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Abstract

Automated Fibre Placement (AFP) enables the rapid and precise manufacturing of com-
posite structures, but the process inherently introduces defects such as gaps and overlaps,
which can significantly affect structural performance. Most existing studies assess these
effects through coupon-scale testing; however, such an approach may not capture the
influence of structural scale and defect interaction. This study investigates the combined
effects of specimen dimension and defect configuration on stiffness, strength, and dam-
age evolution. Two characteristic defect patterns were examined—aligned and staggered
gaps—across two specimen dimensions. The results reveal different scaling trends for
strength and stiffness between the two configurations. They also show the influence of
specimen size on damage initiation and delamination behaviour. The findings demonstrate
that coupon-based knockdowns cannot be directly extrapolated to structural components
without accounting for defect interaction and scale effects.

Keywords: automated fibre placement; thermoset composites; AFP gaps; defect interaction;
specimen dimension

1. Introduction

Automated Fibre Placement (AFP) has gained popularity for its ability to produce
complex structures with precision and efficiency. The process involves laying down pre-
impregnated fibre tows (prepreg) using robots and layup heads [1]. Its ability to place and
steer individual tows reduces material waste, and allows the manufacturing of laminates
with tailored properties such as variable stiffness (VS) [2] and aeroelastic optimisation [3].
However, despite recent advances in AFP manufacturing [4], several types of defects—such
as gaps, overlaps, wrinkles, bridging, and local fibre misalignments—can still occur due to
a variety of factors, including tool path geometry, steering radius, process parameters, and
material behaviour [5].

The accumulation of small deviations can lead to localised imperfections that influence
laminate quality and structural performance. Understanding how these defects affect the
mechanical response of composite structures is therefore essential for establishing robust
design guidelines and quality assurance criteria.

So far, the effect of defects has mainly been studied at the coupon level. Here, studies
have shown that AFP defects can lead to reductions in stiffness and strength [6-9], affecting
both baseline structure performance as well as damage tolerance. However, the focus on
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coupon-level testing leads to the question: are the observed property reductions primarily
driven by the absolute characteristics of the defect, or are they influenced by the defect-to-
gauge ratio imposed by coupon-scale testing?

The present study aims to address this issue by examining AFP defect characterisation
through the lens of scale and interaction, by exploring how defect effects evolve across
different specimen dimensions and how interactions between defects influence global
performance. The principal conclusion is that both scale and defect interaction play a
critical role in determining structural behaviour, highlighting the need for approaches that
go beyond coupon-level characterisation when developing reliable design criteria for large
aerospace structures.

2. Methodology
2.1. Specimen and Defect Configuration

The specimen geometries and defect layouts were designed to investigate the influence
of structural scale and defect interaction on the mechanical response of AFP-manufactured
laminates. As shown in Figure 1, two nominal specimen sizes were employed: a small
coupon with a gauge dimension of 75 mm x 25 mm, and a large coupon with a gauge
dimension of 150 mm x 50 mm, corresponding to a four-fold increase in surface area.

The small coupons were designed first, and then used as the basis for the development
of the larger specimens. Two distinct scaling strategies were adopted for the large coupons:
(i) a direct scaled-up version of the small coupon, and (ii) a repeated configuration in which
the small coupon layout was replicated two times along both specimen length and width,
to preserve the same gap spacing and alignment pattern within the larger specimen.

75mm

175mm

150mm

350mm

Figure 1. Small and large specimens’ dimensions.

All configurations incorporated manufacturing gaps with a nominal width of 6.35 mm.
To replicate AFP-induced placement defects, these gaps were introduced in the 90° plies
of the layup [+45, —45,0,90],¢, by deliberately not placing a single tow. The various
configurations are summarised below.

Aligned group

Figure 2a shows the configuration of the aligned group specimens. The Small Aligned
specimen contained four aligned gaps located at the centreline of the specimen. The Large
1Aligned configuration was a scaled-up version of the Small Aligned specimen, maintaining
four aligned gaps positioned along the centreline within the larger gauge area. The Large
2Aligned configuration contained eight aligned gaps arranged as two sets of four, represent-
ing a two-times duplicate of the Small Aligned layout along the width and length of the
larger specimen.

Staggered group

Analogous to the aligned group, staggered configurations (Figure 2b) were designed to
distribute defects along the specimen length. In the Small Staggered specimen, one defect was
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placed in each of the four 90° plies, with a longitudinal offset of 12.7 mm between successive
defects to ensure even spacing along the length. The Large 1Staggered specimen contained
four staggered gaps distributed over the larger gauge length, maintaining the same relative
offsets. Finally, the Large 25taggered configuration incorporated eight staggered gaps,
representing a double repetition of the Small Staggered pattern in both the 0° and 90°
directions within the larger specimen.

Aligned 175x25mm

1Aﬁgned 350%50mm 2Aﬁgned 250x50mm

90°

+45
-45
0

[T 90 [ 1
+45
-45
0

[ 90 [1 |

[1 20 L L]
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+45

[ 90 [T 1
0
-45

som™ 45 somM
150mm 150mm
(a)

Staggered 175x25mm

1Staggered 350x50mm 2Staggered 350x50mm

+45

+45 1

+45

+45 somm

m
150mm 50m 150mm

(b)
Figure 2. Defect configuration schematic: (a) Aligned group.(b) Staggered group.

2.2. Manufacturing and Test Setup

The laminates containing defects were produced using an AFP system located at
the SAM XL research centre. The system comprises an AFP-XS head (ADD Composites)
mounted on a KUKA KR 210 R2700 industrial robotic manipulator (KUKA Robotics,
Augsburg, Germany). Pristine specimens were manufactured by hand layup. The material
used was a thermoset carbon fibre-reinforced polymer (CFRP), Deltapreg unidirectional
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M30SC-150-DT120-34F, supplied by Toray Group (Tokyo, Japan) as pre-sliced tows with a

nominal width of 6.35 mm (i inch).

The laminates were cured in an autoclave at 120 °C with a pressure of 6 bar following
a standard cycle as advised by the manufacturer on the technical datasheet [10]. Specimens
were cut to size using a Compcut ACS 600 system, then tabbed with GFRP tabs (Hexcel
7581 glass/epoxy) of 1.9 mm thickness that were tapered at an angle of 15°.

A random speckle pattern was applied to the specimen surface to enable full-field
strain measurements via three-dimensional Digital Image Correlation (3D DIC, Correlated
Solutions, Inc., Columbia, SC, USA). Virtual extensometers were employed to determine
axial stiffness, while out-of-plane deformations such as curvature and secondary bending
induced by waviness were also captured through DIC analysis. Two acoustic emission (AE)
sensors (Vallen Systeme, VS900-M) were mounted on some specimens to detect the onset of
delamination during testing. The AE acquisition system was configured with a sampling
rate of 2 MHz and a threshold of 55 dB. Ultrasonic C-scan inspections were performed in a
water tank for one specimen of each defect configuration at 0%, 55% , 65%, 75% and 85% of
failure load, to assess the evolution of delamination. Conducting these inspections required
interrupting the load application and removing the specimen from the test rig.

Mechanical testing was conducted under uniaxial tensile loading using a Zwick
250 kN universal testing machine (ZwickRoell, Ulm, Germany) at a displacement rate
of 1 mm/min. To prevent slippage during testing of larger specimens, 120-grit mesh
sandpaper was applied at the clamping regions.

3. Results
3.1. Strength and Stiffness

Table 1 presents the strength and stiffness values for the different specimen config-
urations relative to the baseline laminate without defects. Distinct trends are observed
between the aligned and staggered defect layouts.

Table 1. Summary of tensile strength and axial stiffness results for all defect configurations.

. . Tensile Strength Axial Stiffness
Defect Configuration
Average Value (MPa) Knockdown (%) Average Value (GPa) Knockdown (%)

Pristine 9353 +5.0 Baseline 55.79 £ 0.22 Baseline
Small Aligned 817.0 £ 129 —12.6% 53.85 + 0.57 —3.5%
Large 1Aligned 884.8 £ 9.4 —5.4% 53.95 £+ 0.20 —3.3%
Large 2Aligned 837.8 £5.1 —10.4% 54.53 £ 0.28 —2.3%
Small Staggered 883.0 £17.6 —5.6% 53.91 +£0.24 —3.4%
Large 1Staggered 901.4 104 —3.6% 55.04 4- 0.28 —1.4%
Large 25taggered 911.8 £ 7.5 —2.5% 51.95 + 0.37 —6.9%

For the aligned group, specimen scaling has a clear effect on the measured strength.
The strength knockdown increases from 5.4% for the Large 1Aligned specimens to 12.6% for
the Small Aligned configuration, indicating a pronounced scale effect on failure strength. In
contrast, stiffness is not strongly affected by scaling in these configurations. All aligned
configurations exhibit a similar reduction in stiffness of approximately 3%, irrespective of
specimen size or number of defects.

The staggered group displays an opposite trend. In this case, the strength is not
significantly influenced by changes in specimen configuration, suggesting that staggering
mitigates the interaction effects observed in the aligned layouts, which will be explained
in the Section 4. However, stiffness shows a clear dependence on specimen configuration:

https://doi.org/10.3390/engproc2026133136


https://doi.org/10.3390/engproc2026133136

Eng. Proc. 2026, 133, 136

50f8

~ Aligned

mm)

the reduction ranges from 1.4% for the Large 1Staggered specimens to 6.7% for the Large
2Staggered configuration. This observation suggests that staggered gaps primarily affect the
initial elastic response rather than the ultimate strength.

3.2. Delamination Behaviour

The delamination patterns were observed to be strongly influenced by the defect
configuration. In the aligned group (Figure 3a), edge delamination consistently showed the
same characteristic shape and was observed to terminate at the locations of the gaps. This
behaviour can be attributed to the presence of the 90° ply gaps located along the laminate
mid-plane. These gaps allow local bonding between the adjacent 0° plies, effectively
arresting delamination growth at the 0/90° interfaces and creating a series of discrete
delaminated regions bounded by the gaps.

Delamination Area Evolution
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Figure 3. Delamination evolution from C-scan data: (a) C-scan plots at 75% failure load (aligned
group). (b) Delamination area evolution at different % failure loads (aligned group). (c) C-scan plots
at 75% failure load (staggered group). (d) Delamination area evolution at different % failure loads
(staggered group).

In contrast, for the staggered group, shown in Figure 3c, the gaps did not exert such a
clear influence on the overall delamination shape. Instead, specimen dimensions appeared
to play a more significant role in governing delamination area. As shown in Figure 3d, the
delaminated area evolution, expressed as a percentage of the total surface area, reached
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approximately 34% and 36% for the Large 15taggered and Large 2Staggered specimens at 85%
of the failure load. In comparison, the Small Staggered specimen exhibited substantially
larger delaminated areas, up to 69% under the same load level.

To a lesser extent, a similar trend can be observed within the aligned group in
Figure 3b. This is because the delaminated area remained relatively low, with the Small
Aligned coupon reaching approximately 25% delaminated area at 85% of the failure load,
compared to 69% for the Small Staggered specimen. These observations indicate that both
defect interaction and specimen scale can influence delamination behaviour.

3.3. Damage Initiation

Acoustic emission (AE) monitoring was employed to detect acoustic waves generated
by damage events during mechanical loading. From the measured AE data, a sentry
function (1) was computed to identify the onset of damage, it is defined as the logarithmic
ratio between the mechanical energy and the cumulative AE energy. This parameter has
been shown to provide valuable insight into the progression of damage within composite
laminates, where distinct trends in the sentry function correspond to different stages of
damage evolution [11].

- 18

where E;;(d) is the mechanical energy (area under the load—displacement curve), E4g(d) is

the cumulative AE energy and d is the displacement.

In this study, particular attention was given to sudden drops in the sentry function. As
the sentry function represents a ratio, an abrupt decrease indicates either a sharp increase
in AE activity, or a sudden drop in stiffness. This suggests the occurrence of a significant
event such as the initiation of macro-scale damage.

Figure 4 illustrates the comparison of damage initiation behaviour between the smaller
and larger coupon configurations. The vertical markers in the plots indicate the strain
levels corresponding to the first sudden drop in the sentry function, which were interpreted
as the initiation points of macro-damage. In the aligned group, larger specimens exhibited
damage initiation at higher strain levels compared with the smaller coupons. A similar
trend was observed for the staggered group, suggesting that specimen scale influences the
strain threshold for the onset of damage in AFP-manufactured laminates.
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Figure 4. Sentry function with labelled first sudden drop: (a) Aligned group. (b) Staggered group.
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4. Discussion

The experimental results revealed distinct trends in how specimen dimension and
defect configuration affect the mechanical response of AFP-manufactured laminates. Oppo-
site sizing trends were observed for the two defect configurations: in the aligned group,
specimen dimension significantly influenced tensile strength but had little effect on stiffness,
whereas in the staggered group, the influence was reversed, with stiffness being more
affected than strength.

These contrasting behaviours can be explained by the different ways in which defects
interact within the laminate. In the aligned group, neighbouring gaps are positioned
directly along the specimen centreline, resulting in an accumulation of local waviness and
increased out-of-plane deformation in the adjacent plies. This compounded waviness pro-
motes local bending and interlaminar stress concentrations that strongly influence failure
strength. Furthermore, the 90° ply gaps in the aligned specimens interrupt delamination
propagation along the laminate edges by enabling adjacent 0° plies to bond locally. These
regions act as delamination arrest points, generating high interlaminar stresses and altering
the load redistribution mechanism during progressive failure. As these delaminations stop
and their spacing being dependent on specimen size, the overall strength of the laminate
becomes scale-sensitive. In contrast, the staggered group exhibits reduced interaction
between neighbouring gaps. Their reduced waviness, together with the limited interaction
between defects, leads to a relatively constant tensile strength across specimen dimensions.
Such behaviour is consistent with the weakest-link theory, where failure is governed by the
most critical local defect. However, the staggered defects still induce changes in local strain
field, which accumulate across the larger laminate area and lead to measurable changes in
global stiffness. The response therefore becomes more sensitive to scale in stiffness than
in strength.

5. Conclusions

This study investigated the influence of specimen dimension and defect interaction on
the mechanical behaviour and damage development of AFP-manufactured laminates. The
results demonstrated that both testing scale and defect configuration significantly affect the
observed response.

With increasing specimen dimension, a smaller relative delaminated area was observed
at equivalent percentages of failure load, and damage initiation occurred at higher strain
levels. These findings indicate that larger specimens exhibit a delayed onset of macro-
damage and a more confined delamination evolution compared with smaller coupons.
Defect interaction also played a crucial role. The staggered group and aligned group
displayed distinct delamination patterns and strain responses, leading to opposite scaling
trends between the two configurations.

Opverall, the results emphasise that knockdown factors derived from coupon-scale test-
ing cannot be directly extrapolated to structural applications. AFP-induced defects do not
act independently; design guidelines should consider their interaction with neighbouring
defects, layup position and scale.

Future research should focus on modelling the local damage evolution mechanisms
to better understand why larger specimens exhibit smaller delaminated areas and de-
layed damage initiation. Incorporating these interactions into predictive models would
allow the development of more accurate defect tolerance criteria for AFP-manufactured
aerospace structures.
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