produces useful

results.

To prove the feasibility of the proposed manufacturing method, several proto samples

will be produced to demonstrate various aspects of the overall methodology, primarily:

1.
2.

How to create a structure consisting of ‘free beams’ in 3D space.

How to ensure proper load transfer between independent carbon fiber members
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It should be noted that the main focus of this research is on the design and analysis

section, rather than the manufacturing part.

3.4 Optimization Framework requirements

This sections summarizes the main requirements that are set for the Optimization Frame-

work which is presented in Chapter 6.

1. Any FEA functionality should make use of MSC Nastran, for reasons of availa-

bility at ATG, as well as acceptance within the space industry.

2. The Optimization Framework should provide the option of accepting as input the

following parameters:

e attachment/load introduction points
e loads

e connecting (point) masses/inertias

e keep-out zones

e available tape widths

e strength requirements

e stiffness requirements

e modal requirements

3. The Optimization Framework will manipulate structures by carrying out optimi-
zations with respect to topology, shape and size. For each of these operations,

different tools will be required to carry out the associated manipulation.
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Chapter 4

Optimality

It is important to define the term ‘optimality’ as it is used in this work. Within this
thesis, there are three distinct levels at which this concept can be considered. At those

separate levels, achieving optimality can be translated into the following goals:

1. Sub process level
To design the processes that form the basis of the structural optimizer such that they

robustly contribute to higher-level optimality

2. Structural Optimizer level
To develop a design that is ‘as good as possible’ from a perspective of structural

efficiency and manufacturability.

3. Project level
To deliver an end result that is as valuable as possible within the scope of the project

and the time available

This chapter discusses the use of the term at these separate levels in more depth.

4.1 Sub process level Optimality

This thesis presents a framework within which composite structures are designed. To
accomplish this, several sub processes have been developed to perform separate opera-
tions, notably topology, shape and sizing optimizations. These processes work in sequen-
tial as well as nested configurations. Within the scope of each of these individual pro-

cesses, the term ‘optimal result’ is narrowly defined as:

‘The lightest possible solution which complies with all constraints’
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Fach sub process provides a different toolset. When used in a complementary fashion
within a larger framework, these can combine to provide higher level optimality, as de-
scribed in Section 3.1. To this end, each of these processes need to be capable of perform-

ing optimizations on their own level in a provably reliable and robust fashion.

This can be done in theory, and it can be at least approached closely in practice. However,
the extent to which such results actually contribute to a higher level optimal result
greatly depends on how these processes are combined, and what their constraints and

starting points are.

These processes are described in greater depth in Chapter 6.

4.2 Structural Optimizer level Optimality

The structural optimizer is the context that is generally referred to when discussing the
term ‘optimality’ (e.g. in the title of this thesis), albeit often implicitly so. It is at the
same time also the context within which the term is the hardest to define.
As a starting point, it is safe to assume that, for a specific load case, a structure where
each element is loaded close to its maximum allowed stress, as well as in an efficient
manner (tensile/compression rather than bending), will be lighter than a structure where

this is not the case.

It should be recognized that theoretically optimal structures can generally not be realized
physically. Often, the lightest possible solution would call for a material with varying

density, i.e. continuously varying microstructures, or countless hair-thin branches of ma-

a ¢

Figure 4.1 Topology optimization results with penalty method applied (b) and both penalty method as well
as filtering applied (c). Note the checkerboard pattern in (b). Adapted from (Labanda, 2015)

terial. In many common topology optimization methods, this is actively counteracted by
applying penalty methods, forcing elements to take a value of either 0 or 1. Further
filtering methods may need to be implemented to prevent checkerboard patterns where
locally areas within the structure are filled alternatingly with 1- and 0-elements in a way
that effectively still results in a section that is closer to a 0.5 density on macro scale.

This principle is shown in Figure 4.1.
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In nature, this is no different. Figure 4.2 shows
the hollow bone of a bird which on larger scale
can be considered a ‘low density’ element. On a 5«

smaller scale however, it is clear that the struc-

ture is analogous to what in topology optimiza- Figure 4.2 Hollow bird bone structure
tion is achieved through filtering schemes, as dis- (source: www.sciencepart-

played in Figure 4.1 ¢: many smaller elements fill an otherwise empty void, but there is
a lower boundary to how thin these elements become. 3D printing technologies are al-
ready close to providing similar levels of design freedom for polymers and metals, and
future developments in this area will likely push further in terms of miniaturization of
the smallest features that can be built, to the point where materials can be made that
can for practical purposes be considered to have continuously variable density. However,
stiffness and especially strength of a fiber reinforced structure rely to a large extent on a
degree of continuity of the fibers. Therefore, even more so than current polymer and
metal structures, fiber reinforced structures must be optimized using strategies that result

in solid sections, as opposed to checkerboard patterns or densities between 0 and 1.

It is clear that a manufacturable design demands a degree of practicality that requires
compromise with respect to optimality of a structure in the strictest sense. There are
certain characteristics that can be expected of a structure that is close to optimal, such

as:

e There should be efficient paths for the loads that are introduced. Those paths
can be expected to be such that elements are primarily loaded in tension and
compression, and bending loads are minimized.

e The observed strain energy density is close to uniform throughout the structure.

A manufacturable design on the other hand may exhibit the following characteristics:

e Individual members have a certain minimum width

e Sharp curves in individual fibers are avoided

The outcome of this trade-off is not fixed a priori, rather it follows from findings in this
thesis, although it can be expected that the result will be closer to what is depicted in
Figure 4.1 c as opposed to Figure 4.1 a.
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4.3 Project Level Optimality

There is currently no generalized approach to designing and optimizing a 3D, freeform
composite structure. The goals set for this thesis must be realistic in taking this into
account. It is understood by ATG that it is beyond the scope of this research to fully
implement lower level optimality as defined in the previous two sections. Rather, as set
forth in chapter 3, the goal is to build a method that can serve as a framework for
different types of optimization, while taking into account manufacturability. Within this
context, optimality of the final result is not primarily judged by the efficiency of an
individual structure that may have been optimized, but rather by how comprehensive
and applicable the underlying framework is, and whether its results are realistic and

executable.



Chapter 5

Manufacturing

This chapter lays out how a non-regular (as opposed to the regular isogrid structures
presented in earlier work), or freeform, truss structure can be manufactured and presents
a proof of concept. The primary focus is on methods to design and manufacture the
joints. Mold design is a significant subject in this context. Manufacturing test results are

presented. Different types of structures that can be built are considered.

5.1 Grid Structure Manufacturing Methods

Much has been published on the topic of manu-

Expansion Tool Rib Compaction Area

facturing grid structures. A widely-applied

method involves hybrid tooling, as presented by
Huybrechts et al. (2002) among others. A rigid <~ Wall

base tool is combined with expansion tooling.

The base tool is made from a thermally stable,
Base Tool \\

Floor

hard material with grooves. Typically a metal is

chosen, although epoxies have also been used. Figure 5.1 Schematic of hybrid tooling consisting

of base tool and expansion tool

The expansion tooling is made from a material
(source: Huybrechts et al.)

with a high coefficient of thermal expansion and
is laid into the grooves of the base tool. Silicon rubber is often used. The crucial feature
of this method is that the expansion tooling provides lateral compaction of the ribs during

curing, while the base tool provides high positioning accuracy of individual sections.

ATG Europe has significant experience with this method and its most crucial aspects,
like the theory behind the exact sizing of the expansion tooling. Most of their focus has
been on using pre-impregnated carbon fibers to build autoclave-cured flat structures (i.e.

featuring a 2D rib pattern), or sections of a cylindrical structure which can be built using
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similar techniques (Maes, 2015; Smeets, 2016; te Kloeze, 2015). A caul plate was used to
provide the amount of pressure deemed necessary locally to compact the nodes where

ribs cross.

Previous efforts by ATG have been focused on maximizing the specific strength of the
rib structures by achieving a fiber volume fraction that is as high as possible by combin-
ing various methods (autoclave pressure along with a caul plate) to achieve maximum
pressure in relevant areas. Fiber volume fractions between 62% and 65% were achieved

in different sections of those structures, compared to a datasheet value of 59.9%.

Conversely, in the context of this thesis, the aim is to adapt the core principles of the
method described above and apply them to truss structures to provide a proof of concept
to show that the types of structures that are proposed can indeed be manufactured. To
that end, rather than immediately aiming for the highest possible fiber volume fractions,
the prototypes presented in this work aim to show what is the simplest and cheapest way
to build a skeletal composite structure that will still provide a result of sufficient quality.
This approach recognizes that some of the aspects of the manufacturing method described
above are not easily transferable to a fully 3D freeform shape. Importantly, the 3D equiv-
alent of a simple flat caul plate for a 2D grid shape would be a complex shape (effectively
a fully matched mold), for which expensive milling operations would be required to

achieve the required tolerances.

5.2 Process- and material selection

Decisions have been made with respect to the following manufacturing aspects. As often
when making such considerations for a composite structure, these choices are to an extent
dependent on eachother. A key point to concider is how to drape the fibers in different

scenarios.

As an example of the type of structure we want to be able to build, consider the 25 bar
structure in Figure 5.3 that is often used as a standard sizing problem. In this problem,
two loads in negative z-direction and negative y-direction are applied to nodes 1 and 2.
Figure 5.2 shows two interpretations of what such a structure might look like when
manufactured as a monolithic carbon fiber structure with square members. The cross

sections have been adapted from a size optimized solution.
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Figure 5.3 Schematic of a standard 25 bar truss struc-
ture (source: Xiao et al. (2014))

Figure 5.2 a shows a structure with continuous fibers. The red, green and blue line denote
the bundles of continous fibers. Figure 5.2 b shows a structure where every individual
element is built out of a separate stack of fibers, as denoted by different colors. The
structure on the left consists out of eight fiber bundles in total. The structure on the
right constists out of 25 bundles. This section lays out how a decision was made between
these two fundamentally different approaches, and how this follows from process- and

material selection.

Figure 5.2 Adaptations from 25 bar sizing problem to structures reinforced with continuous (a) and inter-
rupted fibers (b). Highlighted joint is shown in close-up in Figure 5.5.

5.2.1 Material type and draping method

It seems like an elegant method to have long continuous fiber bundles along the entire
length of major load paths in the structure. However, these structures have many sharp
bends in different directions. Pre-impregnated tapes are not suited for this kind of geom-

etry, since only very slight radii can be realized when laying up a member that is bent
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in-plane relative to the individual tapes. In the same frame of reference, out-of-plane
bends can be made much tighter, but bends will occur in both directions. There are two

ways to approach this problem:

1. Dry fibers can be used to build a structure as shown in Figure 5.2 a, with rela-
tively sharp curvature in both directions (over the y- and z-axis when consider-
ing a regular local axis system for a members). However, previous tests at ATG
have shown that grid structures with slender members built using a VARTM
method achieve fiber volume fractions closer to 40% in ribs, and approaching
60% in nodes, as compared to close to, or even exceeding 60% which can be
achieved with pre-impregnated fibers throughout the structure. The injection
process is hard to monitor and control for monolithic sections. Even when ac-
cepting higher resin content throughout the structure, and creation of resin
pockets, it is difficult to fully eliminate dry spots, specifically near joints, where
compaction may be higher.

2. Pre-impregnated fibers provide significantly higher fiber volume fractions with-
out the risk of dry sections. They can be applied to achieve a structure that is
similar to that in Figure 5.2 b. In this concept, fiber bundles are terminated at
joints where they meet other fiber bundles. Section 5.3 expands on the design of

such joints.
The choice is made to design for pre-impregnated fibers with the goal of achieving struc-
tures with the highest possible specific properties.
5.2.2 Molding and curing method:

As noted in Section 5.1, previous manufacturing campaigns by ATG made use of caul
plates and an autoclave to achieve maximum compaction in an effort to maximize fiber

volume fractions. This compaction concept can likely be translated to a generalized 3D

Material Draping method Molding method Curing method

matched metal
mold with
rubber inserts

continuous
fibers

interrupted single metal
fibers at locally mold with autoclave
flat nodes rubber inserts

Figure 5.4 Overview of main material and process choices

CONFIDENTIAL PROPRIETARY INFORMATION. NOT FOR DISCLOSURE.
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approach by using matched metal molds. Within this thesis however, the goal is to
demonstrate feasibility of the overall design approach, rather than optimizing each indi-
vidual aspect of production. The complexity and therefore cost involved in a matched
mold approach is significant. Instead, the decision is made to apply a method that is
close to the method shown schematically in Figure 5.1, with a vacuum bag directly on
top of the product. Figure 5.10 shows this approach implemented for the joint prototype
that is presented in Section 5.4. In line with this approach of experimenting with a
simpler, cheaper method before determining that a more costly technique is warranted,
an oven curing cycle is selected for production of the initial prototype. The use of rubber
mold inserts presents great design freedom, as these can be manufactured using 3D
printed molds. The flexibility of the rubber also means that the full mold assembly does
not need proper release angles, accommodating for relatively complicated curved sections
without increasing the manufacturing complexity of the molds. Section 5.4.3 presents the
findings of the manufacturing campaign with respect to the suitability of the method
presented here. Figure 5.4 summarizes the most important choices that have been made

with respect to materials and manufacturing methods.

5.3 Joint design

Figure 5.5 shows a close-up of the joint that is highlighted in Figure 5.2b. This complex
joint connects seven individual members of different thicknesses. These joints need to be
‘locally flat’, in the sense that tapes from different members that meet at that location
need to be stacked in the same local z-direction. Between joints, individual ribs can twist,
or bend in the out-of-plane direction relative to the pre-preg tapes, if a feasible mold can

be manufactured to accommodate this.

Figure 5.5 Close-up of joint detailed design, note: thick-
ness build-up has not been modeled here

If all members would simply terminate in a single point, there would be significant build-
up, resulting in a joint that would be more than four times thicker than the thickest
members surrounding it for a joint as seen in Figure 5.5. Build-up reduction is desirable
primarily because larger build-up means greater deviation of individual fibers from being

aligned with the load path of the member in question, greatly reducing their effective
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strength and stiffness in the relevant direction. Chapter 7 presents detailed FEA of joints.
These analyses showed significant increases in both stress along the direction of the fibers,

as well as inter-laminar shear stress.

Therefore, a method has been devised to design such joints in a manner that aims to
reduce build-up to at most a factor 2, which is what is also seen in regular isogrid struc-

tures where ribs cross that are built up out of continuous fibers.

5.3.1 Methodology overview

The method prevents full local overlap of all members in a single patch while aiming to
minimize the total weight of the joint by following an algorithm that can be summarized

as follows:

The joint is built up by sequentially adding each member
2. Larger members are prioritized. The reasoning behind this is that distortion of
established load paths should be minimized. Net distortion is minimized most
effectively by prioritizing positioning of more highly loaded members.
3. Also prioritized are sets of members which are:
e almost in line with each other (under a relative angle below 20 degrees)
e similar in size

4. The other members are then built up around members placed earlier

Figure 5.6 introduces this approach in a simplified manner. Note that in an actual 3D
structure, smaller ribs can pass under and over each other as can be seen in Figure 5.5.
This allows for more compact solutions without violating the requirement of limiting
build-up to at most 100%. Throughout this process, the ends of each member may be
slightly moved to avoid excessive build-up. The impact of this should be limited in
terms of axial load, since the change in location is generally small compared to the
length of the member, but care needs to be taken that load paths are still properly ac-

commodated after the joint redesign.

Figure 5.6 Simplified node with full overlap (a) and after redesign (b)
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However, contrary to the simplified joint that is seen in Figure 5.6 a, the final joint will
normally not be balanced in terms of moments around the local z-axis, relative to the
joint. If a joint is not specifically designed to be balanced in this sense, the result will
be deformation that could be described as ‘local rigid body motion’, as well as a react-
ing bending load in all connecting members. Section 7.2.2 analyzes this behavior in fur-
ther detail. When carrying out detailed joint design, i.e. the translation of the simple
model which results from the Optimization Framework into a full 3D model of a joint
that can actually be manufactured, a fixed procedure is proposed to accomplish a mo-
ment-balanced joint (effectively an extension to step 4 of the above list). The exact
procedure depends on the number of members in a joint, and how many of those are
‘highly loaded’ (a typical joint will have one or two members that are loaded by at
least twice the load of most other members and such more highly loaded members are
positioned first during detailed joint design, as noted). Section 5.4 introduces a manu-
facturing prototype for which this procedure has not been taken into account (manufac-
turing considerations were given priority and the moment-balancing principle had not
been fully developed at the time of production). Section 7.3 briefly shows the steps in-

volved in redesigning this same joint to be moment-balanced.

5.3.2 Thickness build-up and overlap requirements

A method has been developed that can reduce build-up further when connecting sets of
large members that are almost in line with each other and close in size, such as the yel-
low members in Figure 5.6. Such sets are likely to be encountered often in a structure
along major load paths. By implementing a staggered drop-off pattern as shown in Fig-
ure 5.7, thickness build-up can be reduced to 40% compared to 100% for a simple over-
lap strategy.

Blue and red bars each represents individual plies from two members that join from
opposing sides and need to transfer their load. Members that are perfectly in line can
simply use continuous fibers, so this method is intended for members that meet under a
small angle. This strategy has been successfully implemented in the manufacturing pro-

totype which is presented in Section 5.4, where two members are connected that are

overlap regionl

nplies

Kyitdup 1

Figure 5.7 Schematic representation of staggered
drop-off strategy with four regions
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under an angle of 15 degrees. Figure 15 shows an example with 4 regions. More regions
allow for greater build-up reduction at the cost of a longer joint. A connection with
multiple overlap regions is heavier than a simple connection with a single overlap region.
For example, a joint with 4 overlap regions has a volume that is 11% greater compared
to a joint with a single overlap region if both use the same amount of overlap between
adjoining plies. In exchange, fibers are on average loaded more efficiently by contributing
more to overall strength, as they are better aligned with incoming loads. In strength-

driven structures can result in a reduction in overall required thickness of members.

The thickness build-up factor is related to the number of overlap regions according to:

Nyegions — 1) (5'1)

Kpuitdun = 2 —
buttdup nregions +1

The amount of overlap between plies of joining members needs to be sufficient to fully
transfer the maximum load that the members in question can carry based on maximum
0-degree compression/tension performance. The required overlap is a function of the
thickness of the individual plies, the strength of individual fibers and the inter-laminar

shear strength of the composite (i.e. matrix strength):

c

required overlap length = t,,, * 5.2

(5.2)

With X¢ the compressive strength along the fiber direction and S;; the inter-laminar

shear strength. X¢ is used here rather than X, as it is the lower value of the two.

The factor 2 in the denominator represents the fact that each ply interfaces with two

other plies from the adjoining member.

Table 5.1 Selected material properties for Hexcel 8552 IM7

Variable Value
X¢ 1690 MPa
SiL 1387 MPa

oy 0.131 mm
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Table 5.1 provides relevant properties for a typical high performance composite, Hexcel
8552 IM7.

lap length = 0.127 1690 = 0.78 (5.3)
=0. F— =. )
overlap leng 13722 mm

Theoretically an overlap of 0.78mm is enough to fully transfer the load from one stack
of plies to another. Greater overlap would be required in harsher environments that affect
resin performance more than fiber performance: In wet conditions at 71°C, overlap should
theoretically be at least 1.17mm. One of the manufacturing requirements that has been
set, for structures designed in this thesis describes a minimum member width. In practice
this provides a significant safety factor for all connections that are joined as shown in
Figure 5.6, by full overlap across the width of the widest member involved in a connec-

tion.

However, careful consideration is important for the staggered drop-off strategy that has
been proposed above, since this involves far smaller overlap regions than what is shown
in Figure 5.5 and Figure 5.6. For these sections, the overlap that each ply has with
neighboring plies is not symmetrical as can be seen in Figure 5.7, rather the total overlap

. 3n+1 . .
IS ——* Woveriapregion, OF TOUghly 3 * Woperigpregion- Equation (5.3) can be rewritten to

reach a theoretical minimum required width for overlap regions in a staggered drop-off

joint:

0
3753 = 0-52mm (5.4)

overlap region length = 0.127 *

A 4-region staggered drop-off joint has been implemented in the manufacturing test sam-
ple that is presented in Section 5.4. An overlap region length of 1.5mm was used. It has
been shown that a high placement accuracy of within 0.5mm can be obtained, resulting

in an effective safety factor of greater than 2.

The effectiveness and usefulness of these build-up reduction strategies depends largely on
the type of load case and the material that is being used. Specifically, a strength-driven
design will be sensitive to the local loss of strength associated with fibers that are misa-
ligned. However, in a stiffness-critical structure, a local loss of stiffness near joints is
easier to compensate for in other ways. In practice, Finite Element Analysis (FEA) will
need to be carried out on a case-by-case basis to determine the desired number of overlap

regions.
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5.4 Joint Manufacturing Test Campaign

To investigate the suitability of the methods proposed in the previous sections, a reduced
version of the joint seen in Figure 5.5 has been manufactured as a proof of concept. It is
flattened to simplify mold manufacturing. Two tests have been performed. This section
focusses mainly on the second test. Lessons from the first manufacturing test prototype

have been incorporated in this second design.

5.4.1 Goals

The following goals were set for this prototype:

1. Test a manufacturing approach which can be easily translated to
freeform 3D approach

All applied principles should be feasibly applicable to a more complex 3D shape.

2. Test joint compaction and ribs without caul plate and autoclave pres-
sure
Previous manufacturing campaigns at ATG relied on a combination of increased
pressure perpendicular to (i.e. ‘on top of’) the plies in the joints where individual
ribs cross, and increasing lateral pressure elsewhere (i.e. on the ribs) to achieve
ribs and joints of identical height, despite the fact that the joints have twice the
number of plies through their thickness. In these joints, measured fiber volume
fractions (FVF) of 64% are seen in previous
work on nodes of crossing fiber bundles at ATG?, ﬁ 9.0
which is high, yet only marginally higher than 5 1.0 —p- load direchiong |
the nominal datasheet value of 59.9%. Hence

this significant flattening of these nodes is partly _/_

achieved through displacement rather than ac- 1 1'01 T

tual compaction: the plies are significantly wider N

in the nodes than they are in the ribs (Maes,
. ———————————
2015; te Kloeze, 2015). The level of required
c1 OI e L

compression will likely not be achievable with 1

bar of pressure. Instead, the aim is for joint Figure 5.8 Maximum fiber curvature re-

thickness build-up to be symmetrical with re- duction ~ due to joint
symmetry and drop-off strate-
spect to the centerline of the incoming member. gies between members

This principle is demonstrated in Figure 5.8 a

and b, and reduces the maximum curvature of fibers due to build-up.

3 The same tests showed similar FVFs around in the ribs between these joints
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3. Test feasibility of laying up a staggered drop-off joint.
The staggered drop-off overlap joints also work towards reducing fiber curvature,
as is illustrated in Figure 5.8 c. As explained in Section 5.3, this principle is not
applicable to all connections, but major load paths in the structures are expected
to encounter joints where this can be used, as they would likely need the type of
joint that is suitable for a drop-off strategy: highly loaded members that are
relatively thick, and which are under a small mutual angle. An important aspect

is to show that the required placement accuracy can be achieved.

5.4.2 Design

Four members with different rectangular cross sections are joined, as illustrated in Figure
5.9. All members have an identical designed width of 6.3mm to simplify preparatory
work. T'wo thick members of 5.4mm under a mutual angle of 15 degrees are connected
using the drop-off strategy illustrated in Figure 5.7. Two thinner members connect to
the larger ones. In a real-life application, region D would perhaps not be necessary, as all
load from member 2 can be absorbed in region B, although this extra connection does
add stiffness. In the context of a manufacturability test however, it presents an extra

opportunity to learn about how to weave together multiple members.

member 1
5.4mm

member 2
2.5mm

Figure 5.9 Schematic of the joint manufacturing prototype design. Regions A through D denote
different overlap zones. Widths are fixed at 6.3mm, heights are indicated
An aluminum base tool was milled out of billet. The expansion tool was made by 3D
printing a positive mold of the final shape of the members and joint. The expansion tool
was made by casting a silicon rubber into the cavity formed when joining the base tool
and the printed tool, see Figure 5.10. The tooling was dimensioned using the principles
laid out by Huybrechts et al (2002) to determine the final shape of the expansion tooling
at the curing temperature needed to exert sufficient lateral pressure to the ribs. Joint

compaction for the second design was estimated using results from the V1 prototype.
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Figure 5.10 Base tool (left), 3D printed expansion tool mold (middle) and expansion tool

Appendix A provides graphs that give insight in the design of the interweaving patterns

in the various overlap regions. The order of the plies follows from three basic principles:

1.

Thickness build-up in each overlap region is symmetrical with respect to the

middle plane of the joining members. In the first prototype, joint compaction
was significantly higher than expected, resulting in an asymmetric joint (see

Figure 5.12). The expansion tool was redesigned to take this into account.

Alternating stacking method Thin beam - grouped ply stacking
member 1 Region B member 2 member 1 Region B member 2

Figure 5.11 Different stacking approaches for joints

When a thin member weaves into a significantly thicker one in an alternating
fashion, the thickness build-up of the thin member will be greater relative to its
thickness compared to the thickness build-up of the thick member with respect
to its thickness. Instead, the choice is made to design for similar percentagewise
build-up for both members, by bundling multiple plies from the thinner member.
Figure 5.11 demonstrates this principle.

The top surfaces of all four members are on the same plane to reduce complexity
of the base tool.

The full layup sheet for prototype V2 is provided in Appendix A.

CONFIDENTIAL PROPRIETARY INFORMATION. NOT FOR DISCLOSURE.
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5.4.3 Results

This section discusses the results from the manufacturing campaigns. The goals laid out

in Section 5.4.1 are discussed and general observations are presented. Figure 5.12 shows

the result of the first of two manufacturing campaigns.

a b

Figure 5.12 V1 sample before (a) and after curing cycle (b), showing significant, asymmetrical thickness build-up
The appropriate cure cycle for this material is as follows:

gradual ramp up to 120°C
retain this temperature for 60 minutes
gradual ramp up to 180°C

retain this temperature for 120 minutes

SR ol S

gradual ramp down to room temperature

During the V1 sample curing cycle, an error occurred in the oven control system, trig-
gering a safety system which led to ramp down to room temperature soon after step 3.
As a result, the resin was too viscous throughout the process to be squeezed out properly
and allow full compaction of the material. Fiber Volume Fraction tests were performed
on this prototype. The values that were found are still useful. However, they should be
taken as an indication of a lower boundary of what FVFs can be achieved with this

molding and curing approach.

As indicated in Figure 5.1, the bottom and the sides of each rib are in contact with cast
silicon mold: the expansion tooling. The top side is covered by a vacuum bag. The pres-
sure on the product is 1 bar. Thickness build-up was less than expected (i.e. compaction
was better than expected), which led to a highly asymmetric joint. It was assumed that
the lower pressure compared to previous ATG manufacturing campaigns would lead to
significantly lower compaction throughout the product. This was not the case, except for
the overlap regions where caul plate application in previous campaigns led to drastic
local pressure increases, i.e. significantly higher than 8 bar autoclave pressure (Maes,
2015; te Kloeze, 2015). Using the mold layout shown in Figure 5.10 as a reference, the
‘bottom side’, or mold-defined side, is up in the above figure, showing that most of the
build-up is in that direction. In the second prototype, the expansion tooling has been
redesigned to account for this, with the goal of achieving a more symmetrical joint for

reasons explained earlier.



38 Manufacturing

Fiber volume fractions in prototype V1 are between 55 and 59% in the ribs. This com-
pares to a datasheet value of 59.9%. Small voids near the surface of transition regions in
the joint trap small air bubbles while submerged in liquid, making accurate density meas-

urements for these overlap regions difficult.

Figure 5.13 Joint test sample V2, showing better compaction and more symmetrical thickness build-up

Figure 5.13 shows the result from the second manufacturing campaign. This sample was
subjected to the appropriate curing cycle. A different layup order has been implemented,
but the total designed thickness of each member is identical to the corresponding values
in the first test sample. It can be seen that thickness build-up is at the same time lower

and more symmetrical in the second test. Figure 5.14a shows the result of underestima-

vacuum pressure

Wby —
: fﬁ* T —— vacuum bag

rib

expansion tool

A

<4—— base tool

a b

Figure 5.14 Schematic illustrating local reduced joint compaction in case of compaction underestimation
during expansion tooling design. The rib cavity in the expansion tool in (a) is too deep.
tion of rib compaction during expansion tooling design: Effective compacting forces are
diminished towards the sides of the ribs, the results of which can be seen in the final
result of the first test. Figure 5.14b is a schematic representation of how the expansion
tooling was redesigned for the second sample by slightly underestimating compaction
(and thus overestimating final thickness) with the goal of achieving better compression

throughout the cross section of the joint, especially at the overlap regions.
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Layup of the staggered drop-off region was shown to be feasible: As expected, a significant
thickness build-up reduction was achieved in overlap region C (see Figure 5.9). The
thickness of this region is 7.5mm, compared to measured thickness of 5.45 mm of the ribs
that overlap at that location, i.e. a thickness build-up of 38%. This compares well to the
goal for this region of achieving 40% build-up, and even more so when compared to a
regular full-overlap region which would approach 100% thickness build-up for two joining
members of equal thickness. Accurate axial ply placement is necessary for this type of

overlap, and was shown to be achievable to within 0.5mm.

Voids can be seen at the surface near the regions where the greatest change in thickness
occurs, although they occur much less in the second test sample compared to V1. This is
attributed to higher compacting forces due to the expansion tool redesign as well as
better resin flow due to the higher curing temperature of the second sample. Section cuts
of the first sample showed good compaction and few to no voids at locations where proper
compacting pressure had been applied. Physical testing is required to assess the influence
of any remaining voids like the ones seen in the second test sample, specifically with

respect to failure strength.

It can be concluded that the method proposed in this chapter can be used to build
composite skeletal structures. The fact that no caul plate or even fully matching molds
are required, but rather a single-sided mold is used combined with a vacuum bag, signif-
icantly decreases mold complexity and required mold manufacturing tolerances. This
means that more complex geometries can be achieved. Because the final product is only
in contact with flexible expansion tooling and a vacuum bag, it does not need to have a
releasable shape, further expanding design freedom. The required rigid base tool that
positions the rubber expansion tooling may take a skeletal form and can be made modular
to allow for complex shapes that can still be disassembled from around a finalized com-

posite frame after curing.
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Chapter 6

Optimization Framework

This chapter lays out an optimization framework that utilizes topology-, shape- and siz-
ing optimization for designing 3D skeletal composite structures that can be manufactured
using the principles laid out in the previous chapter. Several requirements have been
listed in Section 3.4. One of those is that any FEA functionality should make use of
Nastran for reasons of availability at ATG, as well as acceptance within the space indus-
try. A single optimization task can in principle be formulated in MSC Nastran that
combines topology, shape and size. However, the resulting design space has been found
to be too complex for Nastran to converge to a global optimum using its built-in algo-
rithms, and typically no convergence occurs at all. Instead, three individual modules are
implemented within a Python framework, which never operate simultaneously. This
chapter lays out the functioning of this optimization framework and explains the under-
lying decisions that have been. These decisions follow from specific strengths and short-
comings of the various Nastran modules that have been incorporated, as well as some

inherent characteristics of different types of optimization which will be laid out.

In this chapter, the first section explains how a class of optimizer has been selected,
building on conclusions from literature. Section 2 presents how the overall task of design-
ing a lightweight, manufacturable structure is broken up between the topology- shape-
and sizing modules, and how they interact. Section 3 presents the analysis approach of
the designs. Section 4 introduces a method for generating ground structures that form
the starting point for each problem. Sections 5, 6 and 7 explain how each of the three
optimization modules have been implemented, using simple generic design problems for

illustration purposes.
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A note on terminology:

An FElement, as used in the context of FEA is the
smallest unit of model discretization. Elements can be
seen in Figure 6.1 as the individual small black blocks

that give rise to non-smooth edges in sections that are

under an angle.

Figure 6.1 Schematic of a single member in
red within an FEA model discre-

vidual segment between two nodes, where it connects tized as uniform squares for
analysis of an isotropic material

A Member, as used in a topological context is an indi-

to more than one other member. A single member is

indicated in red in Figure 6.1.

In this thesis, members are often modelled as a single element across its cross section for
reasons that are further explained in the following three sections, especially Section 6.3.

However, the terms denote different concepts.

6.1 Choosing an optimization approach

In previous chapters, optimization problems for isotropic materials based on a solid mesh
(as depicted in Figure 6.1) have been mentioned. In such a problem, in a conceptual
sense, one can identify separate optimization of topology, shape and size. When intro-
ducing concepts like minimum member size, this is in fact necessary. However, on the
lowest level, all necessary operations can be described in terms of topology changes, by
virtue of the uniformity and small scale of the lowest level discretized elements. Size in
this context is simplified to the number of elements across the cross section of a member,
and can be changed by changing the density of individual elements near the current edge
of a member. Note that size is only a meaningful term if members can be identified as
such. Although this is the case for skeletal structures as presented in Figure 6.1, this is
not necessarily so for more complex shapes. To an even greater extent, the term shape
loses meaning when considering structures in a generalized way in the context of a to-
pology optimizer operating on a finely discretized block of isotropic material, compared

to the narrow definition as given in Section 3.2 (see also Figure 3.2).

These topology optimization problems are well defined in a mathematical sense, and
various methods have been described that can find adequate solutions (Bendsge &
Sigmund, 2003; Sigmund & Maute, 2013). However, as has been shown, the associated
modeling approach cannot be readily used to capture crucial properties of a material that
has been reinforced with continuous fibers. For this reason, a ground structure approach
has been proposed, which provides a method to describe directionality of material. Within

the context of a ground structure, being a collection of nodes and connecting beams, the
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concepts of topology, shape and size are separately and precisely defined, and design

variables can be assigned that independently describe these aspects of a structure.

Various ground structure-based optimization schemes are available. Christensen and
Klabring (2009) show how a combined topology/sizing optimization for truss structures
using the Method of Moving Asymptotes can be applied to a problem that has been
shown to be fully convex. They note that this could theoretically be expanded to include
shape. However, like many others, they also note that most optimization problems are

in fact not convex, and generally cannot be fully described using explicit functions.
There are two main ways that have been widely explored to deal with this problem:

1. Approach various aspects in a sequential manner (treating topology optimization
and sizing optimization separately)(Adeli & Balasubramanyam, 1987; Kirsch &
Topping, 1992), using mathematical programming methods. Many publications

do not incorporate shape optimization, but rather focus on topology and sizing.

2. Implement a single procedure that optimizes topology, shape and size simulta-
neously using a Genetic Algorithm (GA) approach (Balling et al., 2006; Camp,
Pezeshk, & Cao, 1998; Rajan, 1995; Shrestha & Ghaboussi, 1998; Soh & Yang,
1996). Other heuristic methods such as Ant Colony Optimization are presented
by Kaveh & Shojaee (2006) among others.

A third category can be also considered that contains more novel approaches such as:

e The Stiffness Spreading Method (Wei, Ma, & Wang, 2014)
¢ Optimization with Orientation Design (Nomura et al., 2014)
e Principal Stress Line methods applied to beams (Li & Chen, 2010)

These are elegant methods that do not use a ground structure as a starting point but
their results are truss-like structures with distinctive members. However, they have gen-
erally yet to be expanded in a practical way to 3D applications and will not be further

considered here.

Genetic Algorithms can be powerful and can provide a method to avoid convergence to
local minima. A GA’s independence from sensitivity analyses can provide robustness in
the sense that this allows freer exploration of the design space and may exhibit a lower
level of sensitivity to the initial condition of the problem. However, a GA becomes rela-
tively inefficient when these gradients are available for at least some of the design vari-
ables involved. The high number of design variables involved in the type of 3D ground
structure needed to describe complex structural problems in a sufficiently generalized
way, makes a GA approach unsuitable. For the initial ground structure, the number of
independent design variables will generally be in the order of tens of thousands (For

examples, see Section 6.4). Conversely, mathematical programming methods are well
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suited for dealing with optimization problems with a great number of design variables
(Labanda, 2015; Sigmund & Maute, 2013). This is an important reason that this is the
method that is used in Nastran’s Automated Design Synthesis suite SOL200 (MSC

Software Corporation, 2011a), see also Section 6.2.1.

An important aspect of this thesis is the implementation of manufacturing constraints.
Many of these are implemented in a sizing optimization procedure (minimum size, aspect
ratio of beam cross sections, etc.). Others however, are more appropriately addressed at
the shape level. For example, a structure where members within a major load path are
more in line with one another can be favorable over another setup, if that enables use of
more efficient connection joint designs (see Section 5.3). Similarly, a structure with fewer
members may be favorable to reduce overall complexity and cost, which is addressed at
the topology optimization level. It is critical to recognize that these separate constraints
cannot be enforced within one procedure (e.g. sizing optimization) without influencing
fitness of the overall structure when considered within the scope of the other two opti-

mization sections. For example:

e If a minimum member width is implemented at the size optimization level, this
affects the design freedom at the topology level: A structure that was in theory
more efficient, but required elements that are considered too small for feasible

production will now become heavier.

e A certain shape may be found to be more efficient, i.e. a node is moved in a
certain direction and the total strain energy in the structure decreases. However,
for a connecting member which has now become longer, its cross section may
have to increase to still meet buckling requirements, even if the compressive loads
have not increased. The resulting weight increase can nullify any gains that were
to be found by adopting a shape that seemed more efficient theoretically when

being considered purely in terms of shape optimization.

This is insufficiently recognized in many publications where optimizations are executed
in a purely sequential manner, typically topology = shape —> size. When considering
purely sequential methods, this order does make sense (this point is clarified in Section
6.2.3), but a more sophisticated approach is required to ensure that each step taken at
each of the three optimization levels actually leads to an overall weight reduction. This
becomes more critical for structures where more manufacturing constraints are enforced

on all three separate optimization operations.

The next section introduces a method in which Mathematical Programming-based opti-
mization procedures are nested rather than executed purely sequentially to address this

problem.
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6.2 Optimization process

Two important choices must be made to decide on a process setup:

1. Which built-in Nastran modules can be used, when considering the three different
optimization procedures? This decision is based on their applicability and perfor-
mance in test scenarios.

2. How to order the optimization sequence?

At its core, Nastran provides a method to analyze a given structure for a variety of load
types to provide either a pass/fail assessment, or preferably a set of safety factors for
various loads and failure modes. By reanalyzing the same structure with small local
changes with respect to topology, shape or member size, design sensitivities can be ob-
tained which can be used in a gradient-driven design optimization process in Python.
However, the process of feeding input data and extracting outputs from Nastran is inef-
ficient, as data is exchanged by writing and reading text files. Instead, where possible,
built-in Nastran modules are used, as they work far more efficiently, and Nastran pro-

vides several sophisticated optimization algorithms.

6.2.1 Overview of relevant built-in Nastran modules

Much of Nastran’s SOL200 Design Optimization solution sequence is built around
DESVAR entries which define design variables that can be coupled to a wide array of
properties (material-, element-, geometrical properties, etc.) and which can be precisely
and individually controlled in terms of initial conditions, allowed values and allowed

changes. Design response of the total structure is monitored using DRESP entries.

e Topology
Nastran’s TOPVAR functionality is a method for executing topology optimiza-
tion on a structure. It uses the Density method, combined with power law penal-
ization applied to the material density/stiffness to attempt to enforce a 0/1 den-
sity distribution (see Section 6.5.1). A TOPVAR entry is effectively shorthand
for assigning individual design variables to the density/stiffness of each individual
member in a structure. Nastran’s built-in algorithms are powerful and efficient
when dealing with static analyses on structures with large numbers of elements.
However, the algorithms struggle to converge to a 0/1 density distribution when

considering modal requirements.

e Shape
For shape optimizations, Nastran provides the DVGRID entry, which can couple
the coordinates of a grid point in a single direction to a single design variable.

This method can be used efficiently for example to optimize thickness of a section
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in a model that is built up out of solid elements, by scaling all nodes in a member
perpendicular to its length-direction, relative to the center of the element. To
fully manipulate skeletal structures, each individual node will require three inde-
pendent DESVARs to fully describe its design space, one for each dimension.
However, even for relatively simple shape optimization problems with trivial op-
timal solutions, Nastran has been shown not to consistently find the optimum. In
some cases, solutions diverge away from lighter solutions. It seems that a
DVGRID-DESVAR setup with the built-in Nastran optimization algorithms can
only deal reliably with shape problems that are effectively 1D locally (either with
just one actual independent DVGRID entry per grid point, or when structural
fitness primarily exhibits sensitivity to movement along only one axis in the cho-

sen coordinate system).

Size

DESVARs can be coupled to the cross-sectional area (and if desired the aspect
ratio) of individual beams. Nastran caries out efficient sizing optimizations with
combined load cases with different types of analyses (static, modal) and proposes
one set of values for the sizing design variables that fulfills all requirements in
terms of stresses, displacements, individual member buckling, modal behavior and
minimum member size. However, the sizing optimizer has been shown to not be
reliably robust, in the sense that it will not always converge to an acceptable
solution for more complicated structures, especially when modal requirements

drive the design.

Further background information can be found in Nastran’s Design Sensitivity and Opti-
mization User’s Guide and Quick Reference Guide (2011a, 2011b).

6.2.2 Assessment of applicability of Nastran modules

Based on the observations from the previous section, a choice can now be made concern-

ing which built-in Nastran modules can be used, and for which functionality different

solutions need to be developed:

Topology

The built-in TOPVAR method is well suited for the purpose of providing a struc-
ture that the shape- and sizing optimizers can operate on. As will be clarified in
section 6.5, the shortcomings with respect to optimization of structures for which

modal requirements are critical can be accounted for.

Shape

The choice is made to develop a Python-based shape optimizer. Nastran is used



Optimization process 47

for analysis of individual designs, but all design variable changes are more directly
controlled, so checks can be built in to prevent diverging solutions which were
observed in test cases, as noted in Section 6.1. This comes at a cost of significantly
reduced solve speed, due in part to relatively inefficient data transfer between
Nastran and Python which cannot be circumvented. Section 6.2.3 describes how
the shape optimizer has been implemented. Additional information is presented

in Section 6.7.

e Size
As explained in the previous section, a Nastran based Sizing Optimizer is a ver-
satile tool that can handle complicated combined design tasks. It will be used
within the larger Python framework to determine member cross sections. Section
6.6 explains which robustness problems have been found, and how they have been

accounted for.

6.2.3 Ordering of the optimization sequence

As discussed previously, for purely sequential structural optimization using a ground

structure approach, the traditional sequence is:

1. Topology
2. Shape
3. Size

This order prioritizes operations that have greater influence on the overall design. Start-
ing with topology optimization realizes a reduction in the number of members that is
typically highly significant. This leads to drastically increased efficiency for any subse-
quent steps, i.e. shape and size optimization. Like topology optimization sequences, these
are iterative processes that require many cycles (typically between 60 and 200) to con-
verge to a solution and are generally computationally expensive. Next, a shape optimizer
positions the individual nodes. Note that the influence of the shape optimizer depends
greatly on the density of the ground structure (and thus to which extent the topology
optimizer could already approximate optimality). Finally, the sizing optimizer provides

the cross sections for all members, without influencing topology or shape of the structure.

The Python Framework adopts a similar strategy, but with a number of adaptations.

Four steps are distinguished, with two main phases:

1. Problem data input

2. Phase 1: Nested topology /sizing optimization for range of initial conditions
3. Select best result, model cleanup

4. Phase 2: Nested shape/sizing optimization
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Figure 6.2 presents an overview of the full process within that Framework. Internal Nas-
tran operations have been indicated. The Framework compiles input files for these sim-
ulations, extracts and interprets their results, and performs a variety of other functions

that are described in this chapter.

Similar to the simple sequential order, an initial topology optimization is also used here.
Even more so than when dealing with an isotropic solid element mesh, significant mesh
dependency issues may arise when dealing with ground structures. To prevent this, a
loop has been implemented that combines topology and sizing optimization and sweeps
through a range of ground structure initial conditions to determine the best starting
point for the shape/sizing optimization sequence. Section 6.5 explains this in more detail.
Phase 1 is computationally relatively inexpensive compared to Phase 2. For this reason,
it is feasible to examine a large number of different initial ground structures (in the order
of hundreds if desired). Phase 1 produces a range of fully size-optimized structures that
meet all design requirements. Next, the lightest structure is selected and cleaned up,
drastically reducing the amount of data that needs to be handled in Phase 2 by the
Python framework. The computation time needed for a single shape/sizing optimization
cycle within Phase 2 is roughly proportional to the number of nodes in the model that
results from Phase 1. As noted in the previous section, it has been developed as an
alternative to Nastran’s built-in DESVAR-DVGRID functionality. The optimization
logic that it uses is simplistic, and several improvements could be offered in this regard
when continuing the work presented in this thesis. However, Phase 2 implements two

crucial aspects that Nastran itself does not integrally cover:

1. Phase 2 groups the shape design variables from each node.
2. It only accepts sub results and results if they in fact do provide an improvement
in terms of the value of the objective function (in many cases lower weight will

be desired, but other traits may be selected for).

The shape optimizer considers proposed improvements of coupled design variables to-
gether. Nastran’s built-in algorithms typically aim to simultaneously implement all im-
provements that its sensitivity study flags as beneficial. However, these individual
changes to the structure are never independent. Consider the following example: For a
certain grid point, movement in the positive y-direction may be found to result in a
lighter structure. However, a step in the positive x-direction for the same grid point also
promises a lighter result. It is not given that the positive-y step is still beneficial if the
x-direction step has already been carried out. Nastran has no mechanism to account for

this and will always apply both moves.
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The Python Framework presented here deals with this by only accepting steps that

together result in a lighter solution, in the following way:

1.

Pattern Search is employed by applying steps of a fixed magnitude in positive
and negative x-, y- and z-directions for each grid point in the structure that is

free to move, i.e. not involved in an external load introduction.

Initially, all the most successful steps per grid point (i.e. at most 3) are combined
into a new design for the entire structure. If this gives a lighter result, it is ac-

cepted as the new baseline design for the next cycle.

If this results in a heavier structure, only the single most successful steps per grid

point are combined in a new design. If this new design is lighter, it is accepted.

Finally, if this too does not present a lighter design, only the single most successful

step across all grid points is immediately accepted.

If no successful steps had been found in the first place, the step size is reduced.
This is repeated until a predefined lower threshold is reached, at which the opti-

mization is terminated.

After each successful shape step, a cleanup procedure is carried out which checks

if the new geometry allows for merging of nodes or members.

Tools have been implemented that provide the option of deleting members within Phase

2, by carrying out a topology/sizing optimization cycle that checks if lighter solutions

become available as the structure changes shape.

6.2.4 Discussion

The process layout discussed in the previous section accomplishes two main goals:

1.

At every stage, intermediate results meet all crucial design requirements with
respect to strength, stiffness and various manufacturing requirements, such as
minimum member size. This offers an improvement over simplistic sequential
approaches, where the dependency of operations in different optimization modules

is not taken into account, as discussed in Section 6.1.

Heavier results than current baseline (i.e. the starting point of the active shape
optimization iteration) are never accepted. This offers an improvement over built-
in Nastran methods which are not equipped to consider previous intermediate

results and implement improvements in an adaptive manner.

Progress can still be made, primarily by improving upon the rather simplistic pattern

search method for determining which shape changes to implement. For this thesis how-

ever, the choice has been made to primarily focus on robustness rather than efficiency.
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It should be noted that full integration between all phases of optimization has not been
pursued, rather, there is a ‘hard cut’ between Phase 1 and Phase 2. However, it is not
feasible to carry out a full shape optimization sequence for each Phase 1 result in terms
of computational cost. Nevertheless, results from Phase 1 are structures that fully meet
all design requirements, and are therefore already much closer to a useful final design

when compared to a typical ground structure topology optimization result.

6.3 Analysis

The previous two sections have explained the optimization approach that has been im-
plemented to design composite skeletal structures. This section explains the choices that
have been made with respect to the analysis of these structures in Nastran. First, a
requirement overview is given. Next, the available modeling options are presented, fol-

lowed by the final choices.

6.3.1 Requirements

Several requirements need to be fulfilled to achieve an appropriate modeling method:

1. Sufficient approximation of physical behavior
Appropriate choice of materials, element types and model build-up is needed to
provide a sufficiently close approximation of real-life properties to accurately de-
termine stiffness, assess which failure modes are critical, and to determine the

loads associated with those failure modes.

2. Manipulability within optimizer
The optimizer must be able to fully manipulate all relevant aspects of the geom-
etry of the skeletal structures that are needed to design topology, shape and
member size. In the case of sizing and topology optimization, this needs to be
controllable through Nastran’s SOL200 DESVAR functionality, as explained in

the previous sections.

3. Computational efficiency
The modeling approach must be capable of feasibly describing a ground structure
containing tens of thousands of members, while also facilitating a full member
sizing optimization sequence of a later-stage, reduced structure within minutes
rather than hours in order to achieve an overall solve time that is acceptable (i.e.

in the order of hours or several days at most, rather than months).

It can be broadly stated that requirement 1 calls for higher model complexity, whereas
requirements 2 and 3 call for lower complexity. The following section presents an FEA

modeling approach that provides a trade-off between these three aspects.
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6.3.2 Considerations and FEA model setup choice

Considering requirement 1 in more detail, a list can be made of relevant aspects that an

FEA model may capture when analyzing a composite skeletal structure:
1. Global compliance
2. Global vibration modes/frequency response
3. Local vibration modes

4. Deformations of individual members, as well as strains and associated stresses:
a. due to tension/compression
b. due to bending
c. due to twisting

d. due to shear
5. Buckling strength of individual members as well as the global structure

6. Local strains and associated stresses in joints:
a. stress in fibers
b. inter-laminar stress

c. influence of stress raisers such as sharp bends and voids

Whether a certain FEA model can in fact analyze the performance of a structure in any
of the terms listed above is largely dependent on the choice of element type and size. The
joints, where multiple members meet, are the sections in the structure that are the most
complex in terms of failure modes that can be expected. A complete structural analysis
of a composite skeletal structure would include assessment of strength and stiffness of
these joints. Compared to a simpler model that does not capture all failure modes, the
added value of a model that can accurately describe the mechanics within a joint needs
to be weighed against the cost associated with this expansion, in terms of development
time, and especially with respect to computational efficiency. A trade-off needs to be

made to come to a modeling approach that sufficiently satisfies all above requirements.

In Nastran, there are many different combinations of elements and materials that could
be used to describe a composite skeleton. For example, there are at least seven different
feasible ways of implementing a 1-D element to describe an anisotropic composite beam
with varying degrees of complexity. These range from a 6 DOF (degrees of freedom) rod
which cannot capture bending and twisting (Nastran designations: CROD + PROD +
MAT1), but which may provide an acceptable approximation of global stiffness, to an
18 DOF beam which implements a stack of shells to model individual composite plies
(Variational Asymptotic Beam method, using CBEAM3 + PBMSECT + PCOMP +
MATS). Instead of presenting the full range of underlying considerations by describing
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the benefits and disadvantages of each of the most feasible combinations, only the setup
that is used in the framework is presented here. A brief overview of alternatives can be
found in Appendix B. More in-depth information can be found in the relevant Nastran
documentation (MSC Software Corporation, 2011, 2011).

A single model that can capture all aspects in the list in Section 6.3.2 would require at
least a method using stacked 2D shell elements, and likely a full 3D solid element mesh.
Either of these would result in ground structures with millions of elements, arranged in
groups of thousands of coupled elements that together describe single parametrized mem-

bers. Realistic modeling of joints would require building up every model in CAD.

However, a great reduction in modeling complexity can be achieved by choosing a 1D
element-based approach, which approximates each member as a single element. Most
aspects on the above list can be readily addressed using a modeling approach that purely
uses beam elements to describe the beams of the skeleton: (CBAR + PBAR + MAT1I).
The Nastran CBAR element is a simplified beam element which nonetheless has the full

12 DOF’s, and models twisting and bending behavior.

(Nastran CBEAM elements offer additional functionality: tapered beams and more real-
istic handling of non-symmetric sections, but require more inputs. Tapered beams and
non-symmetric sections are beyond the scope of this research. Hence, the simpler element

is preferred.)

In this setup, joints are simplified as single nodes, connecting multiple beam elements. A
CBAR element can only be coupled to a MAT1 material, which is isotropic. However,
for small displacements, the stiffness characteristics of a slender composite beam with
only unidirectional fibers can be closely approximated in all directions. A Shear Correc-
tion Factor is implemented to acquire realistic bending stiffness. Appendix C clarifies
how a proper Shear Correction Factor has been derived and how other beam properties
have been coupled to design variables in the Python Framework. Buckling of individual
members is assessed by performing Euler critical load analyses for each member, which

is further explained in Section 6.3.3.

A shortcoming of this 1D element is that it does not provide proper shear stress analysis.
However, it should be noted that for slender beams that are subjected to loads that are
not fully in-line, the resulting stresses are primarily due to bending rather than due to
shear. As an example: Consider a typical member, modelled as a beam, with one fixed
end and the other end free and guided, with a cross section of 4x4mm and a length of
100mm (A member with similar length with a non-guided free end would experience
bending stresses twice as high, but a guided end is in this case a more conservative
representation of how skeleton members which are subjected to a lateral load are gener-

ally constrained). A lateral load of 1N is applied on the free end as seen in Figure 6.3.
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Figure 6.3 A bending beam, fixed on one end, guided and
free on the other end, with a shear load applied

The peak stress due to a shear load in this rectangular section is given by:

B 3P 301
Oshear,peak — 2bh  2-0.0042

With P the load as indicated in Figure 6.3, b the base and h the height the beam.

= 93.75 kPa (6.1)

The peak stress in the most outward plies in the beam due to a bending load is given by:

_P(1/2) 1-(0.1/2)
Obending,peak — bh2/6 B 00043/6

With [ the length of the beam.

= 4.69 MPa (6.2)

As is thus demonstrated, for a square beam constrained as described above, the ratio
Obending peak/ Tshear peak 1 €qual to twice the slenderness ratio of that beam. The factor
of 50 between the two stress levels indicates that shear stress can be disregarded in this
example, since bending stress will be dominant. Moreover, one of the ways that the
optimization framework achieves more efficient structures, is by using members that are
primarily loaded axially, rather than laterally, thus further decreasing the likelihood that

shear loads become critical.

An approach is provided which can model the critical mechanics related to points 1, 2,
4, 5 on the above list. Point 3 (local vibrations) can also be analyzed with reasonable
accuracy if each individual member is modelled as five or more collinear elements.! The
various modules that create input files for different operations in Nastran (i.e. topology
and sizing optimization) therefore by default model each member as five elements. For
structures where higher accuracy is desired, or where more complex mode shapes are

expected locally as part of a critical load case, a higher number of interpolating elements

* This same requirement of modeling individual members as at least 5 elements applies to global
buckling analyses, which are further discussed in Section 6.3.3.
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can be chosen. Alternatively, for structures where static loads are critical, the number
could be reduced to two elements for each member, allowing for increased computational
efficiency, while still allowing modeling of the bending shape shown in Figure 6.3, which

is more complex than what a single bending beam element can model.

Detailed analysis of joints is not carried out each step, as the required modeling work
requires manual input and is prohibitively time-consuming. Instead, an analysis is carried
out on the final design that is proposed by the Python Framework. It should be noted
that for many space applications, global stiffness and global modal behavior are the
critical design constraints. For structures that are strength limited, a stress analysis is
however required for individual highly stressed joints. Chapter 7 presents a detailed FEA
analysis of the joint prototype that is presented in Chapter 5.

6.3.3 Buckling analysis

Many of the beams in a typical structure
as designed by the Python Framework can
be considered slender. Therefore, a method B“gf':o‘f Smhipe ; 3
u ’ 1]

is needed to analyze local buckling failure. shownby | 4 '

dashed line '.' ':
There is a lot of literature specifically fo-
cused on analysis of buckling of composite R
beams. This mostly deals with beams that | "X f o5 f 07 [ 10 | 10 | 20 | 20
have already undergone local delamination ~—=| Rotation fixed and translation fixed
failure, which is a non-trivial failure mode. | gnd condition &%&\ Rotation free and translation fixed
For the purposes of designing beams in key @ Rotation fixed and translation free
skeletal structures, simple Euler buckling i Rotation free and translation free

i Figure 6.4 K-factors for different columns
will be used.

The general equation for critical buckling load for the first mode (the lowest buckling
load) is:
T?El

P.. = D7 (6.3)

Where E is stiffness, I the area moment of inertia of the beam, K the column effective

length factor, and I the unsupported length of the beam.
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A buckling check is implemented by extracting the resulting average axial stress from
the analysis for each element, and implementing the following rearranged equation as a

boundary condition during the sizing optimization steps:

(KD)?AGaxial
m2El
Where 4 is the cross section of the beam, and o0,y;4; is the axial stress.

(Oaxiar 18 kept in the numerator, to avoid computational errors in case ggyiq; = 0)

In both equations, K is the column effective length factor, which depends on the boundary
conditions and the type of load. For a freestanding column with two pinned ends and a
purely axial load that is introduced at both ends of the column, K=1, as can be seen in

Figure 6.4.

For the case of a beam between two points that are both fixed in translation and rotation,
K=0.5. The latter case is considered to be a closer representation of the way individual
beams in a skeletal structure are constrained, since each beam is manufactured mono-
lithically together with the beams it is connected to. However, local deformation can lead
to a node that rotates as a whole, in which case 0.5 is non-conservative. Although rota-
tions are expected to be small, a safety factor is implemented by using a value of K=0.7,

which equates to a column with one free-rotating end.

The above describes how local buckling (i.e. of individual members) can be considered
within a Nastran optimization, using an efficient, analytical approach using length and
axial stress as inputs. Additionally, global buckling checks are implemented by running
a corresponding buckling subcase for each statics subcase in Nastran, by solving the

eigenvalue problem.
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6.4 Ground structure module

As discussed previously, the first step in the structural optimization method is to estab-
lish a suitable ground structure. This entails creating a set of nodes and elements within
the design space. Cartesian coordinates are used, although the underlying theory could
easily be adapted for use in other types of coordinate systems, should those be judged
more appropriate for a specific design problem. The following data is gathered in prepa-

ration:

1. The design space is established
In short, this means that the 3D space that nodes and elements may occupy or
intersect has to be described mathematically. It usually takes the form of a bound-
ing box, together with smaller boxes and cylinders that describe keep-out zones.
2. Design problem nodes are defined
Any externally defined nodes that need to be taken into account are entered into
the model. This includes:
a. Load introduction nodes
b. Boundary condition nodes
c. Nodes to which masses connect
d. Nodes for which displacement needs to be monitored during simulation
e. Nodes that for other reasons need to be included in the final design.
3. The node density is set
This is described by three integers that denote the number of unit cells in x-, y-
and z-direction. These numbers are chosen such that density is similar in all three
directions, resulting in unit cells that are as close as possible to being cubic.
4. The Connectivity Level is set
Elements are created between each pair of nodes that are within a certain distance
of one another. This distance is defined as a certain multiple of the characteristic
length of the unit cells as defined in the previous step, following from the number

of cells in the entire design space.

Unit cells are typically not cubic, so the greatest length of the unit cell will be used as
characteristic length. The distance within which two nodes must lay in order to be con-

nected by a member is thus defined as:

dconnect = CL - max(h, w, l)unit cell (6-5)

With CL the Connectivity Level and h,w and [ the height, width and length of the unit
cells. If for example a structure is desired in which elements are created that connect

nodes to other nodes that are up to 3x3x3 unit cells removed within the ground structure,
a Connectivity Level of V32 + 32 4+ 32 = /27 will be required.
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Next, the following steps are taken:

1.

All nodes are created in a single ny,,qes X 3 array containing all coordinates.
Within this array, various groups of nodes exist, which will be treated differently
in various stages of optimization. To identify those groups, a corresponding
Nuodes X 1 array is created, which designates a type identification to each indi-
vidual node. The most important types are included in Table 6.1. Extra types
can easily be added if the need arises. Of these categories, only the ‘FREE’ nodes
are added by the program. All other nodes are part of the initial design problem,

and must be entered manually or otherwise beforehand.

Table 6.1 Descriptor strings for nodes.

Name Description

LOAD  Node is a load introduction point (and potentially subject to dis-
placement constraints)

FIX Node is subject to a fixed constraint. Pinned or rolling supports can
also be included

MASS A mass is assigned to this node. Rotational inertias optional

FREE  Node is free to be moved in shape optimization steps and free to be

removed in topology optimization steps or model reduction steps

Nodes that are within a small threshold distance of each other (depending pri-
marily on the scale of the overall structure), are merged. In case of close proxim-
ity, initially included design problem nodes are retained, and ‘FREE’ nodes are
deleted.

All possible elements are created, with a maximum length as defined previously
by the Connectivity Level. These elements are identified simply by the pairs of
nodes that they connect, in an Ngements X 2 array.

All elements are checked for overlap. For example, if the Connectivity Level is
such that body diagonals are created for 2x2x2 unit cell groups, they will overlap
perfectly with some of the body diagonals that are also being created for individ-
ual unit cells. In this case, short elements are retained and longer elements are
removed.

If any nodes are in a keep-out zone, they are deleted, along with any associated
elements.

Even when connecting two nodes that are in the approved design space, individual
elements can still cross a keep-out zone. A separate check using an interpolation

approach is carried out to remove such elements from the element list.
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Figure 6.5 shows a simple ground structure for a cubic design space with 4 unit cells in
all directions and a connectivity level of 4.5, resulting in body diagonal elements in 3x3x1
cell unit cell groups as well as 4x1x1 cell groups, as well as all shorter available elements.
Four nodes at the bottom corners with fixed constrained are visible as larger white dots,
as are two load introduction nodes at the top row in the front view (b), as larger green

dots that do not coincide with the regular grid.
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Figure 6.5 Ground structure for a cubic design space, isometric (a) and front view (b)

Figure 6.6 presents a more complex design space, filled with a 7x5x4 unit cell ground

structure. The following features can be identified:

e Keep-out zones (red boxes)

e Load introduction nodes (large green points)

e Nodes with a fixed constraint (large white points)
e Nodes with associated inertias (large purple points)

e Free nodes (small red points), which may be manipulated in optimization steps
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LOAD-nodes

Keep-out zone

(sensor)

FIX-nodes : S 7 MASS-nodes

$

Figure 6.6 Ground structure for a more complex design space with keep out zones.

This is a design problem where three sensors (the smaller keep-out zones) are connected
to a larger body (the fourth keep-out zone), with a predefined set of available intercon-
nection points (the white nodes), not all of which need to be incorporated in the final
design. Each of the sensors is modelled as a group of five nodes: four prescribed points
to which the new structure can connect, together with a fifth point in the center of mass
of the unit, to which all relevant inertias of that sensor are assigned. This node is con-
nected to the first four through massless elements which are not part of the optimization
process. Three sets of keep-out zone/mass node/load introduction nodes can be seen in
the above figure. All three MASS-nodes have been indicated, along with all load intro-
duction points of one sensor, as well as some of the FIX-nodes. In this design problem,
maximum displacements are prescribed for the sensors, as well as a minimum frequency

for the first Eigen mode.

The ground structures that are created in this way are fed into the topology optimization

module where the next design step is executed.
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6.5 Topology optimization module

Topology optimization is a method that is suited for determining load paths within a
design space. This is generally achieved through analyzing a design space that is filled
with elements, and selecting an element subset that is used for further optimization. As
discussed in Section 6.1, the optimization module makes use of some of the MSC Nastran
built-in design optimization capabilities. This section lays out how this functionality has
been implemented in the context of the Python Framework. Performing a topology op-
timization on a ground structure with 1D beam elements requires a different approach
compared to optimization of a design space filled with solid 3D elements, which will be

illustrated in this section.

6.5.1 Topology optimization theory and implementation

A Dbrief overview of topology optimization theory is given here. Emphasis is put on the
way it is applied within Nastran, and why this is a suitable approach within the frame-
work that is presented in this thesis. The goal is not to provide a comprehensive overview
of different topology optimization methods, for which many excellent sources are availa-
ble, such as Bendsge (1995).

Nastran makes use of the Density Method approach, also called the Artificial Material
approach or Power Law approach. A penalization scheme is applied to the relevant ma-
terial properties (i.e. stiffness for compliance driven problems) to force elements to as-
sume densities close to either 1 or 0. The relation between Young’s modulus and density

is shown in Equation (6.6) and Figure 6.7.

P =P (6.6)
E = Eya”

With z the variable being manipulated within a topology optimization (taking on values
between 0 and 1), p, the density and E, the Young’s modulus for fully dense material,

and p the penalty factor.

For topology optimization, Nastran provides two main classes of Mathematical Program-

ming-based optimizers:

1. The Sequential Unconstrained Minimization Technique (SUMT) within the MSC
Automated Design Synthesis (MSCADS)-suite. Vanderplaats (1985) laid the

groundwork for this method.

2. TPOPT, which implements an Interior Point line search filter method. Wéchter
& Biegler (2006) provide an overview of this method.
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Both of these are well suited for dealing with problems with a large number of design
variables, which is a requirement for topology optimization problems with tens of thou-
sands of elements. Nastran will attempt to apply the first method, as it is more efficient.
Nastran may either not achieve convergence, or otherwise decide that SUMT is not a
suitable method for a particular problem. In this case, IPOPT will be deployed, which is
more robust. Nastran guides provides additional background information (MSC Software

Corporation, 2011a).
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Figure 6.7 Relation of Young's Modulus to material den-
sity for different penalization parameter values
(p=1: no penalization)

The Element Density Distribution (EDD) of a topology optimization result can be visu-
alized. Ideally, applying a penalty method will result in an EDD as shown in Figure 6.8,

with only elements with density either 0 or 1. The load case that is used for the common
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Figure 6.8 Element Density Distribution of a topology optimization on
a ground structure with 3736 elements with close to per-
fectly discrete 0/1 division
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sizing problem described in Section 5.1 has been applied to the ground structure shown
in Figure 6.5. A topology optimization has been carried out, using a penalty factor of 4.
22 elements are assigned a density of 1 by the optimizer. All other 3714 elements have a
density close to 0. In this case, filtering out useful elements is a trivial exercise: only the
22 fully dense elements are retained and passed on to the sizing optimizer to complete

Phase 1 of the Optimization Framework.

6.5.2 Difficulties of using 1D elements in topology optimization problems

Section 6.1 discusses the notion that optimization of ground structures with 1D beam
elements involves separately controlling topology and member size. Conversely, a topol-
ogy optimizer operating on a design space with finely discretized isotropic cube-like ele-
ments simultaneously controls topology and size of members: the cross section of an
individual load carrying member can be increased by changing the density of elements

at its boundary from 0 to 1.

As explained in Section 6.2, Nastran does not allow for simultaneous optimization of
element size and topology. Therefore, for an optimizer purely operating on topology of a
1D beam ground structure, member size needs to be assigned explicitly beforehand, and
needs to be the same for all members, due to limitations within Nastran (all elements
subject to a single topology optimization operation must be described by a single element
property entry). This can pose two different challenges, namely how to choose an initial
member size, and how to determine a lower density threshold for filtering out the mem-

bers that are to be retained. To illustrate this, let’s consider three different situations:

1. The initial member size is about equal to the optimal size for the most heavily
loaded members in the final result, and there is not a wide spread in member

sizes in the final size-optimized result.

2. The initial member size is significantly greater than the optimal size for the most

heavily loaded members.

3. The initial member size is significantly smaller than the optimal size for the most

heavily loaded members.

The first situation will result in an EDD that is similar to that shown in Figure 6.8.
Figure 6.9 shows the geometry that results when all 22 members that have a density of
1 are retained. In all figures in this section that illustrate geometry, cross sections are

not plotted to scale, and colors denote strain energy density. Red is high, blue is low.
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Figure 6.9 Topology optimization result (geometry) corresponding
to the EDD in Figure 6.8.

Note the two sections on either side of the structure, consisting of five members each.
These sections clearly do not provide the trivial solution for accommodating a load path
between two points. This is a result of the choice of Connectivity Level as described in
Section 6.4: No member was created initially that directly connects nodes 1 and 2. The
later shape optimization phase provides robustness by not making the final result de-
pendent on this initial ‘shortcoming’ in the ground structure: In the next phase, nodes 3
and 4 will be fused, after which each set of (now) four members is fused into a single

member, since they are now all in line or fully overlapping. See also Section 6.7.
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Figure 6.10 EDD of a topology optimization identical to Figure 6.8,
except with larger member cross sections.
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The Second situation will, for the same load case and ground structure, result in an EDD
as seen in Figure 6.10: The most heavily loaded elements do not need to be fully dense
in order to carry the loads. Already, translating the EDD into a usable set of elements is
less straightforward than it was in the previous situation. A lower cut off density of
around 0.05 must be chosen in order to select all elements that are to be retained and
passed on to the sizing optimizer. For this simple structure and load case, this situation
delivers the desired result (the same resulting element set as in the first case). However,

for more complex cases, determining a proper cut off is not as trivial.

10?

occurence

-100

0.0 0.2 0.4 0.6 0.8 1.0
Element density

Figure 6.11 EDD of a topology optimization identical to Figure 6.8,
except with a smaller member cross sections.

O

Figure 6.12 Geometry corresponding to the EDD of Figure 6.11.
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In the third situation however, the EDD exhibits too much noise to properly select a
subset for subsequent sizing optimization: The elements that are nearest to the most
efficient load path are unable to carry the load by themselves when their density is 1.
Therefore, elements nearby are forced to carry some of the load and are assigned a density
of greater than 0. This results in the EDD and geometry seen in Figure 6.11 and Figure
6.12. Appendix D shows the geometry and EDD results for a sweep of topology optimi-

zation runs with the same ground structure geometry, but different initial member sizes.

6.5.3 Mesh independency scheme

As has been shown, the result of a Nastran topology optimization is greatly dependent
on the initial conditions. Member size (cross section) plays a large role, as well as the
Connectivity Level and the number of cells that is chosen to discretize the design space.
Especially for more complex design problems with multiple load cases and modal require-
ments, it is difficult to make a prediction of the optimal size of the most heavily loaded
elements, which is a good starting point for element size in a topology optimization. In
fact, it is undesirable to leave this decision to a human operator. For this reason, a mesh

independency scheme has been implemented.

As is shown in the process overview in Figure 6.2, ranges of initial conditions with respect
the number of design space subdivision cells and member size are selected. These lower
and upper boundaries can be validated through running a topology optimization. They
should clearly represent situations 2 and 3 as described in the previous section. Since the
topology /sizing optimization process that constitutes Phase 1 is computationally rela-
tively inexpensive, it is feasible to run a large number of simulations across a range of
initial conditions. The simulation that results in the lightest overall size-optimized result
is deemed the best candidate to be passed on to Phase 2 for the shape-size optimization

sequence.

6.5.4 Modal Analysis in 1D Element Nastran Topology Optimization

The sizing optimizer as implemented in Nastran has been shown to reliably produce
usable results for complex load cases (combined static and modal), while respecting man-
ufacturing constraints, see Section 6.6. The Topology optimizer however, produces much
clearer results for static problems than it does for modal analyses and especially combined
problems. For modal analyses, many semi-dense elements are created, as opposed to
fewer, denser elements which result from a typical topology optimization for a structure

of similar complexity. The latter is more desirable for two main reasons:

1. Due to the stiffness penalty that is applied, (nearly) fully dense elements more

closely represent the actual properties of those elements. Penalized semi-dense



Topology optimization module 67

elements result in unnecessarily conservative weight estimates during topology
optimization. (Note that this is solved by the subsequent Phase 1 sizing optimi-

zation.)

2. A ‘cleaner’ EDD, with fewer elements close to 0-density, can be more properly
filtered to obtain a set of retained elements for the sizing optimizer. It has also
been shown to typically result in a smaller set of elements, which is itself a trait

that decreases overall complexity, thereby increasing manufacturability.

A test problem illustrates this issue, as well as the effectiveness of its solution: A point
mass is attached to the top middle grid point in the ground structure that is seen in
Figure 6.5. A downward vertical load is also applied to the same grid point. A topology
optimization is executed, with the goal of minimizing mass while realizing a certain min-
imum Eigen frequency, and not exceeding a certain maximum stress in any of the mem-
bers. Figure 6.13 shows the graph of the corresponding EDD. Note that no elements have

been assigned a density of 0. Filtering out useful elements is non-trivial, if not impossible.
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Figure 6.13 Typical EDD for a modal analysis-based topology opti-
mization result in Nastran for a simple structure
To circumvent this issue, modal requirements in the topology optimizer are reduced to a
statics requirement: relevant grid points (for example where a given mass is connected
in the design domain) are independently subjected to loads in x-, y- and z-direction, and
maximum displacements constraints are set. This establishes a starting point for the next
phase where all proper load paths have been identified. In the next phase, the size opti-
mizer will perform a full combined statics-modal analysis and determine a set of opti-
mized element sizes. The determination of appropriate loads and allowed displacements
is left to an operator and is based on the relative influence of requirements other than

modal ones, i.e. to which extent the final result is driven by requirements that are ana-
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lyzed purely statically. This is partly an iterative process, based on initial results. How-
ever, a full guide will not be given here. This process can be partly automated in the
future. The validity of this simplified ‘statically-executed modal analysis’ depends on the
criticality of the modal requirement of the topology-sizing optimized structure that re-
sults from Phase 1: If initial results indicate that requirements that are analyzed statically
in the sizing optimizer are dominant as opposed to modal requirements, the modal anal-
ysis within the topology optimizer must also not be dominant, and should not be in-
cluded. Figure 6.14 shows the EDD when the same problem as before (previously result-
ing in the Figure 6.13 EDD) is executed with a static approximation of the modal re-
quirements during the topology optimization. The corresponding geometric representa-

tion of the result is also given.

Note: This EDD graph demonstrates that the topology optimization member size is much
higher than necessary for the final structure, as explained in Section 6.5.2, but by virtue
of the simplicity of the problem, a suitable subset of six elements can still be filtered out.
Each of the three ‘legs’ of the stool in the right figure was described by two collinear
ground structure elements. Because of buckling sensitivity for thinner beams, the optimal
solution in this case turns out not to be a fully symmetrical stool with four identical legs,

but a three legged stool with two thicker load carrying legs and a single stabilizing one.
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Figure 6.14 EDD of a purely static analysis-based topology optimization (left) and corresponding geometry
after sizing optimization (right). Beam cross sections are not plotted to scale. Colors denote
strain energy density: red is high, blue is low.

6.6 Sizing optimization

The Sizing Optimizer has been introduced in Section 6.2. It is founded on the built-in
design sensitivity and optimization modules within Nastran. Design variables are cou-

pled to the cross sections of individual members and an optimizer is used to minimize
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the weight (or optimize another property) of the overall structure. The Sizing Module

is at the core of the Optimization Framework in two ways:

1. It is implemented as the final step after topology optimization in Phase 1 as
well as the basis of the shape optimizer in Phase 2, as described in Section 6.2.3.
2. For that reason, it is at this level that most (manufacturing) constraints are de-

finitively enforced.

This section describes the implementation, scope and limitations of the sizing optimiza-

tion module.

6.6.1 Scope of optimizer module and inputs

Within the Sizing Optimizer, design problems can be solved which take into account the
following design constraints:

e Modal requirements (specifically: a minimum value for the lowest Eigen mode of
the overall structure)

e Maximum allowed stress in individual members

e Maximum displacement in different directions of individual grid points.

e Prevent buckling of individual members and the structure as a whole

e Minimum allowed member size

Many features that can be used to set up a model within Nastran can be incorporated in
the models that are fed into the sizing optimizer. Importantly: multiple load cases can
be combined into a single optimization. For example, a typical design problem may in-

clude the following loads:

1. An acceleration (simulating peak launch forces), during which certain displace-
ments and stresses may not be exceeded and no buckling may occur.

2. A (quasi-)static load due to a separate connected structure whose acceleration
load must be transferred during launch, during which max stresses and displace-
ments are defined and no buckling may occur.

3. A separate load case which models operation with the goal of achieving adequate
positioning accuracy of a measuring instrument.

4. A simulation can analyze the lowest Eigen mode of the structure, with the goal

of preventing excessive vibrations during launch.

Regardless of whether Nastran has converged to a solution that it considers optimal, the
outcome of the sizing optimizer is a set of values which describe the cross sections of each
member, as well as additional performance indicators with respect to critical constraints
in its last simulation cycle. These values are returned to the Python Framework, which

evaluates them and interprets them as a set of safety factors for all constraints listed
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above. This means that even an optimization run that has not converged according to
Nastran’s criteria, can be evaluated relative to other solutions. This is useful: especially
for complex, combined load cases, optimizations do not always fully converge, in fact
they often don’t. However, in many of those cases, a suitable structure is nonetheless
proposed (light, and within acceptable margins for all boundary conditions). This shows
the need for an approach for deciding which results are valid that is more sophisticated
than Nastran’s pass/fail output, based purely on (non-)convergence. Section 6.6.3 dis-

cusses this further.

6.6.2 Choice of optimizer algorithm

In the standard setup, Nastran will select the best suited optimization method within
the MSCADS module which was discussed in Section 6.5.1, based on problem parameters
such as the number of design variables and the number of active constraints. This auto-
matic algorithm selection option chooses from the Modified Method of Feasible Directions
(MMFD) as well as SUMT (see Section 6.5.1), Sequential Linear Programming (SLP)
and Sequential Quadratic Programming (SQP). These four methods are complemented
by the IJK Method, which allows the user to independently choose a strategy (I), opti-
mizer (J) and one-dimensional search method (K). For a representative sizing optimiza-
tion problem, all options have been compared in terms of convergence reliability, number
of iterations required and final result. Other than for topology optimization problems,

the most commonly applied module is MMFD. Nastran documentation (2011a) notes:
Ezxperience has shown that the MMFD algorithm is the most reliable for MSCADS.

For the types of structures described in this thesis, these findings have been reproduced
by running simulations. As a result, MMFD is the default optimization algorithm for the

Sizing Optimizer described here.

6.6.3 Result interpretation: Convergence and achieving robustness

The Sizing Module operates on two levels:

1. Nastran runs a DESVAR-based SOL200 optimization.
2. A higher level Python Framework compiles the input files for these runs, and

interprets their results.

Specifically, the Python Framework assesses the validity and usefulness of Nastran’s
results. If non-validity is established, the framework has different options available which
will be discussed later.

Whether a design optimization problem convergences can be taken as a first indication
of the validity of its result. Nastran considers a problem converged when a set of design

variable values is found that results in near-zero sensitivity, i.e. a small variation of their
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value does not lead to an improvement of the objective function. This indicates that the

solution is at least a local optimum. Among the aspects that can be assessed to evaluate

robustness of an optimizer are:

Whether the optimization converges to a solution which complies with all con-
straints.

Repeatability of results.

Insensitivity to initial conditions (such as design variable starting values).
Whether the resulting optima are global optima.

A variety of sizing optimization tests has been performed on design problems of different

types (static, modal, combined) and varying degrees of complexity in terms of load cases

and design space. This has resulted in many observations, the most important ones being:

Internally converged problems always comply with all design constraints. This is
simply a result of hard criteria within Nastran.

The reverse is not true. Rather, a non-converged problem may still comply with
all design constraints, within desired margins, and may in fact be close to an
optimum.

Whether a problem converges can depend on the initial values of the design var-
iables, although not in a predicable manner. The following extreme scenario was
encountered:

1. The initial design variable values for a certain simple design problem were
set to their minimum allowed value, which was set at an arbitrary value,
significantly lower than the ideal value. This resulted in a converged so-
lution.

2. This solution, i.e. a known optimum, was used as the initial value for a
subsequent optimization run. This resulted in non-convergence: Nastran
did not recognize the initial state as an optimum, diverged, and did not
converge again.

However, whenever convergence occurs, the value of the objective function is
generally identical within a small margin, (dependent primarily on the conver-
gence criteria), independent of initial conditions, even for complex problems. This
is a critical observation, as it indicates one of two things:

1. If it converges, the solver reliably converges to the global optimum

2. The solver reliably converges to one of several local optima which are
nearly equivalent to the global optimum

Within the context of a design problem for industrial purposes (as opposed to a
purely academic one), these two scenarios can be regarded as equally valuable.
More specifically, whenever a simple problem is considered for which a single
trivial analytical solution is available, converged solutions closely approximate
this solution.
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e However, as should be expected, for non-converged problems which do comply
with all design constraints, proposed solutions may be anywhere between close-
to-optimal and highly non-optimal.

e The solver can become stuck by ‘fluttering’ between two close-to-optimal solu-
tions, causing non-convergence. See also Appendix E.

e Whether a problem converges is often independent of strictness of convergence
criteria. Specifically, problems that do not converge according to Nastran’s crite-
ria, yet do result in a close-to-optimal solution (objective function value close to
global optimum and design criteria within acceptable margins), typically do not
suddenly converge when relaxing the convergence criteria. ‘Fluttering’ can still
occur in this case, just at a less optimal value of the objective function.

e As was also found in topology optimizations, Nastran’s behavior is less stable (in
terms of achieving convergence) for modal analyses than for purely static prob-

lems.

It can be concluded that by itself, Nastran’s SOL200 suite does not provide a robust way
of performing sizing optimizations. Especially for use in an automated context, with no
human operator that can judge the validity of individual results, this needs to be ad-
dressed. Several measures have been implemented in the Python framework that drasti-
cally increase the number of usable Sizing Optimization results, in two main ways:

1. Increasing the likelihood of achieving optimization convergence
2. Applying a more sophisticated method to judge result validity than a pass/fail
test based on (non-)convergence according to Nastran’s internal criteria.

Assuming no outright errors occur (which would typically indicate human error or licens-

ing issues), a Nastran optimization run normally terminates in one of three ways:

1. A ‘hard convergence to an optimum’ is achieved. All boundary conditions have
been met, and the solution has converged.’

2. A ‘best compromise design’is found. Such a solution generally violates one or
more design variables by a relatively small amount

3. The run is terminated because the maximum allowed number of design cycles

has been reached without converging.

The design constraints, maximum amount of runs and convergence criteria are all user
inputs, and it was initially assumed that Nastran’s would always be able to find a fully
converged solution if these convergence criteria were progressively relaxed. As noted, this

turns out not to be the case. Instead, the following strategy is employed:

® Depending on settings, soft convergence may also be a valid termination criterion. This indicates
convergence of design variables as opposed to the objective function for hard convergence.
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1. Demand relatively strict coherence to design constraints from Nastran, and apply
a relatively strict convergence criterion (i.e. constraint compliance and conver-
gence criteria both within 0.1%)

2. When Nastran cannot fully converge to an optimized solution, the Python frame-
work performs its own checks with slightly relaxed criteria for both optimization
convergence and design criteria (i.e. within 1%). To that end, the framework has
been expanded by implementing its own convergence analysis, by reading the
relevant data from the Nastran output files to assess the objective function value,

which design constraints were violated, and by how much.

An additional method to improve robustness follows from two observations:

1. A Sizing Optimization run will typically either not converge, or converge within
a certain number of cycles, which is dependent on the complexity of the structure
(a model with more elements will normally require more cycles) and the load case
(a combined static/modal analysis requires significantly more cycles than a purely
static one). However, sometimes problems do converge after a significantly higher
number of cycles than would be expected.

2. As noted, problems that do not initially converge, may converge when different

initial values are used for the design variables.

Especially for more complex design problems, a significant percentage of optimization
runs do not converge, but terminate because the maximum number of cycles is reached.
For this reason, it is computationally very expensive to set the maximum number of
cycles high enough that every problem that can converge, will converge. Therefore, when-
ever a run does not immediately converge, and the non-converged result is not found to
be satisfactory according to Python’s convergence criteria, a second run is initiated using
different parameter values: At the same time a different set of initial conditions (now all
of them at their maximum allowed value instead of in the middle of their allowed range)
is used, as well as a higher allowed number of cycles. If that solution does not converge,
a third attempt is made with all design variables at their lowest allowed initial value,

and a higher number of allowed cycles still.

Test cases have shown that attempting those two additional sets of initial values (lowest
and highest allowed design variable values) increases the number of converged simula-
tions, compared to only running one optimization with initial conditions inherited from
a previous solution from a similar problem. The impact of these measures is greater for
more complex problems. For a problem similar to that introduced in Figure 6.6, the

number of useful results increases from about 30% of all simulations to >90%.
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6.7 Shape optimization

The Shape Optimization module was introduced in Section 6.2. It manipulates the loca-
tion of individual grid points, i.e. the connections between members, with the goal of
achieving a structure that better meets the objective function (e.g. has a lower mass).
Essentially, the Shape Optimization Module leverages the functionality of the Sizing
Optimization module. Since its operation has a greater impact on the way the entire
Optimization Framework is structured (primarily since it operates at a higher level than
the Size Optimizer), the shape optimization process is more extensively explained in
section 6.2.3, compared to the functioning of the other two modules (topology and sizing
optimization). Therefore, this section provides only additional information with respect

to its implementation.

6.7.1 Shortcomings of built-in Nastran functionality for shape optimization

For reference purposes, this subsection provides a summary of conclusions presented in
Section 6.2. Nastran’s built-in DVGRID/DESVAR functionality for coupling grid point
location to design variables is not suitable for 3D geometrical optimization. The main
reason is that manipulation of the location of each grid point in each of the three different
directions is regarded independently within Nastran. Even for simple design problems, it
has been shown that this can result in diverging solutions. To achieve the desired opti-
mizer behavior (i.e. convergence towards a global optimum) a more intelligent assessment
is required for determining sensitivity of the objective function with respect to grid point
location manipulation. As this is not possible using a built-in optimization algorithm, a
controlling shell has been developed in Python which uses Nastran to analyze fitness of

each solution.

6.7.2 Choice of optimization algorithm

Since the method used for shape optimization is self-developed rather than a built-in
Nastran process, its operation has been explained in more detail in Figure 6.2 and Section
6.2.3. Within the context of this thesis, a trade-off has been made between achieving
higher computational efficiency and the time needed to develop the optimization algo-
rithm. A pattern search method has been implemented. Reliability is the main goal for
this method. Although the search algorithm is not particularly advanced, its operation
and convergence criteria can be precisely controlled. Several problems that Nastran can-

not deal with appropriately are addressed.
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Not all details will be listed here, but the most important characteristics are:

It is a stable algorithm with predictable behavior
The Shape Optimizer takes the history of solutions into account, which leads to
reliably converging solutions

It is less computationally efficient than other, more sophisticated setups

This approach is likely not the most powerful method with regard to avoiding local op-

tima in favor of the global one. However, the negative impact this has is largely de-

pendent on the starting point of the shape optimizer. If Phase 1 operates properly (i.e.

as described in Section 6.5.3, a sufficient number of initial conditions is considered to

guarantee a certain degree of optimality), Phase 2 is not tasked with finding completely

new layouts, which could involve overcoming ‘hills’ in the design landscape. Rather, the

Shape Optimizer is tasked with further optimizing load paths that have already been

established. Nonetheless, Section 8.2 proposes improvements that can be made to this

relatively simplistic approach.

6.7.3 Notes on operation

Section 6.6 explains how results in the Nastran-run Sizing Optimization are controlled

and interpreted. As noted, not all optimization runs result in an accepted solution. With

respect to this issue, there are some relevant observations to be made:

Except for the very last iteration, exact quantitative determination of the optimal
sizing solution is not required to compare two solutions within the sizing opti-
mizer. Rather, convergence criteria can be relaxed to some extent as long as a
reliable qualitative assessment can be made of the benefit of a certain proposed
shape change step. Such a relaxation further increases the success rate of the

Sizing Optimizer.

Whenever, regardless of the measures described in Section 6.6.3, no acceptable
solution is found, the proposed step is entirely disregarded as a feasible direction
in the pattern search. As long as the number of discarded steps is low (i.e. signif-
icantly lower than 1/6, which equates to one step per grid point per cycle), the

search algorithm can still find the same solution via a different route.

As explained, the main reason DVGRID does not work for these 3D structures is
the implied, and invalid, assumption that multiple moves in different directions
of a single grid point are independent events. To a lesser extent, this also holds
for moves of different grid points: moving one grid point influences how valuable
a certain move is for other (primarily neighboring) grid points. This is counter-

acted in two ways:
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o By gradually decreasing step size, the influence that a step has on moves
of neighboring grid points is also gradually decreased as a solution nears
convergence

o Even if two specific steps for two different grid points were flagged as
beneficial, the combined result is always checked. If that result performs
worse than the baseline, it is not accepted. Instead, the algorithm reverts
to a proposed solution which implements fewer successful steps, as ex-
plained in 6.2.3.

6.7.4 Relevant design constraints during shape optimization

As noted in Section 6.6, most design constraints are monitored within the Sizing Opti-
mization level. Some design constraints however, are explicitly only monitored at the
Shape Optimization level. A basic functionality of this module is assessing compliance
with regard to keep-out zones. Only solutions where all grid points lie within the prede-
fined design space are accepted. Additionally, no members may cross any keep-out zones.
To this end, an interpolation scheme has been implemented which checks for interference
between keep-out zones and interlaying points between each set of two grid points which

is connected by a member, equivalent to what is used during ground structure generation.

The Sizing Optimizer can be expanded with design constraints that work towards in-
creased manufacturability. Specifically, ‘continuity’ of members can be controlled at this
level. For neighboring members that together are part of a major load path in a structure,
a certain degree of collinearity can be expected. This opens up the possibility of using
more efficient joining methods, as described in Section 5.3, and as applied in the proto-
type described in Section 5.4. The mutual angle of each set of major members can be
included in the objective function in a way that angles below 15 degrees are given pref-

erence. However, this has not been developed further within this thesis.



Chapter 7

Finite Element Analysis of joints

As discussed in Section 6.3.2, in order to simplify parameterization and manipulability
of the composite skeletons, as well as drastically increasing computational efficiency, a
significant model reduction has been employed for the Nastran analyses in the Python
Framework. These models are well suited for finding efficient skeleton layouts, assessing
global stiffness and analyzing a range of potential failure modes. However, detailed anal-
ysis of the joints which connect individual members is not possible within these simula-
tions. This is especially true when considering stresses and failure. This section lays out
how this can be taken into account, focusing primarily on strength analysis. Results and

considerations with respect to stiffness are also presented.

7.1 Goals and approach

Significantly higher stresses are expected at interfaces and other stress raisers in the
joints. Their magnitude greatly depends on the combination of the directions and mag-
nitudes of individual loads in each incoming member of a joint, which may either increase
or partly cancel out each other’s resulting stress peaks. The specific material also plays
a large role. For example, it has been found that o,,., i.e. tension transverse to the
fibers, is often critical. Within the Optimization Framework, strength critical members
are primarily optimized using Maximum Stress Failure Theory to establish First Ply
Failure (FPF) by analyzing oy, throughout its cross section. Therefore, a material with
a higher X¢/Yt or Xt/Yt-ratio (depending on the critical load direction of the member)
will likely require higher safety factors for certain load cases. Here, X¢ and X! are the
symbols used to denote the failure strength of a material along the fibers in compression
and tension respectively. Stresses in the corresponding directions are indicated as respec-

tively negative and positive values of g;;. In the same manner, stresses transverse to the
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fibers are indicated using 0,5, and the peak allowable stresses in that direction are Y¢
and Y. Different types of shear are indicated by the symbol 7, followed by the accordant

directions.

The aim of this investigation is not to derive a generally applicable set of safety factors
which can account for stress peaks in different types of joints. Rather, a method is pre-
sented for accurately analyzing loads in a typical joint. The load factors found in such a
simulation can be implemented as safety factors for that specific joint to account for the
differences between stresses found using a simplified beam model (as used in the Optimi-
zation Framework) and those occurring in real manufactured joints. It is expected that
each strength critical node will need individual analysis to derive its specific required

safety factors. Failure modes that can occur in a real joint include:

e Failure along the fibers due to tension (i.e. oy; > X¢)

e Failure along the fibers due to compression (i.e. gy, < X¢)

e Failure transverse to the fibers due to tension (i.e. a,, > Y*

e Failure transverse to the fibers due to compression (i.e. g,, <Y°)

e Shear failure in a ply (i.e. |t;5]>S)

e Inter-laminar shear failure (i.e. |ty3| > S, or |ry5]> S, see also Creemers (2009))

e Delamination due to e.g. crack propagation of voids or other flaws

As a demonstration case, the joint model that has been developed for the manufacturing
tests described in Chapter 5 is considered. Results for strength analyses are presented in

Section 7.2.1 for five different load cases:

1. Compressive loading of a member which is nearly in line with another member,
representing a major load path (member 1 in Figure 7.1b)
Tensile loading of member 1

3. Compressive loading of a member with a smaller cross section, which is perpen-
dicular to larger members in the same joint (member 2 in Figure 7.1b)

4. Tensile loading of member 2

Bending loading of member 2

Additionally, stiffness behavior of the two models is compared in a separate load cases.

The corresponding results are presented in Section 7.2.2.
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a b

Figure 7.1 Simple beam model, as applied in Optimization Framework (a) and boundary conditions and applied load
for load case 1 (b).

For strength analysis of the joints, a simple beam model is first considered, as depicted
in Figure 7.1 a. This is representative of the method used in the Optimization Frame-
work. The loads listed above are applied to the end of one member, with a magnitude
resulting in a 1 Pa stress field in load cases 1 through 4, and resulting in a stress of 1 Pa
in the most outward plies for the bending load case. The three other members are pinned
at their end points. This results in normalized stresses in the structure, directly indicating

the influence of any occurring stress raisers.

s, 811

Envelope (max)

(Avg: 75%)
+2.500e+00
+2.083e+00
+1.667e+00
+1.250e+00

Figure 7.2 Beam model result: g, is displayed with the same color scale used in Figure 7.5

Predictably, this leads to the result seen in Figure 7.2: No compressive stresses beyond
the applied 1 Pa are observed, since this model cannot model any stress concentrations
and interactions between plies in different directions which occur due to the way members

are interconnected in reality.

These results are compared to an analysis of a solid element model based on the CAD
model for the manufacturing test presented in Section 5.4, which models fiber directions,

layups and thickness build-up of stacked plies. Figure 7.3 depicts the mesh for this model.

CONFIDENTIAL PROPRIETARY INFORMATION. NOT FOR DISCLOSURE.



80 Finite Element Analysis of joints

This model provides the opportunity to investigate several crucial aspects:

e The influence of geometric stress raisers like the transition regions from the con-
stant-section members to the thicker joint, and other edges that occur in the
more comprehensively modelled joints.

e The stresses at interfaces between individual plies which do not lie in the same

direction.

Figure 7.3 FEA mesh of the solid model. Different colors denote different layups/fiber directions.

The interface between two members with the greatest direction mismatch has been mod-
elled explicitly, as seen in the section cut in Figure 7.4. Here, the assumption has been
made that one of the following two statements is always true for stresses due to interac-

tion loads between the outer plies of member 2, and the neighboring plies of member 1:

1. They are representative of the stresses found throughout the thickness of member
2 in the overlap region (in the case of pure compression or tension of the members
involved)

2. The highest occurring stresses can be found in these most outward plies (in cases

with bending load components, perpendicular to the ply stacking direction)

Except for these explicitly modeled interface plies, all sections are modeled using the
built-in composites lay-up functionality in Abaqus. Rather than modeling individual plies
using dedicated elements, this method assigns each section with appropriate laminate

stiffness properties derived from the fiber directions that are present in that section.
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Figure 7.4 Section view of the joint as depicted in Figure 7.3. Note the individually modelled outer ply of member 2.

The material properties for the material that was also used to manufacture the test node

are presented in Table 7.1. The same material is applied in the FEA model.

Table 7.1 Strength (A-basis) and Stiffness properties for Hexcel 8552 IM7

Stiffness

Strength

Value
161 GPa
11.4 GPa
143 GPa
12.8 GPa
5.2 GPa

Variable

Value
2006 MPa

81.36 MPa

Variable

Ell,tension

Xt

E22,tension

E11

Yt

compression

)

1275 MPa
222.7 MPa

XC

compression

)

2

E;

12

97.22 MPa
120.7 MPa

12

SIL

0.32

12
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7.2 FEA Results

This section presents the results of the analyses introduced in the previous section. First,

the results from the strength analysis are presented, followed by stiffness analysis in a

separate subsection.

7.2.1 Strength Analysis

Figure 7.5 shows a result plot that is equivalent to the 1D beam model plot shown in
Figure 7.2. The peak stresses can be interpreted as an effective load factor, after taking
into account that X¢/X¢ = 1.57 for this material: i.e. load factors of 3.58 and 4.48/1.57 =

2.85 are found for compressive and tensile fiber stresses respectively.

s, s11

Envelope (max)

(Avg: 75%)
+4.483,

“8333e-01
-1.250e+00

-2.500e+00
-3.581e+00

O'm ax

Figure 7.5 Result for load case 1 (compression of the main member): g,; plotted in the same color scale as Figure 7.2

For each load case, peak stresses are assessed separately for the transverse member and
the rest of the joint, so a good understanding is acquired with respect to the stresses at
the interface between these two sections, where peak stresses are likely to occur. For load
case 1, the most critical stress type is tensile g,, in the transverse member, at the inter-

face plane with the rest of the joint, as seen in Figure 7.6.

CONFIDENTIAL PROPRIETARY INFORMATION. NOT FOR DISCLOSURE.
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s, 522

Envelope (max)

(Avg: 75%)
+3.600e-01
+3.000e-01
+2.400e-01
+1.800e-01
+1.200e-01
+6.000e-02
+0.000e+00
-6.000e-02

Figure 7.6 The highest load factor for load case 1 occurs for tensile g, in the transverse member.

Load case 1 results for other stress types are listed in Table 7.2. The highest load factors

are indicated in orange.

Table 7.2 Load factors for load case 1: main load path member loaded in compression

member joint
stress type Omin  OmaxTmax Omin  Omax Tmax  lailure stresses (norm)
01,  results -3.58 448 2916  0.466 _ 1.57 (X5)
load factors  3.580 2.854 2.916 0.297

022 results -0.354 0.350 -0.120 0.303 -0.175 (Y$)  0.064 (Y)
load factors 2.023 5.469 0.686 4.734
T results 0.296 0.213 0.076 (S12n)
load factors 3.895 2.803
Ty3,Tz3  results 0.280 0.222 0.095 (S;.n)
load factors 2.947 2.333

The results for the other four load cases described previously are listed in Tables 5
through 8. As for the simplified beam model, for each load case, the magnitude of the
load is chosen such that a g4 stress of 1 Pa results in the critical fibers in the member,
which corresponds to the FPF criterion that is applied in the Optimization framework.
All failure stresses are then normalized to whichever is the critical stress according to
this failure criterion, and follow from the material properties found in Table 7.1. For a
tension load case, all failure stresses are normalized with respect to X!, indicated as X§.
For compression load cases, X is used. Since |X¢| < |X¢|, X€ is also used for the fifth load
cases which assesses bending. In each load case result table, this relevant Framework

failure criterion has been highlighted in blue.

CONFIDENTIAL PROPRIETARY INFORMATION. NOT FOR DISCLOSURE.
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Table 7.3 Load factors for load case 2: main load path member loaded in tension

member joint

stress type Omin  OmaxTmax Omin  Omawx Tmax  failure stresses (norm)

011 results -4.48 3.59 -0.466 2.87 -0.64 (Xg) _

load factors ' 7.000 2.780 0.844 3.320

022 results -0.350 0.354 -0.322 0.083 -0.111 (Yy) 0.041 (Y¥)
load factors  3.153 8.634 2.901 2.024
T12 results 0.214 0.191 0.0485 (S12,n)
load factors 4.412 3.938
Tq3,Tp3  results 0.285 0.226 0.06 (S;.n)
load factors 4.750 3.767

Figure 7.7 shows the most critical stress type for load case 2, 05,. The peak stresses oc-
cur very locally in the explicitly modeled outer plies, directly next to a sharp transition

in the model.

S22 Load Factor
Envelope (max)
(Avg: 75%)

Figure 7.7 Load Factor plotted for o, in the transverse member, for load case 2 (max axial tensile load on member 1)

Table 7.4 Load factors for load case 3: transverse member loaded in compression

member joint
stress type Omin  OmaxTmax Omin  Omax Tmax  failure stresses (norm)
011 results -1.93 2.75 -1.93 2.75 _ 1.57 (X£)
load factors  1.930 1.752 1.930 1.752

032 results -0.290 0.344 -0.405 0.091 -0.175 (Yy) 0.064 (Y¥)
load factors 1.657 5.375 2.314 1.422
T12 results 0.240 0.250 0.076 (S12.n)
load factors 3.158 3.289
T3, T3  results 0.310 0.242 0.095 (S;.n)
load factors 3.263 2.552

CONFIDENTIAL PROPRIETARY INFORMATION. NOT FOR DISCLOSURE.
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Table 7.5 Load factors for load case 4: transverse member loaded in tension

member joint
stress type Omin  OmaxTmax Omin  Omax Tmax  failure stresses (norm)
oy, results 238 2712 227 1934 064 (X§) | L(Xh)
load factors  3.719 2.712 3.547 1.934
032 results -0.34 0.29 -0.09 0.36 -0.111 (Y$)  0.041 ()
load factors  3.063 7.073 0.811 8.780
T12 results 0.24 0.212 0.0485 (S12.n)
load factors 4.948 4.371
Tq3,Tz3 results 0.274 0.242 0.06 (Sypn)
load factors 4.567 4.040

Table 7.6 Load factors for load case 5: transverse member loaded in bending

member joint
stress type Omin  OmaxTmax Omin  Omax Tmax  failure stresses (norm)
011 results -1.520 1.850 -0.120 0.160 1.57 (X£)
load factors  1.520 1.178 0.120 0.102
022 results -0.11 0.12 -0.086 0.091  -0.175 (Y¥)  0.064 (¥¥)
load factors  0.629 1.875 0.491 1.422
T results 0.14 0.05 0.076 (S12n)
load factors 1.842 0.658
Tq3,Tz3  results 0.16 0.063 0.095 (S;.n)
load factors 1.684 0.663

Figure 7.8 corresponds to the result presented in Table 7.6 and shows the critical stress

type for a bending load applied to the transverse member.

S22 Load Factor

Envelope (max)

(Avg: 75%)
2.000

Figure 7.8 Load Factor plotted for g, in the transverse member, for load case 5 (bending load on member 2)
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7.2.2 Stiffness Analysis

As a first stiffness analysis, the fiber direction stiffness of individual members and joints
is considered. Similar models are compared that were presented in Section 7.1, but with
longer member sections. A different load case is used. The 1D beam model is pinned at
its center node, representing the joint, while the two main members are both loaded at
their ends with a compressive force of 10kN. The change in distance between the two

end points is measured as 0.2566mm.

E E11

Envelope (max)

(Avg: 75%)
0.004
0.004
0.003
0.002
0.002
0.001
0.000
-0.000
-0.001
-0.002
-0.003

-0.003
-0.004

Figure 7.9 €14 in beam model with both main members under compressive load of 10kN.

A similar load case is set up for the solid model by fixing the plane that is highlighted in
red in Figure 7.10, and subjecting the joint to the same load. In this simulation, the
change in distance between both end points is 0.2528mm. Figure 7.10 compares the strain
along the fibers (and thus along the members) to the strain in the simpler model, depicted

in Figure 7.9.

E, E11
Envelope (max)
(Avg: 75%)

.004

o

Figure 7.10 €1 in solid model with both main members under compressive load of 10kN. Fixed plane
indicated in red.
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It can be seen that the joint itself is thicker than individual members, due to the increased
amount of material at the sections where multiple members overlap. These sections ex-
hibit lower strain. The greater cross section, and resulting lower strains, are not taken
into account within the beam model. This explains the lower relative displacement of the
member ends, although the difference is relatively low at 1.5%. As can be seen, this
difference is mostly due to the stiffer joint. Strains within members themselves match
more closely between the two models. Therefore, including longer member sections would
lower the error in this comparison. In other words, the exact figure of 1.5% is the result
of the choice of member length in this particular model. Shorter members would result
in a higher discrepancy, but in a typical structure, members are on average likely to be
longer relative to the overlap regions. It should be noted that either way, the estimates

for fiber direction joint stiffness in the Optimization Framework are conservative.

While the above analysis gives insight into fiber direction stiffness in individual members
and overlap regions, the boundary conditions used are not representative of how this
type of joint is loaded in reality. Figure 7.11 shows how the entire joint rotates when
loading both main members in compression, as in the previous load case shown in Figure
7.10, while constraining the ends of the other two members. It can be seen how the loads

in the three most heavily loaded members contribute to a net moment around the joint.

reaction load

input load

input load

reaction load —)

Figure 7.11 Local rotation of the joint due to moment imbalance, undeformed shape displayed as outline.
Direction and approximate magnitude of input loads and reaction loads at member ends indicated.

This behavior is a result of the fact that this particular joint has been developed primarily
as a manufacturing prototype, without taking this effect into account. Section 7.3 details
how net moments can be prevented, which this result indicates is critical in order to

achieve predictable behavior.
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7.3 Moment balance and joint redesign

This section showcases how moment balance can be achieved in a typical joint. This is

desirable for reasons of both strength as well as stiffness:

1. Stiffness:
A moment-neutral joint exhibits no or very little local rotation of the type that
was shown in Section 7.2.2 (see Figure 7.11). This leads to a structure that is
stiffer in the direct sense of exhibiting lower displacement for a certain load, but
also in the sense that no additional buckling sensitivity is introduced by prevent-

ing bending loads in members, which is the direct result of moment-imbalance.

2. Strength:
Moment imbalance leads to bending loads in all connecting members. The anal-
yses presented in Section 7.2.1 often showed load factors between 2 and 3 over
larger areas. However, the bending loads in the connections often lead to asym-
metric loading, giving rise to much higher, very local peaks, resulting in the much

higher load factors that were observed.

A Dbrief overview of the moment-neutral joint design methodology is shown in this section

by means of an example, as well as the strength results for the redesigned joint.

Figure 7.12 shows the members (numbered 1 through 4) of the same joint that has been
considered in Section 5.4 and previously in this chapter, but with a different design.
Shown here is a situation where members 1 and 3 are heavily loaded, loads shown in red.
Reaction loads in this example are introduced at the ends of members 2 and 4 and are

shown in orange. The cross sections of all members are sized accordingly.

This example problem is simplified by assuming the mutual angles of each of the members
as being fixed, approximating the common situation of relatively long, slender beams
where a small change in position will not significantly influence their orientation. For an
actual design, orientation changes can easily be taken into account in CAD as the joint
locations at the other end of each of the members are known. Since the reaction loads
are known from the Optimization Framework result, these can be used as an input for a
detailed 3D design in a CAD model. The goal is to achieve a low net moment around the
center of the joint. How to define the center of the joint is somewhat arbitrary, but most
sensible definitions give the desired result. For this example, the crossing point of mem-
bers 1 and 3 (the two largest and most heavily loaded members) is used as the center of
the joint. A rigorous analytical approach for exactly cancelling out the moment for a
joint is not deemed required: A quick, sensible approach delivers results that are drasti-
cally better compared to a design where no attention is given to moment cancellation.

Any available further improvements require more detailed types of analysis, without
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delivering additional real life advantages in terms of magnitude: See the results of the

joint redesign at the end of this section.

1000 N

Figure 7.12 Schematic of moment-balanced joint, members numbered 1 and 3 are subjected to
compression loads (red). Reaction loads on members 2 and 4 indicated in orange.

Adhering to the approach introduced in Section 5.3, first the two major members are
connected using the reduced-buildup method shown in Section 5.3.2. To achieve moment
balance around the center, members 2 and 4 need to be on different sides of this connec-
tion. Both possible layouts result in a joint that is about equally compact. Member 2 is
chosen to connect above the member 1-3 connection. The more highly loaded member
will need to connect closer to the center, so member 2 is place first, as close as possible

to member 1. The position of member 4 now follows: 7.9 -%:z = 8.1945. Figure 7.13

compares the joint shown in Figure 7.11 to the redesigned joint in Figure 7.12, and plots
the resultant moment around each point in the joint as a result of the four axial loads
that are introduced. Members are overlaid as dashed lines, the joints as solid lines. It can
be seen how each point in the first joint (a) contributes to a net negative moment. This
necessarily results in reaction bending loads in each of the four connecting members. In
the redesigned joint, there is a net positive moment in the top region of the joint, but it
is counteracted in the bottom half. This leads to local bending in the center section of
the joint. However, this middle section is not buckling sensitive, and the resulting dis-
placements are negligible. The joint as a whole, therefore, is not exerted to a net moment,

leading to almost purely axial loads for the connecting members, which was the goal of
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the redesign. This same approach can be applied to joints with more than four members,
although more iteration may be required to come to the most compact solution, which is

desirable for minimizing internal bending stresses in the joint.

4500

3000

1500

—1500

net moment [Nmm]

—3000

—4500

a b
Figure 7.13 Resultant moment due to axial member loads for each point of the initial joint (a) and redesigned
joint (b). Member numbers are indicated.

Figure 7.14 shows the FEA result for the new design with the same load case that is
applied in Figure 7.5: compression of member 1, with the other 3 members pinned on
their ends. Table 7.7 shows the corresponding load factors for different stress types. These
results should be compared to those in Table 7.2.

Table 7.7 Load factors for load case 1: member 1 loaded in compression

stress type Omin  Omax Tmax  lailure stresses (norm)
011 results -2.128 0.88 -1 (X§) 1.57 (X£)
load factors  2.128 0.561
022 results -0.352 0.072 -0.175 (Y§)  0.064 (Y¥)
load factors 2.011 1.122
T12 result 0.180 0.076 (S12.n)
load factor 2.376
Tq3,Tz3  Tesult 0.193 0.095 (S;.n)
load factor 2.032

It can be seen that all load factors are lower for each type of stress, especially tensile g,,,
which was critical earlier. 71, is now critical, although it should be noted that the ob-
served shear peak stresses occur very locally near transitions, and their exact magnitude
is highly dependent on the exact FEA model geometry. For other load cases, lower
stresses are observed as well, indicating that careful joint design significantly reduces the
safety factors that are required to prevent joint failure for strength critical designs. For

stiffness critical designs, the advantages are significant as well. The previous design

CONFIDENTIAL PROPRIETARY INFORMATION. NOT FOR DISCLOSURE.
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showed significant rotation when subjected to the load case shown in Figure 7.11: close
to 0.22 mm displacement of the tip of beam 1 for an axial load of 1000 N of beams 1 and

3. For the new design, this value is roughly 400 times smaller.

s, 511
Envelope (max)
(Avg: 75%)

Figure 7.14 FEA result for redesigned joint, compression load of member 1 (right), compare to Figure 7.5

This factor of 400 reinforces a point that was made earlier on the relative unimportance
of the exact location of the neutral point for balancing the net moment exerted on a
joint: A relatively arbitrary point near the center of gravity was chosen in this example,
yet the resulting moment balance is such an improvement that any remaining net mo-
ment is in the order of newton millimeters for most real life examples. Any further tuning
will likely have less influence on the final product than for example manufacturing toler-

alnces.

7.4 Conclusions

High load factors are found in all load cases considered in Section 7.2.1. Compared to a
bending load case, purely axial loading leads to higher average strain energy densities in
a member, since all fibers in that member are loaded to their peak allowable stress, as
opposed to only the most outward plies of the same member. These purely compressive
and tensile load cases also lead to the highest load factors. There are several observations

to be made:

e The results presented in Section 7.2.1 are for a joint design that had not yet been
designed to reduce net moments around the joint center. Nevertheless, these re-
sults are useful for two main reasons:

1. It serves as a case study of how to model and analyze these joints

2. It shows the importance of proper joint design

CONFIDENTIAL PROPRIETARY INFORMATION. NOT FOR DISCLOSURE.
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Many peak stresses are found at mesh singularities near sharp features which do
not accurately represent the more gradual transitions found an actual manufac-
tured product. This can be seen in Figure 7.5 and Figure 7.7. Stress peaks are

generally less severe in joints that were designed with proper moment balancing.

The load factors listed in Tables 4 through 8 relate to First Ply Failure (FPF).
For some structures, depending on their requirements, ultimate failure of mem-
bers may be a better measure of whether a structure can still fulfil its task. Phys-
ical testing would be required to determine:
1. Whether the found load factors accurately predict FPF, considering the
smoother transitions in the actual product.
2. How much further the structure can be loaded beyond FPF until ultimate

failure occurs.

For all axial load cases, high values of g,, are observed. Criticality of this failure
mode is not unexpected, because of the magnitude of the ratios X*/Y* and X¢/Y¢,
combined with the fact that primarily X* and X¢ are used to predict failure in

the Optimization Framework.

For strength critical structures, further development is required to determine the
most feasible method of connecting individual members within a composite skel-
etal structure. Two possible approaches are:

1. Increased joint cross sections which account for the observed load factors

2. 3D printed metal joints which are bonded to individual members.

As long as net moments are prevented when designing a joint in detail, as ex-
plained in Sections 5.3 and 7.3, no significant discrepancies are found in stiffness
behavior between the 1D beam model and the 3D solid element model, indicating
that the Optimization Framework can appropriately assess stiffness of structures
that are evaluated, including the joints. The current joint design and manufac-
turing approach for joints is therefore suitable for structures that remain stiffness-
critical, i.e. structures for which an optimized design which exactly meets stiffness
requirements, results in strength safety factors that are sufficiently high. The
analyses described in this section suggest that for individual joints, strength safety
factors of at least 8 are required for all incoming members to not require further
detailed analysis of the joint, although the results from the redesign that was
presented in Section 7.3 suggest that this value may be lower for appropriately
laid-out joints. Further research into a wider range of different joints and load

conditions may lead to a better load factor prediction.

Next to the load cases presented in Section 7.2, four more load conditions were investi-

gated, namely combined loading of members 1 and 2, both of them alternately loaded in
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pure axial compression or tension. These results are not extensively presented here, but
it was concluded that simultaneous loading of crossing members results in higher load
factors in most cases. However, it can also result in lower effective load factors. Table
7.8 lists the load factors for a compression-compression load case, showing how this com-
bined load case results in the tensile 0,, failure mode no longer being critical, while

increasing the load factor for compressive a;1, compared to cases 1 and 3.

Table 7.8 Load factors for load case 6: combined loading of members 1 (compression) and 2 (compression)

member joint
stress type Omin  OmaxTmax Omin  Omax Tmax  lailure stresses (norm)
011 results -5.32 3.52 -3.00 2.29 -1 (X§) 1.57 (Xf)
load factors  5.320 2.242 3.000 1.459
o results -0.657 0.308 -0.372 0.091 -0.175 (V)  0.064 (Yy)
load factors 3.754 4.813 2.123 1.422
T results 0.367 0.303 0.076 (S12.v)
load factors 4.829 3.987
Tq3,Ty3  results 0.343 0.360 0.095 (S;.n)
load factors 3.611 3.789

One failure mode which cannot be assessed with this model is delamination due to prop-
agation of inherent flaws. Physical tests are proposed as the most appropriate method to

determine joint strength with respect to this failure mode.

The specific joint presented here is designed to carry loads in one plane. Its design was
driven primarily by requirements that followed from goals of the manufacturing test
described in Section 5.4. In this context, mold manufacturability (i.e. simplicity) was
prioritized over the added lessons that could be learned by including out-of-plane mem-
bers. This means that no conclusions can be drawn from simulations using this model on
the behavior of joints which deal with one or more out-of-plane loads that result from
members that come in under an angle relative to the ‘neutral plane’. Such a connection
would introduce significant local bending stresses in that joint, near the member, as well
as out-of-plane stresses within the joint, requiring additional reinforcement. However, for
joints subjected to such loads, the general approach that is presented in this section
(derivation of safety factors based on comparing different stress types to their maximum
allowed values) can also be adopted when designing joints which are subjected to out-of-

plane loads.

Based on the results in this chapter, it should be expected that significantly different
load factors will be found for different relative angles between members and different
member thickness ratios. This means that for strength critical structures, each joint must

be analyzed individually, using the approach described in this section. Furthermore, the
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importance of proper joint design is clear from the results presented in Section 7.3. Phys-
ical testing is proposed as a method to correlate observed load factors, which often follow

from localized stress peaks, to actual failure of joints.



Chapter 8

Conclusions and Recommendations

This chapter presents conclusions that can be drawn based on the development and

analysis that has been presented in previous chapters.

Furthermore, it was acknowledged at the onset of this research that full development

into an industry-ready technology was too large a scope for a single thesis. It follows that

much remains to be investigated. Some recommendations with regard to this are made

in Section &.2.

8.1

Conclusions

A conventional 3D topology optimization approach for isotropic materials is not
equipped to design structures that make use of highly anisotropic materials, such
as Carbon Fiber Reinforced Polymers. Additional design variables would be re-
quired to locally describe the direction of the material throughout the design
domain, which cannot be a priori determined. Rather, the directions of load car-
rying members, to the extent that those can be individually identified as such,
only become clear after load paths have been established, towards the final result

of the optimization.

Rather than using isotropic 3D FEA elements in a design optimization, using 1D
beam elements provides a method to fill a design domain with a highly anisotropic
material that is initially present in all directions at all locations, which can allow
an optimizer to take into account and exploit the fact that a fiber reinforced

material is most efficiently loaded along the fiber direction.
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Section 2.2 introduces the Ground Structure approach combined with 1D ele-
ments. Chapter 6 explains how this basic principle has been implemented for use
within an automated Optimization Framework, showing that this is a feasible

way to model, manipulate and optimize composite 3D skeletal structures.

This setup provides a balance between on the one hand the complexity and width
of applicability of structures that can be developed and on the other hand the
complexity of the optimization process: 3D skeletal structures can be applied to
a broad range of design problems, yet can also be relatively simply parametrized

such that they can be subjected to a design optimizer in an automated procedure.

When using 1D elements, separate topology, shape and sizing operations must be
implemented to obtain a similar degree of design freedom that a 3D isotropic
topology optimizer exhibits. Three separate sub-processes were realized within a
larger Optimization Framework in Python, as a single process that incorporates
all three types of functionality concurrently is not robustly realizable for any but
the most basic design problems. This can at least be stated for the built-in Nas-

tran optimizers. The complexity of the design space likely plays a role in this.

The order in which these three operations are carried out influences the final
result. Purely sequentially carried out topology = shape = size optimizations are
commonly employed, but are unlikely to lead to a global optimum as the final
result: A change in member size in the final step is likely to retroactively influence

the optimality of the previously determined shape of the structure.

To solve this, a nested setup is proposed, where a sizing optimization is always
carried out before assessing the fitness increase that a proposed topology optimi-
zation step or shape change step provides. This method provides two main ad-

vantages:

1. Only solutions that actually fulfill all requirements with respect to
strength and stiffness and manufacturing constraints are compared.

2. More robustness is provided in the sense that the optimization algorithm
is less likely to prefer solutions earlier in the optimization process that at

a later optimization stage turn out to be less optimal than others.

Various manufacturing constraints can be incorporated within this optimization
scheme. Most manufacturing constraints have bearing on either the shape of the
structure (node locations) or the size of individual load carrying members, and
are implemented within the corresponding optimization sub-processes. This reaf-
firms the need for a nested setup for the optimization sub-processes: A manufac-

turing constraint that has bearing on member sizing is not taken into account
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8.2

during an isolated shape optimization step, so the merit of any proposed shape

step can only be appropriately assessed after a subsequent sizing optimization.

The resulting skeletal structures consist of straight, solid beams with rectangular
cross sections with high Fiber Volume Fractions. A method has been proposed to
manufacture these structures monolithically, or in monolithic segments for larger
or more complex structures, using an out-of-autoclave process which ensures com-
pression of the beams from all sides, while providing the design freedom required

for an open, 3D skeletal frame.

The beams are monolithically connected in joints for which a design methodology
has been proposed, which needs to be carried out as a translation step with the

result from the Optimization Framework as a starting point.

Especially for strength-critical structures, these joints need to be analyzed in more
detailed FEA. Typically significant stress peaks are observed near edges and tran-
sitions between fiber directions. The resulting load factors need to be taken into

account by locally increasing joint cross sections.

Appropriately designed stiffness-critical joints will typically not require the same

level of detailed analysis and safety factor application.

Recommendations

A more sophisticated shape optimization algorithm can be developed. Within this
thesis, the decision was made to prioritize simplicity and robustness, but in terms

of efficiency there are significant gains to be found, as explained in Section 6.2.3.

Further manufacturing testing should be done, involving more complex geome-

tries compared to the tests described in Section 5.4.

Additional FEA for fully modelled nodes, as described in Chapter 7, can give
further insight into the range of load factors that can be expected for typical load
cases. This is specifically the case for out-of-plane loading (i.e. loads with a z-

component relative to the locally flat plane of the joint).

Based on the previous point, a simple prediction model could be implemented
which already within the Optimization Framework takes into account an estimate
of the required additional mass for strengthening joints to account for local inter-

nal stress peaks.

Further investigation into joint interior design may lead to methods to shape
transitions between fiber direction bundles in ways that give rise to lower stress

peaks.
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Physical testing should be carried out to correlate the results presented in Chap-

ter 7 with the actual stiffness and failure behavior of the joints.

Implementation can be explored of additional manufacturability constraints
which relate to mold simplicity, compact joint design and other aspects. As an
example, an individual node can be made more compact if the overlap principles
presented in Section 5.3.2 can be applied, reducing joint thickness build-up sig-
nificantly. This requires mutual angles of major members below a value of about
15°. Thus, incorporating into the objective function within the shape optimizer a
preference for lower angles between nearly collinear members in major load paths
may lead to flatter, more compact joints which are loaded more efficiently. An-
other example is the addition of the ability to define planes of symmetry within

structures.
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Joint manufacturing campaign layup



Joint manufacturing campaign layup

104

member 4
4.5mm

region C region A

VAVl |
region B
member 3 member 1
5.4mm 5.4mm

member 2
2.5mm

member1l member2 member3 member4

member 1

Region D

member 2 member 4

Region B

member 2

Region B

Region D

36

36 52 16 16} 30 30 46

Figure A.1 Joint Prototype V2 ply intersection design

16

16

CONFIDENTIAL PROPRIETARY INFORMATION. NOT FOR DISCLOSURE.



105

layup

ing campaign

Joint manufactur

plynrjrib1l rib2 rib3 rib4 |[done [posrib1&3 [plynr
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59

[

O 0 N O U D WN

=
o

[
=

o
N

[
w

[
N

[
vl

=
(2]

-
~

=
o)

=
X}

20, 60
21 61
22 62,

R R NNWWESESBSEBRERPREPERPNMNNWWBSESEDRRPRRPRPREPENNWWSSED™LSS

23 63
24 64
25 65
26 66
27| 67
28 68
29 69
30, 70
31 71
32 72
33 4 73
34 4 74
35, 75
36, 76
37, 4 77
38, 3 78
39 79
40 80

ribl rib2 rib3 rib4

done

pos rib 1&3

3
2

plynrjrib1l rib2 rib3 rib4

pos rib 1&3

81

82
83
84

85

86,

87
88
89

90|

91

92
93
94

95

96

97
98
99

100

101

102
103
104

105

106
107
0 I
0o |
mo[ ]
wfpay
g |
m ]
]

115

el |

117

ugl |
totals:

design tots 36 16 36 30

N W

N

N

Figure A.2 Joint prototype V2 layup sheet

I

| 10 10 |

BB P WWNNRRREBESEDEDWWNNERERPRE

CONFIDENTIAL PROPRIETARY INFORMATION. NOT FOR DISCLOSURE.



106 Joint manufacturing campaign layup




Appendix B

FEA Element type considerations

A good combination of element, element property type and material needs to be chosen
for modeling the 1-D members in the Nastran topology and sizing analyses. There are

several options:

¢ Rod elements (CROD + PROD + MAT1)
This is a simple element with 6 DOF's.

o Advantages:
Needs little input to be properly defined, and speeds up calculations.
Successfully used in early iterations of optimization analyses

o Disadvantages:
Does not model bending and twisting behavior, and can therefore not
accurately analyze structures were axial elements see loads that are not
purely axial, as will be the case for most real-world structures.
Can only be used with an isotropic material, and can therefore not
model much behavioral aspects of a composite beam. This is true for
modeling stiffness, but crucially also for determining failure loads even
semi-accurately, since few failure mechanisms can be modelled, other
than failure due to a purely axial tensile load.

e Bar elements (CBAR + PBAR/PBARL + MAT1)
A simple beam elements with 12 DOF's

o Advantages:
Fully models bending and twisting behavior. Still very computationally
efficient compared to most alternatives.
Provides Shear Correction factor input possibility (only PBAR, not
PBARL)
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o Disadvantages:
Like Rod elements, this combination can only use isotropic materials.
e Beam elements
A beam element with 12 or 18 DOF's and additional functionality over Bar ele-
ments
o CBEAM + PBEAM/PBEAML + MATI:
(12 DOFs)
=  Advantages:
Provides extra functionality compared to bar elements, such as ta-
pered beams and more realistic handling of non-symmetric sections
- not within the scope of this research
Provides Shear Correction factor input possibility (only PBEAM,
not PBEAML)
=  Disadvantages:
requires control over more input parameters during optimization
without
o CBEAMS3 4+ PBMSECT + PCOMP + MATS:
(18 DOFs)
= Advantages:
Implements the Variational Asymptotic Beam method. Although
the inputs into Nastran take the form of a beam elements, this is ac-
tually a far more complex way of modeling beams. It uses a stack of
shell elements.
= Disadvantages:
Apart from the fact that this method is much more computationally
expensive, making beam thicknesses dependent on a design variable
needs a workaround that lacks in robustness. The amount of plies
cannot be made dependent on a design variable. However, the thick-
ness of individual plies can be, so use can be made of either a few
very thick plies with variable thickness, or a stack of many thin
plies, some of which may be assigned a thickness of 0.
There are however many known errors within Nastran associated
with VAB, which can often be easily circumvented on a case-by-case
basis, but that is not a suitable approach for an automated optimi-

zation sequence.

The decision is made to go for CBAR + PBAR + MAT1, with shear correction factors
to closely approximate the stiffness behavior of unidirectional fiber beams. This offers a

good trade-off between simplicity and the ability to model relevant characteristics.
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Beam modeling property derivation

This section presents how a shear correction factor can be derived to appropriately model
bending behavior in a composite beam, modelled using a Nastran CBAR. element com-
bined with a MAT1 material.

Proposed method: Derive analytical solution for bending load on a ply stack.
The shear correction factor is defined such that [ 4 TdA = kAGo

For an isotropic material and a solid rectangular cross section, Cowper (1966) has shown
that k¥ can be approximated as:
_10(1+v)

———~T" Lo C.1
K=o S 08 (C.1)

For a composite material with highly anisotropic properties however, this is not correct.
A correction must be made to account for the significant difference between the actual
measured shear modulus Ggopmy of the composite material, and the shear modulus, which

for isotropic materials is normally derived from the E-modulus and Poisson’s ratio:

E

Giso = 50759

(C.2)



110 Beam modeling property derivation

A more accurate shear correction factor is acquired using:

K = Gcomp(z(l + Viso)) (0'3)
Eiso

For the UD material for which stiffness properties are listed in Table C.1, this results in:

o 5.2(2(1 +0.32))

- C.4
e 0.096 (C4)

Values for A, I;, I, J for each beam depend on a fixed width and a variable height, which

is coupled to a design variable.

Table C.1 Stiffness properties for Hexcel 8552 IM7

Variable Value
E1q 143 GPa
E;; 11.4 GPa
G1z 5.2 GPa
V12 0.32

Using DVPREL2 and DEQATN, these can be coupled, using the following formulas,
with b and h the base and height:

A = bh v
bh® (C.5)
L =17 h "
b T
L _bh
2712

J can be approximated to within 4% using the following formula, as long as h is the short

side of the beam:
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Y .y PR
J = bh (3 021 (1~ (C.6)

To ensure this works for all cases, the above equation is generalized in the program as:

J = max(b, k) - min(b, )3 G _ 021 minG®. 1) (1 min(b, h)* )) (C.7)

max(b, k) \~ 12max(b, h)*
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Appendix D
Topology optimization initial

element size sweep

Table D.1 shows the geometry and corresponding EDDs of topology optimization results
for a range of initial element sizes.

The principles behind this are explained in Section 6.5. The starting point for each of
these results is the ground structure seen in Figure 6.5. The shown figures are similar to
Figure 6.9 and Figure 6.10

Table D.1 Topology optimization results for a range of initial element sizes

Top opt element dia [m?:  Mass (kg): Geometry: Element Density Distribution:

[

0.0001 231.58

/ R il
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0.00015

0.0002

0.00065

0.0014

(optimum size)

222.98

138.35

133.67

133.33
(lightest)

ol
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0.0025 152.11
| | .
0.01 133.65
|,J| L
0.0225 133.64
| ||LM||| mo
0.04 133.54

A

Note 1: All results have been topology optimized, and subsequently size optimized, according to
the Phase 1 procedure explained in Chapter 6. During this size optimization, minimum size con-

straints are enforced, which explains the high weight of the first few structures.
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Note 2 : In all of the lightest solutions (there are several with a mass of around 133 grams), the
largest members after sizing optimization have a cross section of 0.0014m?. That means that in
hindsight, this would have been the ‘correct’ size for the topology optimization. However, there is
no way to predict this reliably, hence the need for the initial member size sweep that is demon-

strated above.
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Fluttering in Sizing Optimization

This section presents a closer inspection of fluttering behavior between two close-to-

optimal solutions in Nastran that prevents convergence.

A four bar stool with a single load is considered, as seen
in Figure E.1. The goal for this design problem is weight
minimization.

Comparison: a buckling optimized structure would
weigh 33.38kg. When a modal analysis is performed (and
a certain minimum Eigen frequency required), the struc-
ture becomes critical in local modes of the individual
beams. The algorithm should converge at 179.5kg, but
instead bounces between two solutions, with two sets of
design variables (widths beams 1 and 3 versus beams 2
and 4) both alternating between two values. The algo-

rithm becomes stuck, and continues until the maximum

allowed number of cycles, after which the solution is de-

clared a best compromise infeasible design.

Figure E.1 Schematic displaying load

o . . case and member number-
made to be the only critical design constraint. ing of sizing test problem

This happens for this design problem when frequency is

None of the internal optimization algorithms within Nas-

tran take into account the design history which would allow it to recognize this pattern.
Nor does it accept the result when the value of one or multiple design variable values
have not stabilized even if the overall solution shows a sufficient degree of con-
vergence when considering the weight of successive cycle solutions. This means
that simply relaxing the overall convergence criterion is not a suitable workaround, even
it were otherwise acceptable. Figure E.2 plots the weight of the structure (the objective
function for this problem). It can be seen that this value has effectively converged to

within roughly 0.1%. Even though the convergence criterion was 1% for this particular
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run, this fact did not prompt the optimizer to terminate the run, since the individual

design variables still saw changes between iterations in the order of 10% of their current
value.

Section 6.6.3 explains how this issue has been solved.

Overall Weight

1
\
|
s 1
0 » 2 4 6 8 10 12 14 16 18 20 1
,
i optimization cycle 1
7’ \
7’ < |
-,
181
180.5
180
-
~=
201795
<)
=
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10 11 12 13 14 15 16 17 18 19 20
optimization cycle
Design Variable Values
0.1
0.08
0.06
0.04
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0
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optimization cycle

—0— Width 1&3 —@— Width 2&4

Figure E.2 Non-convergence due to design variable fluttering
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