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Nomenclature

Symbols and Units
Table 1-1: List of Symbols and Units
Symbol Description Unit
[0,,90, ] Symmetric laminate with 6 0° and 4 90° plies
[A] Extensional stiffness matrix N/mm
[B] Extension — bending coupling matrix N
[D] Bending stiffness matrix Nmm
E Elastic modulus N/mm?
Shear modulus N/mm?
L Minimum step length between two terminating plies mm
N Total number of plies
Qjj Matrix entries of the reduced stiffness matrix of a lamina N/mm?
Qe Matrix entrie_s of the reduced stiff.ness matrix of the k™ ply N/mm?
transformed into the global coordinate system
T Total laminate thickness mm
U, First material invariant
V[I/;] In—p'Iane Iamination parameter 1 and 2, normalized by the
’ laminate thickness
X Number of removed plies
a Panel length mm
b Panel width mm
h Step size
{ﬁ} In-plane forces (per unit length) N/mm
{A} Out-of-plane moments (per unit length) N
t Thickness of one laminate ply mm
{xq} Vector of design variables of the g-th iteration
g({x}) Constraint function
Z Thickness coordinate of the k-th ply
{5} Strains
{K} Curvatures
P Density g/mm?3
o Stress N/mm?
v Poisson’s ratio
0 Ply angle °




Nomenclature

Indices
Table 1-2: Indices
Index Description
1,2,3 Lamina (local) coordinates, with 1 along fiber direction
k Ply index
xX,V,z Laminate (global) coordinates
crit Critical
opt Optimum value
stacking | Value that belongs to a discrete stacking

Terms and Abbreviations

Table 1-3: Terms and abbreviations used

Description
CLT Classical laminate theory
LP Lamination parameter
RF Reserve factor
VErSO | Virtual Environment for Structural Optimization
ub Fabric with unidirectional fibers
Biax Fabric with bi-axial fibers
Triax Fabric with tri-axial fibers
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1. Introduction and problem description

Endless fiber-reinforced plastics are used in structures which require a high stiffness-to-weight as well as
strength-to-weight ratio such as aircraft wings or wind turbine blades. The idea is to design the structure
in a way that it meets the functional requirements combined with a high utilization of the material.
Thereby the directional properties of the composite material are used to tailor the structural performance
in a principle direction where it is needed. One example for a performance requirement would be the
global bending stiffness of a wind turbine blade to restrict the deformation towards the tower. A uniform
stiffness in all directions (e.g. in case of steel) would lead to an oversizing of the structure in the non-
principle directions. The design variables that influence the structural performance are the ply counts of a
given material and the ply orientation angle which form together with the through-the-thickness position
the so-called “stacking sequence” of a laminate. Changing the stacking sequence for a fixed overall
laminate thickness can lead to a different bending behaviour.

The structural performance can be evaluated with the help of finite element models that are used to
proof whether selected failure criteria for composites are satisfied. Failure criteria in this context describe
the failure modes of composites for strength (ply based stress criteria) and buckling stability. Such criteria
drive the design in a direction that it does not fail.

To support the designer utilizing the composite material strengths best possible on the one side and to
handle its weakness on the other side, design rules have been developed during the last decades. These
guidelines are based on results from prototype tests and industrial experience. The intention of using
design rules is to avoid the occurrence of critical failure modes e.g. delamination and simultaneously
guarantee a manufacturable design. They are usually defined based on ply level in thickness or in
longitudinal direction. One example rule in thickness direction is the usage of only laminates that are
symmetric about their mid-plane which leads to restrictions in the stacking sequence. One important
design rule in longitudinal direction is the continuity of plies between two neighbouring panels to ensure
the manufacturability. The terms “panel” and “laminate” are used synonymous and subsidiary for a
component with the same laminate material properties.

Due to the fact that the structural performance is driven by several influential variables and the design
has to fulfill different failure criteria and design rules, a parametric description of the design process is
useful and has major advantages. It allows the usage of mathematical optimization with the influence
guantities as design values and the failure criteria as constraints which brings the design process into a
systematic and well-organized form.

There are several optimization procedures available for composite structures based on either discrete
(e.g. ply angles and position of a discrete set) or continuous design variables (e.g. thickness). Usually the
laminate stiffness is described by the thickness and the stacking sequence that has a non-linear influence
on the structural deformation. An alternative is to formulate the stiffness as a linear combination of the
material invariants and the so-called “lamination parameters” which characterize laminate configurations

(ply angles and thicknesses) and have a linear dependency regarding the laminate stiffness.

The lamination parameters replace the trigonometric functions and therefore represent the laminate
stacking. The avoidance of the trigonometric functions leads to a convex lamination parameter space,
which makes the 12 lamination parameters suitable as continuous design variables in a gradient-based
optimization process. In case of laminates with more than 13 plies the number of design variables can be
reduced significantly when using lamination parameters and the laminate thickness instead of ply



2 Introduction and problem description

orientations. Regarding the application of the already mentioned design rule for the usage of only
symmetric laminates allows a reduction to 8 lamination parameters which further decreases the number
of design variables.

The above mentioned design rules can also be implemented in an optimization process. Due to their
definition based on ply level, several rules are already mathematically formulated as design criteria to
make them appraisable. Based on the criteria constraints are derived for an optimization with the
stacking sequence as discrete design variables. One important criterion is the stacking sequence
continuity developed by Liu et al. [1] which is a measure of continuous plies between two adjacent
laminates respectively two neighbouring optimization regions. A ply is defined to be continuous when it
occurs in both laminates and is separated in thickness direction by only one terminated ply. Thereby it
does not matter if the terminated ply is part of the thinner or thicker laminate. A further approach to
obtain a certain degree of ply continuity is the so called “laminate blending” introduced by Adams et al.
[2]. A laminate of two panels is blended outwardly (or inwardly) if the stacking of panel 2 is obtained by
removing the outermost (or innermost) plies of panel 1. To generate a globally blended structure a
genetic algorithm is used to find an optimal stacking guide for the complete structure. The stacking guide
represents the thickest panel and all other panels of the structure are obtained by dropping plies from it.

To the best of the authors’ knowledge the only existing approach, that takes into account blending
constraints in lamination parameter space for continuous optimization is the one developed by Macquart
et al. [3]. His approach is based on an analytical formulation of blending constraints for laminates, in
which all plies have the same orientation angle (extreme laminates). With the help of this extreme value
analysis it turns out, that the allowable change of a single lamination parameter is mostly driven by the
taper ratio (number of removed plies over all plies) and not by the blending itself. Therefore the obtained
feasible domain for the allowable change in lamination parameter space, when removing plies from the
thicker laminate, seems to be too large as will be shown within the present work.

In commercial sizing tools like HyperSizer [4] the consideration of design rules is usually a downstream
process and is based also on discrete stacking sequences. The sizing process itself returns the target
thickness and the percentage of different ply orientations. Based on this data discrete stacking sequences
are derived by manually shuffling the stackings in order to fulfill several design rules.

The goal of the present thesis is to formulate a design criterion based on selected design rules in thickness
as well as in longitudinal direction. The selection of the design rules is done in accordance with their
importance and the feasibility of the implementation into an optimization process. A design criterion is an
appraisable quantity and is used to derive constraints for a gradient-based optimization with lamination
parameters as continuous design variables for a pre-defined set of ply angles. These constraints should
restrict the feasible domain of the laminate parameter space in a way that selected design rules are
fulfilled.

The mentioned design criteria of Liu et al. [1] and Adams et al. [2] (developed for discrete stacking
sequences to guarantee ply continuity) serve as a basis to formulate a modified criterion for the
lamination parameter space as a mixture between laminate blending, stacking continuity and a required
taper slope. It is important to note that this design criterion brings out so called “assembly constraints”
that interrelate the design variables of two adjacent but different panels to each other. The design rules
concerning symmetric and balanced laminates are also treated as a criterion to restrict the lamination
parameter space of each individual panel. The assembly constraints are implemented in a gradient-based
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optimization process called “VErSO” (Virtual Environment for Structural Optimization), which was
developed in cooperation with Mr. Sascha Ddhne at the DLR Institute of composite structures and
adaptive systems in Brunswick.

The present thesis is structured in five sections. A description of the relevant design rules for the sizing
and optimization during the preliminary design phase of composite structures used in the aircraft- and
wind power industry is given in section 2. The selection of relevant design rules that will be implemented
in the optimization process is explained. Section 3 introduces the gradient-based optimization with
lamination parameters as continuous design variables. After a short overview of the constitutive
equations for a laminated composite plate, a description of the laminate stiffness as function of the
lamination parameters and material invariants is given. An introduction into gradient-based optimization
is followed by the description of the feasible domain of the LPs as continuous design variables. Section 3
concludes with an overview of the developed optimization process VErSO. State-of-the-art formulations
of design criteria are presented in section 4. Furthermore the definition of a modified design criterion is
given, that combines the approaches from Liu et al. [1] and Adams et al. [2] and make them applicable for
the lamination parameter space. Based on this design criterion assembly constraints are formulated to
restrict the lamination parameter space of adjacent panels. The application of an assembly with two
components is documented in section 5. The results with and without assembly constraints are compared
and discussed. The thesis concludes with a summary and an outlook presented in section 6.
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2. Design rules for composite structures

This chapter lists the relevant design rules for the sizing and optimization of endless fiber-reinforced
composites used in the aircraft- and wind power industry. Afterwards the selection of the most important
design rules is described and their choice is justified. The documentation of the design rules is focused on
the preliminary design of large scale and continuous composite structures and has therefore not the right
of completeness. Further design rules regarding other topics like bonding, assembling, thermal
treatments, testing and repair of composite structures can be found in [5] and [6].

2.1 Aircraft industry

Table 2-1 lists the relevant design rules in thickness direction (z-direction in Figure 2-1) for laminates used
in the aircraft industry. The design rules in longitudinal direction (x-direction in Figure 2-1) are given in
Table 2-2. More details about the background of each individual design rule can be found in the related
reference giving in the last column of the tables.

Symmetric laminates

Laminates that have a stacking of ply angles symmetric to the laminate mid-plane are called symmetric
laminates. Within the present work it is assumed that the mid-plane is located between two plies. As
described in Niu et al. [5] and the Composite Materials Handbook (MIL-HDBK-17-3F) [6], the main
advantage of these laminates is the uncoupling of membrane and bending behaviour of the structure.
Analysis and testing like the measurement of stiffness and strength values of the structure can be
simplified due to a more predictable deformation behaviour. Furthermore, the tolerance management
during the assembly is simplified. The present design rule cannot be always rigorously fulfilled for
example in tapering areas where the laminate thickness changes. In case of locally non-symmetric
laminates the asymmetric part should be placed as close as possible to the mid-surface to minimize the
warping.

Balanced laminates

An extension of the demand for symmetric laminates is the usage of balanced laminates. Balanced in this
context indicates that all ply angles other than 0° and 90° should occur in pairs of +8 and -8 above and
below the mid-surface. Balanced laminates have similar advantages like symmetric ones. One important
property is the decoupling of in-plane membrane and shear behaviour of the structure. The two
membrane stiffness terms representing this coupling are determined by the summation of the ply
stiffness terms that contain products of odd powers of sine and cosine functions as shown by Jones [8].
Therefore 0° and 90° do not contribute to these stiffness terms. If other ply angles +6 have a partner ply
angle —# the sum of both results in zero and a contribution is also not given. A further criterion why
laminates should be symmetric and balanced is the maximization of buckling strength. As documented in
Niu et al. [1] and Jones [8] the membrane-bending and also bending-twisting coupling increase the
deformation while decreasing at the same time the buckling resistance and vibration frequencies as it
would be expected for panels with a significant lower bending stiffness. An important exception where
unbalanced laminates are used is the application of aero-elastic tailoring. One example is a forward swept
wing where unbalanced laminates are used to produce a membrane in-plane and shear coupling of the
wing skins to avoid an aerodynamic divergence. A further example is an aero-elastic tailored wind turbine
blade for which a structural bend-twist coupling is requested to improve locally the angle of inflow.
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Outer plies and damage tolerance

Another design rule in thickness direction given in Niu et al. [5] is the placement of +45° plies on the outer
laminate surface to increase the damage tolerance and impact resistance e.g. against tool drop. At the
same time the load-carrying 0° plies should not be placed at the outer surfaces due to operational
aspects. This procedure is recommended for possibly instable laminates to maximize the buckling
resistance. The effect can be shown with equation (2-1) [8] for the critical buckling load of a long panel
axially loaded.

A, =% D (mjz+2(o 12D )(ij+D (i)+D [ij(ijz (2-1)
X 1 12 5] 2 2| 12 2| 17 |

The variables a and b constitute the panel length and -width and m is the number of half waves of the
buckling mode shape in longitudinal direction. It can be observed that fi, is a function of four times D

and only one times of D, (respectively D,,). Therefore adding +45° plies as far as possible from the mid-

surface to increase Dy is four times more effective than adding 0° or 90° plies.

Contiguity and maximum ply thickness

This design rule refers to a limitation in the thickness of adjacent plies with the same orientation angle.
According to Niu et al. [5] for a laminate with a standard ply thickness of 0.127mm, not more than four
contiguous plies are recommended. For thicker plies not more than two plies with the same orientation
angle should be staged together. To outline the origin of this design rule a short introduction into inter-
laminar stresses is given in the following. As described by Pipe et al. [9] the classical laminate theory (CLT)
predicts a state of plane stress for symmetric laminates under traction loads. Each ply has an axial stress
o, and an in-plane shear stress 7, S shown in Figure 2-1.

Free Edge
Interface
4
’ N\
/ Free Edge

Fiber
QOrientation

—t 1 -

will

Figure 2-1: Symmetric laminate with four plies under axial loading [9]

The stresses are constant within the ply but vary from one to another ply. The results of the CLT are only
exact in case of laminates with infinite widths due to the fact that at the free side edge (Figure 2-1 at y=b)
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the shear stress 7,, reduces to zero and inter-laminar stresses r,,, 7, and o, occur in the boundary

Xz’

region.

Figure 2-2 shows the right half of the outer ply extracted as a free body in the y-z plane. The normal stress
o, is caused by differences in Poisson’s ratio and thermal expansion in the x-y plane of the neighbouring

ply with a different orientation angle. Its normal force is balanced by the shear force produced by the
inter-laminar stress 7, close to the free edge. Due to the fact that the forces are not collinear a moment

arises from this couple of forces. A counter moment arises near the free edge which induces a normal
stress couple in z-direction as shown in Figure 2-2. The thicker the ply the greater is the moment (due to
the distance between o, and fyz) and the higher are the resulting inter-laminar stresses 7, and o,

which can cause transverse cracks or free-edge delamination. Based on these observations the design rule
was created to limit the ply thickness respectively the number of plies with the same orientation angle.
Exceptions exist for situations where matrices with higher performance are used and the maximum
allowable ply thickness can be enlarged.

: ——— —

Figure 2-2: Right part of the outer ply extracted as a free body

10%-rule

The so called “10%-rule” refers to the requirement having minimal in-plane stiffness in all fiber directions
like 0°, 90° and £45°. The goal is to cover secondary loads and to create more robust laminate properties
in comparison to highly orthotropic laminates. Furthermore a matrix-dominated behaviour (e.g. nonlinear
effects and creeping) can be avoided for laminates where the main fiber direction is not aligned with
principle load axis as described in the MIL-HDBK-17-3F [6]. There is no formal documentation of this
guideline that confirms its validity, but due to the fact that it has been followed successfully in many
production programs it is still present in these days.

Taper slope and maximum thickness step

The first design rule in longitudinal direction of the laminate is the limitation of the taper slope in zones
where the plies are dropped off due to thickness variations. As documented in Niu et al. [5] thickness
changes lead to discontinuities and eccentricities in the laminate stiffness which can cause inter-laminar
failures as described above. Thickness steps along the main load direction should have a taper slope of at
least 1:20. In case of a drop of four plies (e.g. 0.508mm) the next ply drop can occur earliest after 20 x
0.508mm = 10.16mm in horizontal direction. Thickness changes in other directions should have a taper
slope of at least 1:10 which is also valid for stiffeners and beam flange edges. Plies with angles other than
0° and 90° have to be dropped off in £ pairs in case that unbalanced laminates are not allowed.

According to Niu a single thickness step should not exceed 0.508mm which corresponds to four plies if the
ply thickness is 0.127mm. This is the same value as recommended above for the maximum thickness of
contiguous plies. The goal is to smooth the load distribution over the structure and to avoid high stress
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concentrations (especially inter-laminar stresses) at the ply drop. Further limitations according to
dropping of plies are documented in the following.

Ply-drop techniques

Recommended techniques how the ply drops should be arranged are given in [6] and [10]. If possible, ply
drops should be arranged symmetric about the laminate mid-plane to achieve an adequate redistribution
of the load through the remaining plies, especially the continuous outer plies. Therefor the first ply should
be dropped off close to the mid-plane. Several proposals for symmetric ply drop techniques exist and can
be found in [10].

Continuity of plies

This design rule is an extension of the rule “Taper slope and maximum thickness step”. At every interface
between two adjacent panels, the plies of the respective thinner panel should cover the complete rest of
the structure. The goal of this procedure is to ensure the structural integrity and manufacturability of the
structure. This rule implies that ply orientation mismatches between adjacent panels like cutting plies

between two panels to change their orientations (butt joints), are not allowed to avoid discontinuities in
the material and to keep the manufacturing costs low.

Covering plies

The outer plies of a laminate should be continuous over the complete structure and cover the all ply
drops to avoid delaminations at the free edges of the ply ends.
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Design rules in thickness direction used in the aircraft industry

Table 2-1
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Design rules in longitudinal direction used in the aircraft industry

Table 2-2
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2.2 Wind power industry

Table 2-3 lists the relevant design rules for optimization of composite structures used in the wind power
industry. A comparison of the design rules between aircraft industry (documented in [5] and [6]) and the
design rules used in the wind power industry shows that the rotor blade guidelines like the DNVGL-ST-
0376 [11] have taken over some of the rules in a similar way e.g. the tapering or the continuity of plies.
Other rules like the contiguity or the ply drop technique play only a minor role due to the common usage
of fabrics and tapes. The demand for symmetric and balanced laminates exists but exceptions are present
due to ongoing research on structural bend-twist coupled blades in the current days for example within
the Smart Blades project [12]. The design rules used in the wind power industry are described in the
following subsections. More details about the background of each individual design rule can be found in
the related reference given in the last column of the tables.

Outer plies and damage tolerance

The design rule for outer plies and damage tolerance is taken over from the aircraft industry and adapted
for the usage of fabrics. According to Bir et al. [13], the outer plies should be made of Biax or Triax
material to provide shear strength and to prevent the inner laminate (unidirectional material) from
splaying and buckling. In case of a sandwich structure, the sandwich face is made of Triax plies to transfer
the shear loads into the core.

Taper slope and maximum thickness step

In parallel to the aircraft industry the present design rule exists also for the wind power industry. The
taper slope has to be calculated specifically based on the shear load criterion to avoid delaminations.

Equation (2-2) [11] allows the calculation of the minimum step length L for a ply with the thickness t, and

an average laminate strength S [N/mm?].

Sty mm®
10 N

(2-2)

An investigation on delaminations due to ply drops in wind turbine blades has been done by Cairns et al.
[14]. According to his results, dropping more than one ply promotes the delamination process as already
explained for the covering plies in the previous section. Furthermore inner ply drops are more resistant to
delamination due to the double shear surface.

In the DNVGL guideline [11] the tapering criterion is extended for sandwich laminates. The taper slope of
core materials should be between 1:3 and 1:10 in the main load direction and between 1:3 and 1:5 in
other directions. In the transition region between sandwich core and solid laminate the core material
should be tapered with a gradient of maximum 1:3.

Continuity of plies

The demand for continuous plies is also present in the wind power industry [11] to reduce continuity
breaks in the structure and keep the manufacturing costs low. In case that a butt joint is not avoidable at
least five undisturbed plies have to be placed in between. Also multiple overlaps should be prevented.
Any split of reinforcement plies (e.g. in UD caps) has to be analysed by the designer. Especially for large
wind turbine blades the manufacturability of the design is important in terms of production effort and
material costs.
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Covering plies

The requirement for covering plies over the complete structure is directly taken over from aircraft

industry. The goal is to avoid delaminations at the free edges of the ply ends as described by Cairns et al.

[14].

Table 2-3 Design rules used in the wind power industry
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2.3 Selection of design rules

Comparing the design rules of the aircraft- and wind power industry it can be observed that the
intersection of both is given by the following five rules, which are all related to the stacking sequence of a

laminate:

Symmetric and balanced laminates
Outer plies and damage tolerance

Taper slope and maximum thickness step
Continuity of plies

ik N

Covering plies

Rule 2 and 5 specify the properties of the outer plies for one laminate and an assembly of minimum two
laminates. These rules are not further treated within the present work because their influence on the
lamination parameter space can be treated as an offset. In case that an arbitrary laminate stacking has a
pair of +45° as covering plies the contribution to its stiffness can be treated as a constant offset which is in
case of the bending and coupling matrix ([D] and [B]) dependant of the laminate thickness. For the

present work the following design rules are selected:

1. Symmetric and balanced laminates
2. Taper slope and maximum thickness step
3. Continuity of plies

The selected rules are present in both industries and have a significant influence on the feasible domain
of the lamination parameter space, which will be further explained in section 3.4 and 4.3.

The selected design rules are all based on the discrete stacking sequence. Some of the design rules are
already formulated as design criteria to make them appraisable for the optimization with discrete ply
angles as design variables. An extract of the state of the art based on a literature research is given in
section 4.1. Before that an introduction into gradient-based optimization using lamination parameters as
continuous design variables is documented in the following section.



Gradient-based optimization of composites using lamination parameters 13

3. Gradient-based optimization of composites using lamination
parameters

The goal of the present section is to set up an optimization process for composites with the so called
lamination parameters as continuous design variables. The linear mechanical behaviour of a laminated
composite plate can be described in a compact form as function of the material invariants and lamination
parameters, first introduced by Tsai and Pagano in 1968 [15].

In section 3.1 the constitutive relations of a laminated plate are set up. How they can be reformulated in
terms of laminate invariants and the lamination parameters is described in section 3.2. An introduction to
gradient-based optimization is given in section 3.3. The geometrical texture and mathematical description
of the lamination parameter space is documented in section 3.4. The suitability of the LPs for the
application within a gradient-based optimization process is described in section 3.5. The challenging step
of converting a laminate parameter set to a feasible stacking is documented in section 3.6.

3.1 Constitutive equations of a laminated composite plate

To set up the constitutive equations of a laminated plate consisting of several unidirectional plies the
Classical Laminate Theory (CLT) can be applied. The CLT comprises several assumptions like the plane
stress state, small displacements and straight cross section surfaces under deformation.

A loaded laminated plate can be treated as a combined problem of a membrane- and plate element. The
cutting forces of an element shown in Figure 3-1 are termed stress resultants with the dimension “force
per unit length” (applied force related to the element width). The three in-plane stress resultants are
denoted by the vector {i} and the out-of-plane stress resultants are indicated by the vector {}.

Figure 3-1: Sign convention for the cutting forces on a) the membrane- and b) the plate element

The combined problem allows it to define an extensional stiffness matrix [A] for the membrane element
and a bending stiffness matrix [D] for the plate element. Both are coupled with the extension-bending
coupling matrix [B] The combination of all three matrices is the global stiffness of the laminate named as
“ABD-matrix”. The relation between the stress resultants and the strain vector {¢} respectively the vector
of curvatures {K} is shown in Equation (3-1) which represent the constitutive equations for a laminated

plate.
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il 100l -

According to Jones [8] the matrix entries can be calculated with equation (3-2), in which ((jIJ )k denote the

3 S

transformed reduces stiffnesses of the k™ lamina. “Transformed” in this context refers to the
transformation from the local 1,2 coordinate system (with 1 in fiber direction) to the global x-y coordinate
system of the laminate. The notation and position of the plies with respect to the laminate middle surface
is shown in Figure 3-2.

1 k1
18 N t
Bj =52Qu,k (Zf - Zf—l): )Y ij,ktk(zk ‘Ek) (3-2)
o1 P}

1 N £V ¢
. :ng—;Qij'k (Zf ) Zs_l): k—1Qij’k[tk(Zk _Ek} +é

{1
1| 2, ) ¢2 ¢
z, % émnm.ﬁ SUHFACEl T
L
3 * f
¢N

t LAYER NUMBER

Figure 3-2: Ply numbering and -positioning within the laminate

3.2 Lamination parameters

This section introduces the lamination parameters (LPs) according to the notation used by Tsai and
Pagano [15]. The goal is to define the laminate stiffness as a linear combination of the material invariants
and the LPs to use them as continuous variables in a gradient-based optimization. As shown in equation
(3-2) the matrix entries of the ABD-matrix are build up based on the reduced stiffness of each single ply.

As example the matrix entry A, is the sum of the products of (jll,k and the related ply thickness for every
laminae k. Q,, can be splitted into three parts like derivated by Jones [8] and shown in Figure 3-3. One
constant part U, not affected by the orientation angle § and two frequency components U, cos(29) and

U, cos(40) varying with 0.
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Figure 3-3: Decomposition of the reduced stiffness component [8]

U, to U, denote the five material invariants calculated with the single, non-transformed material

stiffnesses Q;; as shown in equation (3-3).

U, = %(3(911 +3Q, +2Qq, + 4Q66)
1

U, :E( 11 _sz)

U, :%(Qn +Qp —2Qy; — 4Q66) (3-3)
1

U, :g(Qn +Q +6Qy, _4Q66)
1

Us :g(Qn +Qp —2Q;, + 4Q66)

Finally A, can be calculated with the following equation:

N N
Ay = ZQll,k (2 —74)= Z(Ul +U 2005(29)+U3C05(49))k (z—24) (3-4)
k=1 k=1
In case that all plies have the same material and thickness, the invariants can be brought outside the
summation. In the following equation the cosine terms are replaced by the first two lamination
parameters V, and V, .

=z

Ay = UIZ(Zk - 27,4)+ UZiCOS(ZHk )(Zk - 7,4)+ Usicos(49k Nz - 2,4)

k=1 k=1 k=1

v v (3-5)

=U T +U,V, +U,V,

The same procedure can be done for the other matrix entries of the [A],[B] and [D] matrices. In total 12

lamination parameters together with the material invariants are required to describe the stiffness
behaviour of a laminated composite. The 12 LPs normalized to the total laminate thickness T are listed in
equation (3-6).
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19 . .
Vi, 2 3,4] ? Z( Zk—l)' [COS(ng )’ C05(49k )v Sln(2¢9k )v Sm(49k )]
k=1
1y . .
Visaa = = Z(zk2 - z,f_l)~ [cos(26, ), cos(46, ), sin(26, ), sin(46, )] (3-6)
k=1
4 N . .
Viosa = T—32(ZE - zf_l)- [cos(26, ), cos(46, ), sin(26, ), sin(46, )]

The definition of the stiffness entries as a function of the lamination parameters and the material
invariants are given in equation (3-7).

Az By, O LoV v 0 0

A221 BZZ’ DZZ 1 _Vl*A,B,D VZ*A,B,D O 0 U]_

A2 BaDp| [ T2 700 0 -V 1 0] - (3-7)
A661 BGG, DGG B ' 4 , 12 | 0 0 _VZ*A'B'D 0 1 U3 -
A16! B]_G’ DlG 0 V*AYB,D/Z V*A,B,D O 0 U4

AQ@aBze,DZG 0 V*ABD/2 . *ABD 0 0_ 5

Applying some of the design rules discussed in section 2, the set of individual LPs can be reduced. In case
that the laminate is symmetric, the four LPs of the [B]-matrix vanish. Is the laminate in addition balanced

according to its mid-plane, the third and fourth LPs V[;ﬁ] for the [A]-matrix are zero. 0° and 90° plies have

no contribution to the sum of sine functions. Pairs of angled plies cancel out each other due to the anti-
symmetry of the sine function with respect to the ordinate. Is the set of allowable ply angles reduced to
0°,+45° and 90° plies the fourth LPs are zero, due to the factor 4 within the sine function. As shown in

equation (3-7) the LP V[;]D is only part of the bend-twist coupling terms of the [D]—matrix Dy and Dy.

These terms do not have a contribution to the selected analytical failure criteria for buckling given in

equations (3-43) and (3-46) and therefore the V[;]D parameter is neglected. The remaining four LPs that

describe a symmetric and balanced stacking and serve as design variables within an optimization process
are V[I’/;]D.

It can be summarized that the originally non-linear relationship between laminate stiffness and a discrete
stacking sequence becomes linear when replacing the trigonometric functions by the lamination
parameters like done in equation (3-4). In comparison to the discrete stacking sequence the lamination
parameters can be used as continuous and dimensionless design variables within a gradient-based
optimization process as described in the following sections. The number of individual LPs could be
reduced to four when following the design rules for symmetric and balanced laminates with an even
number of plies. Together with the laminate thickness five continuous design variables are needed to
describe an arbitrary stacking sequence of a laminate.
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3.3 Gradient-based optimization

Numerical optimization, as part of the virtual prototyping process, plays an important role in the design of
composite structures. Virtual prototyping is used to reduce the number of physical experiments on
prototypes by replacing them with numerical models which describe the design with the design variables.
Usually the design process of a composite structure is too complex to describe it with an analytical
formulation. As explained by Vanderplaats [16], the analysis of all design variations based on the
approach “try them all” is very expensive in computational cost especially with a high amount of design
variables. Over the last years a high number of algorithms have been developed to solve numerical
optimization problems that describe an automatized design process. Before setting up the mathematical
formulation of an optimization problem a physical example is given in the following section.

3.3.1 Physical example

A physical example for an optimization problem is described by Vanderplaats [16]. The goal is to find the
top of a hill when person stands at the bottom and wears a blindfold as shown in Figure 3-4 (above). The
person has to stay within two fences (one curved and one straight) going from the bottom to the top of
the hill. The fences constitute the so-called “constraints” within an optimization. The constraints have the
task to constrain the feasible region which is in our example the front side of the hill. In principle the
person is able to feel the slope by doing small steps in several directions. He could search in the upward
direction for the top of the hill where the two fences meet. This process can be described mathematically
in a similar way. The starting location of the person is stored in a vector of the geographical coordinates
{xo} (design variables). The direction of the steepest ascent is determined by the gradients calculated

with the finite difference method (explained in section 3.5.2) and stored in a vector {so} that indicates the

search direction. The search in the steepest ascent direction is stopped either when crossing the top or by
hitting a fence as shown in Figure 3-4 (below).

Figure 3-4: Physical example (above) and process (below) for a gradient-based optimization [16]
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The location at the fence is denoted by vector {xl} indicating the end of the first iteration. The vector of
the design variables is obtained with {xl}: {xo }+ a{sl}. Now the gradients of the hill and of the fence
(outward normal vector) are used to determine a new search direction {sz} which pushes the person
away from the curved fence. Going along the fence is not possible because the person can move only
along straight lines (direction vectors) as far as possible. The second fence is reached after the second
iteration at {xz}. Now a search direction {33} along the straight fence is possible to reach the top of the
hill. Indicators that the optimum is found are the zero gradient at the top (only in this example) and the
fact that no further search direction going upwards can be found without moving outside the fences.

To set up the mathematical formulation some terms are required which will be introduced based on the
described example. The topographical lines (contour lines) constitute the objective function (in this
example a quadratic one) where the maximum is searched for. The design variables (geographical
coordinates) are allowed to assume values only within the feasible domain. The feasible domain is the
area bounded by the constraints that have always be satisfied. In this example the constraints are
represented by the two fences (a linear and a non-linear constraint).

3.3.2 Mathematical formulation

The optimization problem described in the previous section is a constrained maximization of the objective
function. Of course there are a lot of unconstrained optimization problems which are much easier to solve
because their optimum is simply the point where the gradient of the function is zero.

The vector {x} describes the design variables with n components out of the domain X . The objective
function denoted as f({x}) can be constrained inequality constraints g({x}) and/or equality constraints
h({x}) The elements x!,x" of the vector denote the lower and upper boundary values of the design

variables and are usually named as side constraints. A standard formulation of the constrained
optimization problem is given in the following equation.

Minimize:
fix)  xjeX (3-8)
Such that
g,(fx})=<o0 j=1..,m (3-9)
h({x)=0  k=1..1 (3-10)
X' <x <x' i=1..,n (3-11)
Where
{xb={Xg, Xg e Xy |1 (3-12)

In case that the objective function should be maximized the same formulation can be used by just
minimizing — f ({x}). The objective function and also the constraints can be linear or non-linear functions
of the design variables and can be solved explicitly or implicitly. Therefore their evaluation may be done
with any analytical, numerical or even experimental method. For a gradient-based method the objective

function and the constraints have to be continuously differentiable with respect to {x} The set of design

variables out of X for which all constraints are satisfied constitutes the feasible domain. In case that for a
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specific design point the equality condition of an inequality constraint holds, the constraints is treated as
an active constraint. All satisfied equality constraints are active and all inequality constraints can either be
active or inactive in case that they are satisfied with a margin.

3.3.3 General optimization procedure

The goal of this section is to describe the iterative procedure of an optimization algorithm. Based on an
initial set of design variables {xo} the design is updated iteratively as given by the following equation [16].

fat= ot adse (3-13)
q denotes the iteration number, {s} the vector in search direction and a the scalar value of the

translation along {s} Figure 3-5 shows the iterative procedure for a two-variable problem with one

search direction. The search direction can be chosen in a way arbitrary with the limitations that the
objective function is reduced and no constraint is violated. In the given example the opposite of the
gradient of the objective function (steepest descent) is used as search direction which is a typical
approach for gradient-based methods. Generally the determination of the search direction is also
influenced by the gradients of the constraints at the current design point. The next step is to determine
the distance to minimize the objective function without violating any constraint. This is done based on a
numerical interpolation scheme. It has to be noted that for this example a one-dimensional search has
been applied. The optimum {x”} is only found when a new search direction is determined at the point

{xl}. Based on the present example the non-linear optimization procedure can be splitted in two parts.

One part is the calculation of a search direction that reduces (or increases respectively) the objective
function in a way that all constraints are satisfied. The second part is the determination of the scalar
parameter a that represents the translation along the search direction.

Figure 3-5: Two-variable problem with a one-dimensional search [16]

An important question for the user of an optimization algorithm is, whether the algorithm has found the
real optimum or does a better solution exist within the feasible domain.
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One practical approach for the proof would be to start the optimization from different initial vectors {x°}
and check if the same optimum can be reached. A more reliable approach is to set up mathematical
expressions that represent necessary conditions for an existence of an optimum as described in the
following. First the concept of convexity is shortly explained as a necessary condition for the existence of

an optimum.

A set of points is convex if every point along a line spanned by 2 points of the set is inside the set. In case
that any point along the line is outside the set, the set is non-convex. A graphical example is given in
Figure 3-6. Any set of lamination parameters form a convex set which denotes the feasible domain as

described in the following section.

el

Figure 3-6: A convex (a) and a non-convex (b) set of points
A function is convex between two points {xl} and {xz} if the following equation holds.

f (,u {x1 }+ 1- y){x2 })S uf ({X1 })+ @—z)f ({x2 }) with 0< <1 (3-14)
One possible proof of the equation is to show the convexity of the constraint function g({x}) between the

design point {xl} and the optimum {x*} given in Figure 3-5. Furthermore this example shows that if the

feasible domain is bounded by a convex objective and convex constraint functions, the design points form

a convex set with only one optimum and this is the global one.
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3.4 Feasible domain

The goal of the present section is to describe the feasible domain of the lamination parameter (LPs). To
use the LPs as continuous design variables in a gradient-based optimization process the feasible domain
has to be convex as described in the previous section.

3.4.1 General description

A graphical design procedure which describes the feasible domain of the two in-plane LPs V[I’Z\] was
introduced by Miki [17]. Later the procedure was extended by Miki et al. [18] for the two out-of-plane LPs
V[IB]. A limit value consideration of equation (3-6) indicates the bounds of the LPs with —1SV[;/;’]D <l.In
case that we would consider a laminate with only one fiber orientation angle (extreme laminate) the LPs
are V,” =cos(20) and v, =cos(40). In case that we would vary the fiber angle continuously from 0° to

90° the parabolic boundary line shown in Figure 3-7 is drawn. With the help of the trigonometric identity,
cos?(26) = %(cos(49)+1) (3-15)

the two in-plane- or out-of-plane LPs can be put into relationship as shown in the following equation.

*

V, =2V,? —-1 (3-16)

In case that the laminate has more than one orientation angle, equation (3-16) has to be written as an
inequality.

V, >2v,% -1 (3-17)

The feasible domain of the LPs v, AP — f@/l*AvD) is indicated by the area within the curve ABC, shown in

Figure 3-7. The points A, B, C, D and E denotes the laminates with only 0°, +45°, 90°, £30° or +60° plies.
Choosing a discrete set of orientation angles leads to a different shape and a reduced area of the feasible
domain in form of a polygon with vertices located on the perimeter of the feasible domain [18]. Two
examples are indicated by dotted lines in Figure 3-7. The set of 0°, £45°, 90° plies generates a triangular
shape and the set of 0°, £30°, £60°, 90° brings out a trapezoidal shape of the feasible domain.

C, 90° A 0°

B, +45°
S 05 0 05 i
vi

Figure 3-7: Feasible domain for either the in- or out-of-plane LPs
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As already indicated in equation (3-6) every LP is a linear combination of volume fractions. Considering a
point P on the line AC (representing laminates with 0° and 90° plies) at the distance of 0.8 from point A
and a total distance between A and C of 2 units, the volume fraction vector can be calculated with the
following equation:

o = (=), ) rly, )= (1_%j 10)+ (%j 01)={0.6,0.4} (3-18)

2

In case of a 10 ply laminate point P could correspond to the configuration [03,902]s or any other

configuration with the same ratio of 0° and 90° plies. This procedure can be applied to any straight line
within the entire feasible domain. Furthermore it indicates that every point can be constructed by
multiple pairs of two points which leads to multiple laminates belonging to the same design point in the
feasible domain. An example is given in Figure 3-8 where the design point {0,0} is constructed by two lines

AE representing laminates with 0° and +60° plies and cD representing laminates with 90° and +30°
plies.

Figure 3-8: Construction of a design point representing multiple laminates

3.4.2 Special case for 0°, +45° and 90° plies

A special case constitutes the feasible domain of laminates with 0°, +45° and 90° plies. Here every design
point for the [A]-matrix describes exactly one combination for the counts of 0°, £45° and 90° plies, as
shown in Figure 3-9 (left) for a laminate of 4 plies. As already described in section 3.2 the fourth LPs
V,*P =sin(40) vanish due to the fact that the quad of 0°, +45° and 90° is 0° respectively 360° and

therefore also the sine of it. The complete feasible domain of any symmetric laminate with ply angles out
of the set 0°, +45° and 90° is shown in Figure 3-9 (right).
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Figure 3-9: Discrete design points of a 4-ply laminate (left), Complete feasible domain of any symmetric laminate
with ply angles out of the set of 0°,45° and 90°

Fukunaga and Sekine [19] defined the analytical relationship between all four in- and all four out-of-plane
LPs separately without taking into account the coupling between them. Diaconu et al. [20] found out that
the feasible region of any pair of two LPs representing either the [4]-, [B]- or [D]-matrix can be described

analytically. Furthermore he presented a variational approach to determine the complete feasible domain
for any desired set of LPs numerically. During the variation of a LP set the boundary of the feasible
domain is reached by determining a layup function (z) that maximizes the functional F[0(Z)] given in

the following equation, where z denotes the normalized thickness coordinate z =2z/T .
Geometrically the functional F can be interpreted as a constant on a hyperplane with
Floz)]= ZkAV +kEVE + kPP = jG (z)lz

i=1
with:

4

Glz.0(z)]= X 2. (2)/,[0C)]

o (3-19)
g.(2)= %k;hr kf2+gk?22
fi25a) = [9(2)] = [c0s26(z),sin 26(z), cos 46(z),sin 46(z )]

241;[ kD]l

r
{k}z{klA,...,kf,kf,...,kf,kf),...,kf} denoting its unit normal. The hyperplane is tangent to a LP set {/'}
touching the boundary of the feasible domain. Increasing F' leads to a translation of the hyperplane
along the {k} direction until F reaches it's maximum where the hyperplane touches the boundary line of

the feasible region as shown in Figure 3-10.
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F increases

{R} A}

Figure 3-10: Feasible domain of a desired lamination parameter set [20]

Due to the convexity of the feasible domain the boundary can be obtained by determining the
hyperplanes for all directions {k} This procedure can be done to obtain the feasible domain for any set of

LPs without restrictions on potential ply orientations. The detailed mathematical derivation is given in

[20].

Diaconu et al. [21] carried out a layup optimization of long composite cylindrical shells. Therefor they
derived explicit relations between the LPs to describe the feasible domain based on the developed
approach previously described [20]. The ply orientation angles are restricted to 0°, #45° and 90° plies
which reduced the number from twelve to nine LPs. The fourth LPs v,"#8P —sin(49) are zero as already

explained.

The linear analytical expressions given in the following equation relating the in- or out-of-plane LPs that
form the triangular shape of the feasible domain (see Figure 3-9) were already derived by Fukunaga and
Sekine [19].

2]\/1*‘\"3\ —V, AP _1<0 (3-20)
2’\/3*“’0\ ~V,;AP _1<0 (3-21)

Expressions relating the LPs for the coupling where derived by Diaconu et al. based on the method given
in [20].

2’\/1*B - yv;B ~-2<0 (3-22)
2’\/3*B —MB ~2<0 (3-23)
M|+ Vs -1<0 (3-24)

The following equations are derived by Diaconu et al. in [21] and [22].
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(3-32)
(3-33)
(3-34)
(3-35)
(3-36)
(3-37)

(3-38)

To proof whether the explicit equations given above completely describe the feasible domain Diaconu

worked out an optimization procedure. The method is illustrated in Figure 3-11 where {V,} denotes a

potential feasible LP set. A hyperplane F = {k}" {v } with {k} as its normal vector is tangent to the feasible

region. {/, | marks the intersection point between the elongated feasible LP vector V,} and the

hyperplane F . To proof the feasibility of {\/0} the following norm constitutes the objective function to be

minimized.

O = i /4" )| with 7= v /1 )

(3-39)



26 Gradient-based optimization of composites using lamination parameters

il \
il
\

Figure 3-11: Proof if a LP set belongs to the feasible domain [20]

The starting values of the design variables {k} are selected in a way that they create a sharp angle with

{V, } to have {k}™ /,}> 0. The optimization problem can be formulated as follows:
Minimize:
D(fk}) (3-40)

Design variables:
)= K L KE K2 k8 kP KD K2 T (3-41)
The optimization delivers the optimal {\/Q} on the boundary of the feasible region. The feasibility of {\/0}

is given when minD 2”{\/0 }” According to Diaconu this condition is fulfilled for all randomly generated

LPs satisfying the constraints giving in equations (3-20) to (3-38). This proofs that the constraints are

sufficient to describe the feasible domain for the nine LPs V[Iéjg]'D in case that the ply angles are

restricted to 0°, +45° and 90° plies.

The constraints derived by Diaconu given in equation (3-20) to (3-38) represent the feasible domain for a
ply angle set of 0°, +45° and 90°. They are used as basis for the gradient-based optimization described in
the following section. It has to be noted that only the constraints are used where the four selected LPs

V[I'/;‘]D have a contribution. The other LPs are set to zero as described in section 3.2.
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3.5 Optimization with lamination parameters

The goal of the present section is to describe the implemented optimization process named VErSO
(Virtual Environment for Structural Optimization). The tool is written in the programming language
Python. The development of VErSO was done in cooperation with Mr. Sascha Ddhne at the DLR Institute
of composite structures and adaptive systems in Brunswick. In the first subsection the optimization
problem is formulated based on an example with two components. The structural model will be detailed
specified in section 5.1. The only relevant information to explain the present process is the number of
components. A component specifies a region with the same laminate material properties and is therefore
equivalent to an optimization region. In the aircraft industry a wing panel is defined as the area between
two rib bays. Within the present work a panel consists of one component.

IM

The terms “panel” and “laminate” are used synonymous and subsidiary for a component. After the
mathematical formulation of the optimization problem, VErSO specific properties and processes like the
determination of the gradients and the selection of the optimizer itself are documented. The section

concludes with a description of the optimization process workflow.

3.5.1 Optimization problem

Before formulating the constrained optimization problem the notation has to be modified in a way that is
applicable to multiple components. In the following two indices are used: The first index of x,, specifies
the component number and the second index the design variable number respectively the constraint

number.

The objective function that is to be minimized is the overall structural mass of the two components. The
mass itself is a linear function of the panel thickness as shown in the following equation. The panel
thickness is from now on denoted as the last design variable of a component {x, ,|.

m({xi,n }) =G} {Xi,n } {Xi,n }e X (3-42)

The vector {Cn} represents the constants of the panel like the dimensions and the density. The other four

design variables are the reduced set of lamination parameter V[;’;']D due to the restriction on symmetric

and balanced laminates with 0°, £+45° and 90° plies as described in section 3.2. In total there are ten
design variables, five per component (4 LPs and the laminate thickness).

Two different types of constraints are used for the optimization. The constraints that describe the feasible
domain for the LPs of each panel are given in equations (3-20) to (3-38). Furthermore the failure criteria
compression buckling, shear buckling and strength are considered. The failure criteria are determined
analytically. The critical compression buckling load of an axially loaded panel is determined with the
following equations [8].
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m\’ 1 1 1YaY
ﬁx,crit = EZ{DM(;) + 2(D12 +2Dgq )(F] + Dy, [b_zj + Dy, (FJ(HJ ] (3-43)

(3-44)

RF denotes the reserve factor which is in general the existing stress (respectively strain) over the
allowable stress (respectively strain). RF has to be smaller or equal to one. The stiffness values of the
[D]-matrix are obtained by multiplying the respective LP with the corresponding material invariant, see
equation (3-7). The variables a and b constitute the panel length and -width and m is the number of half
waves of the buckling mode shape. The panel length points in the direction of the axial panel load A, .

The critical buckling load for shear is calculated with the VDI guideline 2014-3 [23]. The approach is
generally only valued for symmetrical and orthotropic laminates. According to [23] the influence of
anisotropy is rated to be small and can therefore be neglected in the preliminary design stage. The
bending stiffness of non-symmetric laminates has to be modified with the following equation.

[O]=[p]-[BT [D]*[B] (3-45)

The critical buckling load for shear can be calculated with the following equation.

2
I:ixy,crit = ks (%) \l4 511522 (3-46)

k, denotes the buckling factor which is determined based on an approximation method developed by

Dahne [24]. The buckling curves are approximated with equations derived from quadratic regression
functions in dependency of the modified aspect ratio and Seydel’s plate parameter as characteristic value
for the orthotropy.

As a constraint for the panel strength the criterion developed by ljsselmuiden et al. [25] is used. Based on
the Tsai-Wu failure criterion the failure envelope equations were formulated. The most important step
hereby is the elimination of the ply orientation dependency to obtain functions that describe conservative
design envelopes which are convex in the strain envelope. The strength constraint is formulated with a

safety factor A that relates the strain state at the boundary of the envelope P" to an arbitrary design
point P of applied strains as shown in Figure 3-12 and equations (3-47) and (3-48). The safety factor is the
inverse of the reserve factor RF. r({¢}) denotes the failure index as function of the strain level which is

the reserve factor squared to guarantee the differentiability at all points within the failure envelope.
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Figure 3-12: Definition of the safety factor for the strength criterion

" 1
A= —{V{V} J_ o (3-47)
r(fe}) = 712 =RF? (3-48)
r(fe})-1<0 (3-49)

Especially for bending loads the present approximated criterion is more conservative than Tsai-Wu,
because the position of plies in thickness direction is not taken into account. In case that sandwich panels
are used for bending loaded areas this drawback vanishes because the facesheets are loaded in-plane.

As a last step the upper and lower bounds for the design variables have to be defined. In principle they
can be chosen in a way arbitrary. The bounds for the lamination parameter are -1 and 1 as described in
3.4. The bounds for the thickness are chosen based on design or manufacturing rules and practical
requirements. As an example when the requirement for symmetrically balanced laminates is present and
possible ply angles are 0°, £45° and 90°, the minimum thickness equals to 8 plies. Important criteria for
the selection of the minimum skin thickness e.g. for an aircraft wing are the repair strategy, impact and
abrasion resistance. The upper bound value for the thickness is restricted among others by the installation
space e.g. the aerodynamic hull that represents the outer surface on which the laminate is build-up
inwardly. The selected bound values for the given two-component example are shown in the following

equations.
8ty <x,<30t, i=1..m (3-50)

Ln —

-1<x,.<1 i=1...m,j=1..,n (3-51)
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It has to be noted that up to now all constraints are formulated on panel level. Constraints on assembly
level will be introduced in section 4.

3.5.2 Determination of the gradients

The calculation of the gradients for the objective function and all constraints at the current design point is
necessary to determine the search direction for the next iteration. There are several numerical and
analytical methods available. One standard and robust numerical approach which is selected for the
present work is the finite difference method. In a further development of the optimization algorithm
outside this thesis, analytical approaches could be tested to save computational time. An overview of
available analytical methods determining the sensitivity of static response is given by Adelman et al. [26].

The finite difference approximation of a gradient is obtained by truncating the taylor series
representation of the function after the second term. This leads to truncation (discretization) error
between the approximation with first-order accuracy and the exact solution. A further error occurs when
the computer rounds off decimal quantities e.g. for small step sizes which leads to a loss of precision. The
choice of the step size itself constitutes an uncertainty. For the actual implementation of the optimization
algorithm the step size is selected individually with 10 for the laminate thickness (expressed in meters)
and 107 for the LPs.

The process to calculate the gradients can be summarized as follows:

e Vary every design parameter

e Determine the FE solution

e Calculate all constraints for the varied design parameters and compare to the constraints of
the originally design parameters

e Form the finite differences based on the following equation

The calculation of the gradients of a function g with respect to every design variable and the step size h

is given in the following equations.

x}= {xl’l,xlyz,...,xi’j Py X T (3-52)
dgd(i:j})k ~ g({% ) ;9({X})k (3-53)

The gradients are determined for the objective function and all constraints with respect to all design
variables of all panels to obtain a completely filled gradient matrix as indicated in Table 3-1 (without the
objective function). The first index denotes the panel and the second the constraint respectively the
design variable for example g,, stands for constraint 2 of panel 1 and x,, is the second design variable of

panel 1.

The constraints bounding the feasible domain of the design variables of one panel are only dependant on
the design variables of that relevant panel. Therefore the gradients with respect to design variables of
other panels, positioned outside the diagonal of the gradient matrix, are zero. These gradients are
denoted as local gradients. The constraints describing the failure criteria for strength and buckling of one
panel are dependent on the design variables of the panel itself and on other panels. An example would be
the impact of a laminate thickness change of panel 1 on the strength of panel 2. Such possible load re-
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distributions between the panels are covered by the off-diagonal terms of the global gradient matrix
which cannot be determined with analytical methods.

The last rows of the gradient matrix represent the gradients for the constraints on assembly level which
means that these constraints are functions of a design variable of several panels for example linking the

lamination parameter Vl*A of panel 1 and 2. A more detailed description will be given in section 4.

Table 3-1: Matrix containing the gradients

Panel 1 Panel 2 .. | Panelm
Xi1 X2 X1 "y Xmon
Panel 1 g dg,, dg,, dgy, dg,, dg;,
1'1 Xm']- Xmvz .es dX2'l dX2’2 .es “ee “ee dxmyn
g dg,, dg,, dg,, dg; dg,,
1,2 XmYl XmYZ .es dX211 dX2’2 .es .o .o dxmyn
Panel 2 g dg,, dg,, dg,, dg,, dg,,
2,1 Xm’l Xm’Z .es dX2’1 dX2'2 .os “ee “ee dxm'n
U5, dg,, dg,, dg,, dg,, dg, ,
x,, dx,, | e, 0x, e ]
Panel m
Omn dgm,n dgm,n dgm,n dgm,n dgm,n
—dxl,l —dX1,2 —dXZ,l _dxz,z —dxm,n
Assembly 1 dg dg, dg x
On A, || o, o e

3.5.3 Selection of the optimizer

The selection of the optimizer is based on the requirements that result from the optimization problem.
The algorithm has to be able to process gradients of a linear objective function and non-linear inequality
constraints. The non-linear inequality constraints result from the description of the feasible domain given
in section 3.4. Furthermore the selected algorithm has to consider the definition of upper and lower
bounds for the design variables namely the normalized lamination parameters whose design space is
limited by -1 and 1 as described in section 3.4. Based on these requirements an algorithm is chosen out of
the free available packages for the python environment. For the first implementation of the optimization
algorithm in VErSO which constitutes the basis of the present work the MMA algorithm of NLopt [27] is
used. NLopt is an open-source library for non-linear optimization that provides an interface to a number
of different algorithms callable, inter alia, from Python.

MMA stands for “Method of Moving Asymptotes” and is based on the CCSA (Conservative Convex
Separable Approximation) approach developed by Svanberg [28]. In each step a local and convex
approximation in form of a sub-problem is generated. First the values for the constraints and the
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gradients of the constraints are determined for the given iteration. Based on these values the usually
implicit functions are replaced by approximating explicit functions. A quadratic penalty term is used to
keep the approximating functions conservative (greater or equal) with respect to the exact functions.

The optimal solution of the sub-problem constitutes the possible candidate for the next design point. The
objective and constraints are evaluated and in case that the approximating functions are conservative the
iteration is completed and the process is restarted at the new design point. If that is not the case the
penalty term of the approximations is increased and a new solution of the sub-problem is generated and
checked for conservativeness.

3.5.4 Convergence criteria

There are several termination options available in NLopt [27]. One option is the definition of an absolute
or a relative tolerance based on the function values. The best way would be to set the error in relation to
the optimum function value but this is not possible since the optimum is not known. To overcome this
most algorithms consider the change of the function value between two consecutive iterations like
formulated in the following equation:

-1}

. oo (3-54)
The same can be done based on the design variables. A further termination criterion is the definition of a
stopping value. The algorithm stops when the objective function reaches the specified value for any

feasible design point {x}.

In the most applications the relative tolerance criterion is used, which is also the case for the present
work and the optimization process described in the following section. The advantage using a relative
criterion is the independence of any units or scale factors. The tolerance value should be chosen in
accordance with the machine precision. Close to the minimum the change of the function value based on
the taylor series expansion can be described with the following equation.

) = oo} a59

Assuming a variation in the design values of 10° would produce a change in the objective of 107** which
leads to the assertion that a requested tolerance for the design values should be smaller than the square
root of machine precision. Generally NLopt terminates the process when the first (weakest) termination
condition is fulfilled.
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3.5.5 Optimization process

Before the optimization can be started the process needs to be initialized as shown in Figure 3-13. The
necessary information can be taken out of any input file, here the FE-model is used. The model structure
defines the hierarchical relation between assemblies, components and finite elements (from top level to
bottom level) and is needed to initialize the object model. Component properties like the geometry are
required to determine the buckling length. The material properties are used to set up the constraints for
buckling and strength.

Model structure /”/ihitialization;\\ ({_ }l ({ y ﬂ.‘mr{‘\

s I jes | \ iti /~ Objective })
' FE-Model \‘I‘_Component pr‘opﬁ.'rtles_H - In.\tlalse.t of ( ] / \J of the
\ (e.g. geometry) \ . design variables Constraints ,
N 7 \ b del N \ i
Material properties . ©OPject model { 0} \_ optimizer
— x e

Figure 3-13: Initialization of the optimization

Based on the model structure the initialization of the object model is done on three levels. The initialized
component objects are committed to the related assembly. All assemblies belong to one wing object.
After the object model is created the design parameters have to be indexed. The structure of the object
model and the procedure of indexing are shown in Figure 3-14 for an example with two assemblies, each
having two components. Each component has two design parameters.
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Figure 3-14: Object model structure and indexing of the design parameters

The indexing is done by a function on the wing level. It generates a set of indices by asking for the
parameter sets of the design variables and constraints for every assembly and all related components. As
shown in Figure 3-14 for assembly 2 the translation of indices is done between the component and
assembly level. In case that a new design parameter set provided by the optimizer has to be assigned to
the object model, the same strategy of index slicing is used. Every object on every level knows only its
own parameters. This allows a formulation of constraints on component as well as on assembly level
without knowing the complete structure of the wing. Once the object model is initialized, a set of start
design variables is provided for which the objective and the constraints are evaluated. The complete
parameter set is sent to the optimizer for his initialization.

Based on the initial parameter set the optimizer determines the first design parameter set. The running
optimization process is sketched in a simplified way in Figure 3-15. It has to be noted that the sketch is
focused on the process and not on the data flow. Not all passed data are used by the next function. The
FE interface uses the new design parameter set to calculate the finite element loads and post-process
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them to obtain the panel design loads based on the element peak method. This method determines the
critical element load of a panel for a series of metrics. Using the strength metric as an example only the

highest +1, is taken as the design load.

With the panel loads {ﬁq“} and the new design parameter set {x““}, the constraint values are updated.
Also the objective f{xq+1} is evaluated with the new parameter set. The set of constraints and objective is

used by the optimizer to generate a new design parameter set for the next iteration. The process ends
when one of the set convergence criteria (described in the previous section) is satisfied.
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Figure 3-15: Running optimization process in VErSO

3.6 Conversion from LPs to a laminate configuration

For the final evaluation of the laminate configuration the optimal LP set of a panel found by the optimizer
has to be transformed back to a discrete stacking sequence. Based on the discussion about the feasible
domain of lamination parameters in section 3.4 it can be concluded that there is no closed form solution
to convert any single design point in the LP space into a unique laminate stacking sequence. As shown in
Figure 3-9 (left) the possible stacking sequences correspond to discrete design points in the LP space.
Using the LPs as continuous design variables in an optimization procedure is not exact, because the
closest LP set that describe a real stacking has to be chosen. This error gets smaller with an increasing
number of plies and can be neglected in the preliminary stage of the design process.

Two special cases can occur when converting an optimal found LP set to a discrete laminate stacking. The
first case is that several discrete design points representing real stackings are equally close to the optimal
found LP set e.g. surround it. The second case is that the found LP set represents more than one stacking
as described with Figure 3-8. Both cases have the advantage that more than one stacking is available for a
panel. Therefore the stackings of two neighbouring panels can be chosen in a way that they best fulfill the
selected design rules in longitudinal direction.
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4. Implementation of design rules in the optimization algorithm

The previously described optimization process VErSO uses the four lamination parameters V[Ié’]D as

continuous design variables. The restriction on only 4 out of 12 LPs implies the two design rules in
thickness direction namely the usage of only symmetric and balanced laminates as detailed discussed in
section 3.2 and 3.4. Two types of constraints for the two individual panels are taken into account, the
failure constraints and the constraints that restrict the LP space of each panel as described in section 3.4.

The goal of the present section is to formulate the selected design rules (see section 2.3) in longitudinal
direction as assembly constraints to restrict the change in thickness and in the LPs between the two
panels during the optimization.

The state of the art for existing formulations of the selected design rules as appraisable design criteria are
documented in section 4.1. A modified design criterion that combines two of the existing formulations for
the design rules “Taper slope” and “Continuity of plies” is presented in section 4.2. Based on this modified
design criterion constraints are set up for the assembly of two adjacent laminates which is described in
section 4.3. A comparison to an existing constraint formulation for the LP space is given in section 4.4
followed by the implementation of the assembly constraints in the optimization environment VErSO in
section 4.5.

4.1 State of the art

The present section gives an introduction into existing formulations of the selected design rules as
appraisable design criteria within an optimization process. Liu et al. [1] developed the so-called stacking
sequence criterion that represents the ply continuity as a measure of continuous plies between two
adjacent laminates (respectively two neighbouring optimization regions). A continuous ply occurs in both
laminates and is separated in thickness direction by only one terminated ply. It does not matter whether
the terminated ply is part of the thinner or thicker laminate. An example is given in Figure 4-1.
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Figure 4-1: Stacking sequence continuity [1]

The outermost ply |, is not treated as continuous due to the separation of three truncated plies in-
between. The thickness of continuous plies can be calculated with the following equation where t(Ii)

denotes the thickness of ply |, .

teont :t(|3)+t(|1)+t(l4) (4-1)
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The two-sided stacking sequence continuity C is determined by the following equation where T, denotes

the total thickness of laminate 1 respectively T, the thickness of laminate 2.

tCOﬂt

e, 2

152 =
A further method to obtain a certain degree of ply continuity and to follow a certain ply drop technique as
described in section 2.1 is the so called laminate blending for which various definitions have been
developed in the last years. In the blending definition of Adams [2], stacking sequences can only be
blended outwardly (respectively inwardly) if the stacking of panel 1 is obtained by removing the
outermost plies (respectively innermost). To obtain a globally blended design a genetic algorithm is used
to find an optimal stacking guide for the complete structure. The stacking guide is used for the thickest
panel and the stackings of all other panels of the structure are obtained by dropping plies of the stacking
guide, as shown in Figure 4-2.

4
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1 1 Guide Based
\:> Design —————
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3 3 3 3
Guide Panel 1 Panel 2 Panel 3

Figure 4-2: Guide based design completely outwardly blended [2]

The two approaches presented above are formulated for discrete stacking sequences and therefore in
their originally form not usable for the optimization with the continuous LPs. In 2015 Macquart et al. [3]
developed an approach that takes into account blending constraints for the LP space. Based on the
author’s knowledge this is the only available analytical method formulated for the LP space until today.
He quantifies the change in lamination parameters (LPs) due to ply drops. Equation (4-3) shows the
change in the LP VlA where X specifies any number of removed plies out of the set S and N denotes

the total number of plies.

Avlf\N Yo>(N-X) = Avl(AN )~ Avl'(AN—X )

1& 1 1 N 4-3
= J%:cos(ze j )+ (W - WJE cos(26,) (4-3)
jes jes

From the equation above it can be derived that the maximal and minimal delta values occur for
[6,:6,]=[0°90°] and [6,

I;6’i]= [90°;O°]. Macquart numerically verified the above equation by generating

three different pools of stacking sequences, one randomly generated, the second one with symmetric
laminates of 0°, +45° and 90° plies and the third one with extreme laminates. Extreme laminates in this
context specify laminates in which all plies have the same orientation angle. Figure 4-3 shows the result
for VlA and it can be observed that the maximum change in the LPs occur for extreme laminates.

Therefore the complete constraint formulation of Marquardt is based on extreme laminates.
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Figure 4-3: Normalised change in lamination parameter V1 due to one ply-drop [3]

Based on this restriction equation (4-3) can be simplified and generalized for the other in-plane LPs as

follows:

HAV,;NHN_X)HSZ(%) (a-a)

To consider the variation of two LPs at the same time Macquart uses the Euclidian distance to formulate
the constraint. The maximum of the Euclidian distance can be associated with the allowable radius within
the LP space referring to dropped plies. This radius reaches its maximum when using extreme laminates.

Macquart calculated for all combinations of two LPs the factor f,(6;,6,) . In case of AVAP and AV,

this factor is still 2. The generalized constraint formulation for in-plane LPs is given in equation (4-5) and

for out-of-plane LPs in equation (4-6).

X
Ey(nys(v-x) Smax £ (6;,6;) (ﬁj (4-5)
X x\V o (x)
Ey(n)s(v-2x) < 2max £, (6,,6,) [%F) - G[WJ + 4(%) ] (4-6)

The above constraint formulation guarantees that no blended solution exists in case that the constraint is
not fulfilled. The formulation is very conservative because the factor 2 covers in general the complete
lamination parameter space. The constraint is mainly driven by the taper ratio X/N. Another critical point
is that the usage of only extreme laminates is generally avoided due to design rules as specified in section
2.1 and 2.2. Furthermore it must be questioned if the application of laminate blending (e.g. usage of a
stacking guide) is still sensible when using only extreme laminates which are blended in any case. The
advantages with respect to manufacturability of blended laminates should not be cancelled out by the

disadvantages of extreme laminates and their restricted structural performance.

The two presented design criteria from Liu et al. [1] and Adams et al. [2] are formulated for discrete
stacking sequences and therefore in their original form not usable for the optimization with continuous
LPs. The constraint formulation of Macquart et al. [3] for the LP space and blended laminates seems to be

too conservative as will be shown in section 4.4.
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The goal is to formulate a modified design criterion for the LP space that allows the combination of the
design rules selected in 2.3. This criterion is based on the approaches from Liu et al. [1] and Adams et al.
[2]. It is used in section 4.3 to derive constraints that restrict the LP space for the gradient-based
optimization process VErSO described in section 3.6.

4.2 A modified design criterion

A modified design criterion that combines the requirements regarding ply continuity and a specified taper
slope for terminating plies can be formulated on the basis of the described approaches from Liu et al. [1]
and Adams et al. [2]. The blending concept is adopted but in a generalised way. All plies of the thinner
laminate have to be existent in the thicker one to fulfill the blending but they do not have to be inwardly
or outwardly blended.

According to the design rule “Taper slope and maximum thickness step” the overall maximum thickness
step between two adjacent laminates is limited to 0.508mm (4 plies) in principal. To keep the
computational costs manageable the detailed tapering of terminated plies along the longitudinal direction
cannot be considered within the optimization. The tapering areas have to be summarized to discrete
thickness changes at the borders between two optimization regions as shown in Figure 4-4. Therefore a
restriction in the maximum thickness step at one interface is not helpful and instead of a taper slope the
taper ratio defined as number of removed plies over all plies is used.

e

Figure 4-4: Tapering areas based on a taper slope (left) summarized to a discrete thickness step (right)

For applications of larger structures with more than two optimization regions the taper ratio between two
adjacent panels should be automatically determined based on their geometrical size. This implies that for
larger optimization regions a higher taper ratio (thickness step) should be allowed to cover all terminated
plies of the section in longitudinal direction that belongs to the respective optimization region. During the
real manufacturing process the thickness change can be splitted into two or more thickness steps to get a
smoother transition. For the present application of two optimization regions the taper ratio is used as
percentage of the terminated plies with respect to the thicker laminate in the following.

The position of the terminating plies is generally driven by the continuity criterion of Liu et al. [1].
Following the criterion strictly would lead to the fact that mainly all terminated plies are located
outwardly like shown in Figure 4-5 for a blended laminate of 12 plies, 50% ply continuity and a taper ratio
of 50%. There are two reasons for that behaviour. First the restrictive definition of a continuous ply (step
of only one ply in thickness is allowed) leads to the fact that only one terminated ply can be located
inwardly or between the continuous plies and all other terminated plies have to be located outwardly
above the continuous plies. Furthermore it has to be noted that the allowable step in thickness direction
of one ply is referred to the mid-plane.
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Mid-plane

Figure 4-5: Blended laminate with 12 plies, 50% ply continuity and 50% taper ratio

The ply continuity definition of Liu et al. [1] is evaluated as to restrictive. Therefore the allowable step in
thickness direction of a continuous ply is set to four plies. For other applications with more than two
optimization regions, this value should also be adapted based on the panel size like already mentioned for
the taper ratio. In contrast to the definition of Liu the allowable thickness step is not referred to the mid-
plane but to the undermost ply. For a real manufacturing of a composite structure a continuous outer skin
is required. Generally negative moulding tools are used and therefore the outermost ply is the ply which
is placed at first and the stacking is build-up inwardly. One possible blended laminate based on the new
continuity definition is shown in Figure 4-6. It has to be noted that the reachable ply continuity is limited
by the taper ratio (ply continuity < 1 - taperRatio). It can be observed that the same plies are continuous
as in Figure 4-5. The difference is that four terminated plies are located inwardly, because the allowable
step of a continuous ply in thickness direction is selected to 4 plies.

90° uﬂ
ks Mould

Figure 4-6: Blended laminate with 50% ply continuity and 50% taper ratio, new definition of continuous plies

A modified design criterion that combines the two design rules regarding the ply continuity and a
prescribed taper ratio could be formulated. The mathematical formulation of this design criterion as

constraint is given in the following section.

4.3 Assembly constraints formulation

In the present section the previously formulated design criterion is applied on discrete stackings to
evaluate the influence of the design rules on the lamination parameter. Based on that results, equations
shall be derived that interrelate the LPs of adjacent panels and restrict their feasible domain.

4.3.1 Approach

To evaluate the influence of the design rules on the lamination parameter a parameter study is carried
out in the programming language Python. A material is selected and it is assumed that all plies of the
laminates have the same material. The material data are given in section 5.1. The process of the
parameter study can be structured in the following three steps for one selected laminate thickness
(respectively number of plies). The first step is to generate all possible stackings that fulfill the design
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criterion in thickness direction namely the usage of only symmetric and balanced laminates. It is assumed
that the mid-plane of a symmetric laminate is located between two plies. For every generated stacking all
reduced stackings that fulfill the design criterion are determined within the second step. The reduced
stackings have to fulfill the design criterion in thickness direction as well as in longitudinal direction which
includes the taper ratio, the blending and the ply continuity. As described in the previous section the
taper ratio is treated as percentage of the terminated plies with respect to the thicker laminate. In the

third step the differences of the LP sets AV[I";']D between every reduced and the original stacking are

calculated. The process is illustrated in Table 4-1 for a symmetric and balanced laminate of 12 plies. The
allowable number of removed plies is 4. Every reduced stacking represents a feasible point in the domain

of the LPs AV[5] .

Table 4-1: Exemplary process to obtain the changes in LPs for the reduced stackings of one original stacking

Original Stacking Reduced Stacking AV AV, AV, | AV,

[45,-45,0,0,90,90], [45,-45,0,0], 0.5 0.3 0.1 0.1
[45,-45,90,90]; 0.2 0.2 0.4 0.1
[45,-45,0,90], 0.2 0.4 0.2 0.2
[0,0,90,90]; 0.3 0.2 0.4 0.8

[45,-45,90,0,0,90], [45,-45,0,0], 0.5 0.3 0.1 0.1
[45,-45,90,0], 0.2 045 | 0.2 0.2

4.3.2 Mathematical formulation

Based on all feasible points two different mathematical approaches are investigated. In the first approach
the maximum change of every LP over all reduced stackings is determined. Every maximum change of one
LP could be produced by a different reduced stacking as marked with orange colour in Table 4-1.
Furthermore it can be observed that for different original stackings the same reduced stacking can be
obtained. Only the LP sets (rows in Table 4-1) where a maximum value occur in one of the four columns

AV[IéjD are taken as points to construct the convex feasible domain as shown later.

The second approach is based on the calculation of a convex hull. As already shown in section 3.4 the LP
space is convex and therefore also the difference values form a convex set. A Python interface of the
QHULL function developed by Barber [29] is used to calculate the convex hull of all points. Each point (one

row in Table 4-1) in a four-dimensional space is represented by the four values AV[I”;]D. Equation (4-7) is

used to determine the convex hull with X denoting the finite set of points.

N N

cH(x)z{Z/lixi |4 20, i=1..,N, >4 =1} (4-7)
i=1 i=1

As shown in Figure 4-7 the convex hull of the delta values results in a convex polyhedron formed by the

mimimum number of points on the boundary of the feasible domain. Furthermore it can be observed that

the polyhedron is bounded by a set of hyperplanes. The QHULL function of Barber et al. [29] outputs a set

of vertices for each hyperplane. In the present case of a four-dimensional space, four vertices are
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necessary to describe a hyperplane. Based on the set of vertices the five coefficients for each hyperplane
can be determined with equation (4-8).

1 AV,? AV,? AV,} AVY 1 AV AV,
1 AV,, AV)y AV, AV} 1 AVY AV,
h, = det 2o o T2 h, =detl o
1 AV,5 AV AV, AV]y 1 AV]Y AV,
1 AV,S AVY AV, AV 1AV AV,
AV AV, 1 AY,Y AV AV,D AVY 1
AV, AV,; 1 AV, AV, AV, AV]y 1
h,=det %2 %% 22 |h,=det| %2 A Tt (4-8)
AV AV,5 1 AV,; AVy AV,; AV 1
AViY AVD 1AV, AViY AV,D AV 1

AV AV,D AV, AV,?
AV AV, AV AV
AV AV,5 AV AV,
AVS AV AV AV

h, = —det

Any point with the delta values AV[I,’}]D is located within the convex hull when equation (4-9) is fulffilled

for every hyperplane forming the convex hull. This equation constitutes the main part of the constraint

formulation.
h AV, " + h,AV,* + h,AV,® +h,AV,® +h, <0 (4-9)

Figure 4-7 shows the comparison between the two approaches discussed above. It can be observed that
the feasible domain constructed by the envelope of the AV[I’Z’]D max. values (marked red) is significantly
smaller in comparison to the convex hull of all feasible points (marked green). In case that each of the
max. value would be treated constant over the other LPs the feasible domain would have the shape of a

rectangular box and would be much larger than the feasible domain of the convex hull. Due to the large
differences in the shape and size of the feasible domain, the first approach of constructing the feasible

domain based on the AV[IQ']D max. values is not suitable.
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Figure 4-7: Comparison between the envelope of the AVmax values and the convex hull for a laminate configuration with 12
plies a taper ratio of 0.5 and a required ply continuity of 0.5

The approach of constructing the feasible domain based on the convex hull is used for the constraint
formulation (see equation (4-7)) and implementation in the optimization process. Thereby the convex hull
serve as a measure for the compliance of the selected design rules.

4.3.3 Results of the parameter study

Based on the selected approach of the convex hull function, important results of the parameter study will
be discussed to present the influence of the selected design rules on the feasible domain of the LP space.
Figure 4-8 shows the number of hyperplanes and the volume size as characteristic properties of the
convex hull depending on the number of plies. Between 10 and 18 plies the number of hyperplanes
increases while the volume size decreases. It has to be noted that the number of removed plies stays
constant within this range. A continuous value of the taper ratio 0.2 has to be converted to an even
integer number of removed plies. 0.2 of 18 plies is 3.6 which has to be rounded down to 2 removable
plies. The same happens in the range between 20 and 28 plies. Therefore the taper ratio has to be
corrected for each laminate thickness individually. In case of 28 plies the number of removed plies is 4
and the corrected taper ratio is 0.14 instead of 0.2. Between 18 and 20 plies a doubling of the volume size
can be observed. The optimization process described in section 3.5 works with a continuous thickness. To
formulate the constraint a relation between the hyperplane coefficients and the laminate thickness has to
be found. Due to the fact that the number of hyperplanes increases with the number of plies, a
continuous dependence of the hyperplane coefficients on the laminate thickness is not given and an
approximation e.g. with polynomial functions is not possible. Therefore a conservative approach is chosen
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in which the next higher thickness value that represents an even integer number of plies is used. More
details about the constraint implementation are given in section 4.5.
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Figure 4-8: Number of hyperplanes and volume size over laminate thickness

The feasible domain of the four delta values AV[I”;']D is shown in form of two-dimensional sectional views
called subdomains in Figure 4-9, where the laminates consist of 12, 16 and 20 plies. The taper ratio is set
to 0.2 and the ply continuity is 0.6. One effect can already be seen in the left column of Figure 4-7
comparing the subdomains AV,” = f(AVl*A) and AV,° = f(AVl*D). A higher scattering of the feasible

points can be observed in the domain AVZ*D = f(AVl*D). Every point in this domain represents one

stacking sequence, whereas the LPs AV[,5 representing the [A]-matrix are independent of the stacking

sequence, which leads to a significant smaller number of feasible points. Figure 4-9 shows that the shape
of the feasible domain between 12 and 16 plies does not change significantly only the size decreases.
Comparing the domains of 12 and 20 plies a change in the shape as well as an increase of the size is visible
especially in the domain AVZ*D = f(AVl*D). The increse of the size was already indicated in Figure 4-8 in

form of a step between 18 and 20 plies. The reason for that is the conversion of the taper ratio as a
continuous value to an even integer number of plies that can be removed. The general trend of the
increasing number of hyperplanes as indicated in Figure 4-8 leads to a finer discretization of the feasible

domain’s boundary which can be seen when comparing the subdomains AVl*D:f(Avl*A) or

AVZ*D = f(AVZ*A) for 12 plies and 20 plies (see Figure 4-9).
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A comparison of Figure 4-7 and Figure 4-9 shows the change of the feasible domain when varying the
design criterion for the taper ratio from 0.5 to 0.2. A completely different shape and a significantly smaller

size in all subdomains can be observed.
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Figure 4-9: Feasible domains for 12, 16 and 20 plies with a taper ratio of 0.2 and a required ply continuity of 0.6

Reducing the ply continuity from 0.5 in Figure 4-7 to 0.0 in Figure 4-10 increases only the size of the
subdomains AVl*D = f(AVl*A) and AVZ*D = f(AVZ*A). Neglecting the ply continuity leads to a higher
number of allowable reduced stackings which increases the number of feasible points in the domain
which can be seen when comparing Figure 4-7 and Figure 4-10.
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Figure 4-10: Feasible domain for 12 plies with a taper ratio of 0.5 and a required ply continuity of 0.0

4.4 Comparison to Macquart’s constraints

The selected approach (see section 4.3) for constructing the feasible domain based on the convex hull
should be compared to the method of Macquart et al. [3] already discussed in section 4.1. Macquart’s
construction of the feasible domain for AV, * = f(AVl*A) and AV, = f(AVl*D) is based on the Euclidian

distance as formulated in equations (4-5) and (4-6). Figure 4-11 shows that the feasible domain of
Macquart’s approach is significantly larger than the one generated by the convex hull especially for the

domain AV,° = f(AVl*D).
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Figure 4-11: Comparison between Macquart’s feasible domain and the convex hull for a laminate configuration with 12 plies a
taper ratio of 0.2 and a required ply continuity of 0.6

A main advantage of Macquart’s constraints is the usage of analytical equations that can be quickly
evaluated by the optimizer. In addition, the constraint equations are independent from the material
properties.

The determination of the hyperplane coefficients that describe the convex hull is much more
computational-intensive and has to be done for all possible number of plies. The advantage is that the
computation can be parallelized and distributed on several CPU’s. The complete process of computing the
constraints is done in advance of the optimization. The actual evaluation of the high number of linear
constraint equations (see (4-9)) is quickly done by the optimizer.
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4.5 Assembly constraints implementation

The present section describes the implementation of the assembly constraints based on the mathematical
formulations given in section 4.3. Two assembly constraints are implemented, one for the taper ratio and
a second one to represent the feasible change of the LP space for the two adjacent panels. The necessary
input for the constraints are the design parameters namely the thickness values and the LP sets of both
panels of the current iteration as shown in Figure 3-15.

The first assembly constraint imposes the allowable difference of the thickness between the two adjacent
panels. The taper ratio is defined as percentage of the terminated plies with respect to the thicker
laminate which has to be identified first. It has to be noted that the corrected taper ratio is used as
explained in section 4.3.3. As an example for a laminate with 12 plies and an allowed taper ratio of 0.2 the
number of removed plies is 2 and the corrected taper ratio therefore 0.167.

The constraint value which has to be equal or smaller than zero can be calculated with the following
equation where t, .. specifies the thickness of the thinner panel 2.

t rhin — 4 .
—( 2100 ~ by ) — taperRatio < 0 (4-10)

t1,Thick

The second assembly constraint represents the feasible domain of the AV[I’;’]D values of the adjacent

panels. Based on the approach given in section 4.3 the hyperplane coefficients representing a hyperplane
of the convex hull are determined for all even numbers of plies between 10 and 30 and the material
selected in section 5.1. The values are stored in a hierarchical data format (HDF) that links the data to the
corresponding laminate thickness. As already explained in section 4.3.3 a continuous approximation of
the hyperplane coefficients in dependent on the laminate thickness is not possible. To stay conservative
the next higher thickness value that represents an even integer number of plies is used. Based on the
constraint equation (4-11) the values for all hyperplanes are calculated. h; to h,; denote the hyperplane

coefficients and AV[IQ']D the current LP set. The maximum value over all hyperplanes is taken as the

constraint value and returned to the optimizer.

h AV, +h,AV,* + h,AV,® + h,AV,® +h, <0 (4-11)



Application of an example 48

5. Application of an example

An assembly of two components serves as an application example. The characteristic quantities of the
optimization process VErSO are the structural mass as objective, the lamination parameters as design
variables and three types of constraints. The failure constraints as well as the constraints that describe
the LP space are present. Additionally the assembly constraints derived in section 4.3 are applied.

The FE-model described in section 5.1 is deliberately built up in a way that different load conditions occur
in the two panels. The goal is to obtain more divergent design parameter sets (thickness and the LP set) of
the two panels to evaluate in a second step how the assembly constraints prevent such a behaviour. The
reference results of the optimized panels without assembly constraints are shown in section 5.2. The
results including the assembly constraints are discussed in section 5.3.

5.1 Model and material definition

The FE-model is created with the software ANSYS [30]. The model consists of linear 4-node shell 181
elements as shown in Figure 5-1. The global y-axis is aligned with the panel length b in longitudinal
direction. At y = 0 the compression load P, acts with 15 N/mm on panel 1. The tension load P, acts on

the edge nodes at y = 2b of panel 2 with 120 N/mm. A fixed bearing is applied to the nodes at y = 5.
The two nodes at x =0.5a¢ and y =0;2bh are mounted by non-locating bearings (fixation in x- and z-

direction). Furthermore the rotational degrees of freedom around y and z are surpressed.

ANSYS

ELEMENTS R15.0
TYPE NUM Academic

Figure 5-1: FE-model

The model data is shown in Table 5-1. The selected material is a Hexcel prereg T800/M21 [31]. Its data is
listed in Table 5-2.
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Table 5-1: Model data

Property Value Unit Description
a 1000 mm Width of both panels
b 1500 mm Length in longitudinal direction of each panel
Pc 15 N/mm Compression load of panel 1
Pr 120 N/mm Tension load of panel 2
Table 5-2: Material data
Property Value Unit Description
t 0.184 mm Ply thickness
Ey, 134.7 GPa Young’s modulus
Ez =Eg 7.7 GPa
Vip = Vi3 0.369 Poisson’s ratio
V3 0.5
G, =G5 4.2 GPa Shear modulus
Gy, 2.5 GPa
p 0.1590 g/mm?® | Density
X; 2290.5 MPa Longitudinal tensile strength
Xc 1051 MPa Longitudinal compression strength
Yt 41.43 MPa Transverse tensile strength
Ye 210 MPa Transverse compression strength
S, 106.48 MPa Shear strength

5.2 Reference results

The present section documents the reference results of the optimized two component model defined in

the previous section without assembly constraints. Several starting parameters have been tested and the

same optimization results could be achieved. The starting parameters given in Table 5-3 have been shown

to be robust in terms of the convergence behaviour.

Table 5-3: Starting parameters of the optimizer

Parameter Panel 1 Panel 2 Unit Description
\ 2 0.1 0.1 Lamination parameters
T 2.5 2.5 mm Panel thickness

It is expected that the minimum thickness of panel 1 under compressive load is driven by the failure

criterion for compression buckling. For a resistance against buckling a higher proportion of £45° plies is

required. The corresponding extreme point in the LP domain Vz*D = fﬁ/l*D) would be {0;—1} as shown in

Figure 3-7. The minimum thickness of panel 2 under tension load should be driven by the failure criterion

for strength which causes a higher proportion of 0° plies. The corresponding extreme point in the LP

domain V, * = f(\/l*A) would be {1} as shown in Figure 3-7.

The results of the optimized panels without assembly constraints are shown in Table 5-4. It can be seen

that the expected constraints of the particular panel are active.
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Table 5-4: Results of the individually optimized panels

Result Panel 1 Panel 2 Difference
VA 0.21 0.85 0.64

Vv, A -0.59 1.00 1.59

VAL 0.01 0.64 0.63

v, P -0.98 1.00 1.98

T [mm] 4.00 1.99 2.01
Active failure constraint Compression buckling  [Strength

Structural mass [kg] 14.29

The mentioned extreme points have not been fully met as shown in Figure 5-2. The reason for that is an
obstruction of the transverse contraction caused by the transition from tension to compression stresses.
The resulting deformations in meters are shown in Figure 5-3 for longitudinal (left) and transversal
direction (right).
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Figure 5-2: LP set of the individually optimized panels
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ANSYS ANSYS
NODAL SOLUTION M R15.0 NODAL SOLUTION R15.0
SUB =1 SUB =1 -
TIME=1 TIME=1
Uy Ux
TOP -.475E-04 TOD —.001545
RSYS=0 RSYS=0
DMX =.014489 .001559 DMX =.01448% —.001202
SMN =-.475E-04 SMN =-.001545
SMX =.014407 SMX =.001545
.004771 -.515E-03
.00e377 -.172E-03
.007983 .172E-03
.009589 .515E-03
.011195 .859E-03
.012801 .001202
.014407 .001545

Figure 5-3: Deformation UY in longitudinal direction (left) and UX in transversal direction (right)

5.3 Results under consideration of assembly constraints

For the optimization with assembly constraints the same starting parameters are used shown in Table 5-3.
It is expected that the same constraints for the failure criteria are active namely compression buckling for
panel 1 and strength in panel 2. Furthermore the two thickness values and the LP sets of the panels
should be held closely together forced by the assembly constraints. The results of the optimized panels
with assembly constraints are shown in Table 5-5. The expected constraints of the particular panel are
active again. Based on the difference values shown in the last column of Table 5-5, it can be observed that
the design parameters are held close together and do not diverge as it was the case for the optimization
without assembly constraints (see Table 5-4). This leads to a higher thickness of panel 2 and consequently
to a structure with 3.5 kg more weight. Both assembly constraints are active, the one for the taper ratio

as well as the one restricting the feasible domain of the AV[;’;]D parameters.

Table 5-5: Results of the optimized panels with assembly constraints

Result Panel 1 Panel 2 Difference
Vv, A 0.14 0.21 0.07

v, A 0.06 0.39 0.33

v,P -0.01 0.12 0.13

v, P -0.70 0.00 0.70

T [mm] 4.09 3.40 0.69
Active failure constraint Compression buckling | Strength

Active assembly constraint | Both

Structural mass [kg] 17.86
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Figure 5-4 shows how the optimum LP sets of panel 1 and 2 changes when taken into account the
assembly constraints. The optimum of panel 1 is shifted from the lower corner of the LP domain (+45°

plies) in the direction of zero especially visible in the domain Vz*A = fﬁ/l*A). This new optimum is taken as

a reference and a center point to plot the feasible domain of the delta values (green envelope) around it.
The originally domain based on absolute delta values is mirrored at the vertical and horizontal axis (green
dotted lines) that goes through the optimum of panel 1 to indicate the permitted positions of the optimal
panel 2. The optimum of panel 2 is shifted from the upper right corner of the LP domain (black dotted
line) to the border of the feasible domain of the delta values which confirms the activity of the assembly
constraint. It has to be noted that Figure 5-4 shows only two-dimensional sectional views of the originally
four-dimensional feasible domain. The optimal point do not have to touch the border of the domain at all

hyperplanes simultaneuously. This explains why the corresponding point in the domain Vz*D = fﬁ/l*D) is

not located directly on the border line but only close to it.

By comparing the feasible domains of the LPs (black dotted line) and the delta values (green envelope) it
might be surprising that the one of the delta values extends beyond the LP domain. The assembly
constraint formulation is based on the maximum possible differences and does not take into account the
absolute position of the LPs. The equations that define the assembly constraints are determined based on
the material properties and a thickness range before the optimization is started. Therefore the absolute
positions of the LPs arising during the optimization cannot be considered. The LP sets of the complete
feasible domain are used instead. The LP constraints for each panel specified in equations (3-20) to (3-38)
ensure that the feasible domain of the LPs is not violated.

1 Assembly constraint ®®¢ Optimized LPs panel 1
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Figure 5-4: Change in the optimal LPs due to the assembly constraints
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5.4 Conversion to discrete stacking sequences

The optimal set of LPs of each panel obtained in the previous sections has to be transformed back to a
discrete stacking sequence. The detailed optimization process how to find the best matching stackings of
the two panels is not part of the present thesis. A simplified approach based on the Brute Force method is
presented in this section.

The panel thickness is used to determine the total number of plies. In the present case an even number is

required to guarantee the symmetry of the laminate. With the optimal values V[Ié] and the material

invariants the [A]-matrix is calculated. Based on the three diagonal values A, A,,, A, the discrete
number of and 0°, 90° and +45° plies can be determined by solving the linear system of equations with 3

equations and the 3 unknowns. n, denotes the unknown number of 0° plies and (Q,,), the reduced

stiffness of one 0° ply transformed into the global longitudinal direction as already introduced in section
3.1.

Ay =g (Qn )o +Nys (611 )45 +Ngo (611 )90
Ay =ng (622 )0 +Nys (622 )45 +Ngo (622 )90 (5-1)
Ags =Ny (666 )o +Nys (666 )45 + Ny (666 )90

The resulting numbers 0°, 90° and +45° plies are floating point numbers and have to be rounded to even
integer numbers. Thereby the total number of plies has to be fulfilled. Due to the fact that the process of
rounding is not unique several combinations of even numbers of 0°, 90° and +45° plies are created. The
combination that fits best to the [A]-matrix of the optimum values is used. Based on the number of 0°,

90° and +45° plies all possible stackings are generated. For every stacking the LPs V[IB] are determined

and compared to the optimal values. To have only one value as an indicator how close the LPs of the
current stacking are, the sum of the absolute difference values are used as shown in the following
equation.

sumOfDiff = abs(ﬁll*D )Stacking - (Vl*D )Opt )+ abs(6/2*D )Stacking - (VZ*D )Opt ) (5'2)

The LPs V[Ié] of the stackings with the 50 smallest sums of the absolute differences are all located around

the optimum points as shown in the domain V;D = f(Vl*D) of Figure 5-5. It has to be noted that all
stackings have the same number of 0°, 90° and +45° plies (as calculated above) and therefor the same LPs

V[I,’;] plotted in the domain V;A = f@/l*A) of Figure 5-5. For the pressure loaded panel 1 the point of the

discrete stacking is on the conservative side oriented in the direction of £45° plies to prevent compression
buckling. For the tension loaded panel 2 the conservative side would be right above the optimum in
direction of the 0° plies. The point of the discrete stacking is located below the optimum which is assessed
as unproblematic due to the round up to an even number of plies which results in a higher panel
thickness.
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Figure 5-5: Back-transformation of the optimum LPs to discrete stackings

Figure 5-6 shows two stackings for the panels that were found among the 50 points that are closest to the
optimum. It can be seen that all plies of the thinner laminate are also part of the thicker one which
indicates that the blending rule is fulfilled. The number of continuous plies is 16 which constitutes a
percentage of 67% with respect to the thicker laminate with 24 plies. The required ply continuity was
given with 60%.
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Figure 5-6: Discrete stacking sequences obtained for the two optimized panels under consideration of assembly constraints

Figure 5-7 shows the found stackings for the optimized panels without assembly constraints that match
the optimum LP set. It can be observed that neither the ply continuity (only 4 continuous plies) nor the
blending rule is fulfilled which is obvious when comparing the locations of the optimum LP sets of panel 1

and 2 shown in Figure 5-2.

0° 0°

Mould

Figure 5-7: Discrete stacking sequences obtained for the two optimized panels without assembly constraints

For the optimization with assembly constraints it can be concluded that for both panels discrete stackings
could be generated matching the optimum LPs with a sufficient precision and fulfilling the selected design

rules at the same time.
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6. Conclusion and Outlook

In the present thesis a design criterion was formulated based on selected design rules in thickness as well
as in longitudinal direction. Thereby the approaches from Liu et al. [1] and Adams et al. [2] were used to
combine a required ply continuity with laminate blending between two neighbouring panels. The design
criterion was used to define assembly constraints for the optimization process VErSO that uses the
laminate thickness and the lamination parameters as continuous design variables. The assembly

constraints interrelate the lamination parameters of two adjacent panels with the help of convex hulls for

D

the four-dimensional parameter space AV[;’;'] . The coefficients that describe the hyperplanes of the

convex hull are used as linear constraint equations. It turned out that the size of the feasible domain is
significantly smaller in comparison to the analytical approach developed by Macquart et al. [3]. The
computational effort of the presented method is higher but needs to be carried out only once and that is
outside of the optimization process.

A structure with two panels (optimization regions) was used to compare the results with and without the
usage of assembly constraints. The boundary and load conditions of the panels were selected deliberately
to obtain two divergent design parameter sets and different active failure criteria. The reference results
without assembly constraints showed for the pressure loaded panel 1 an optimized parameter set to
avoid failure due to compression buckling, whereas the tension loaded panel 2 got an optimized
parameter set to prevent a failure of the strength. These two optimal points were located at completely
different positions within the LP domain which correspond to completely different stackings that do not
fulfill the selected design rules. The manufacturability of the structure is therefore not given. Applying the
assembly constraints, the optimized parameter sets were significantly closer together. During the back-
transformation of the LPs based on a Brute Force method, two discrete stackings could be obtained that
fulfill the selected design rules. The manufacturability of the structure is given but with a weight penalty
that has to be taken into account during performance computations already within the preliminary design
phase.

The next logical step is the application of the method on a larger structure like a wind turbine blade or an
aircraft wing. Due to the discretization of the structure, a high number of optimization regions will occur.
Therefore it is useful to determine the permitted taper ratio and the allowable step in thickness direction
of a continuous ply automatically based on the geometrical size of the optimization region. The speed of
the back-transformation into discrete stackings can be increased with the help of a genetic algorithm. The
algorithm uses a fitness function that evaluates how close are the parameters of a stacking to the optimal
found parameter set under consideration of the design rules.

In the present work analytical LP constraints of Diaconu et al. ([21],[22]) shown in equations (3-20) to
(3-38) were used. The calculation of the LP constraints and the assembly constraints can be combined in
the future within the presented method. For a selected material the computation of the feasible domains
for the LPs and their delta values based on the hyperplane coefficients can be done in one step in advance
of the optimization. The constraints of Diaconu are restricted to symmetric and balanced laminates with
0°, 45° and 90° plies. The presented method allows the usage of arbitrary ply angles. Furthermore
additional design rules in thickness and in longitudinal direction can be easily implemented.

For the application of structures where the usage of multiaxial fabrics is intended (e.g. wind turbine
blades) the present process can be adapted quickly. The lamination parameters can be determined in the
same way by just clustering the corresponding plies to one fabric ply which increases the permitted taper
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ratio and the allowable step in thickness direction of a continuous ply. The present process is therefore
fully transferable to multiaxial fabrics.
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