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A B S T R A C T

Chopped Tape Thermoplastic Composites (CTTCs) offer high formability and performance for complex-shaped
components in the aerospace and automotive industries. However, the mesoscopic discontinuity leads to spatial
variabilities and correspondingly high scatter in the elastic properties of CTTCs due to the random orientations
of chopped tapes and chopped tape-cavity edge interactions. Here we propose a new approach to investigate
the effect of mould cavity edges on chopped tape orientation and hence the mechanical properties of CTTCs.
Based on this approach, a Set Voronoi tessellation was implemented to represent the variability of local
Young’s Modulus and chopped tape-cavity edge interactions occurring during the manufacturing process. It was
confirmed that the chopped tapes align along the edges, and progressively transition to a random orientation
towards the middle of the specimen. The results were validated on moulded specimens and demonstrated the
ability to deconvolute the edge interaction.
1. Introduction

The need for reducing carbon emissions in the aerospace and au-
tomotive industries is leading to the broader adoption of lightweight
structures in primary structures and secondary structures [1,2]. Most
aerospace and automotive structures are made of continuous fibre
composites whereas complex-shaped structures are generally produced
by metalworking due to their elaborate shapes and complex load
paths [3,4]. The need to manufacture lightweight structures and to
reduce energy consumption and production cost has increased the inter-
est in using fibre-reinforced composite materials. However, the limited
formability of continuous fibre composites and the low performance of
short fibre composites motivate research on novel composite material
architectures for complex and net-shaped parts. For example, Chang
and Pratte [5] showed the relative relation between processability and
mechanical performance of fibre-reinforced composites according to
their fibre architectures.

Referred to as Discontinuous Long Fibres (DLF) [5], Randomly
Oriented Strands (ROS) [6,7], Tow-Based Discontinuous Composites
(TBDCs) [8], pre-preg platelets [9,10], chopped carbon fibre tape-
reinforced thermoplastics (CTT) [11–13], flake-based and ribbon-based
composites or, as in this study chopped tapes thermoplastic composites
(CTTCs) composites, there has been great interest in the structure–
property relations of CTTCs. Their architectures offer a significant
processability advantage compared to continuous fibre reinforcement
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without compromising their desirable high fibre volume fraction [5].
However, the prediction of the mechanical response of CTTCs poses
challenges due to the anisotropy and spatial variability of the struc-
tures. Researchers have developed numerous modelling approaches to
generate structural models and estimate their mechanical response [7,
10,14–21]. Despite these many existing modelling techniques, the ef-
fects of the mould edges on the orientation of the chopped tapes have
been found to limited attention. Tuttle et al. [22] showed experimen-
tally that specimens at the edges have high stiffness compared to the
specimens from the centre region of a moulded plate. On the other
hand, component-level manufacturing has been getting attention to
minimise or eliminate production waste due to environmental impacts,
and circularity [23–26]. Understanding the effect of the cavity on
material orientations is essential in optimising component-level man-
ufacturing for minimum production waste and environmental impact.
By gaining a better understanding of this cavity effect, manufacturers
can more effectively control the manufacturing process and material
performance while reducing material waste.

Capturing these materials’ stochastic structure is relevant to un-
derstanding their response. The Random Sequential Adsorption (RSA)
algorithm is a popular method to generate the distribution of CTTCs.
Particles are positioned without overlapping each other until a desired
number of particles is jammed or a defined number of attempts is
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attained [27]. There is no geometrical limitation for particles in the RSA
algorithm to generate a dispersion of spherical particles [27], rods or
single fibres [28–31] and rectangular particles or chopped tapes [32].
In their study about the distribution of cylindrical particles, Evans and
Ferrar [33] examined the effect of the ratio between fibre diameter
and length (aspect ratio) on orientation freedom and fibre volume ratio
and showed that the high aspect ratio reduces the packing fraction
due to a high angular misalignment which causes considerable gaps
between fibres. When it comes to the application of the RSA algorithm
for CTTCs, Chen et al. [32] modified the RSA algorithm to achieve a
high fibre volume fraction by increasing the overlap freedom. However,
in the above work, the boundaries of the distribution area were not de-
fined in the RSA algorithm, making it problematic to obtain a realistic
distribution considering the chopped tape dimension in relation to a
mould cavity dimension.

The general RSA algorithm is not sufficient to limit the boundary
of the mould cavity and to define the full distribution of the tapes.
Li et al. [34] developed a reconstruction approach to establish the
‘process-structure–property’ relationships by applying a Voronoi tessel-
lation algorithm that divides the Representative Volume Element (RVE)
into subregions that have variable area and orientation information.
Feraboli et al. [35] improved a stochastic laminate method to evaluate
the average axial modulus of equivalent quasi-isotropic laminate taking
into account the consolidated structure of CTTCs. Along the same line,
Nakashima et al. [12] focused on the scatter of the flexural modulus
of ultra-thin tapes by considering each rectangular and oriented tape
as an equivalent square ply containing information about the size and
orientation to obtain a laminated structure without resin-rich area.
However, the interactions between chopped tapes with each other and
with cavity edges have not yet been determined.

This study aims to predict the elastic modulus (in-plane stiffness)
of CTTCs considering the mould cavity boundaries through a modified
RSA algorithm. Next, the Set Voronoi Tessellation method is applied
to generate an RVE based on local packing density for non-spherical
particles. The elastic response is locally evaluated by Classical Laminate
Theory (CLT) taking into account virtual equivalent layers based on
locally present chopped tapes. Finally, it is investigated to which extent
this approach is suitable to represent the orientation effects of chopped
tapes related to cavity edges.

2. Modelling

In the literature, equivalent modelling techniques have been im-
proved to predict the mechanical response of CTTCs due to the com-
plexity of the structure [27,33]. The generating of a virtual specimen
includes two main steps to achieve representative CTTC structures.
The first step consists of creating equivalent layers which have local
orientations and elastic properties according to random distribution
and the tessellation algorithms are given in Section 2.1. After achiev-
ing the variable layers, virtual specimens are generated by stacking
the determined amount of layers in the second step is explained in
Section 2.2.

2.1. Randomisation and tessellation algorithms

An RSA algorithm was performed to generate the stochastic dis-
tribution [27]. A random seed point and a random angle in 2D are
generated for the first placement of the chopped tapes. The orien-
tation of the tapes was varied from 0◦ to 179◦ and a step size of
1◦ was chosen. The orientation of the next candidate chopped tape
in a virtual filling process was located according to their neighbour
chopped tapes whilst aiming to prevent overlapping. Chopped tapes
were placed sequentially according to the packing procedure where
an increasing number of attempts have to be made with an increasing
packing density as free space is reduced. If the candidate chopped tape
was deposited on already existing tapes, it was removed by the packing
2

algorithm until a non-overlapped distribution was achieved. This pro-
cess was continued for up to 4000 attempts for each candidate chopped
tape to obtain highly jammed distributions. Because the sequential
distribution reduces the placement possibility due to placed chopped
tapes. An additional condition was added for the representation of
chopped tape-cavity edges interactions of net-shaped specimens. The
finite distribution area was defined as a boundary contour frame, being
rectangular in our case. If the seed point of the candidate chopped
tape was within the boundary, but the chopped tape’s contours collided
with the frame edge, it was eliminated and a new candidate position
was generated. The number of iterations is a trade-off between desired
packing density and computational cost. As illustrated in Fig. 1(a),
boundary-related orientation effects start to dominate as the width of
the frame becomes less than the length of chopped tapes. Thus, it is
noted that the boundary of the distribution area has a prominent effect
on orientations of chopped tapes. This algorithm is further referred
to as the bounded-RSA algorithm in this study. The flow diagram of
the bounded-RSA algorithm and the decision logic of the conditions
are illustrated in Fig. 1(a). Before the algorithm was executed, the
dimension of distribution area (specimen size) and chopped tape sizes
were defined as initial parameters. The length and width of the chopped
tapes for experimental and virtual specimens were 10 mm and 2.5 mm,
respectively. Specimen dimensions of 150 by 60 mm were used.

The Set Voronoi tessellation was chosen due to its applicability
to the rectangular shape of chopped tapes after comparing it to the
conventional Voronoi Tessellation. The desired number of iterations
was also defined to obtain a perfectly non-overlapped distribution for
one layer. The tessellation was generated according to seed points (red
and blue points in Fig. 1(b), respectively) for the conventional Voronoi
whereas points of the bounding surface of tapes (blue and red points in
Fig. 1(b), respectively) were employed to implement the Set Voronoi
tessellation. As shown in Fig. 1(c), the area of the tape exceeds the
green area that represents the cell area and some regions of other tapes
are included in it. The conventional Voronoi tessellation is therefore not
useful for further processing. However, the chopped tape is enclosed
completely via the Set Voronoi tessellation. Based on the Set Voronoi
tessellation, we define the ratio between the chopped tape area (𝐴𝑡 =
𝑙𝑡.𝑤𝑡) and the area of its corresponding cell (𝐴𝑐) [36]. This ratio is called
the local packing density (𝜙) as given in Eq. (1).

𝜙 =
𝐴𝑡
𝐴𝑐

, (1)

As given in Fig. 2(a), the distribution of chopped tapes is shown
with a colour scale to differentiate the individual orientation angle of
the chopped tapes after the filling algorithm.

These local packing density values are scalar numbers between
theoretical bounds between 0 and 1, as shown in Fig. 2(b). The average
local packing density for each layer of virtual DTs specimens is approx-
imately equal to 0.44. This value is the average tape volume ratio of
the non-overlapped DTs layers. The variability is the representation of
the mesoscale material distortion and was obtained based on a Python
Set Voronoi module [36], which was further extended to account for
the boundary.

The elastic properties of AS4/PPS unidirectional (UD) prepreg
chopped tapes (Table 1) are scaled by the local packing density (𝜙𝑖) of
related cells and divided by the average local packing density (𝜙𝑎𝑣𝑔)
of the CTTC layer such that the average mechanical values of each
CTTC layer are equal to the UD AS4/PPS composite to capture the
morphological variabilities without weakening the CTTC layers. The
local mechanical properties of the 𝑖th cell were calculated as:

𝐸1𝑖 = 𝐸1
𝜙𝑖
𝜙𝑎𝑣𝑔

, (2)

𝐸2𝑖 = 𝐸2
𝜙𝑖
𝜙𝑎𝑣𝑔

, (3)

𝐺12𝑖 = 𝐺12
𝜙𝑖 , (4)

𝜙𝑎𝑣𝑔
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Fig. 1. (a) The bounded-RSA algorithm flowchart explains the filling sequence and shows results for specimen widths (b) The Conventional Voronoi Tessellation and resulting
area in the cell, (c) The Set Voronoi Tessellation with its corresponding cell area.
Fig. 2. A virtual DTs layer showing (a) the bounded-RSA, (b) The Set Voronoi Diagram
(c) The homogenised Modulus in fibre direction 𝐸1 within each cell.

Table 1
Elastic properties of AS4/PPS composite with a fibre volume ratio of 59% [37].

Longitudinal modulus, 𝐸11 128 GPa
Transverse modulus, 𝐸22 10.1 GPa
Shear modulus, 𝐺12 5.7 GPa
Longitudinal Poisson’s ratio, 𝜈12 0.37

𝜐1𝑖 = 𝜐12, 𝜐21
𝜙𝑖
𝜙𝑎𝑣𝑔

(𝜐12𝑖, 𝜐21𝑖 ≤ 0.49), (5)

The local elastic properties of the chopped tapes are scaled accord-
ing to the equations given above. The allocation of modified Young
Modulus in the fibre direction for one CTTC layer and the discretisation
of the cells to the partitions are shown in Fig. 2(c). Despite that
collective behaviour with nematic-like packing is observed in Fig. 2(a)
and (b), the homogenised modulus does not demonstrate a readily
observable collective behaviour.

2.2. Laminate analogy and orientation tensor

Due to the RSA algorithm and the Set Voronoi tessellation method,
each cell demonstrates a variable orientation angle and local packing
density. After specifying the local mechanical characterisations of cells
to apply CLT and to calculate the elastic modulus, each cell is discre-
tised according to the determined grid size and 0.1 mm thickness was
chosen according to the processed thickness of the tapes. The CTTC
layers are then combined to generate virtual CTTC specimens as seen
in Fig. 3 and CLT is applied by taking into account that each partition
has its own orientation and mechanical property information.
3

Table 2
Longitudinal and transverse modulus results according to grid sizes.

Grid size (mm) Number of partitions 𝐸𝑥(𝑎𝑣𝑔) 𝐸𝑦(𝑎𝑣𝑔)

2.0 2250 48.69 44.02
1.0 9000 48.67 43.97
0.5 36 000 48.67 43.98

Each grid was assumed as an individual laminated composite to
calculate the membrane term A, coupling term B and bending term D
matrices from the transformed stiffness matrix (Q):

𝐴𝑖𝑗 =
𝑛
∑

𝑘=1
𝑄𝑖𝑗 (𝑧𝑘 − 𝑧𝑘−1) 𝑖, 𝑗 = 1, 2, 6 (6)

𝐵𝑖𝑗 =
1
2

𝑛
∑

𝑘=1
𝑄𝑖𝑗 (𝑧2𝑘 − 𝑧2𝑘−1) 𝑖, 𝑗 = 1, 2, 6 (7)

𝐷𝑖𝑗 =
1
3

𝑛
∑

𝑘=1
𝑄𝑖𝑗 (𝑧3𝑘 − 𝑧3𝑘−1) 𝑖, 𝑗 = 1, 2, 6 (8)

The longitudinal and transverse Modulus was evaluated regarding
the laminate compliance matrix (S):

𝑆 =
[

𝛼 𝛽
𝛽 𝜃

]

=
[

𝐴 𝐵
𝐵 𝐷

]−1

(9)

𝐸𝑥 = 1
𝑡𝑠𝛼11

, 𝐸𝑦 =
1

𝑡𝑠𝛼22
(10)

The sensitivity of the grid subdivision for the CLT analysis of the
chopped tapes laminate was performed for grid sizes of 2 mm, 1 mm
and 0.5 mm (Table 2 and Fig. 4). All grid sizes show almost equal
modulus values which indicate no effect of grid size within this range
of subdivisions. The grid size of 1 mm was selected to balance accuracy,
clarity in material distribution pattern and computational efficiency
based on Table 2 and Fig. 4.

Determination of the number of CTTC layers for proper representa-
tive models was required to perform a convergence analysis. As shown
in Fig. 5, the average elastic moduli 𝐸𝑥 and 𝐸𝑦 increase significantly un-
til the cumulative number of CTTC layers reaches 10 and this increase
continues moderately until 20 DTs layers and eventually converges.
Therefore, the number of CTTC layers was taken as 20 layers to balance
the computational efficiency and accuracy of the CTTC models for the
rest of the study. Evaluation parameters for all virtual CTTC specimens
following were taken for 20 layers and a 1 mm grid size. It is also
noticed that local variabilities in layers cause a drastic decline in global
Young’s Modulus from the first to the second virtual layers due to the
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Fig. 3. Schematic representation of (a) virtual layers of non-overlapping distributions, (b) ply-wise mesoscopic variability for each virtual layer (c) assembled equivalent CTTC
laminate, and (d) partition scale laminated structure.
Fig. 4. Distribution of Longitudinal Modulus results according to grid sizes of (a) 2 mm (b) 1 mm (c) 0.5 mm.
Fig. 5. Convergence analysis for the elastic moduli with respect to the number of CTTC
layers.

coupling terms in the ABD matrix which is for the determination of
symmetric/unsymmetric laminates through the thickness.

The second-order orientation tensor in the two-dimensional field is,

𝛼𝑖𝑗 =
[

𝛼11 𝛼12
]

(11)
4

𝛼21 𝛼22
where 𝛼11 and 𝛼22 are the orientation tensor component along the 𝑥-
direction and 𝑦-direction, respectively. 𝛼11 = 𝛼11 + 𝛼22 = 1 and 𝛼12 =
𝛼21 = 0 (𝛼12 indicates the scale variation in the 𝑥 and 𝑦 directions.)
according to the orientation state [38,39].

𝛼11 =
1
𝑁

𝑁
∑

𝑔=1
cos2 𝜃𝑔 (12)

where 𝑁 is the number of the grid, 𝜃𝑔 is the angle for the 𝑔th grid in
𝑥-direction [40]. (𝛼11 = 1 means perfectly aligned, 𝛼11 = 0.5 means
randomly oriented distribution.)

3. Experimental details

To verify the numerical results, a compression mould with vertical
shut-off for net-shaped CTTC specimens was designed as given in
Fig. 6(a). The mould material was composed of Steel St60 which is
durable under high pressure and high temperature. The mould consists
of three main parts a frame to contour the rectangular shape and, upper
and lower parts for arranging the thickness under even pressure. The
cavity width, length and thickness of the mould were 60 mm, 262 mm
and 2 mm, respectively. The mould was designed to manufacture CTTC
specimens with thicker at the ends aiming to substitute the doublers
in the clamping areas for the tensile test. This design is illustrated in
Fig. 6(b), which aims to induce failure in the gauge area that measures
150 mm (highlighted in red frames) by 60 mm.

Specimens were manufactured with AS4/PPS UD prepreg chopped
tapes whose dimensions in length, width and thickness were 10 mm,
2.5 mm and 0.1 mm respectively. Some specimens were tested as
moulded, whereas others were tested by cutting away the part with the
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Fig. 6. (a) The net-shaped mould (b) cross-section of the mould cavity (c) representation and dimensions of gauge area in specimen.
edge-interacted mesostructures. Fig. 6(c) shows the dimensions of the
edge and centre DTs specimens are 8 mm and 40 mm, respectively due
to the cutting blade thickness that caused a 2 mm loss of the material
while the width of the net-shaped CTTC specimens is 60 mm. For the
comparison, the same dimensions are considered for the representa-
tion of the virtual CTTC specimens. A total of six experimental CTTC
specimens were compared with 25 virtual CTTC specimens.

The mould was placed in the hydraulic press machine (CompoMatic
A4-300) and heated to 305 ◦C temperature before the pressure of 25 bar
was applied for 15 min. The cooling rate was 10 ◦C/min. A Universal
Testing Machine from Walter+Bai AG with a load cell of 100 kN was
used to perform the tensile loading at a rate of 2 mm/min based
on ASTM D3039/D3039M-17 [41] standards for tensile properties of
polymer matrix composite materials.

4. Results

Longitudinal and transverse Young modulus distributions in a CTTC
specimen are depicted in Fig. 7. High scattering has been shown at
the edges of the CTTC specimens in terms of Longitudinal Young
modulus (Fig. 7(b)). The edge orientation is quantitatively supported
by using the second-order orientation tensor in Eq. (12), shown in
Fig. 8(a). Correspondingly, the edges show a highly aligned distribution
whereas the rest of the CTTC specimen is placed randomly as it is
seen that orientation tensors level out around 0.5, which is the same
as for quasi-isotropic laminates [39]. Furthermore, the orientation ten-
sor (green curve in Fig. 8(a)) and longitudinal Young’s modulus (red
curve in Fig. 8(a)) through the width of the specimen exhibit similar
characteristic behaviours.

When the influence of local packing density 𝜙𝑖 on Modulus is inves-
tigated, it is noticed that a low-density fraction is observed at the edges
(Fig. 8(b)). However axial Modulus is more influenced by edge-related
chopped tape orientations than the drop in local packing density. As
a result, the contribution of the CTTCs-cavity edges interactions to the
chopped tape orientation is non-negligible to characterise the CTTCs
composites.

5. Discussion

To illustrate the stochastic nature of the CTTCs, Fig. 9 shows a
decrease in the coefficient of variation of the normalised Modulus and
5

orientation tensor (𝛼11) as the number of plies in a specimen increases.
When analysing Fig. 9(a), it is often important to determine at which
point fluctuations stabilise and the difference between the median and
mean values is minimised. In our study, we found that 16 layers was
the point at which these factors converged, based on a combination
of analysis techniques including the convergence of the range of fluc-
tuations and the minimisation of the difference between the median
and mean values. We also noted that the interquartile range (IQR),
which represents the range between the 25th and 75th percentiles of
the data, was smallest at 16 layers. A smaller IQR suggests less variation
in the data within that range and implies that the data in that range
is more consistent and stable, with minimal fluctuations. Furthermore,
while the median and mean values do get closer after 12 layers, the
difference between them is not minimised until 16 layers. Additionally,
the median being slightly higher than the mean at 17 layers does not
indicate a major deviation from the overall trend. If we look at the
Coefficients of Variance (CoV) values based on the number of layers,
we can observe a more consistent behaviour and low coefficients of
variance in the distributions with a high number of layers (e.g., 16, 17,
18, 19, 20). In conclusion, based on our analysis, we determined that
16 layers were the most appropriate point to measure and analyse the
data in our study. On the other hand, we can see that the median and
mean values are equal at 1-layer specimens. Namely, the distribution
of samples is symmetric. At the 2-layer specimens, a sudden decline
appears and the range between the median and mean values increases
due to the high differences between the samples in the coupling matrix
B; this difference falls within variability after 16 layers. In the same
manner, orientation tensors (𝛼11) based on the number of layers seem
to converge after 16 layers (Fig. 9(b)). It means that a representative
structure can be generated by applying the combination of a bounded
RSA and the Set Voronoi Tessellation algorithms.

The most important result in Fig. 10(a) is the relation between the
size of chopped tapes and the high stiffness region in the specimens.
A distance of 2.5 mm from the edge of specimens, which is equal
to the width of the chopped tapes, has the highest stiffness due to
the high alignment. However, the alignment is still effective up to
a 10 mm distance from the edges of specimens, which corresponds
to the length of the chopped tapes. Furthermore, the centre region
of the virtual CTTC specimens exhibited high fluctuation, while this
fluctuation reduces at the edges. This relates to limited orientation
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Fig. 7. Variability of (a) Longitudinal (𝐸𝑥) and (b) Transverse (𝐸𝑦) Young’s Modulus in one virtual 20 layers CTTC specimen.

Fig. 8. (a) Orientation tensor (b) Local packing density and elasticity modulus monitored through the width of one virtual specimen (𝐸𝑥, 𝐸𝑦, 𝛼11 and 𝜙 are the average values
through the length of one virtual specimen).

Fig. 9. Comparison of (a) normalised longitudinal Young’s Modulus and (b) orientation tensor 𝛼11 in virtual CTTC specimens according to the cumulated number of layers.
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Fig. 10. (a) Deviation of normalised stiffness for all virtual CTTC specimens, also indicating the width and length of the CTTC with respect to the edge (b) Statistical comparison
of experimental (E) and virtual (V) specimens measured on the sliced edges and centre regions from net-shaped CTTC specimens.
variability at the edges. Even though the standard deviation is low, the
CoV is high owing to the orientation differences between the edges and
the centre of the specimens, as shown in Fig. 10(a).

The apparent contribution of the edge effect to longitudinal Mod-
ulus is shown in Fig. 10(b). Numerical and experimental results have
demonstrated a similar characteristic along the edges of CTTC spec-
imens. According to Fig. 10(b), the edges in the experimental and
virtual CTTC specimens present a high range between minimum and
maximum values due to edge regions showing both random and highly
aligned distribution, as opposed to centre regions mostly composed of a
random distribution. Using Welch’s t-test, which is a robust method for
comparing datasets with unequal variances, the 𝑝-value obtained for
the edges is 0.317. This suggests that there is statistical significance,
as the 𝑝-value is higher than the commonly used threshold of 0.05
(Fig. 10(b)). While the agreement between the stiffness values at the
centre of the experimental and virtual specimens may not be ideal (𝑝-
value is equal to 0.035), it is noteworthy that both types of specimens
demonstrate a clear trend of decreasing stiffness from the edges towards
the centre regions.

The experimental results present a higher variability than virtual
specimens because of moulding and testing conditions lead to further
artefacts, such as localised flow layer interruptions and the cutting
process of the specimens. Nevertheless, all types of specimens have
shown similar behaviour according to the regions of the specimens.
Due to the transverse squeeze flow [42] and the initial placement of
tapes, tapes have an increasing tendency to highly align especially at
the edges [22].

Virtual specimens were generated with different lengths and a
constant width (2.5 mm) of chopped tapes to understand the effect of
aspect ratio (length-to-width ratio) on the Longitudinal Young Modulus.
It was shown that the chopped tape-cavity edge interactions are related
to the length of chopped tapes (11(a)). If the aspect ratio is equal to
1, the stiffness distribution of the CTTC specimen through its width is
homogeneous. As the length of chopped tapes increases, the chopped
tape-cavity edge interactions are pronounced. High aspect ratios start
to enhance the stiffness of the centre of the CTTC specimens as the edge
effect expands.

Specimens with a constant aspect ratio of four were generated.
Chopped tape dimensions were chosen 𝐿𝑡 × 𝑤𝑡 = 10 × 2.5, 20 × 5, 30 ×
7.5 (Fig. 11(b)). According to the results, we can categorise the edge
effect as fully and partially dominant considering the regions of the
specimens. As seen in Fig. 11(b), the range of the fully dominant
chopped tape-cavity edges interactions was determined by the width
of the chopped tapes, while the difference between the length and
width of chopped tapes represented the range of the partially dominant
chopped tape-cavity edges interactions.
7

The modelling technique was applied at varying mould widths from
twice the width of chopped tapes (Their size is 2.5 by 10) to ten times
(Fig. 12). It was shown that the narrower the mould width, the stiffer
CTTC structures are obtained. Besides the dimensions of chopped tapes,
the width of the mould cavity is an important parameter to tailor the
mechanical performance of CTTC composites.

In Fig. 13, square net-shaped specimens of eight different sizes were
generated using 2.5 mm by 10 mm chopped tapes to understand the
longitudinal and transverse stiffness distributions through the 𝑥 and
𝑦 directions of the mould size. Characteristics of longitudinal Young
Modulus through the width of the mould are similar to transverse
Young Modulus through the length of the mould. The detailed figures
are presented in Supplementary Material.

6. Conclusion and future work

The effects of the chopped tape-cavity edge interactions on the
mechanical response and the orientation of chopped tapes have been
demonstrated by a new modelling technique. The bounded-RSA algo-
rithm was developed to prevent overlapping and consider the boundary
of the distribution area and its effect on orientation followed by a Set
Voronoi tessellation for generating heterogeneous layers. It is noticed
that the effects of the chopped tape-cavity edge interactions on the
elastic response and orientation tensor of CTTC specimens are rele-
vant features to understanding the net-shaped CTTC specimens. The
bounded RSA combined with the set Voronoi tessellation method is a
suitable method to predict the mechanical properties also for complex
and arbitrary boundaries. Therefore, this tessellation allows for the
consideration of local variability due to the random distribution. It
is demonstrated that the set Voronoi tessellation is a useful approach
to implement the variability of the CTTC composites while consider-
ing the characteristic dimension of chopped tapes. While there is a
quantitative discrepancy between the experimental and virtual models
for the mean stiffness in the centre section, the proposed modelling
approach is able to predict the increased stiffness on the edges and the
spatial dependency of the stiffness based on chopped tape sizes and the
dimension of the cavity. In particular, the simulations predict that the
increased stiffness occurs in a region with a width similar to the length
of the chopped tapes. These findings highlight the potential of this new
modelling technique to further investigate and optimise chopped tape
composites. Furthermore, the study suggests that specimen sizes and
regions are determined according to the dimensions of the chopped
tapes for the statistical reliability of the results of the experimental
work. This study also demonstrates that the edge of the mould cavity
has a high influence on the orientation of the chopped tapes, hence
bridging the modelling gap between unidirectional and quasi-isotropic
specimen configurations according to the dimensions of moulds and
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Fig. 11. (a) Longitudinal Young Modulus through the width of one CTTC virtual specimen according to different aspect ratios (b) Longitudinal Young Modulus through the width
of one CTTC virtual specimen according to different chopped tape sizes with a constant aspect ratio (the dashed line indicating the specimen width).
Fig. 12. Longitudinal Young’s Modulus through the width of one virtual specimen
according to different widths of the mould.

Fig. 13. Modulus distribution through the direction of the square moulds of varying
sizes in mm.

chopped tapes as governing parameters. The size of the region with
high stiffness is determined by the aspect ratio (length-to-width ratio)
and absolute dimensions of the chopped tapes. This study contributes
towards predicting the performance of complex and net-shaped CTTC
components and tailoring the mechanical performance of net-shaped
8

complex structures by mould cavity design and using chopped tapes
with customised aspect ratios. Finally, this technique forms an at-
tractive basis for Finite Element (FE) modelling to investigate the
deformation and predict the failure behaviour of CTTCs.
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