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ARTICLE INFO ABSTRACT

Keywords: Automated fabric forming solutions are required to meet the demand of liquid moulding processes, but wrinkling
Fabrics/textiles is a common problem for double-curvature parts due to a combination of the reinforcement type, manufacturing
D_ef_eCts . parameters and the part geometry. Local intra-ply stitch removal is introduced in the current work to improve the
Eg;;ei::mem analysis formability of a pillar-stitched biaxial NCF. An optimisation method is developed to remove stitches selectively,

using a genetic algorithm coupled with a finite element model. Two criteria are defined to reduce the occurrence
of forming defects whilst maintaining the integrity of the fabric. The first is to minimise the local shear angle
across the surface of the ply and the second is to minimise the total stitch removal area. These criteria are
combined into a single objective function and validated using a hemisphere forming case study. Experimental
results confirm that macro-scale wrinkling can be successfully eliminated when intra-ply stitches are removed
according to the optimised pattern. The stitch removal regions are distributed across both the positive and
negative shear areas of the optimised NCF blank, indicating that local stitch removal can have a global effect on
the formability. Perimeter shapes show that the optimum local stitch removal pattern enables a more balanced
global material draw-in, demonstrating that the effect of stitch removal is not limited to the high shear regions.
Removing stitches from just the over-sheared regions is therefore insufficient to fully mitigate wrinkles, justifying

Resin transfer moulding (RTM)

the need for the optimisation algorithm, as the optimised stitch removal pattern appears to be non-intuitive.

1. Introduction

Matched-tool forming is used to manufacture complex 3D fibre
preforms from broad goods, including woven materials and Non-Crimp
Fabrics (NCF), which are converted into fibre reinforced composite
components via liquid moulding processes, such as Resin Transfer
Moulding (RTM). The main challenge is to ensure preforms are free from
defects, such as folds and wrinkles, as automated forming processes
generally offer much less control over the local deformation of fabric
plies compared to hand layup, particularly since all plies tend to be
formed simultaneously.

The primary forming mechanisms for fabric plies include intra-ply
shear and inter-ply slip, which occur simultaneously during automated
forming of multi-ply preforms. Recent studies have focused on isolating
these effects to provide greater control over preform quality. Solutions
to mitigate defects during automated forming of multiple plies can be
summarised into two categories. The first is to focus on improving the
formability of the fabrics by modifying the fibre architecture [1],
introducing inter-ply stitches for multi-ply preforms [2-4], tailoring
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blank shapes [5-10], introducing cuts [5] and printing localised resin
patches to increase the local shear stiffness [11]. The second is to focus
on modifying process parameters to manipulate the fabric forming
behaviour, such as using segmented blank holders [12-16] or
spring-loaded edge clamps [17-20] to modify the in-plane constraints,
or using multi-piece tools [21,22] to provide greater control over ma-
terial draw-in.

Non-Crimp Fabrics (NCF) typically offer increased in-plane me-
chanical performance compared to comparable woven fibre architec-
tures of the same areal density [23], due to the reduced crimp of the
primary yarns. Intra-ply stitches are used to consolidate the mesoscale
architecture, rather than interlacing the yarns, which improves the
stability of the material to prevent unwanted deformation during
handling. Consequently, the formability of NCFs is generally lower, as
these structural stitches restrict local shear deformation when forming
complex curved components.

This paper investigates the possibility of removing local stiches from
a biaxial NCF material to relax the constraints between the assembled
yarns, since large shear deformation is only typically required in
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localised regions [24]. A novel approach is presented to optimise the
local stitch removal pattern of a biaxial NCF, to control the local in-plane
shear deformation. A non-orthogonal constitutive model [24] is
employed to simulate the forming behaviour of the plies based on a
Finite Element (FE) method. An optimisation framework is presented
that uses a Genetic Algorithm (GA) coupled with the FE model to remove
stitches selectively, in order to minimise the occurrence of forming de-
fects, whilst simultaneously maintaining the integrity of the fabric by
minimising the stitch removal area.

2. Experimental approach
2.1. Material characterisation

FCIM359 biaxial carbon fibre non-crimp fabric (NCF), supplied by
Hexcel, Leicester, UK, was used to produce all preforms in this study.
The material properties are summarised in Table 1 [21]. Picture frame
shear tests were performed to obtain the shear curve for the fabric ma-
terial. Half of the NCF specimens were prepared with the as supplied
material, while the other half of the specimens had the stitches fully
removed in the central region of the picture frame. The stitches were
only removed once the sample had been loaded into the picture frame
rig. (See Section 2.2 for details of the stitch removal method).

The average normalised shear curves are plotted in Fig. 1. The con-
tributions derived from the yarn rotation and the stitch stretching have
been decoupled for the in-plane shear stiffness and have been expressed
in the form of a polynomial (see Table 1) [24]. This enables the NCF
material to be represented within the simulation either with or without
intra-ply stitches. As shown in Fig. 1, the stitches significantly increase
the shear resistance in the positive shear direction (shear angles >0 ra-
dians) compared to the negative direction, resulting in an asymmetric
in-plane shear curve. By comparing the two shear curves it can be seen
that the stitches are only active in the positive shear direction.
Out-of-plane wrinkling was visibly noted at a shear angle of 43° during
the picture frame tests, which is earlier than the 50° wrinkling onset
angle in the negative direction (see Table 1). Local stitch removal en-
ables more shear deformation in the corresponding region and

Table 1
Material properties of FCIM359 used in non-orthogonal material model.

Material FCIM359
designation
Supplier Hexcel
Ply thickness 0.4 mm
Effective 1200 kg/
density m®
Effective 138 GPa
modulus
Normalised Fith stitches _ pyarm rotation 4 pstitch (eypressed as a function of shear
shear curve angle 7;, in radians)
(with
stitches)
Normalised ptiiches removed _ pyam rotation (oynrecsed as a function of shear
shear curve angle y;, in radians)
(stitches
removed)
[pyam rotation (29.56 }/‘;’2 — 65.56 "/‘1‘2 +137.06 }/%2 +94.73 V%Z +112.19 74,)
N/m
Fliteh (2000 7,5, — 120) N/m 0.06 < 71, < 0.50;
(—3520 7,5 +2640) N/m ., 050 < y,, < 0.75;
0 N/m , else.
Wrinkling Positive 43°
onset shear shear
angle (with Negative 50°
stitches) shear
Wrinkling Positive 55°
onset shear shear
angle Negative 55°
(stitches shear
removed)
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postpones the onset of wrinkling (i.e. 55°), qualitatively indicating the
potential to improve the formability and reduce manufacturing defects.
However, wrinkling is not only influenced by the in-plane shear angle,
but also the out-of-plane fabric bending stiffness and the in-plane ten-
sile/compressive stiffness along the principal fibres [25-29]. It should
therefore be noted that the shear angles corresponding to the onset of
wrinkling were obtained based on the boundary conditions of the pic-
ture frame shear test, assuming that these values can be translated to the
hemisphere forming setup.

2.2. Stitch removal

Biaxial NCF blanks (FCIM359) with dimensions 300 x 300 mm
square were prepared with the 0° and 90° fibre directions aligned with
the blank edges and the 45° stitch direction aligned diagonally across
the blank. Full-scale stencils of the stitch removal patterns were laser-cut
from cardboard and used to manually plot the patterns onto the fabric
blanks. Stitches were removed by using a soldering iron to melt-sever
stitches at each point of intersection between the stitch line and the
plotted pattern. Each stitch line was then completely removed by
unravelling the stitch chain, removing all stitching material with mini-
mum disruption to the fibre architecture. Fig. 2 shows the quality of a
typical stitch removal area that was achieved by this method.

2.3. Press tool forming

A laboratory-scale hemisphere forming tool, integrated into a uni-
versal testing machine (Instron 5581), was used for preforming the NCF,
as shown in Fig. 3. Two 300 mm x 300 mm square heated platens with
central holes (104 mm diameter) were used as blank holders to clamp
the fabric plies. A small amount (6%wt) of reactive binder (Momentive
Epikote 05390) was applied to the surface of the ply by hand, in order to
create a stiff preform for post-forming analysis. The effect of the binder
on the draping behaviour of the fabric was assumed negligible, since it
was not heat activated prior to forming and it was used in a suitably low
quantity. The effect of the binder was therefore excluded from the
forming simulation.

A clamping force of 1200 N was applied to the blank holder. A
hemispherical punch with a diameter of 100 mm was attached to the
crosshead of the machine via a 50 kN load cell, which allowed the
forming force to be monitored. A punch speed of 100 mm/min was used
to form the plies. Each forming experiment was performed at ambient
temperature, before the temperature of the hemispherical punch and
square platens was ramped to 165 °C and held for 10 min to cure the
binder. Experiments were conducted using punch displacements of 50
mm (hemisphere fully formed).

3. Optimisation methodology
3.1. Background

An optimisation method is required to minimise the occurrence of
forming defects whilst minimising the area of stitch removal to maintain
fabric integrity [30]. The majority of direct optimisation solutions for
fabric forming problems have been implemented at the process level, to
optimise parameters such as blank holding force etc., rather than
tailoring local properties at the material level, due to the complex
non-linear behaviour of fabric materials. In addition, each local area has
to be considered individually, dramatically increasing the number of
optimisation variables and therefore the complexity of the optimisation
problem.

Indirect optimisation of the fabric forming process is typically per-
formed by trial and error to produce defect-free solutions, which is
highly inefficient and expensive [9,15]. Most of the solutions found are
simply ‘feasible scenarios’ rather than the true global optimum, since
this approach requires significant experience to interpret the results.
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Fig. 1. Experimental picture frame shear results (average values) for FCIM359 biaxial NCF. Testing was performed in two directions, placing the stitch yarn in
tension (positive shear) and compression (negative shear). Stitches were fully removed in some samples.
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Fig. 2. Area showing stitch removal. Stitches removed with minimum disrup-
tion to the underlying fibre architecture. The first primary yarn is along the
0° direction and the second primary yarn is along the 90° direction. The intra-
ply pillar stitches are along the 45° direction.

Direct optimisation methods rely on mathematical relationships to
be formulated between the optimisation parameters and the objective
function [17]. Gradient-based techniques are uncommon in fabric
forming problems, since it is difficult to develop an objective function
and its derivatives [31]. Genetic Algorithms (GA) are more widely used,
which mimic the natural selection process, as variables evolve through
crossovers and mutations until convergence occurs. However, this
approach requires a large population to be simulated, which is compu-
tationally expensive and relies on the efficiency of the fabric forming
simulation [21]. Long et al. [16] introduced a GA to optimise the pe-
ripheral pressure applied to a segmented blank holder, reducing the
wrinkling strain in magnitude by between 30% and 50%. However, a

truss based Finite Element (FE) model was used to achieve acceptable
efficiency, compromising the numerical precision of the solution. In
previous work [2,12,17,21], the authors have employed a binary
encoding scheme to formulate process variables to perform optimisation
using a GA, defining two different optimisation objectives derived from
the shear angle distribution in each case. A large number of FE cases
(>5000 cases) have to be simulated for each optimisation, which
significantly increases the computational costs. Kinematic forming
models [32,33] have been employed to feed quick predictions of
different forming scenarios to GAs for fitness scoring. However, kine-
matic models use a purely geometrical approach to compute fabric drape
patterns, overlooking the mechanical material properties or processing
conditions, therefore only offer an approximate solution. Others have
used simplified FE models using lower order elements to improve
simulation efficiency [21]. Multi-step optimisation methods have also
been implemented to reduce the number of optimisation variables in
subsequent steps [17,21], with Artificial Neural Network (ANN) used
more recently [19,34,35] using corresponding surrogate models to
efficiently predict forming behaviour [19,36]. However, these both
require a significant number of training cases to improve the precision of
the response [29].

A FE model has been selected over a kinematic approach in this study
to simulate the forming behaviour of the asymmetric biaxial NCF. The
FE model has been coupled with a GA to optimise intra-ply stitch
removal. Whilst a GA typically requires a large number of simulations, it
provides a straightforward way to formulate the physical problem of
stitch removal into a mathematical expression using an encoding
scheme, and to manipulate the evolution of the stitch removal pattern
automatically towards the optimum design.

The FE approach is generally slower than the kinematic approach,
but there is potential to improve the efficiency of the FE model by using
lower order membrane elements. Whilst this may not precisely deter-
mine the shape of wrinkles, it will be sufficient to determine their
location [37] and therefore provide a fitness score for the GA. Each
potential site for stitch removal corresponds to a binary number (i.e.
either 0 or 1), which provides room for refining the encoding scheme to
considerably reduce the number of optimisation variables, in order to
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Fig. 3. Laboratory-scale hemisphere forming rig.

achieve a higher efficiency. The methodology is outlined in detail in the
following section.

3.2. FE model

A FE model was developed to simulate the press tool forming process
in Abaqus/Explicit, providing results to the GA for fitness scoring. All
parts of the hemisphere tooling were modelled as rigid bodies, including
the punch, the die and the blank holder. Only one NCF ply was formed in
each case and the dimensions of each blank were 300 mm x 300 mm.
Each ply was placed so that primary yarns (0°/90°) were parallel to the
edge of the blank holder, with the intra-ply pillar stitches along the di-
agonal of the blank holder (i.e. 45°). A hypo-elastic, non-orthogonal
constitutive model previously developed by the authors [24] was
employed to replicate the fabric behaviour as shown in Appendix A. A
user-defined subroutine (VUMAT) was developed to implement the
constitutive material model in Abaqus/Explicit using the property data
listed in Table 1. Two separate shear curves were implemented on an
element-by-element basis, according to whether stitches had been
removed or not. Square membrane elements (M3D4R) were employed to
model the fabric plies, using a mesh size of 5 mm x 5 mm, which was
previously confirmed to be suitable based on a mesh sensitivity study
[24].

The bending stiffness of the fabric was neglected in this material
model, as membrane elements were adopted, therefore it was not
possible to predict the location and shape of the wrinkling defects
explicitly. The global blank holder constrains the material to prevent out
of plane deformation due to bending. The formability of the material is
dominated by in-plane shear deformation, therefore the application of
the constitutive model using membrane elements is assumed to be a
reasonable compromise to improve the efficiency of the optimisation.

The contact behaviour was defined using a penalty contact algo-
rithm. The interface friction was assumed to be isotropic using a
Coulomb friction model. The tooling-fabric and fabric-fabric friction
coefficients were measured to be 0.23 and 0.36 respectively, according
to ASTM D1894, 1SO8295. A 50 mm stroke was exerted on the punch
through a displacement boundary condition, while a force varying from
1200 N to 600 N was applied to the blank holder in the form of a smooth
step, which was measured as a function of the punch displacement from
experiments. The displacement of the die was fully constrained.

The runtime for one forming simulation was approximately 90-180 s
using an Intel® Core™ i7-3820 CPU at 3.60 GHz, which was acceptable
for running the genetic algorithm to optimise intra-ply stitch removal.

3.3. Refined encoding scheme

A Genetic Algorithm (GA) was employed to optimise the stitch
removal pattern, which was coupled with the FE model. An appropriate
encoding scheme (see Fig. 4) was developed to implement the optimi-
sation, to translate the stitch removal pattern into a mathematical
relationship.

The whole blank area (300 mm x 300 mm) was discretised into 10
mm x 10 mm square regions (equivalent to 2 x 2 finite elements per
region) prior to forming. Each region represents a potential stitch
removal site corresponding to a binary bit, where a value of unity de-
notes “stitches removed”, while zero denotes “stitches remain”. The
stitch removal pattern was formulated using a binary encoding scheme
as shown in Fig. 4, representing a binomial-status series. This digitised
expression facilitates GA manipulations to perform a heuristic search for
the optimum stitch removal pattern, which can be written as

$=Ppi P2 = Pi-1 Di Pir1 ~ Da (@)

where s represents the stitch removal pattern;

e 1’
Pi= 07

denotes the status of stitch removal at the ith location, which rep-
resents the stitch removal status for 4 finite elements in the corre-
sponding 10 mm x 10 mm square; where n denotes the total number of
potential locations.

For each loop of the algorithm (one generation), a group of stitch
removal patterns is generated, which are effectively “individuals” in the
binary series. If each binary bit (i.e. p;) was considered to be a variable,
the number of optimisation variables would be 900, which would be
impractical to implement. Due to the symmetry of the blank with respect
to the two diagonals, the number of bits in the binary series can be
reduced to 240 (i.e. n = 240), but this is still impractical. Thus, this
series was divided into short segments as shown in Fig. 4, where each
segment was considered as an optimisation variable (i.e. v;) including
several binary bits. Consequently, the number of variables is

stitches removed;

. . i=1, 2
stitches remain. ( e

. n) (2)
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astm:ISO8295
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Fig. 4. Refined encoding scheme to formulate stitch removal pattern, based on
the basic binary encoding scheme in Ref. [2].

dramatically reduced to 16, enabling the optimisation routine to be
effectively implemented. The numerical expression for the stitch
removal pattern can be refined to be

S=VI Vy v Vi Vj Vi ot VN 3)
where
Vi=Pix Pia v Pi(i-1) Piki Pi(ig+1) T Pis )

(i=1, 2, -, N)
denotes the jth optimisation variable; N denotes the number of
optimisation variables in total; M; denotes the number of bits in the jth
optimisation variable; p;x, denotes the kjth bit in the jth optimisation
variable

~_ J 1, stitches removed;
Pisg = 0, stitches remained. )
(]: 1% 27 oty N7 kj = 17 25 "ty ]Mj)

and

n=> M (6)

J=1

Each segment was considered as an optimisation variable, including
15 bitsi.e. M; =15 (j =1,2,-+,16). Consequently, only 16 variables (i.
e. N = 16) were used to implement the optimisation routine.
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Each variable in the refined encoding scheme includes more than one
binary bit and each bit denotes an independent stitch removal region.
Thus, the number of optimisation variables is significantly reduced, as
the variables in the refined encoding scheme carries more information
than the original binary encoding scheme [2]. This reduces the overall
population size in the GA, whilst ensuring sufficient diversity.

3.4. Optimisation of stitch removal pattern

Two different optimisation criteria, maximum value -criterion
(MAXVC) and Weibull distribution quantile criterion (WBLQC), were
previously developed by the authors [2] as GA fitness functions to
quantitatively assess fabric forming quality. However, they were both
designed for a material continuum with consistent material behaviour
over the entire area. Due to the removal of stitches, the shear behaviour
changes locally within the blank, therefore establishing the defect status
of these dissimilar areas is more difficult, as out-of-plane wrinkling is
postponed until a shear angle of 55° in the stitch removal area
(compared to 43° in positive shear and 50° in negative shear for no stitch
removal). Hence, the shear angle should be normalised in the objective
function accordingly

‘7%7 0° < 715 < 907
Y= @)

y%v —90° <y, <0°.
‘712|

where, 7, is the shear angle in degree; 775 is the normalised shear angle

and 735 € (ﬁ, %); |r32| is the magnitude of the wrinkling onset

shear angle in positive shear; |yy,| is the magnitude of the wrinkling
onset shear angle in negative shear.
This normalisation provides a consistent indicator of defects for the

two distinct material regions. In this case, 715 € (%, 2%:) = (-1.800,

2.093) when the stitches are not removed, otherwise 775 € (%, 322)

= (—1.636, 1.636)c(—1.800, 2.093). Thus, 7;,€(—1.800, 2.093).

The MAXVC [2] was adopted here, as it was previously shown to be
an appropriate compromise between convergence speed and accuracy
[17]. This objective function was used to ensure local shear angles do
not exceed the fabric shear locking angle.

After normalising the shear angle, the updated objective function can
be written as

Sfuaxve{vi,va, o, vviTn) = ,_max m{ly_,\} ®)

where fyaxvc{ - } denotes the fitness function using MAXVC, which aims
to minimise the maximum normalised shear angle; m is the total number
of material points; | - | is the absolute value of the variable; 7; is the value
of the normalised shear angle at the ith material point. Since the stitch
removal pattern influences the normalised shear angle distribution, the
value of fuaxvc was used for quantitative assessment of the fitness. In
this case, fuaxvc € [0.000, 2.093).

As stitch removal typically leads to an increase in the wrinkling onset
shear angle, total stitch removal is theoretically considered to be the
optimum pattern if minimising the maximum normalised shear angle is
the only objective. However, excessive stitch removal induces serious
problems in practice for handling, removing all through-thickness meso-
scale reinforcement. Therefore, a minimum stitch removal area must be
imposed with respect to the overall area of the NCF blank, which is
referred to as the Total Stitch Removal Area Criterion (TSRAC). Since
the finite element size is constant for the fabric blank, the TSRAC can be
expressed as
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K
Frsrac{ve,va, - vnipe} = Z% 9
k=1

where, frsrac{ - } denotes the fitness function using TSRAC, which aims
to minimise the total area of stitch removal; p; denotes the status of
stitch removal at the kth element of the NCF; K is the total element
number of the fabric preform. In this case, frspac € [0.000, 1.000].

According to the MAXVC objective, the formability of the NCF can be
optimised to mitigate forming-induced defects by minimising the value
of fuaxvc - The TSRAC objective can be used to control the preform
integrity by minimising the stitch removal area by minimising the value
of frsrac. However, defect mitigation takes priority over reducing the
total area of stitch removal in this optimisation, so once all defects are
suppressed, the focus is shifted to minimising the area for stitch removal.
These two objectives can therefore be combined into a single objective
for stitch removal optimisation (f{v1,v2, ---,vn}), which can be written
as

f{Vl,Vb VN T2 Pk}:

{ fuaxve — 1, defect; (102)
frsrac — 1, defect — free.
or
vy, T, b =
(10b)

P .
Pk —
) -1, -1<o0.
(;K> . max {[7]} —1<0

In this case, when the preform is defect-free, f € [ — 1.000, 0.000];
otherwise, f € (0.000, 1.093).

Therefore, the multi-objective optimisation problem for stitch
removal is converted to a single-objective optimisation problem, which
can be written as

minimise f{vi,va, -, V5;712, Pk}

v; € Integer (j=1,2,...,N) an
v € [0, 2"] (j=1,2,...,N)

712 € (—90°,90%)

subject to

This optimisation is expected to minimise the occurrence of wrin-
kling by effectively removing local stitches. The primary objective is to
eliminate wrinkles, with a second objective to minimise the stitch
removal area triggered once the preform is confirmed to be defect-free.

3.5. Optimisation implementation

As shown in Fig. 5, a script was developed for stitch removal opti-
misation using the GA Toolbox in Matlab, which was integrated with the
FE simulation to submit new Abaqus jobs and evaluate results for fitness
assessment. The workflow of the Matlab GA Toolbx is shown in Ap-
pendix B. For each loop or “generation” in the GA, a group of stitch
removal patterns called “individuals” was generated according to the
refined encoding scheme. Each series was interpreted to update the
material definition (either with stitches present or removed) for the
corresponding input file, which was submitted to Abaqus/Explicit. An
FE analysis was conducted for each individual, with shear angles
returned to Matlab. The defined objective function was invoked to
determine the corresponding fitness value to check for convergence. The
iteration loop continued unless the optimum was achieved. The opti-
misation process took 113.5 h for the hemisphere geometry studied in
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MATLAB: Genetic Algorithm Toolbox

1, stitchremoved; .. =D N ki _ 1'2""'Mi)

Bintary Encoding: Rty = {0, stitch remained. U

Updated Input File
(Modify material definition)

1

1

L

]

I

L

T

]

' 1
T— —— -

1

1

s

1

[l

Asaqus/Explicit Solver

(Finite Element Analysis) ! Pi—aPi—gi Pt PiygPisz 1
t i t
A sl il il e o .
Optimisation ? il If i ": H
Criterion t t——t——t -
i i
______ B TN A T N B TR P
1 111
1 1 1
H T
] I

User-Defined Subroutine
(Non-Orthogonal Constitutive Relation)

sl Gh : . pwith stitches _ pyarn rotation stitch
Material i - Stitch remained: F}ith - Ely ety +Fotm

ial i i . pstitches removed _ pryarn rotation
Material ii - Stitch removed: FjaCx =

Fig. 5. Implementation of localised stitch removal optimisation.

the current work, using 4 CPUs in total.
4. Results and discussion
4.1. Implementation of objective function

The optimisation was performed according to the flowchart shown in
Fig. 5, with 16 optimisation variables, using the refined encoding
scheme in Section 3.3. The stability of a GA for delivering an optimum
solution depends on the diversity of the population, which is determined
by the initial chosen population, the population size, and probabilities
for crossover and mutation [17]. For this GA, a population size of 100
was chosen to be greater than twice the total number of variables in the
optimisation. The initial population was generated randomly to ensure
sufficient diversity, while the probabilities of the crossover and muta-
tion were determined adaptively, based on the fitness scores from the
previous generation.

As shown in Fig. 6, the fitness score gradually decreases during the
optimisation and finally converges to its minimum, i.e. —0.7022, after
the 42nd generation. Since a negative fitness score is achieved at the
optimum, the corresponding maximum shear angle should be less than
the wrinkling onset value (i.e. fuaxvc— 1 <0) and the value of
(frsrac —1) is assigned to the fitness score according to the definition of
the combined fitness function. Thus, a stitch removal pattern has been
obtained from the optimisation to produce a defect-free preform and the
corresponding minimum total stitch removal area is 29.78%. From the
8th generation, individuals with negative fitness scores were first
created during the evolution of the GA (see the best fitness in Fig. 6).
This implies that at least one stitch removal pattern (i.e. one individual)
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Fig. 6. Evolution of the fitness score in the intra-ply stitch rem

from the GA population has yielded a defect-free preform since the 8th
generation. The optimum is achieved from the 42nd generation and
perturbations induced by further mutations in the GA during the next 10
generations appear to have no influence on the optimum solution.
Therefore, Fig. 6 confirms that the present level of diversity prevents
local optimum solutions, random selection and instability.

Each individual in the optimisation corresponds to a pair of fyaxvc
and frspac values, which are used to determine the fitness score. Thus,
these values can be used as the (x, y) coordinates to determine a point of
(fuaxve, frsrac) in a 2D space representing an individual in the GA
population. All of the individuals are plotted as a point cloud in blue in
Fig. 7. The line of fyaxvc = 1 (see the vertical black dashed line in Fig. 7)
divides the solution space into two parts, creating a defect-free region on
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Fig. 7. Pareto front of the stitch removal optimisation.

oval optimisation for a 0°/90° NCF with 45° pillar stitches.

the left and a defective region on the right. The Pareto front (purple line
in Fig. 7) indicates a set of solutions that are all independent to each
other, but are superior to the rest of the population for this multi-
objective problem. The optimum solution should therefore be selected
from the Pareto front in the defect-free region and with the minimum
value of frsrac, which is highlighted by a green circle in Fig. 7 (Point
(0.9971, 0.2978)) for the current problem. This is consistent with the
optimum determined using the combined objective function defined in
Section 3.4. Results show that the conversion from multi-objective to
single-objective optimisation for stitch removal can reasonably deter-
mine the optimal solution by converging in the correct direction, i.e.
minimising the stitch removal area with no occurrence of wrinkles. The
MAXVC criterion essentially serves as a filter to sift for defect-free so-
lutions before applying the TSRAC criterion.

As shown in Fig. 8, the combined objective function is able to
distinguish the defect-free individuals from the rest of the GA population
without any overlaps. As a unit offset was applied to both fyaxvc and
frsrac to form the combined fitness function, it prevents any overlap
between the two sub-populations. These results indicate that the
objective can successfully be switched in the stitch removal optimisation
from MAXVC (i.e. minimising defects) to TSRAC (i.e. minimising
removal area).

The minimum value of fuaxvc decreases significantly until the first
defect-free solution (fyiaxvc < 1.0) is found at the 8th generation (see the
blue dashed line in Fig. 9), where it overlaps with one from the defect-
free subpopulation (see the blue solid line in Fig. 9) and continues to
fluctuate around ~0.95 for subsequent generations. This implies that the
dominant optimisation objective is to minimise the maximum shear
angle (MAXVC), which then switches to the other objective among the
defect-free subpopulation to produce the optimum.

As shown in Fig. 10, the overall stitch removal area (i.e. the nor-
malised sum of the optimisation variables) is selected from a wide range
(i.e. from ~0.1 to 0.9), indicating an appropriate diversity of the GA
population. There are overlaps between the defect-free and defective
subpopulations, so it is essential to distinguish them using MAXVC prior
to determining the optimum. According to Fig. 7, (fmaxvc, frsrac) is
equal to (0.9971, 0.2978) at the optimum. The converged minimum
value of frsrac in Fig. 10 does not correspond to the minimum value of
fuaxve (i.e. ~0.92 as shown in Fig. 9). Thus, the optimum solution is a
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——Max value (defect-free)
—— Mean value (defect-free)

—— Min value (defect-free)

= = =Max value (all)
= = =Mean value (all)
= ==Min value (all)

Individuals (defect)

x

Individuals (defect-free)

*

= defect + defect-free

all

»

o x x

X X X X XXX XX
'3 XXX X XK XX X KOO8
XX XX XX X X000

-

~
e ¢
L
SOOOCOOC
\k X X X XXX

-

'l

-

X X XXXXXK

-
® X

a4

XXX X XX

- X
¥
X
x

x

X

X X XX XX XX XXX
X XX X XXX XX0OO

XX XXX X XXX XX b

X X X XX XXXXXXXXVOOoi
V3

XX X XX XXXXXX

bk P

X XX XXXXXXvOOAXngi.

KX XXX XO000K L

KX X X X000 R ey

XK XK RKHXOHK

X XK X XHX

XX XX XX

XX XK

XX XX XX

X XX XXX

XX X XXX

X X X X

=W
3@‘
L

MOE K KKK

XXX =1

XK XK

X X X

1.6

5

1

1.0
0.9

15 20 25 30 35 40 45 50
Generation

10

Fig. 9. Comparison of the MAXVC evolutions among the entire GA population and the defect-free subpopulation.



S. Chen et al. Composites Part B 229 (2022) 109464

-2
*Individuals (defect) - ==Maxvalue (all ——Max value (defect-free)
* Individuals (defect-free) ===-Mean value (all ——Mean value (defect-free)
1 all = defect + defect-free = = =Min value (all) —— Min value (defect-free)
08— ,: 9 s o5 l\ %*'h**%(a****%—é
‘ . HHHHHBHEH I
. HnHHH T HE I
9] A r * % z * * 3 FREE R L * XX #*
< - W R e B & ¥ s &L x XX % x
=06ph 1A AT RN R i i Exd FREEE ax o
v SR AR I T i i % *yox §§ ¥ S
o % Vg, & Th §"x§" < f oyl AT IS Y TR T M
;§§:§x§x;x§§ﬁ§¥§§%§g LN A H— y § $E0L 1
§§ﬁ§§§§§§§§§;§§§~§; §§§§n§.3x§§x : 1
3 g X > X » * : g
04 %%gg ijﬁ_g § T iig X g : x§x§ i
g g%g £R§xx X y R VX KX
E% ;{%é*gi ééﬁgs%}y"f\g%} \,i,(.s
SUTHTHUHHH U G O
‘:*az@riinkxyéd o s \—(\g/ \1, . \i’ *
0.0 | | | | 1 | | | | |
0 5 10 15 20 25 30 35 40 45 50
Generation

Fig. 10. Comparison of the TSRAC value evolutions among the entire GA population and the defect-free subpopulation.

compromise between minimising the occurrence of defects and mini- remain. The stitch removal regions are distributed across both the pos-

mising the stitch removal area, but these two objectives may not be itive and negative shear areas to ensure there is a change in the global

achieved simultaneously. forming response of the blank. A blank was created using the optimised
pattern, as shown in Fig. 11(b), which was formed using the hemisphere
press tool.

4.2. Optimum stitch removal pattern

4.2.1. Influence on wrinkle formation
As shown in Fig. 12 and Fig. 13, the resulting formed shape was
compared against the reference case (i.e. no stitch removal). The images

The optimum intra-ply stitch removal pattern was determined from
the optimisation as shown in Fig. 11. The red elements in Fig. 11(a)
require stitch removal, while the stitches in the blue elements should

(a) Optimum pattern (b) Experiment

Fig. 11. Optimum pattern for intra-ply stitch removal from a 0°/90° NCF with pillar stitches along +45° direction. The red regions denote the stitch removal regions
in the optimum pattern, while the blues regions denote the regions without intra-ply stitch removal.
(a) Optimum pattern (b) Experiment
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Hemisphere convex side

Hemisphere concave side

(a) No removal

Hemisphere concave side

(b) Optimum pattern

Fig. 12. Comparison of the produced preform using the optimum stitch removal pattern against the baseline without stitch removal.

(a) No removal (b) Optimum pattern

confirm that macro-scale wrinkling is successfully eliminated when the
intra-ply stitches are removed according to the optimised pattern, with
sufficient stitch integrity remaining in the meso-scale fibre architecture
to prevent the preform from falling apart. As shown in Fig. 13(a), the
preform surface of the reference case is uneven due to out-of-plane
wrinkles, which influence the mechanical efficiency of the primary
yarns (due to fibre buckling). Macro-scale wrinkles occur within the
positive shear regions in the form of out-of-plane waviness, while meso-
scale in-plane wrinkles mainly occur in negative shear regions due to
constraints from the blank holder.

By removing stitches according to the optimum pattern, both macro-
scale and meso-scale wrinkling is significantly reduced, as shown in
Fig. 13(b). The removal of stitches relaxes any constraints on yarn
rotation, improving the formability of the NCF and therefore eliminating
wrinkles. As the removal area is minimised in the optimisation, the
application of the optimum pattern does not result in other considerable
defects, such as laddering or intra-ply yarn sliding. However, Fig. 13(b)
indicates some small areas of fibre/ply splitting on the surface among
the stitch removal regions, due to shear deformation. This potentially
creates gaps or channels in the surface of the NCF, which may cause
resin-rich regions in the cured composite component and consequently a
reduction in local mechanical properties. These gaps are also likely to
influence the local permeability of the preform and therefore process
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repeatability.

These ply splitting effects are localised and do not occur in all regions
of stitch removal. Whilst the total area of stitch removal was minimised
during the optimisation to reduce adverse effects on the material
integrity, additional constraints may be required to eliminate these
additional side effects. For example, a limit may be required on the size
of each local stitch removal area, or restrictions may need to be imposed
on the location of stitch removal according to the relative orientation of
the primary yarns.

Results indicate that the developed method for stitch removal opti-
misation is able to determine a feasible solution to produce wrinkle-free
NCF preforms by simultaneously considering two objectives: minimising
the wrinkling onset angle and minimising the stitch removal area. The
risk of destroying the meso-scale architecture by excessive stitch
removal was only considered implicitly by means of minimising the
overall removal area. A more comprehensive defect criterion could be
developed to replace the MAXVC to improve optimisation performance.

4.2.2. Influence on shear angle distribution

The normalised shear angle was defined in Section 3.4 as an appro-
priate indicator to identify wrinkling defects in different material re-
gions. The distribution of the normalised shear angle is compared in
Fig. 14 for the baseline and the optimum case. Wrinkling typically
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Positive shear region
(convex side)

Negative shear region
(concave side)

(b) Optimum pattern

Fig. 13. Comparison of detailed defects between the preform using the optimum stitch removal pattern and the baseline (without stitch removal).

(a) No removal (b) Optimum pattern

occurs when the magnitude of the normalised shear angle (i.e. the ab-
solute value) is greater than 1.00. In this hemisphere forming process,
stitch removal results in a significant reduction in normalised shear
angle by using the optimum pattern (see Fig. 14(b)) with respect to the
baseline (see Fig. 14(a)). The magnitude of the normalised shear angle
decreases to less than 1.00 (maximum 0.9971) by adopting the opti-
mised stitch removal pattern. This implies that the occurrence of wrin-
kles is eliminated by the optimisation process, supporting the
observations in Figs. 12 and 13.

For the optimum pattern, the total stitch removal area is 29.78% of
the total blank area, which is the minimum area shown to completely
mitigate wrinkles. This pattern is overlaid on top of the normalised shear
angle distribution of the baseline in Fig. 15 to investigate the distribu-
tion of the stitch removal areas compared to the distribution of the high
shear regions. As shown in Fig. 15, the stitch removal areas are coinci-
dent with the largest over-sheared regions (i.e. the magnitude of the
normalised shear angle larger than 1.00 in light grey). All light grey
regions of wrinkling are contained within Fig. 15(a), with no wrinkle
areas visible in Fig. 15(b). The removal of intra-ply stitches in these
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areas relaxes the local constraints and enables greater rotation of the
yarns. However, a large percentage of the stitch removal area (~80%)
from the optimum pattern is outside of these excessively sheared regions
of the original NCF ply. Whilst the implementation of stitch removal is
local, its effect is not limited to the corresponding regions of high shear.
The formability of material in nearby regions must be changed accord-
ingly to relieve defects caused by over-shearing. Results indicate that
simply removing stitches from the defective regions may not be suffi-
cient to fully mitigate wrinkles.

4.2.3. Influence on material draw-in

Material draw-in is typically measured from the change in the
perimeter shape of the preform, which is an overall indicator of material
deformation during forming. The perimeter shapes are compared be-
tween the simulation and the experiment for the reference and the
optimal case, as shown in Fig. 16. The Root Mean Square Error (RMSE)
of the predicted perimeter for the baseline case (see Fig. 16(a)) is
calculated to be 2.07%, while the RMSE for the optimal case is 3.84%.
The simulation shows good agreement with the experiment for the stitch
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Fig. 14. Comparison of normalised shear angle distribution from simulation. A normalised shear angle >1 or <-1 (light grey) indicates local area of wrinkling. The
punch stroke is 50 mm and 75% interpolation smoothing is used for the contours.
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(a) Inside optimum stitch removal area
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(b) Outside optimum stitch removal area

Fig. 15. Optimum stitch removal pattern overlaid on top of normalised shear angle distribution of the undeformed blank without stitch removal. A normalised shear
angle >1 or <-1 (see light grey areas according to legend) indicates local areas of wrinkling.
(a) Inside optimum stitch removal area (b) Outside optimum stitch removal area

removal case, indicating that the binary approach to modelling the NCF
material with and without stitches is valid. According to Fig. 16, the
difference between the two diagonals is 33 mm for the baseline case and
just 8 mm for the optimum stitch removal pattern. This observation, plus
the change in perimeter shape, confirms that the optimum stitch
removal pattern has successfully reduced the asymmetry of the biaxial
NCF in comparison to the baseline case. This indicates that the optimum
local stitch removal pattern produces a more balanced global material
draw-in profile.

5. Conclusions

Local intra-ply stitch removal was introduced to improve the form-
ability of a biaxial NCF with a pillar stitch pattern. An optimisation
method was developed using a genetic algorithm coupled with a finite
element model to remove stitches selectively, in order to minimise the
occurrence of forming defects whilst simultaneously minimising the
total area of stitch removal. This optimisation method was employed to
determine an optimum stitch removal pattern for a hemispherical
component produced by a press tool forming process. Experimental re-
sults confirmed that macro-scale wrinkling is successfully eliminated
when the intra-ply stitches are removed according to the optimised
pattern, and there is sufficient stitch integrity remaining in the meso-
scale fibre architecture to prevent the preform from falling apart.
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Some small areas of fibre/ply splitting were observed on the surface of
the preform among the stitch removal regions, despite the total stitch
removal area being minimised. Further constraints may be required to
eliminate these side effects, such as controlling the size of the local stitch
removal area.

The stitch removal regions in the optimum pattern are distributed
across both the positive and negative shear areas, indicating that local
stitch removal could have a global effect on the formability, but the
removal pattern is a compromise between the shear performance and
the preform integrity. The effect of stitch removal does not appear to be
limited to just the corresponding regions of high shear, and therefore
simply removing stitches from the defective regions may not be suffi-
cient to fully mitigate wrinkles. The change in perimeter shape shows
that the optimum local stitch removal pattern produces a more global
balanced material draw-in profile, reducing the asymmetry of the fabric.
This demonstrates that the global shear compliance of the biaxial NCF
ply in the positive direction is now similar to the shear compliance in the
negative direction.

In practice, stitch removal could be implemented by laser ablation or
another carefully controlled heat source located on a gantry robot, of-
fering the potential to automate the process for high-speed, low-cost
production. The next step is to establish if local stitch removal patterns
can be created for multi-ply preforms. Theoretically, this should be
possible, but the number of optimisation variables will increase
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Fig. 16. Predicted perimeter shapes of the preforms from simulations compared against experiments. (Perimeters are taken from the concave images in Fig. 12).
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significantly due to the increase in fabric surface area, and therefore it
may no longer be appropriate to directly use the binary encoding
scheme. There are two potential solutions: (1) Optimise each ply indi-
vidually using the developed methodology presented here to provide a
starting point for the optimisation of the stacked plies. Then conduct a
near optimisation for the whole stack, which will require significantly
less computation time. (2) Use coarse division of each ply to identify
potential regions for stitch removal, and then optimise the stitch
removal pattern according to finer divisions within these sub-regions.

Appendix A. Fabric model and implementation
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A hypo-elastic non-orthogonal constitutive model [24,38,39] was employed for the NCF to track the in-plane fibre direction during forming. In the
user-defined VUMAT subroutine, the strain increment is supplied by Abaqus/Explicit in the Green-Naghdi (GN) coordinate frame at each time

increment. The GN base vectors in the initial configuration, °g L (a=1,2,
decomposition of the deformation gradient F as

R=FU"!

g, =R’g,

where U is the right stretch tensor.
The current fibre directions, e; (i=1, 2), are determined using F as

.0
Fle,

where Oeﬂ denote the initial fibre directions.

The corresponding contravariant vectors of e;, (i=1, 2) are

€ — ( /}'%) €

= N
He.r; - (eﬁ'ef,)'ef,

J=12%i#]

13

3), can be updated using the rotation tensor R obtained from the polar

(A. 1)

(A. 2)

(A. 3)

(A. 4)
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The normal vectors of the fabric surface are determined as

e, xe? €l xe,
llew > €[] [le x e |

€p =€ = (A.5)

Consequently, the current fibre coordinate frames corresponding to e;, and ey, are established based on two sets of base vectors, i.e. [e;,, €2, €3] and
[ef1, e, ¢] respectively. The transformation matrices between the GN coordinate frame and the fibre coordinate frames are

8¢, gl'efz g1 e

Q. =Qs_on= | 8¢ gz'ef2 gz'f’f3 (A. 6)
8¢ g¢? gef

g-¢ 1€, g e
Q, =Qsoon = | 8¢ gre, g€ (A7)
ge gye, gy

The strain increment in the GN coordinate frame, degy can be transformed to the fibre coordinate frames
de;, = Qf -deax-Q, (A.8)
Thus, stress increments in the fibre frames can be computed using the corresponding strain increments

doy, =C;; : dey- (A. 9)

where C;, is the constitutive tensor in the ith fibre direction. The explicit forms of Eq. (A. 9) can be determined for the two fibres by assuming the elastic
moduli in the fibre directions and the shear modulus are the only non-zero values:

dO'll Efl 0 0 dgll

doy, =0 0 O dey (A. 10)
d0'12 fi 0 0 G]z(y) d&'[z f

dO'll 0 0 0 dgll

d0'22 =10 Efz 0 d822 (A. 11)
dO']Q f 0 0 G]z(]/) d8|2 5

where, y is the shear angle (y = 2¢;2). It is assumed that the contribution from each yarn to the fabric shear force is equal, therefore G12(y) can be
determined from the normalised shear force (Fnorm) in Table 1:

Fn m L
Gu(y) = o1 (}’) NCF

(A.12)
INCF Lframe

where, tncr is the thickness of each biaxial NCF ply, Lycr is the length of the central region of shear deformation in the picture frame shear test, Lgame is
the edge length of the picture frame.
The stress tensor in each fibre coordinate frame at the end of each time increment (6}:3‘"’) is updated by

o) =0+ dog (i=1,2) (A 13)

where cj‘?[ld is the stress tensor at the beginning of each time increment.

Finally, the stress tensors in both fibre coordinate frames are transformed back to the GN frame and superimposed for updating the stress tensor at
each integration point.

new new T new T
ocn = Q0077 -Q; +Qp,-05-Q,, (A.14)

This value is returned to Abaqus/Explicit from the VUMAT. This loop will be repeated until the end of the forming simulation.
Appendix B. Workflow of Matlab GA Toolbox

Matlab provides a GA Toolbox that was employed to optimise the intra-ply stitch removal pattern. The workflow of this toolbox is as follows [2,40]:
Step 1. Create a random initial population to start the optimisation process.

Step 2. Generate new populations. In each loop, called a “generation”, the GA algorithm assesses the fitness score for every individual in the current
generation and then creates the next population accordingly. In each loop, the new population is created according to the following steps:

(a) Calculate the fitness score for every individual in the current population using the defined fitness function - the so-called raw fitness score.

(b) Convert the raw fitness scores into a useable range of values (expectation values) by scaling.

(c) Select individuals as “parents”, based on their expectation.

(d) Rank the individuals in the current population and choose the individuals with lower fitness scores, called “elites”, which are passed to the next
population.

14
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(e) Produce children from the parents by either mutations (i.e. making random changes to a single parent) or crossovers (i.e. combining the vector

entries of a pair of parents).

(f) Update the current population with the children as the next generation.

Step 3. Repeat Step 2 until one of the GA stopping criteria is met.
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