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The structural efficiency of filament-wound composite cylinders is critically limited by
geometric imperfection sensitive buckling. Traditional design methodologies account
for this using empirical knockdown factors (KDFs), which, though conservative, result
in overweight and suboptimal structures. This work presents an imperfection-tolerant
multi-objective  optimisation framework that integrates experimentally measured
imperfections, surrogate-assisted modeling, and advanced global search algorithms to
enable aerospace-relevant design of variable-angle filament-wound cylinders.

Imperfection fields obtained via digital image correlation (DIC) are compressed by
principal component analysis (PCA) and expanded with Latin hypercube sampling (LHS)
to produce statistically consistent synthetic datasets. Consequently, the resulting fields are
mapped onto finite element (FE) models in order to perform an evaluation of mass (M),
nonlinear collapse load (P.;), and eigenvalue buckling of the corresponding perfect geometry
(RLperfect). Consequently, KDFs are computed to quantify the imperfection sensitivity. GPR
surrogates are trained for these responses, with adaptive Kriging enrichment guaranteeing
the accuracy of the surrogate models within those regions of high predictive variance. Model
generalisation is verified by means of cross-validation (CV), whereas sensitivity analysis
identifies the winding angles that dominate structural performance.



The tri-objective optimisation problem of minimising mass while maximising P, and
KDF is addressed using two complementary multi-objective strategies, independently: the
Bayesian optimisation (BO) framework, which exploits surrogate uncertainty to accelerate
convergence, and the Non-dominated Sorting Genetic Algorithm II (NSGA-II), which
promotes global exploration through evolutionary search. Feasibility constraints on mass
and imperfection robustness were enforced, and Pareto-optimal sets were benchmarked using
convergence histories and hypervolume indicators, revealing the superior sample efficiency
of BO and the strong exploration capacity of NSGA-II.

These results confirm that the adoption of realistic imperfection statistics, uncertainty-aware
surrogates, and optimisation strategies allows a unique, imperfection-tolerant methodology
for VAFW cylinders. In fact, the framework provides quantitative insight into the tradeoffs
among lightweight efficiency, buckling strength, and robustness, thus offering design
guidelines for next-generation aerospace structures.
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Symbols and abbreviations

Latin characters

A;B;D
aj;bj
Dr(q;2)
EiE>

Exx

F

Laminate extensional, coupling, and bending stiffness matrices N=m; N; N m

Regression coefficients linking PCA mode j to mean winding angle
Radial imperfection field after FE mapping

Longitudinal and transverse Young’s moduli

Axial strain including nonlinear term

Resultant force

G12;G13;Gy3 Shear moduli of the lamina

H

K;Kg; Kr
M(x)

Per
P;U;W
R;r
RLperfect
r=t

t:t.

tiow

u,w

Cylinder height

Elastic, geometric, and tangent stiffness matrices
Structural mass corresponding to design vector X
Nonlinear collapse load of the imperfect cylinder
Total potential, strain, and external work energies
Cylinder radius

Linear buckling load of the perfect geometry
Radius-to-thickness ratio (geometric slenderness)
Local and effective ply thickness

Nominal tow thickness

Axial and transverse displacement components

Greek characters

I
m(x)

N2
f

P
r

s2(x)
Qi

Subscripts

cr

Lowest eigenvalue corresponding to first buckling mode
Predictive mean of the GPR surrogate

Poisson’s ratio

Buckling mode shape (eigenvector)

Mathematical constant (3:14159::)

Material density

Predictive variance of the GPR surrogate

Winding angle of the i-th axial segment

Nonlinear collapse load

Effective or corrected property

kg

GPa

GPa

:m3



Refers to the i-th axial segment

perfect Perfect geometry case

tow Tow-level property (thickness/width)
Abbreviations

AFP Automated Fibre Placement

BO Bayesian Optimisation

Cv Cross-Validation

DIC Digital Image Correlation

FE Finite Element

GPR Gaussian Process Regression

HV Hypervolume indicator

KDF Knockdown Factor

LHS Latin Hypercube Sampling

MPC Multi-point Constraint

NSGA-II  Non-dominated Sorting Genetic Algorithm II
PCA Principal Component Analysis

S4R Four-node shell element with reduced integration (Abaqus)
SA Sensitivity Analysis

TFP Tailored Fibre Placement

VAFW Variable-Angle Filament-Winding

VS Variable Stiffness

Dimensionless numbers

KDF
NRMSE
R2
RMSE

Ratio Pe;=RLperfect indicating imperfection sensitivity
Normalized Root Mean Squared Error
Coefficient of determination

Root Mean Squared Error
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1 Introduction

Composite cylinders are widely used in high-performance engineering applications (Ma,
Zhang, Wriggers, Gao & De Lorenzis, 2014, p. 62) because of their exceptional
stiffness-to-weight and strength-to-weight ratios. In the aerospace and aeronautical sectors,
they form the backbone of fuselage sections in modern aircraft, cryogenic fuel tanks, and
pressure vessels in spacecraft. Similar structural concepts are also applied in marine risers,
pipelines, and lightweight civil structures, where weight reduction is critical. The timeline

in Figure 1 highlights the progressive adoption of composite materials in aircraft structures,
from early applications in interiors to modern all-composite airframes. In these demanding
applications, structural ef ciency must be balanced with reliability, since sudden buckling
can lead to catastrophic failures. This dual demand for lightness and safety motivates
continuous research into the buckling behaviour, imperfection sensitivity, and optimisation
of lament-wound composite cylinders.

Figure 1: Evolution of composite materials in aerospace structures (Wang, Almeida Jr.,
Ashok, Wang & Castro, 2022, p. 140).

Over the past decade, notable progress has been made in understanding and designing
composite cylinders subjected to axial compression. A pivotal advance was the introduction
of variable-stiffness (VS) composite cylinders, which harness bre steering to transcend
conventional 45 or 90 layups and thereby unlock previously inaccessible tailoring
potential (Almeida Jr., Bittrich, Jansen, Tita & Spickenheuer, 2019, p. 8). A decisive
breakthrough followed in 2021, when Castro and colleagues demonstrated, for the rst
time, the full- eld measurement of geometric imperfections in composite cylinders using
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a digital image correlation (DIC) setup (Castro, Almeida Jr., St-Pierre & Wang, 2021,
pp. 5-10). Owing to the limited eld of view, a single stereoscopic camera pair was
able to capture only an arc of approximately 60° of the circumference in each acquisition.
The specimen was therefore rotated incrementally, Figure 2, and the resulting sectors were
subsequently stitched to reconstruct continuous imperfection maps over the fulll3g&&e

data sets formed the fundamental experimental basis of imperfection-sensitive analysis,
where nonlinear simulations, knockdown factor analysis, and validation against compression
tests could be done.

Figure 2: Sequential DIC acquisitions of a composite cylinder showing the initial rotation
of each DIC transformed data to their nominal position (Castro et al., 2021, p. 4).

Building on this principle, Almeida Jr. and co-workers established an integrated
work ow for variable-stiffness composite cylinders that combines design, optimisation,
manufacturing, and experimental validation (Almeida Jr., St-Pierre, Wang, Ribeiro, Tita,
Amico & Castro, 2021, pp. 2-5). Representative constant-angle and bre-steered families
were considered, showing both the manufacturability of steered architectures under realistic
process constraints and the performance improvements obtained when stiffness is spatially
tailored. These studies provided the link between geometric imperfection characterisation
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and optimisation, forming the basis for surrogate-assisted design. More recently, Almeida
Jr. and his team extended this direction by introducing a Bayesian optimisation framework
for variable-stiffness cylinders (Almeida Jr., Ashok, Uzair & Castro, 2025, pp. 2-6),

demonstrating surrogate-based mass minimisation under explicit manufacturing constraints.

However, a critical gap remains: the systematic inclusion of imperfection sensitivity
and reliability within the optimisation process. Conventional optimisation is typically
carried out on idealised geometries, relying on linear buckling predictions that substantially
overestimate structural capacity. Experimental campaigns have consistently shown
that geometric imperfections can reduce the effective buckling load by approximately
20-40% compared to the idealised prediction (Kepple, Prusty, Pearce, Kelly, Thomson
& Degenhardt, 2013, p. 5333; Kepple, Herath, Pearce, Prusty, Thomson & Degenhardt,
2015, p. 396; Bolton, 2020, p. 44). This persistent discrepancy underscores the need
for optimisation frameworks that explicitly incorporate imperfection variability and its
associated uncertainty as core design drivers, rather than post-hoc corrections.

Although systematic optimisation frameworks and high- delity imperfection datasets are
now available, these two advances have so far remained largely separate. Existing
optimisation studies (Almeida Jr. et al., 2021) have focused on manufacturability and
performance of idealised or simpli ed geometries, while experimental campaigns (Castro
et al., 2021) have characterised realistic imperfections without embedding them directly into
the optimisation loop. This disconnect highlights the need for an integrated framework that
uni es imperfection realism with design optimisation.

This study addresses that need, building upon the optimisation and design frameworks
introduced by Almeida Jr. et al. (2021) and Castro et al. (2021), and motivated by
reliability-focused studies such as those by Almeida Jr. et al. (2025), the present
work extends previous methodologies toward an imperfection-tolerant multi-objective
optimisation framework. Speci cally, reliability is interpreted in terms of imperfection
sensitivity and quanti ed using knockdown factors (KDFs), bridging the gap between
linear buckling predictions and nonlinear collapse loads. By doing so, the work directly
continues where earlier studies concluded: from demonstrating optimisation feasibility and
experimental validation to embedding geometric imperfections into the optimisation loop
itself.

1.1 Motivation

The push towards lighter yet stronger structures is the main feature of modern aerospace
and aeronautical engineering, where the weight saved is directly converted into the gain
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of payload ef ciency and cost reduction. Fibre-reinforced polymer (FRP) composites can
meet these requirements by offering high stiffness-to-weight and strength-to-weight ratios
with manufacturing exibility. Fibre-steered cylinders are especially appealing in terms
of composite architecture, which can be employed in fuselage components, launch vehicle
structures, and pressure vessels, since they allow the steering to redistribute the stiffness and
capable to postpone buckling. Imperfection sensitivity, however, is a critical underminer
of the lightweight potential of shell structures since they can reduce the buckling capacity
of composite shells. Even though VS composite cylinders allow bre steering tailoring,
this increased design freedom comes with challenges. The resulting design space is highly
nonlinear (high-dimensional) and the architecture can be complex, which may compromise
manufacturing.

The main motivation of this work is therefore to establish an imperfection-tolerant
multi-objective optimisation framework that integrates experimentally measured
imperfections with surrogate-assisted modelling. By doing so, the study aims to
advance the design of such cylinders from purely theoretical optimisation studies
toward aerospace-relevant methodologies that explicitly account for geometric imperfection
sensitivity, computational tractability, and the multi-objective trade-offs among mass,
buckling strength, and robustness.

1.2 Research gap and contributions

Despite signi cant advances in the design and optimisation of lament-wound composite
cylinders, several gaps remain that limit the applicability of current frameworks to
aerospace-relevant VS composite structures:

Lack of realistic imperfection integration: Most optimisation studies rely
onidealisedd geometries or simplied imperfection shapes (e.g., eigenmodes,
sinusoidal patterns). These do not capture the stochastic and spatially irregular
imperfections observed in manufacturing and measured experimentally using DIC
(Castro et al., 2021).

Insuf cient reliability framing: Conventional optimisation relies primarily on linear
eigenvalue buckling predictions, which consistently overestimate capacity. While
KDFs provide a practical correction, few optimisation frameworks have incorporated
KDF-based reliability measures directly into the design process.

Computational intractability of nonlinear analyses: Nonlinear FE simulations with
imperfections are essential for realistic buckling predictions, but their computational
cost becomes prohibitive when exploring the design space of VS cylinders under
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uncertainty.
To address these challenges, this study introduces the following key contributions:

1. Experimentally measured imperfection maps of an eight-segmented VS composite
cylinder by Castro et al. (2021), available at (Castro & Almeida Jr., 2021), are
reduced via principal component analysis (PCA) and expanded with Latin Hypercube
Sampling (LHS), producing a statistically consistent dataset for optimisation.

2. A framework is established where imperfection sensitivity is quanti ed by KDF,
enabling the simultaneous optimisation of mass, nonlinear buckling load and
robustness to imperfections.

3. Gaussian Process Regression (GPR) surrogates are developed for mass, nonlinear
buckling load of an imperfect cylinder ¢ and linear buckling, or collapse, load of
the perfect cylinder (Rlerrec)- KDF is consistently derived from these surrogates,
ensuring physical delity while avoiding redundant training.

4. Building on the previous works by Almeida Jr. et al. (2021) and Castro et al. (2021),
this study advances from de ning design variables and constraints toward embedding
imperfection realism and robustness directly into the multi-objective optimisation
loop, thereby providing an aerospace-relevant methodology for bre-steered
composite cylinders.

1.3 Scope and assumptions

As earlier described, this study is focused on the buckling and optimisation of a bre-steered
composite cylinder, a con guration experimentally validated by Almeida Jr. et al. (2021)
and shown in Figure 13, which is divided into eight equal axial segments, each assigned
an independent winding angle within the manufacturable bounds ofg%3. This
segmentation provides suf cient design freedom to explore the tailoring potential of VS
structures, while remaining representative of practical winding constraints.

The scope is deliberately restricted to the in uence of geometric imperfections on buckling
behaviour. Experimental imperfection elds, measured using DIC and reported by Castro et
al. (2021), serve as the primary source of variability. These elds are reduced using PCA and
expanded via LHS to generate a statistically consistent imperfection database for surrogate
model training. Other sources of uncertainty, such as bre misalignment, voids, matrix
cracking or material property scatter are acknowledged as relevant but are not explicitly
considered.

All the analyses are conducted in quasi-static uniaxial compression, a representative load
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case in composite shells used in aircraft and spacecraft. The cylinders were clamped at the
bottom end and vertical displacement was allowed at the top end of the shell (Almeida Jr.
etal., 2021, p. 3). The compressive load was applied onto a reference point connected to the
edge of the top end through multi-point constraints (MPC).

Performance is evaluated in terms of three objectives: structural mass M(x), nonlinear
collapse load g(x), and the knockdown factor, which is:

Per(X)

KDF() = RLperfec(X)

(1)
where Rberfec(X) is the linear buckling load of the corresponding perfect cylinder. This
choice of objectives allows the framework to balance lightweight ef ciency, absolute
buckling strength, and imperfection tolerance.

With these assumptions, a surrogate-based multi-optimisation framework is developed
to maximise the buckling load and KDF, and minimise the weight of variable-angle
lament-wound composite cylinders under uniaxial compression by considering
experimentally measured geometric imperfections into the analysis and using experimental
mechanical data to validate the proposed approach.
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2 Background

Composite cylindrical shells are widely used in aerospace and mechanical systems because
of their high strength-to-weight ratio and their ability to ef ciently carry axial and bending
loads (Almeida Jr. et al., 2019, p. 1). They are central to launch vehicle structures, satellite
platforms, and pressure vessels, where mass ef ciency is a primary design driver (Pan, Qu,
Yang, Huang, Li & Ke, 2022, p. 1252).

Advances in automated bre placement now enable variable-stiffness (VS) cylindrical shells,
in which bre orientation is steered along the geometry to enhance buckling resistance
(Rouhi, Ghayoor, Hoa, Hojjati & Weaver, 2016, pp. 116-118). By locally tailoring stiffness,
VS laminates allow delaying the onset of buckling, redistributing loads more effectively,
and reducing material usage while maintaining structural performance (Coskun & Turkmen,
2023, pp. 15-16).

However, these bene ts are strongly constrained by imperfection sensitivity. Geometric
deviations such as bre misalignment, ovalisation, and surface waviness (Zheng & Chen,
2018), often introduced under aggressive steering conditions, can lead to substantial
reductions in the effective buckling capacity (Ma, Wang, Wang, Hao & Wang, 2021, pp. 1-2).
This makes the reliable use of VS cylinders dependent on how imperfection variability is
guanti ed and incorporated into the design process.

To realise the theoretical bene ts of VS structures in practice, it is essential to incorporate
imperfection effects and nonlinear response into design frameworks. This has led to the
use of surrogate-based optimisation and high- delity simulations to evaluate post-buckling
behaviour and reliability under uncertainty. (Guo, Hang, Wang, Hui & Xie, 2020, pp. 1-6)

2.1 Variable-stiffness composite cylinders

Variable-stiffness composite cylinders are an evolution of traditional composite shell
structures, in which the bre orientation is no longer constant but deliberately varied
along the shell surface. As shown in Figure 3, VS composites may be achieved through
several tailoring strategies, including variable-thickness, variable-angle tow, ply-drop, and
bre-volume fraction variation. Among these, variable-angle tow laminates, enabled by
advanced bre placement technologies, are of primary interest in this study, particularly
in the cylindrical shell con guration.
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Figure 3. Schematic classi cation of VS composites (Punera & Mukherjee, 2022, p. 918).

Enabled by advanced manufacturing techniques, these spatially tailored laminates allow
engineers to align reinforcement directions with anticipated stress trajectories, enhancing
structural performance beyond the limits of constant-stiffness (CS) designs (Rouhi et al.,
2016, pp. 118-122), as summarised in Table 1.

Variable-stiffness composite cylinders offer signi cant design freedom, enabling tailored
stiffness distributions that enhance buckling resistance, improve stiffness-to-weight ratios,
and increase damage tolerance. Curvilinear bre paths can be used to delay local instabilities
by redistributing load more uniformly along the shell wall (Zheng & Chen, 2018, p. 1).
Optimisation studies consistently show that VS con gurations can achieve substantially
higher buckling capacities than equivalent CS designs, with reported gains on the order of
15% or more depending on loading and curvature conditions (Pan et al., 2022, p. 1269).
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Table 1. Comparison between CS and VS composite cylinders

Aspect CS Cylinder VS Cylinder

Fibre Uniform along entire structure Spatially varied; tailored to load

Orientation (e.g., 45 ) paths

Design Narrow design space limited byGreatly expanded design space

Flexibility discrete ply angles through bre steering (Li, Chen,
Chen & Song, 2023, p. 1)

Buckling Lower, due to lack of localized Higher, with bre steering

Capacity stiffness control (Pan et all,following stress trajectories

2022, p. 164; Zheng & Chen,
2018, p. 1)

Structural Over-designed in low-stressMass-ef cient; concentrates

Ef ciency zones, resulting in extra weight material where needed (Rouhi,
Ghayoor, Fortin-Simpson,
Zacchia, Hoa & Hojjati, 2018
p. 151)

Stress Poor adaptability near cutoutsBetter stress redistribution

Adaptability joints and boundaries and damage tolerance (Zhong,
Zheng, Chen & Jing, 2019,
pp. 206—208)

Coupling Limited; mostly uncoupled Enhanced  bend-twist and

Effects behaviour extension—shear coupling
(Rouhi et al., 2016)

Manufacturing Easily = manufactured  with Requires advanced processes

Simplicity conventional methods like AFP, TFP and RTS

Post-Buckling Typically lower stability | Potentially improved

Behaviour post-buckling post-buckling robustness (Ma
etal., 2021, pp. 8-9)

Imperfection Lower due to uniform stiffness | Higher due to stiffness gradients

Sensitivity and complexity (Ma et al., 2021)

From a design perspective, VS cylinders are typically implemented via continuous
variation of the bre angle either axially, circumferentially, or both. These variations
are often modelled using Bézier or B-spline curves, enabling the generation of smooth,
manufacturable bre paths that satisfy curvature and thickness constraints (Coskun &
Turkmen, 2023, pp. 3-11). Some frameworks also allow discrete segmentation into axial
zones with piecewise-constant bre angles, a strategy offering a practical compromise
between complexity and control (Almeida Jr. et al., 2019, p. 6).

The advantages of VS layouts are highly dependent on the manufacturing method. Any
form of deviation from the desired bre path, such as tow overlaps, gaps, wrinkling,

bre waviness, misalignment, may cause localised discontinuities that can affect the
mechanical performance of the structure. In addition, complex layouts may induce geometric
imperfections as well, especially in designs with steep or non-uniform stiffness gradients
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(Lincoln, Weaver, Pirrera & Groh, 2022, p. 14). The main manufacturing methods to produce
VS cylinders are described in the following section.

2.1.1 Automated bre placement

Automated bre placement (AFP) is the most mature and widely adopted manufacturing
technique for VS composite laminates. It involves the use of robotic heads to lay down
pre-impregnated bre tows along prescribed curvilinear paths. The process supports high
levels of automation and precision, especially for large-scale cylindrical structures. An
example of bre steering using AFP during the layup of g plies on a cylindrical mandrel

is shown in Figure 4. This illustrates the robotic tow placement mechanism and resulting
curved bre paths typical of variable-stiffness architectures.

Figure 4: Automated bre placement system performing bre steering of (a)+q and (b) q
plies on a cylindrical mandrel (Rouhi et al., 2018, p. 149).

This manufacturing technique enables bre steering in both axial and circumferential
directions, making it well-suited to VS cylinder applications. However, it is constrained
by minimum steering radii and often introduces manufacturing defects such as tow overlaps,
gaps, or wrinkles, especially in highly curved regions (Rouhi et al., 2018, p. 151; Jamora,
Wu & Kravchenko, 2020, p. 6). These imperfections can reduce buckling performance and
increase imperfection sensitivity.

2.1.2 Rapid tow shearing

Rapid tow shearing (RTS) introduces bre steering through in-plane shearing of the tow
rather than out-of-plane bending, which is characteristic of conventional AFP steering.
In RTS, the tow is allowed to shear such that its local width and area coverage vary
with bre angle, providing a coupled relationship between steering angle and local
thickness distribution. This enables curvature to be achieved with minimum bre distortion
(theoretically), reducing the formation of wrinkles and gaps. A comparison between
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bending-based steering (AFP) and shear-based steering (RTS) is illustrated in Figure 5,
highlighting how RTS and AFP accommodate the tow in-plane.

Figure 5: Variable angle tow achieved through (a) bending in AFP and (b) shearing in RTS
(Wang, Almeida Jr., St-Pierre, Wang & Castro, 2020, p. 3).

2.1.3 Tailored bre placement

Tailored bre placement (TFP) is an embroidery-like process whereby dry pre-forms (that
use reinforcing bres) are stitched onto a substrate. A key advantage of TFP is the low
steering radius, which can be as low as 5 mm. TFP, schematic representation shown in
Figure 6, allows for exible orientation of bre rovings by depositing a continuous roving
along programmable curves within the plane (2D) and xating it with a stitching yarn onto a
at textile base material using a double locked stitch in a zig-zag stitch pattern. The roving
Is deposited following a pre-de ned path by rotating the roving pipe and moving the base
material in two perpendicular directions. This enables the placement of curvilinear bres,
which can be used to produce load-adapted bre paths and VS composites (Uhlig, Tosch,
Bittrich, Leipprand, Dey, Spickenheuer & Heinrich, 2016, pp. 2-4).

The presence of the stitching yarn causes the morphology of TFP-based composites to
differ substantially from that of UD prepregs and woven fabrics. The combination of
the displacement of the stitching yarn volume and the characteristic zig-zag stitch pattern
induces bre waviness. In addition, the incorporation of the stitching yarn leads to a
non-uniform and generally lower bre volume fraction compared with perfectly aligned
unidirectional prepregs. Since the mechanical response of a UD layer is strongly governed
by bre orientation, this waviness results in reductions in both stiffness and strength.
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In contrast to AFP-based laminates, where bre tows form rectangular cross-sectional
patches that overlap discontinuously, TFP rovings overlap smoothly during deposition. This
behaviour is observed even under parallel roving placement and constant laminate thickness.
Consequently, TFP laminates avoid many disadvantages associated with discontinuous
overlapping, such as gap formation and abrupt geometric transitions. Moreover, the stitching
yarn of one roving frequently penetrates adjacent rovings. As a result, a TFP layer comprises
an impregnated roving, a stitching yarn, and resin-rich zones surrounding the stitching yarn
(Uhlig et al., 20186, p. 2).

The nal morphology of a TFP laminate is governed by several parameters, including
roving type, stitching yarn type, roving path, and the corresponding stitching-yarn trajectory.
The latter depends on adjustable machine parameters such as stitch distance and stitch
width. Additional factors include the spacing between adjacent rovings and the stitching
sequence between neighbouring rovings, both of which further in uence the microstructural
architecture.

Figure 6: Schematic representation of TFP process and the waviness induced during bre
placement (Uhlig et al., 2016, p. 2).

2.1.4 Laser-assisted tape placement

Laser-assisted tape placement (LATP) is a thermoplastic form of AFP, where the tape is
heated by a laser just before deposition, allowing for in-situ consolidation. In the case
of a cylindrical component, the technique, frequently used, is laser-assisted tape winding
(LATW) in which the tape is deposited on a rotating mandrel. The process of LATW can be
illustrated by Figure 7, highlighting the speci ¢ arrangement of the consolidation roller, laser
optics and the position of the nip-point at which the bonding takes place. The arrangement
is an example of the fusion of thermoplastic tapes onto curved substrates at constant heat
and pressure. This approach removes the use of autoclave curing and provides a time-saving
method of manufacturing VS thermoplastic structures.
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Figure 7: Key components of LATW process, adapted from (Zaami, Schékel, Baran, Bor,
Janssen & Akkerman, 2020, p. 1718).

LATP has been used in complex aerospace applications, including unitised wingboxes and
pressure vessels. However, it requires careful thermal control and is currently limited to
speci ¢ material systems (Oliveri, Zucco, Clancy, Telford, Rouhi, Young, Weaver, et al.,
2019).

Overall, a wide range of approaches exists for fabricating VS laminates, but AFP, RTS, TFP,
and LATP represent the most relevant and mature techniques for cylindrical structures. These
four were discussed here because they capture the principal directions of current research
and industrial application: AFP as the established aerospace standard, RTS as a promising
next-generation method aimed at reducing steering-induced defects, TFP as a exible and
resource-ef cient solution for small-scale components, and LATP as a thermoplastic-based
alternative with potential for rapid production. Among these, AFP is most directly relevant to
the present work, since the design and optimisation strategies developed here are targeted at
lament-wound or bre-placed cylinders, where steering constraints and associated defects
play a decisive role.

Nevertheless, regardless of the chosen manufacturing route, the performance of VS shells
IS unavoidably governed by their sensitivity to geometric imperfections. Because such
deviations are frequently introduced during fabrication, they often determine the effective
load-bearing capacity and stability of VS structures.

2.2 Imperfections in variable-stiffness composite cylinders

Geometric imperfections play a critical role in the buckling behaviour of thin-walled
composite cylinders, and their signi cance is heightened in VS con gurations due to
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their tailored, non-uniform structural properties. These imperfections can originate from
several sources, including manufacturing defects (e.g., tow overlaps, resin-rich regions,
or bre misalignments), process-induced deformations during curing, and unavoidable
deviations from ideal geometry during handling or assembly. An illustration of typical
manufacturing-induced defects encountered in AFP fabricated laminates is shown in
Figure 8. These defects can directly affect the local stiffness distribution, induce stress
concentrations, and reduce buckling resistance in variable-stiffness cylinders.

Figure 8: Common AFP-induced defects in composite laminates (Sun, Han, Fu, Jin, Dhupia
& Wang, 2020, p. 2).

In VS composite cylinders, defects can be even more complicated and spatially nonuniform
with the natural curvature and stiffness gradient of bre steering. The bre angle-thickness
coupling of the advanced manufacturing processes, such as tow shearing, can lead to local
thickness accumulation that can serve as unexpected stiffeners or stress concentrators during
loading (Zhang, Wang & Ni, 2019, p. 9). This variability makes VS cylinders very sensitive

to geometric imperfections, particularly when compressing in the axial direction.

Recent research has demonstrated that geometrical deviation is not a trivial phenomenon,
with localised strain concentrations and early instability initiations, a critical buckling
load of a member can be reduced signi cantly. For instance, Hou, Fan & Gu (2024)
demonstrated that local bre angle variation and delamination-type imperfections greatly
affect the buckling behaviour of the axially compressed VS cylinders, which call for exercise
control and careful evaluation at the design stage. In the same way, Paudel, Gupta, Rowshan,
Thapa, Mulani & Walters (2023, pp. 9—11) used stochastic analysis, which showed that
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random imperfections and variation in material properties are the main factors leading to
the signi cant distribution of buckling loads, which necessitated well-developed design
frameworks.

To overcome this sensitivity, more recent design approaches have aimed at improving
robustness to imperfections by designing bre-steered designs with embedded stiffeners to
enhance the 99.9% reliability load of axially loaded VS cylinders by reducing the buckling
response variability Lincoln, Weaver, Pirrera & Groh (2023, pp. 16—17). Accompanying this,
the reduced-order nonlinear formulation advanced by Liang & Wang (2023, pp. 4-5) will
allow determining the worst-case imperfection shapes in the presence of thermo-mechanical
loading and result in new directions of optimisation with imperfection.

These studies clearly indicate that imperfection sensitivity is not just a peripheral issue, but
it should be the focus of analysis and design of VS composite cylinders. It is necessary to
incorporate realistic imperfection models into both optimisation and numerical simulation to
prevent any overestimation of structural behaviour, but to provide reliability in the real-world
loading conditions. Imperfection effects should then be evaluated simultaneously with
idealised stability analyses to permit suf cient and consistent structural characterisation,
especially in obtaining conservative design margins like knockdown factors.

2.3 Linear buckling analysis

Linear buckling analysis provides a classical and simplest eigenvalue-based approach
to estimating the critical buckling loads of thin-walled structures, including composite
cylindrical shells. Despite its idealised assumptions such as perfect geometry, absence of
imperfections, and linear material behaviour this analysis remains widely used due to its low
computational cost and ease of implementation. In nite element form, the eigenproblem is
written as:

K+IK g f=0 (2)

where K is the elastic stiffness matrix,dis the geometric stiffness matrix assembled for
a reference load, | denotes the eigenvalues (load multipliers), and f are the corresponding
buckling modes. The lowest eigenvalugde nes the linear buckling load as:

R'—perfect:I 1Pref €))
which corresponds to a bifurcation point in a geometrically perfect shell.

In composite shell structures, however, linear buckling analysis is known to signi cantly
overpredict buckling loads due to imperfection sensitivity. As a result, its practical
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utility is limited unless paired with highly conservative knockdown factors. Yet, in the
context of modern computational design, it continues to serve as a valuable low- delity
tool in multi- delity surrogate modelling and optimisation frameworks, where it provides
inexpensive estimations that can complement or inform higher- delity nonlinear simulations.

For example, this has been used as a surrogate model component in the design optimisation
of composite shells with cutouts, where it serves as a fast predictor within a hierarchical
sampling scheme (Tian, Ma, Li, Lin, Wang & Waas, 2020, pp. 3—4). Guo et al. (2020,
pp. 2-3) further demonstrated the utility of this analysis in assisting the surrogate-based
optimisation of variable stiffness composite cylinders under axial and torsional loads.
Additionally, the DESICOS project emphasised the use of linear buckling analysis in
semianalytical models as part of robust design practices for shell structures prone to buckling
(Degenhardt, 2017).

Although this study does not directly implement linear buckling analysis as a sampling
or optimisation tool, it remains an essential component of the literature background. Its
continued relevance in hybrid modelling strategies and preliminary design frameworks
justi es its inclusion as a conceptual benchmark for buckling analysis in composite shells.

2.4 Geometrically nonlinear analysis

Nonlinear buckling analysis provides a more realistic description of the stability behaviour of
thin-walled composite cylindrical shells, especially when they are subjected to compressive
loads in the axial direction. In contrast to linear buckling analysis, it includes geometric
nonlinearities, usually in the form of von Karman-Donnell type strain-displacement
relationships, and can also include material nonlinearities and prebuckling deformations.
This allows tracing equilibrium curves past the bifurcation point, showing load-de ection
behaviour and capturing postbuckling behaviour.

The relevance of nonlinear analysis is particularly pronounced in the context of
imperfection-sensitive structures. Composite cylindrical shells, especially those with high
slenderness ratios or advanced layups, are highly susceptible to collapse loads signi cantly
lower than those predicted by linear theory. Numerous studies have con rmed that even
minor geometric imperfections can lead to sharp reductions in buckling strength. For
example, Shahrjerdi & Bahramibabamiri (2015, pp. 6—9) demonstrated through FE analysis
that the coupling between small cutouts and initial imperfections in CFRP cylinders leads
to complex localised buckling modes, especially near discontinuities, necessitating full
nonlinear treatment.
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The nonlinear response of thin-walled composite shells is governed by the principle of
stationary potential energy, which requires equilibrium between internal strain energy and
external work. The total potential energy P of the system is given by:

P=U W 4)

where U is the strain energy due to in-plane and bending deformations, and W is the external
work done by applied loads. The axial straiy aacludes geometric nonlinearity via von

Karman-type terms as:
2
fu 1 fw
x= oot 5 WO (5)
ix 2 1qx
where u and w are the axial and transverse displacement components, respectively. These
terms are critical in capturing postbuckling behaviour and imperfection sensitivity in

geometrically nonlinear structures (Castro, 2015, pp. 60—63).

More recent work by Wang, Chen, Gao, Li & Zhang (2024, pp. 2-9) investigated the

imperfection sensitivity of steel-composite cylindrical shells under axial compression using
both theoretical and nonlinear numerical models. Their results con rmed that nonlinear
simulations not only align better with experimental observations but also help quantify
the deviation of actual buckling loads from idealised predictions. Likewise, Hou, Fan &

Gu (2024) extended nonlinear buckling to VS composite shells, showing that imperfection
sensitivity remains a dominant factor even when stiffness tailoring is used to enhance
buckling performance.

This need for nonlinear analysis is visually supported by the deformation patterns shown
in Figure 9. The gure compares three critical con gurations: (a) the perfect linear
eigenmode, (b) the perturbed eigenmode with geometric imperfections, and (c) the
fully nonlinear collapse mode obtained through explicit dynamic simulation. In case
(b), the imperfection eld i(q;z) was mapped onto the perfect nite-element mesh by
directly perturbing the nodal coordinates prior to analysis (see Section 4.3), thus creating
localisation effects around regions of geometric irregularity. As shown, the perfect mode
is globally symmetric and occurs at a signi cantly higher load than what is observed
when imperfections are introduced, whereas the geometrically nonlinear collapse mode
demonstrates a distinct and highly asymmetric deformation pattern. These results reinforce
that even imperfection-included linear eigenvalue analysis remains inadequate for capturing
the realistic postbuckling behaviour of imperfection-sensitive composite shells.
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(a) Perfect eigenvalue mode (b) Imperr;eoccti:lgenvalue (c) Nonlinear collapse mode

Figure 9: Buckling deformation patterns.

In practical terms, nonlinear analysis is implemented through path-following algorithms such
as the arc-length method (e.g., Riks) or dynamic explicit procedures, which can capture limit
points and trace unstable equilibrium paths in highly nonlinear regimes. These techniques
are essential when designing for postbuckling load redistribution or failure-triggering
mechanisms, such as localised dimpling. Furthermore, nonlinear buckling analysis is often
used to validate surrogate models in design work ows, serving as the high- delity ground
truth for data-driven prediction frameworks.

Nonlinear equilibrium equations derived from energy minimisation can be expressed as:
K(uu=F (6)

where K(u) is the displacement-dependent tangent stiffness matrix, u is the global
displacement vector, and F is the external load vector. The residual vector is de ned as:

R(u)=K(u)u F (7)
Solving R(u) = 0 iteratively via the Newton—Raphson method involves:
Kt Du = R(u) (8)

where Ky is the tangent stiffness matrix at the current iteration. This approach aligns with
the Ritz-based nonlinear solution procedures outlined by Castro (2015, p. 63) for composite
cylindrical and conical shells.

While nonlinear buckling analysis is computationally intensive, its necessity is underscored
when assessing structures where reliability, safety margins, and load-bearing ef ciency are
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all critical, particularly in aerospace-grade composite shells. Therefore, in the current study,
it forms the core simulation method to evaluate the true buckling response of VS cylindrical
shells subjected to manufacturing imperfections.

2.5 Knockdown factors

Knockdown factors (KDFs) provide a compact, quantitative measure of imperfection
sensitivity by relating the critical buckling load of an imperfect shej}, B® the idealised
buckling load predicted by eigenvalue analysis,p&be; as de ned in Equation (1).
Traditionally, KDFs have been derived from empirical testing of metallic cylindrical
shells and codi ed in guidelines such as NASA SP-8007 (Weingarten, Seide & Peterson,
1968, pp. 5-6). However, these values are often overly conservative when applied to
modern composite structures due to fundamental differences in material anisotropy, laminate
tailoring, and imperfection responses.

More recently, modernised guidance has emerged in the form of
NASA/SP-8007-2020/REV-2 (Hilburger, 2020, pp. 4-7), which shifts from strictly empirical
correction factors to physics-based knockdown strategies informed by high- delity
numerical simulations and measured imperfection maps. Studies such as Degenhardt,
Kling, Bethge, Orf, Karger, Zimmermann, Rohwer & Calvi (2010, pp. 1943-1945) and
Huhne, Rolfes, Breitbach & Telmer (2008, pp. 953-956) demonstrated that nonlinear
FE simulations with realistic imperfection elds, derived from optical metrology or
probabilistic models, can be used to establish more accurate and less conservative KDFs for
aerospace-grade CFRP structures. These methods account for laminate stacking sequences,
loading regimes, and geometrical tolerances, improving both safety and mass ef ciency.

Recent developments in reliability-based and probabilistic knockdown models have further
advanced this eld. Wagner & Huhne (2018, pp. 412-417) introduced a robust three-step
framework combining deterministic buckling predictions, experimental imperfection data,
and reliability analysis. Their probabilistically derived KDFs allowed up to 20% mass
reduction in launch-vehicle shell components without compromising structural safety.
Similarly, Wang, Ma, Hao, Sun, Tian, Li, Zhang, Jiang & Guo (2019, pp. 315-317)
proposed an ef cient global optimisation approach based on worst multiple perturbation
load analysis (WMPLA), capturing extreme imperfection con gurations and generating
lower-bound collapse estimates with reduced conservatism.

Schillo, Kriegesmann & Krause (2017, p. 800) further enhanced this framework using
Bayesian calibration of safety factors based on real-world geometric measurements. Their
study showed that by treating imperfection amplitudes and modes as random variables,
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statistically sound KDFs could be derived to re ect manufacturing variability while still
meeting reliability targets.

In this work, KDFs are not assumed as a priori design constraints. Instead, they are
computed a posteriori for each candidate design through high- delity nonlinear simulations
incorporating prede ned imperfection shapes and amplitudes. Figure 10 presents the
load—shortening response corresponding to the buckling deformation patterns previously
illustrated in Figure 9. Together, these gures depict both the qualitative and quantitative
signatures of imperfection sensitivity in a representative composite cylindrical shell. While
Figure 9 highlights the evolving buckling shapes from perfect to imperfect eigenmodes to
the fully nonlinear collapse mode, Figure 10 quanti es the corresponding degradation in
load-carrying capacity. The nonlinear collapse loag,#27511:6N, is markedly lower

than the linear eigenvalue estimates for both perfecheRk:= 35958 N, and imperfect
geometries, Rlperfect= 33445N. This discrepancy not only reinforces the inadequacy of
linear predictions but also motivated the use of knockdown factor as a derived simulation
output. Evaluating KDFs directly from nonlinear response trajectories allows this study
to capture imperfection sensitivity across varied designs, without relying on pre-imposed
conservative margins.

Figure 10: Comparison of nonlinear buckling response with eigenvalue predictions.

Though NASA/SP-8007-2020/REV-2 introduces a more physics-based methodology,
incorporating nonlinear FE analyses with measured or assumed imperfection elds, it
remains primarily geared toward conservative certi cation-level design. Its application in
large-scale design optimisation frameworks is limited by the need for manual tuning to
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account for speci ¢ laminate con gurations and manufacturing tolerances, which hinders
automation and scalability. A critical limitation of both legacy and modern KDF guidelines
Is their inability to capture stacking-sequence-induced stiffness coupling, which signi cantly
in uences imperfection sensitivity. Castro (2015) demonstrated that two laminated cylinders
with identical ply counts but reversed stacking sequences exhibited markedly different
imperfection sensitivities. While NASA SP-8007 assigned both the same KDF of 0.477,
nonlinear analysis using the Single Perturbation Load Approach (SPLA) revealed KDFs
of 0.951 and 0.627, respectively, clearly showing the inadequacy of using xed empirical
margins across laminate architectures. Furthermore, Castro advocated for incorporating
localised imperfection realism through perturbation-based simulations, reinforcing the need
for physically grounded, simulation-driven knockdown estimation frameworks.

Therefore, in this study, knockdown behaviour is not imposed through prede ned margins
but is inherently captured via imperfection-sensitive nonlinear FE simulations at each design
point. This enables a more scalable and physically realistic representation of imperfection
sensitivity, well-suited to surrogate-based reliability analysis as discussed in Section 4.4.

In doing so, this work aligns with the emerging paradigm in shell buckling design:
integrating physics-based imperfection modelling, numerical collapse prediction, and
probabilistic interpretation to support lighter, safer, and more optimised aerospace structures.

2.6 Variable-angle lament winding

The structural bene ts of VS composite cylinders have been well-established through both
experimental and numerical studies. However, the practical implementation of such designs
depends heavily on the choice of manufacturing method. While AFP remains the most
versatile process for curvilinear bre paths, it presents considerable limitations in terms
of cost, complexity, and geometric compatibility with cylindrical forms (Almeida Jr. et
al., 2025, p. 2). As an alternative, variable-angle lament winding (VAFW) has recently
emerged as a promising technique to achieve spatially tailored stiffness pro les in cylindrical
composite structures.

In the VAFW process, the cylinder is divided into a sequence of axial sections, referred
to as “frames”, each wound with a constant but distinct bre angle. The winding angle
is controlled by adjusting the ratio between the translational speed of the carriage and the
rotation speed of the mandrel. This frame-by-frame segmentation enables the creation
of a discretised, piecewise bre trajectory that approximates a continuous curvilinear
layout, while maintaining compatibility with standard lament winding equipment. Unlike
continuous steering approaches such as AFP, VAFW does not require real-time bre twisting,
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