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Abstract

Double-Double laminates present an innovative laminate layup, incorporating a
repetition of sub-plies featuring two groups of balanced angles. This layup provides
composite materials a broad design flexibility together with the ease of design and
manufacturing. This paper proposes an optimization design method for Double-
Double laminates based on multi-material topology optimization, which can be
applied to the angle optimization design of composite structures with Double-Double
layups. A uniform multiple laminates interpolation model is proposed to describe the
certainty of the layer direction of composite laminates. The uniform multiple
laminates interpolation has the additional advantage when dealing with multi-area and
multi-layer composite structures, as it significantly reduces the number of calculations
required and eliminates the need for adding interlayer constraints during optimization.
The stiffness matrix of each combination of angles for Double-Double laminates is
interpolated to form virtual laminates. The sensitivity of the optimization problem
with the objective of minimizing the compliance is derived. Finally, the method was
applied to the design of composite stiffened panels and composite Unmanned Aerial
Vehicle wing. The optimal results show that the optimized Double-Double laminates
can get better performance than the Quad laminates with the same percentage of angle.

Keywords: composite structures, Double-Double laminates, multi-material topology
optimization, discrete material, uniform multiple laminates interpolation, ply
orientation angle design.



1 Introduction

Composite materials are typically manufactured as fiber-reinforced laminate
structures, widely used in aerospace and other high-performance applications due to
their exceptional specific strength and stiffness[1], [2]. The properties of composite
laminates, including stiffness, strength, and buckling behavior, are closely linked to
the fiber orientation and lamination thickness. As such, optimizing the fiber angle
design has become a highly sought-after objective in the structural design of
composite laminates to achieve superior performance.

The alternative angles of composite laminates are typically discrete rather than
continuous. Consequently, the angle optimization problem of composite structures
can reformulated as a multi-material topology optimization problem where each
alternative angle is regarded as an independent material. The uniform multiphase
materials interpolation (UMMI) scheme[3] which is known as discrete material
optimization (DMO) and firstly proposed by Stegmann and Lund[4], is a typical
method. The UMMI approach can converge to one of the alternative angles for each
element by penalizing the intermediate elemental angles which are interpolated from
the alternative angles with equal weights ranging from 0 to 1. The results demonstrate
that this method can be applied to stiffness optimization design[5], natural frequency
optimization design[6], and local dynamic response of composite materials[7].
However, optimization design of composite ply angles in practical engineering
remains a challenging task due to the constraints imposed by the manufacturing
process[8-12].

Double-double (DD) laminates proposed by Tsai[13] provide a fresh and
innovative solution by incorporating a repetition of sub-plies featuring two groups of
balanced angles. Due to its special stacking sequence, DD laminates yield more
homogenized bending properties compared to the conventional Quad laminates,
which only includes 0, +45, and 90 degree angles. Simultaneously, DD laminate meet
most of the above-mentioned design constraints in stacking direction, while keeping
the simplicity of a four plies of sub-plies. Moreover, DD laminates can provide a
lightweight design for easy tapering. All these advantages of DD laminates attract the
attention of many researchers from both academic and industry.

Shrivastava et al[14]. used artificial intelligence genetic algorithm to optimize the
wing quality of DD laminates by considering unit-circle failure, buckling mode and
wing-tip deflection design criteria. Zhao[15] et al. proposed a new formula for
calculating the lamination parameters of DD laminates. On this basis, the feasible
region of any combination of two lamination parameters is obtained by using
Lagrange multiplier analysis. Vermes[16] et al. proposed the lamination method and
advantages of DD laminates. The DD lamination method can significantly reduce the
number of plies required for laminates, thereby reducing the weight of the composite
structure. Kappel[17] et al. proposed an optimization method based on failure
envelope circle to optimize the design of DD laminates. Wang[18] et al. proposed a
nested p-norm method integrating the Tsai—Hill failure criterion indexes of different
elements in different plies into one design response, thus realizing the effective stress



control for topology optimization of laminated structures. Tsai’ lam[19] search
approach can identify the best DD angles by listing the possible angles with a specified
angle interval. However, to the authors’ knowledge, there are few researches on the
angle design of DD laminates.

2  Methods

DD laminates are multi-layer structures as shown in Figure 1, such as [+®/-¥/-
®/+YINT, where N represents the number of repetitions of the sub-plies and T denotes
the total number of plies. This means that once the stacking sequence of the sub-plies
and total thickness of the DD laminate are determined, the stacking sequence of the
DD laminate is also determined. Optimizing DD laminates using UMMI scheme
cannot describe the certainty of the stacking direction of DD laminates. In addition,
DD laminates naturally meet most existing design constraints because the stacking
direction is formed by repeated sub-plies. So, the optimal design of DD laminates is
different from optimizing the fiber angle selection in single-layer laminates or the
stacking sequence in multi-layer structures.
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Figure 1 The application of UMLI to the DD laminates

Therefore, in order to describe the fixed stacking sequence of the plies in DD
laminates, we consider the combination of many plies as a whole, rather than as many
separate plies. The uniform multiple laminates interpolation (UMLI) scheme inspired
by UMMI, which interpolates the stiffness matrix of the laminate is proposed. As
shown in Figure 1, if each area has m. alternative DD laminates, the A B D matrix of
the ith element is represented as a virtual laminate formed by the weighted sum of
alternating angle combinations.

A B m, A B(i)
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Herein A is the tensile stiffness matrix of the laminates, B is the coupling stiffness
matrix, and D is the bending stiffness matrix. The relationship between design
variables xij and weighting function wij in UMMI is as follows, and each individual
element encompasses mL design variables.

Wy = X H(l_ Xig) 2)

To have a clear idea, the number of design variables for each individual element
needed for UMLI and UMMI schemes is shown in Figure 2. When the angle
increment A is 7.5 degrees, the design variables of the each individual element of
UMLLI are always 91 (the number of alternative laminates). The design variables of
the each individual element of UMMI increase with the number of plies, and are 720
at 30 plies.
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Figure 2 Comparison of the number of design variables for each individual element
related to UMLI and UMML.

The derivation of the A B D matrix for DD laminates is presented below. The
relationship between internal moment and strain can be expressed as:
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Herein P and M are vectors of the in-plane forces and moments per unit width. mp is
the total number of plies of the laminates. zx, zk-1is the coordinates of the upper and
lower surfaces of ply k. £°is the middle plane strain vector, K is the middle plane
curvature vector. The calculated A B D matrix can be expressed as:

As DD laminates are composed of two angles in a certain stacking sequence to form
four-ply sub-plies, and then the repeatedly formed laminates are shown in Figure 1,
so the stiffness matrix A B D of DD laminates can be simplified as follows:

A-M(Q+Q+0:+0 8= (0, -0)+ W (o @)
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Herein, N is the number of sub-plies, N= my/4. t is the thickness of the ply. Q, Q, Q,

Q_4 are the unidirectional plate off-axis stiffness matrices that form the sub-plies of 4

plies, and if the stacking sequence of the sub-plies is [+®/-¥/-D/+¥], then 61 =Q, ,
QZZQ_AU ' Q3:Q_¢ 1 Q4:Qp .

The alternative angle range for conventional laminates is -90 to 90 degrees. The
relationship between the number of alternative angles m and the angle increment is
shown in Equation(6). When the angle increment A is 7.5 degrees, there are 24
possibilities [0, 7.5, 15, ..., 82.5, 90, -82.5, ..., -15, -7.5]. The usual angle increment
is taken as 45 degrees, and the angle selection for laminate is [0, 45, 90, -45], which
is called Quad.

180°

m =— (6)

While the value range of the alternative angle combinations [@/%] for DD laminates
is 0 to 90 degrees. The relationship between the number of alternative angles m. and
the angle increment is shown in Equation(7). If the angle increment is 7.5 degrees,
then there are 13 choices for each of @ and ¥. After permutation and combination,
the number of possible angle combinations for DD laminates is 91 as shown in Figure
3. The horizontal axis represents the value of @, while the vertical axis represents the
value of . The squares indicate the angle combination numbers.
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The so-called single-double (SD) laminates should be highlight. SD means =%
(blue in Figure 3) and is a better choice in some applications, because compared to
DD, SD has more fibers which can achieve a smaller angle with the principal stress.
Among SD, there is special case. Plus or minus 0 degrees results is the same angle, as
well as plus or minus 90 degrees. If @=¥ is equal to 0 or 90 degrees (red in Figure
3Hiba! A hivatkozasi forras nem talalhatd.), it means that each ply of the laminates
has the same angle. While this is typically not allowed in engineering due to
manufacturability constraints, the mechanical properties of this stacking sequence are
strongest in the 0 or 90 degree orientation. In the subsequent example, we will analyze
the impact of excluding laminates with the same angle plying and laminates with SD
stacking sequences from the alternative angle combination on the optimization results.
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Considering the minimum compliance of composite laminates. Optimization
problems can be described as:

find: {x;} (=L m;j=1--m)
minimize: C=F'u ®)
subjectto: F =Ku

Herein x;j is the design variable. me is the number of elements and mc is the number
of angle combinations for DD laminates. C is the overall compliance. K is the element
stiffness matrix. F and u are the external force vector and the displacement vector,
respectively.

The sensitivity of the overall compliance can be generally expressed as:

@ = ZUT 8_F - uT a_K u
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For fixed loads, then we have — =0, Thus, the sensitivity can be simplified as

aXik
oC r 0K T oK,
— =-u"—u=-u"—lu, (10)
OX; OX; OX,

Here, the stiffness matrix of element i is defined as:
BT1'TA B
K = p dxd
| H{Bbl {B D} {B l ! (h

Where [ B, | and [B, ] are relations between strain and displacement vectors.

{k}:[Bb]{ub}; {SO}Z[BP}{up} (12)

According to the derivation of Equation(11), ? can be expressed as:
X
ij
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Mathematically, the following relation can easily be derived:
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To calculate the partial derlvatlve of weight w, the interpolation scheme given in
Equation (2) is used to produce.
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To begin the optimization process, the alternative angle combinations and stacking
sequences for DD laminates must be selected according to the specific technological
requirements. Next, the stiffness matrix is calculated for each angle combination, and
the interpolated stiffness matrix is obtained through the UMLI scheme. Subsequently,
the sensitivity is computed, the design variables are updated, and the response value
is calculated by finite element analysis (FEA). The angle design of DD laminates is
finalized once the convergence criterion is reached. In this work, the optimization is
considered to have converged when the weights of each angle combination converge
to 0 or 1. The calculations are stopped once the convergence condition is achieved.
The specific flowchart is shown in Figure 4.
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Figure 4 Optimization process flow chart

3  Results

Composite stiffened panels are frequently employed in the manufacture of wings and
fuselages. The cross-section of the stiffener commonly assumes an "L" shape, "T"
shape, "Q" shape, and so on. In this example, the composite stiffened plate comprises
one 40-ply curved plate and eight 40-ply L-shaped stiffeners of varying lengths, as
illustrated in Figure 5. The common forming processes for composite stiffened panels
can be used to connect different areas: co-curing, co-bonding, or secondary bonding.
The stiffened panels are subjected to a pressure of 5000Pa and a shear force of 3000N.

Panel Stiffeners
~ |
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800mm

Y
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' |
Figure 5 Composite stiffened panel with 8 L-shaped stiffeners.

In order to compare the effects of SD laminates and laminates with the same angle
on the optimization results and compliance, an angle increment of 7.5 degrees was
selected. There are 91 angle combinations, as shown in Figure 3. The horizontal axis
represents the value of @, while the vertical axis represents the value of ¥. The squares
indicate the angle combination numbers. The red squares represent laminates with the



same angle, the blue squares represent SD laminates, and the green squares represent
DD laminates. We used 91, 89 (excluding laminates with the same angle), and 78
(excluding SD laminates) as alternative angle combinations, with the goal of
optimizing for minimum compliance. For the three examples, the initial value is set
to 0.4 and the step size is 0.2. The angle combination selection for the obtained panel
and stiffeners is presented in the following Table 1. The convergence curve is
illustrated in Figure 6.

91 Angle combination 89 Angle combination 78 Angle combination
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VI -.-. [52.5°/60°] v [45°/60°] v [52.5°/60°]
e MMM s7.50790°] - N0 5900 i OO 590
35632 35333 38.905
! 31.673 [ 31.407 l 34582
= 27714 - 2748 — 30259
— 23755 — 23555 — 25937
= 19.796 - 19.630 - 21614
— 15837 = 15704 - 17.291
— 11.877 = 11778 L 12068
7.918 7.852 8.646
3.959 3.926 4323
0.000 0.000 0.000
Max =35.632 Max = 35.333 Max = 38.905

Table 1 Optimization results and finite element analysis results of composite
stiffened panels.

The compliance converges to 2260J from 91 alternative angle combinations. The
compliance converges to 2290J from 89 alternative angle combinations. The
compliance converges to 2630J from 78 alternative angle combinations. The results
of 91 alternative Angle combinations and 89 alternative Angle combinations are better
because the 78 Angle combinations exclude SD laminates and cause a loss of
mechanical properties. The difference between the results including SD and those
excluding SD is about 14.8% in this example. Finite element analysis was conducted
on the three optimized results, as shown in Table 1. It was found that the maximum
displacements were 35.63mm, 35.33mm, and 38.91mm, which followed the same
trend as the compliance results. When dealing with practical engineering problems, it
IS necessary to choose the appropriate alternative angle combinations according to the
specific process requirements.
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Figure 6 Convergence curve of compliance.

Due to its low cost, simple structure, and other advantages, the UAVs are widely
used in military, meteorological, surveying, and other fields. The introduction of
composite materials, which have high specific modulus and stiffness, can enable
UAVs to have better performance, greater load capacity, and longer range. In this
example, the UAV has a wingspan of 2m, and we calculate half of the wing. The wing
is a two-spar wing, consisting of an upper skin, a lower skin, a front spar, a rear spar,
and four wing ribs distributed along the span direction, as shown in Figure 7. All areas
are made of 20 plies of 0.1 thick composite materials. The wing bears the upward lift
acting on the skin surface, which is applied in the form of pressure, referred to as the
lift condition in this paper; Due to the deflection of the wing control surface or gust
load, the wing bears the torsional load, which is applied in the form of concentrated
force, referred to as the concentrated force condition.

3
A 00%
Z X ’ -

Figure 7 Composite UAV wings

In this example, an angle increment of 7.5 degrees was selected. The alternative
angle combinations are shown in Hiba! A hivatkozasi forras nem talalhato..

Considering the constraint of processability, the angle combinations [0/0] and [90/90]
were removed. The remaining 89 alternative angle combinations were selected. The
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optimization results considering lift condition and concentrated force condition were
calculated. The initial value was set to 0.4 and the step size was set to 0.12. The
convergence curve is shown in Figure 8. After 74 steps of calculation, the compliance
converged to 268.8J stablely. To verify the correctness of the results, the lift condition,
concentrated force condition, and coupled condition were verified for the DD-piled
wing.
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Figure 8 The convergence curve and the optimization results

For comparison, the Quad-piled wing was also calculated and the UMMI method
is adopted to optimize the angle. The results of angle selection are shown in Table 2
Optimization results of Quad-piled wing with UMMI. Upon examination, it is evident
that the UMM I optimization results exhibit numerous violations of design constraints,
potentially posing significant challenges to manufacturability and giving rise to issues
such as warping, delamination, and other defects in the formed composite parts.. The
orange curve shows that the compliance converged to 454.8J, which is slightly greater
than that of the DD-piled wing.

Area layerups

Upper skin [90°11/45%]
Lower skin [90°/ -45°9/ 0°3/-45°6/ 90°]
Front spar [90°20]

Rear spar [0°20]

Wing rib 1 [0°3/45°5/0°]

Wing rib 2 [90°/0°14/-45°3/ 90°]
Wing rib 3 [90°3/0°9/45°6/90°,]
Wing rib 4 [-45°10/0°6/-45°/90°]

Table 2 Optimization results of Quad-piled wing with UMMI

In addition, in order to compare with the optimization results of commercial
software, the stacking sequence of the Quad-piled wing was optimized using
software-OPTISTRUCT. The initial four angles of the Quad-piled wing are equal in
percentage, each accounting for 25%. The optimized stacking sequence is shown in
Table 3. Simultaneously, the several commonly used Quad-piled wing is adopted for
calculation: Commonly used Quad-piled wing — repeat, with the stacking sequence of
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[0,45,90,-45]s; Commonly used Quad-piled wing — symmetry, with the stacking
sequence of [0,45,90,-45,0,45,90,-45,0,45]s.

Area layerups

Upper skin [-45°5/45°,/90°2/45°3/90°3/ 0°5]
Lower skin [90°/ 0°5/ 45°,/-45°/ 90°/-45°4/90°/45°,/90°;]
Front spar [-45°/90°5/ 0°3/45°5/-45°3/ 0°5/-45°]

Rear spar [-45°/ 0°4/-45°/ 0°/45°/90°/45°4/-45°5/90°4/-45°]
Wing rib 1 [90°,/ 45°5/0°5/-45°5/90°3]

Wing rib 2 [90°s/ 45°/0°5/-45°4/45°/-45°/45°5]

Wing rib 3 [90°5/ 45°/0°5/-45°5/45°4]

Wing rib 4 [90°y/ -45°3/45°/0°/-45°,/0°4/45°4/90°3]

Table 3 Optimization results of Quad-piled wing with OPTISTRUCT

The results of the verification analysis of the DD-piled wing, the optimized Quad-
piled wing and two commonly used Quad-piled wings are calculated. The histogram
of maximum displacement comparison is shown in Figure 9.

9.00
DD-piled wing: UMLI optimized
8.00 Quad-piled wing: UMMI optimized
® Quad-piled wing: OPTISTRUCT optimized
= 7.00 . . 7.39
g Quad-piled wing: [0,45,90,-45]5 7.20
E,, B Quad-piled wing: [0.45,90,-45,0,45,90,-45,0,45]
= 6.00
=
§ 500 512
= 4.80
2] 4.48
2 4.00
E
g 3.00 334
= 2.75
[+ 2.59
= 2.00
1.78
1.00
0.00

Lift Concentrated force Coupled
Working condition

Figure 9 The maximum displacement comparison

As evident from the figure, In this example, The maximum displacement of Quad-
piled wing optimized by UMMI, Quad-piled wing optimized by OPTISTRUCT, and
Quad-piled wing with repeated layings is very similar, and the displacement of Quad-
piled wing with symmetrical layings is slightly larger. In contrast, the DD-piled wing
optimized by UMLI exhibits a reduction of approximately 30% in its maximum
displacement, thereby validating the effectiveness of optimizing the DD-piled wing.

4  Conclusions and Contributions

This paper proposes an optimization design method for DD laminates based on multi-
material topology optimization method. Based on the evolution of UMMI, an
interpolation method UMLI for multi-layer structures is proposed. The optimization
design of DD laminates is completed by interpolating the stiffness matrix of the
laminates formed by each angle combination. The main conclusions are as follows:
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(1) UMLI is suitable for the optimization design of multi-layer structures with
certainty stacking sequence in the layer direction, such as DD laminates. And the
optimization results show that the optimized DD laminates can achieve similar or
better performance than QUAD laminates.

(2) The selection of alternative angles has a significant impact on the optimization
results, and SD laminates and laminates with the same angle are better choices in some
cases. In practical use, it is necessary to choose suitable alternative angles based on
engineering process requirements.

This paper applies the method to the design of multi-area structures. In future work,
this method can be applied to the angular design of variable stiffness DD laminates.
At the same time, the performance and processability of DD laminates can be verified
through experiments and simulation analysis.
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