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Abstract. Maintaining the continuity (blending) of stacking sequences is very vital when the stacking sequences of a
multi-region panel is being optimized. The traditional attempt simplifies the difficulty of the blending problem by
designing the whole panel based on one stacking template. However, this simplification adds an unnecessary
constraint that regions with the same thickness should have the same stacking sequence. In order to overcome the
drawback, this paper introduces a region block queue based method to obtain the optimal manufacturable stacking
sequences of composite laminates blended from multiple stacking templates. The method discussed here groups
regions into blocks, forming a block queue, and designs the entire laminate panel with multiple stacking templates,
which are respectively applied to different blocks. The continuity between two adjacent blocks is guaranteed by
sequentially rebuilding the template of a block from the sequences of adjacent regions within its previous block in the
queue. An 18-region benchmark problem is chosen to prove the effectiveness of the proposed method, and the
solution obtained is 0.27kg lighter than the traditional template-based method. The reduction of mass reveals that the
use of multiple templates does contribute to searching for lighter solution.

1 Introduction
In spite of high manufacturing cost, fiber-reinforced
composites are widely used in aerospace due to their
superior mechanical performance such as high strength
and stiffness [1-3]. The optimization of composite
structures attracts many researchers’ attention [4]. The
design variables include number of plies, ply orientations,
stacking sequences in the composite laminates, while the
goal is usually minimizing the weight without buckling
failure [5] or maximizing the critical buckling load with
the number of plies fixed [6,7]. For ease of manufacture,
value of the fiber orientation in each ply is restricted to
some discrete sets of angles. The discrete nature of
laminate ply thicknesses and fiber orientation angles
makes the genetic algorithm (GA) to be one of the most
popular methods for optimizing the stacking sequence of
composite laminates [8,9].
In engineering practices, the different regions in a
multi-region composite structure are often subjected to
different local loads and design constraints [5,10].
Optimizing each region locally will result in the
incompatibility in stacking sequences of adjacent regions.
In order to ensure the compatibility of stacking sequences,
the blending constraint is introduced. In a blending
design, the plies of the thinner one should be a subset of
the plies of the thicker one between adjacent regions [11].
Therefore, all regions in the multi-region panel need to be
optimized together, instead of being separately optimized
[12-14]. The goal of the blending optimization problem is

to minimize the weight of the structure with no buckling
failure occurring in any regions and all regions satisfying
the blending constraints [15].
The two most commonly used kinds of methods to
blend the multi-region panel are the template-based
method and the bi-level method. In the template-based
method, the stacking sequence of each region in the panel
is determined by the same stacking sequence template
[16-18]. In the template, each thickness corresponds to a
specific stacking sequence, and each thinner sequence is
involved in all the other thicker sequences. The particular
structure of template makes the blending constraints
automatically satisfied [19]. In the bi-level method, the
ply thicknesses and the stacking sequences of regions are
obtained respectively in two levels [20,21]. At the top
level, the number of plies are optimized to minimize the
whole weight with buckling constraints applied. And at
the bottom level, stacking sequences of all regions are
optimized to minimize the difference between the values
of intermediate variable values calculated from the
current sequences and those calculated from the top
bottom [22,23]. Both blending methods have their own
drawbacks. An unnecessary constraint that regions with
the same thickness have the same thickness is introduced
in the template-based method, while the operator which
rounds the ply thicknesses calculated at the top level to
integers introduces a design gap in the bi-level method
[24].
The present work intends to propose a new method to
blend the multi-region panel with more than one
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templates. As multiple blending templates are used, the
proposed method expands the design space compared to
template-based method. Besides, no design gap is
introduced. In the proposed method, regions in the design
panel are grouped into blocks, forming a block queue.
The entire laminate panel is designed with multiple
stacking templates, which are respectively applied to
regions in different blocks. The continuity between two
adjacent blocks is guaranteed by sequentially rebuilding
the template of a block from the sequences of adjacent
regions within its previous block in the queue. Since this
extension does not involve any complicated process for
adapting the optimization algorithm, the proposed
approach shows its good applicability on the design of
common composite structures.

adjacent block, which is consistent with rule 2. Therefore,
the block division scheme in Figure 1 is feasible.
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Figure 1. A feasible partitioning scheme.

Moreover, it is worth mentioning that the appropriate
partitioning scheme can greatly reduce unnecessary
dependencies among regions in the design process of
stacking sequences. In the design procedure of Regions
12 and 13 in Block 3, only the stacking sequence of
adjacent Region 11 in Block 2 needs to be considered,
while sequences of other regions in Block 2 and regions
in Block 1 do not have any effect on the design process.

2 Block-queue based laminate blending
To make the panel easily manufacturable, it is desirable
to maintain the continuity between adjacent regions in the
stacking sequence optimization. In order to overcome the
limitation of the template based methods, in which the
regions of the same thickness must have the same
stacking sequence, this paper presents a block queue
based method to reduce the loss of freedom. Considering
that the stacking sequence table (SST) contains more
information on the ply-drop order in contrast with the
guide, SST is chosen as the template type. In the method,
a pre-processing process is adopted to divide the entire
design panel into several blocks according to certain rules,
resulting in a numbered block queue; the process will be
discussed in detail in Section 2.1. Then, a genetic
algorithm is implemented to guide the exploration of the
search space toward the best performing individuals,
where performance is measured by the total weight of
panel in the individual design.

2.2 Block division rules
According to a feasible scheme satisfying the division
rules mentioned in Section 2.1, the whole panel will be
divided into several blocks forming a block queue, in
which the two blocks with only one adjacent block as the
queue head and tail respectively and each of other blocks
is spatially adjacent to the two blocks located before and
after its queue position. Taking the partitioning scheme
shown in Figure 1 as an example, the detailed design
process of stacking sequences is as followed. Firstly,
design Block 1 with one individual SST, obtaining the
stacking sequences of all regions in the block. Since the
stacking sequences of regions in the first block are taken
from the same SST, regions in Block 1 satisfies the
blending constraints. Take the first block as the previous
block and remove it from the block queue. Secondly,
choose the smallest numbered block from the block
queue as the current block and remove it from the block
queue, too. Thirdly, rebuild nreb new SSTs containing all
the stacking sequences of the adjacent regions in the
previous block as current SSTs. The detailed rebuilding
method will be discussed later in Section 2.3. Fourthly,
from the nreb current SSTs, the one that makes the current
block have the lightest weight is selected, and the
corresponding sequences are selected as sequences of
regions in the current block. Assuming that the previous
block is Block 1 and the current block is Block 2, since
the stacking sequences of adjacent regions in Block 1 and
all regions in Block 2 are taken from the same SST,
regions in Block 1 and Block 2 satisfies the blending
constraint. Repeat the above procedure until all blocks
have been designed. It can be seen that the multi-SST
blending of the entire structure has been achieved by
processing blocks in the order of the block queue.
Figure 2 shows a stacking sequence design process of
a 4-region panel with the block queue based method

2.1 Block division rules
In order to overcome the limitation of the traditional
single template methods in the design capability and
flexibility, this paper attempts to improve the design
freedom by dividing the panel under design into several
blocks and designing each block with its own SST
template. To ensure the compatibility between the
multiple templates in the design process, this paper
requires that the following division rules should be
satisfied when a panel is divided into multiple blocks:
1. The number of blocks adjacent to each block cannot
exceed two.
2. The number of blocks with only one adjacent block
must be two.
In Figure 1, the 13-region plate is divided into three
blocks. Block 1 consists of regions 1, 2, 3 and 4, Block 2
consists of Regions 5, 6, 7, 8, 9, 10 and 11, and Block 3
consists of Regions 12 and 13. There are only one block
adjacent to Block 1, two blocks adjacent to Block 2, and
only one block adjacent to Block 3, which is consistent
with rule 1. Both Block 1 and Block 2 have a unique
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presented in this paper. Since SST2 includes Seq 1, Seq 2
and Seq 3, Block 1 (Region 1) and Block 2 (Region 2 and
Region 3) satisfy the blending constraint. Similarly, SST3
includes Seq 2, Seq 3 and Seq 4. Therefore, all the
laminates in the whole panel are blended. It can be seen
from the cross-section 1-2-4 that although Regions 1 and
4 have the same thickness, they have different stacking
sequences.
Region 1
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Block 1

6

8

Seq 1
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For each added ply, feasible ply angles and
corresponding positions are enumerated under the
constraints

of

the
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(3) Random choice. Roulette wheel selection is adopted
to determine the ply angle and position of the
added ply.

Region 4
Thickness = 10

(4) Repeat. Repeat steps (2) and (3) until ni+1 is
reached.

Figure 3 shows one possible result of the rebuilding
process of a new SST from a 10-ply laminate and a 16ply laminate. In the preprocessing process, a new
sequence respectively with 8 plies can be derived from
the 10-ply laminate according to the balance requirement.
Then, a new SST is rebuilt by running the rebuilding
procedure for ply number intervals [10,16].
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Figure 2. Stacking sequences and their blending principle in the
scheme of multiple SSTs.
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Figure 3. A new SST rebuilding process from two sequences.

2.3 Rebuilding process of a new SST

3 Genetic algorithm

The initialization process of SST is described in detail by
Irisarri et al. [16]. Here we focus on the rebuilding of a
new SST containing several given sequences, which
serve as the input data of the rebuilding process. Since
the rebuilding process guarantees the compatibility of
multiple SST templates, it has played a critical role in the
block queue based blending design.
The input stacking sequences are arranged from small to
large in thickness recorded as matrix SEQ = [seq1 seq2
seq3 … seqk], (the sequence of region i is recorded as
seqi), and their corresponding thicknesses are recorded as
vector N = [n1 n2 n3 … nk], (the thickness of region i is
recorded as ni). The rebuilding process of a new SST is
composed of multiple rebuilding procedures, each [seqi
seqi+1] of which correspond to one of the ply number
intervals [ni,ni+1]. The corresponding algorithm is
summarized in Algorithm 1.

SSTi
Block 1
[Seq11, Seq12,

, Seq1n]

Rebuilding

SST21

SST22

...

SST2k

Block 2 Block 2 Block 2 Block 2
[Seq211,
Seq212,
,
Seq21n]

[Seq221,
Seq222,
,
Seq22n]

...

[Seq2k1,
Seq2k2,
,
Seq2kn]

Selecting SST2
[Seq21, Seq22,

, Seq2n]

Rebuilding
...

Fitness = -Weight

Algorithm 1: The rebuilding procedure for one ply
number interval [ni,ni+1]
(1) Preprocessing. Once the sequence seqi (or seqi+1)

Figure 4. The detailed diagram for evaluating the fitness
function.

A block queue based genetic algorithm is used to search
for the stacking sequence design scheme which owns a
lighter weight while satisfying loading constraints [25,26].
Figure 4 shows the detailed calculation process of the
individual fitness value. In the process, each one SST i
corresponds to an individual i of the population. First of
all, stacking sequence for each region in the Block 1 is

violate the balance requirement, one ply is added
(or remove) to the sequence to form a balanced
sequence.
(2) Enumeration. Plies are added from seqi one by one.
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determined according to SST 1. Then, the weight of
Block 1 is obtained. Next, the regions adjacent to Block 2
are identified among regions of Block 1 and nreb feasible
SSTs containing the sequences of the adjacent regions are
rebuilt. In the same way, the sequences for the regions in
Block 2 are all determined according to one of the nreb
SSTs, and thus nreb design schemes for Block 2 are
obtained. Among the nreb design schemes, the one that
makes Block 2 have the lightest weight is selected and its
corresponding SST is chosen as SST 2 while the
sequences from SST 2 are just the sequence designs for
the regions in Block 2. Then, the total weight of Block 1
and Block 2 is obtained. Similarly, nreb feasible SSTs for
Block 3 are rebuilt from the sequences of the regions
adjacent to Block 3 in Block 2. From the nreb SSTs, SST
3 is selected to be the SST that produces the lightest
Block 3, and the sequences from the SST are just the
resulting sequence designs for Block 3. The above steps
are repeated until all the blocks have been designed. The
negative value of the weight sum of all blocks is taken as
the individual fitness value.

𝜆(𝑚 ,𝑛) = 𝜋 2 𝐷11
𝐷22

𝑛 4
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Table 1. Parameters of the genetic algorithm.
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where m and n are the numbers of half waves along x and
y directions, a and b are the length and width of the
region, Nx and Ny are the forces per unit length in the
longitudinal and transverse directions. D11, D12, D66 and
D22 are bending stiffness matrices. The parameters of GA
are listed in Table 1.
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Figure 6. A feasible partitioning schemes with 9 blocks in the
block queue.
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Table 2. Blended optima for Solution 0.
Figure 5. The 18-region-panel horseshoe structure, all loads in
N/mm.

Region
1

The 18-region horseshoe structure proposed by
Soremekun et al. [5] was used to assess the feasibility of
the method proposed. All the regions are assumed to be
simply supported at their four edges. The dimensions and
the corresponding loads of all regions are given in Figure
5. The material properties (Graphite/Epoxy IM7/8552)
involved are: E1 = 141Gpa (20.5Msi), E2 = 9.03Gpa
(1.31Msi), G12 = 4.27Gpa (0.62Msi), v12 = 0.32 and t =
0.191mm (0.0075 in.). The goal of the optimization is to
find the lightest design for the whole structure with no
buckling failure occurring in any individual region and
stacking sequences of all regions satisfying the blending

2
3
4
5
6
7
8
9
10
11

rule. The critical buckling factor λ [15-19] of a region is
calculated as

12
13
14
15
16

4

Stacking sequence
[-45 45 45 -45 60 -60 60 60 -60 -60 60 -60
90 -60 90 60 0]s
[-45 45 45 -45 60 60 -60 -60 60 -60 90 -60
90 60 0]s
[-45 45 60 60 -60 60 -60 90 -60 90 0]s
[60 60 -60 60 -60 90 -60 90 0]s
[60 60 -60 60 -60 90 -60 0]s
[-45 45 60 60 -60 60 -60 90 -60 90 0]s
[60 60 -60 60 -60 90 -60 90 0]s
[60 60 -60 60 -60 90 -60 90 0 90 90 90]s
[-45 45 45 15 -45 60 -60 -15 60 60 -60 -60
60 -60 90 -60 90 60 0 0]s
[-45 45 45 -45 60 -60 60 60 -60 -60 60 -60
90 -60 90 60 0 0]s
[-45 45 45 -45 60 -60 60 -60 60 -60 -60 90
60 0 0]s
[-45 45 45 -45 60 -60 60 -60 60 -60 -60 90
60 0 0]s
[-45 45 60 -60 60 -60 60 -60 -60 60 0]s
[60 -60 60 -60 60 -60 -60 60 0]s
[75 60 -60 60 -60 90 60 -60 -75 -60 60 0]s
[-45 45 45 -45 60 -60 60 90 -60 60 -60 -60

Nply
34
30
22
18
16
22
18
24
40
36
30
29
22
18
24
32
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90 60 0 0]s
[60 -60 60 -60 60 -60 -60 60 0]s
[75 60 -60 60 -60 60 -60 -75 -60 60 0]s
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In order to compare the results with single template
based method more intuitively, both symmetry and
balance guidelines are enforced. The block division
scheme in Figure 6 is used, and the value of nreb is set to
30. The lightest solution (Solution 0) found in the present
work weighs 28.58kg, which contains 0.27kg less weight
compared to the SST method. The detailed stacking
sequences of Solution 0 are given in Table 2 respectively.
The result comparisons are listed in Table 3. The
execution time for a single run in a workstation with two
Intel(R) Xeon(R) X5680 (3.33 GHz) processors is around
53min in this case.
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5 Results and discussion
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