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_____________________________________________________________________________________ 

Abstract 

Fiber steering is an outstanding capability for producing composite structures with spatially tailored 

properties. The ability of tailoring the reinforcement arbitrarily in the space generates laminate with 

variable-stiffness, possessing substantial scope for outperforming traditional constant-stiffness laminates. 

This investigation presents a methodology to optimize composite cylinders with a variable-axial (also 

known as variable angle-tow and variable-stiffness) layout under axial compression for the adopted design 

space, loads and boundary conditions, using a novel optimization concept based on the manufacturing 

characteristics of the Tailored Fiber Placement (TFP) process. Next, a post-buckling analysis is carried out 

in order to make a first assessment of the imperfection sensitivity of the cylinders. The current approach 

locally optimizes both thickness and fiber angle of each finite element (FE), where thickness accumulation 

is reached through a smooth overlapping of rovings, a typical characteristic of TFP process. The optimized 

cylinders have significantly higher linear buckling loads than the corresponding initial layouts and are less 

sensitive to affine initial geometrical imperfections. The current work on optimization of the linear buckling 

behavior of variable-axial (VA) shells shows both the potential of using VA-configurations to exploit their 

tailoring ability and the capabilities of the current optimization framework to improve and optimize the 

behavior of VA structures.  

Keywords: Variable-axial layout; Variable-stiffness; Variable angle tow; Optimization; Buckling; Cylinder. 

_____________________________________________________________________________________ 

1. Introduction 

Composite cylinders are widely used in engineering structures, such as in aerospace, aeronautical, 

energy and marine sectors [1]. In aerospace structures, for instance, any weight saving must be balanced 

against the structural stability requirement. Therefore, investigating the buckling behavior of composite 

aerostructures is of great importance [2]. These cylindrical shells are very attractive, predominantly due to 

their capacity to sustain high levels of axial compressive loads, where most of the structure is loaded in a 
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membrane state and its efficiency is derived from the lack of through-thickness stress gradients [3]. This is 

one of the primary design considerations for cylindrical shells under compressive loading [4]. These thin-

walled shells may fail due to buckling with an initially localized character, possessing two well-known 

characteristics: i) the development of significant radial displacements is followed by a fast development of 

a buckling pattern with a more global character and the collapse; ii) the prediction of the loads levels at 

which collapse occurs is difficult when compared to well-behaved structures, such as beams and plates. 

These difficulties are essentially associated to i) presence of a pre-buckling boundary layer, ii) geometrical 

imperfections sensitivity, and/or iii) asymmetry on applied boundary conditions (either theoretical or 

experimental) [5].  

On one hand, carbon fiber reinforced polymer (CFRP) cylindrical shells under axial compression may 

sustain a high load carrying capacity; on the other hand, these structures are prone to buckling, which is 

highly imperfection sensitive. Imperfections may be deviations from “perfect” parameters, such as shape, 

thickness, material properties and loading distributions. They can drastically decrease the buckling load 

when compared to that of a perfect cylindrical shell [6]. The structural performance of CFRP shells may be 

tailored by varying their of fiber orientation, ply thicknesses and stacking sequence. For instance, 

Zimmermann [7] showed that varying the fiber orientation can strongly influence the buckling load but also 

affects the imperfection sensitivity of straight-fiber reinforced multiaxial composite cylinders. 

Conventional tailoring of multiaxial laminates is achieved by varying the fiber orientation through-

thickness of a laminate, and the thickness of particular layers. Recent advancements on advanced 

manufacturing techniques have led to the possibility of spatially steering fibers in the plane of a layer, which 

significantly increases the design space, and hence providing more tailoring options to design structures 

with the desired performance [8]. Manufacturing of VA laminates may be performed via some processes, 

e.g. AFP [9], Continuous Tow Shearing (CTS) [10] and Tailored Fiber Placement (TFP) [11] technologies. 

Among these manufacturing methods, TFP stands out due to its capability to deposit fibers in very small 

radius of curvature (> 5 mm), while AFP has a minimum radius of curvature between 400 and 1000 mm 

[12]. TFP process is an embroidery-based textile manufacturing technique, which allows a flexible 

orientation of arbitrary reinforcement rovings [13]. 

Fiber-steering capabilities may, indeed, tailor a particular required property by intentionally placing 

fibers by varying fiber orientation within a layer, generating variable-axial (VA) composites, which is also 

known as variable-stiffness and variable angle-tow composites. However, a key difference between VA 

and the well-known VAT and VS nomenclatures is that VA is more likely to be a design concept, where a 

VA layout (Figure 1b) represents an evolution of multiaxial composite laminates (Figure 1a) instead of a 

direct association with the material property (e.g. stiffness), which relies the concept of both VS and VAT 

composites. The key reason of developing a VA layout is that structures with constant stiffness properties 

(Figure 1a) have limited in-plane and out-of-plane stiffness tailorability [14]. 
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Figure 1. Multi-axial (a) and variable-axial laminates (b). 

 

As shows Figure 1b, both fiber angle and thickness are not constant in-the-plane. This is typical in VA 

structures manufactured by TFP [11,13]. In TFP, in contrast to a typical behavior of AFP [12], where fiber 

patches exhibit a rectangular cross-section, for TFP, instead, roving bundles smoothly overlap and form 

themselves smooth. Then, this occurs in the case of parallel placement even for laminates with constant 

thickness. Thus, for TFP-like laminates, one does not observe the typical disadvantages that follow 

discontinuous overlapping of rectangular patches, and consequently gaps might be preferable than overlaps 

in AFP-like laminates. Given this difference between TFP and AFP, it is not comprehensive to state that 

neither gaps nor overlaps might be preferable or avoidable, but instead this depends on the manufacturing 

process in charge. Summing up, that is the reason that overlaps are more beneficial than gaps for TFP-like 

structures. In addition, gaps might induce generation of hot spot areas, since it may generate resin pockets 

and, henceforth, weaken the laminate due to premature initiation of transverse cracks or even delaminations 

due to increase of interlaminar stresses. 

Recent progress in design, modeling and optimization of VA composites have been reported by Sabido 

et al. [8], who assessed the maturity level of several approaches of VA composites. They presented several 

design approaches for stiffness, strength, dynamic performance, buckling, post-buckling, thermal response 

and multiple criteria. These works listed by them infer that the majority of the works have been focused on 

flat and small-scale VA structures. Although a number of investigations have been performed on constant-

stiffness cylindrical shells [15,16,17,18], only a very few studies on VA cylindrical shells have been 

released. Among them, White et al. [3] carried out a post-buckling analysis of two VA cylinders under axial 

compression, where the main achievement was the presence of a stable and repeatable localization of the 

radial displacements, which were formed after the initial buckling event. Rouhi et al. [14] used a 

metamodeling-based optimization technique to tailor the stiffness, by steering fibers, on the surface of 

laminated elliptical cylinders for maximizing their axial buckling load. They found that a VA fiber layout 

provides a better distribution of the applied load on an elliptical cylinder and hence improves the buckling 

capacity to a great extent. Blom et al. [19] optimized VA cylindrical shells for maximum load-carrying 

capability under bending. They concluded that varying the stiffness circumferentially is effective for 

enhancing the buckling load of a cylinder under pure bending. An improvement on the buckling load of 
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17% compared to a quasi-isotropic cylinder was achieved while the mass remained the same. Their 

optimized cylinder was stiffer at the tension side and a soft laminate at the compression side of the cylinder, 

thereby relieving load from the buckling critical compression area and changing the buckling mode. Wu et 

al. [20] stated that both isotropic and constant-stiffness composite cylinders have been shown to be highly 

sensitive to imperfections. Nevertheless, the tow-steered cylinders did not appear to exhibit the same high 

degree of sensitivity. Therefore, a reasonable hypothesis is that the non-uniform stiffness distribution in 

these cylinders is the cause, although additional research is required to identify the exact reason. 

Preliminary comparisons between linear bifurcation buckling loads and nonlinear limit point buckling loads 

also show minor differences, which further supports an insensitivity to imperfections. Labans and Bisagni 

[21] analyzed experimentally and numerically buckling and free vibration of constant-stiffness and 

variable-stiffness composite cylinders. A key conclusion was that the variable-stiffness cylinder was less 

imperfection-sensitive to initial geometrical imperfections compared to the constant-stiffness one. 

The present work aims at proposing a methodology for optimizing the specific buckling load (1st 

buckling load/cylinder mass) for VA composite cylinders under axial compression. Both fiber angle and 

thickness build up are locally optimized to determine the global optimum. For that, the in-house developed 

framework is presented in 2 parts. In the Part I, the model of the composite cylinder is generated via finite 

element (FE) method, where the models takes manufacturing characteristic of the TFP process into account; 

In the Part II, the optimization process for maximizing the specific buckling load within the proposed design 

landscape is carried out employing the Direct Fiber Path Optimization (DFPO) framework [22]. The 

following cylinders are the baselines (initial guesses for the optimization procedure): [0/45/45/0] and 

[0/45/−45/0], in which their optimized layouts are [VAs/45/45/VAs] and [VAns/45/−45/VAns], respectively, 

where the subscripts “s” (symmetric and non-balanced laminate) and “ns” (non-symmetric and balanced 

laminate) stand for VA optimized layer for both [0/45/45/0] and [0/45/−45/0] laminates, respectively. 

Afterwards, a post-buckling analysis of the optimum cylinders is carried out to evaluate their imperfection 

sensitivity. 

The paper is then structured as follows: Section 2 outlines the FE modeling, briefly outlining the 

mathematical modeling of the modeling approach in sub-section 2.1, and sub-section 2.2 presents the 

characteristics of the buckling FE models themselves. Sub-section 2.2.1 shows details of the linear FE 

buckling model, which is utilized in the optimization framework, whereas sub-section 2.2.2 shows the non-

linear FE buckling model, which is used solely to evaluate the imperfection sensitivity of the cylinders; 

Section 3 contains all details of the optimization framework; Section 4 reports the results and discussion; 

and conclusions are drawn in Section 5. 

 

2. Part I: Finite element modeling 

2.1 Model setup 
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The model setup is generated in a PYTHON environment. A FE model is built up in order to develop the 

continuous fiber path by using TFP manufacturing parameters [22]. An arbitrary initial fiber layout is 

chosen. For this path, a sequence of paths is generated in a 2D formulation. The local thickness is evaluated 

by applying a Gaussian distribution, which represents a Gaussian weighted average of the roving volume 

density in the area around the point of thickness computation. Each layer is then stacked on top of each 

other. Figure 2 presents a schematic description of the modeling approach herein used. Based on a 2D FE 

mesh of the planar design space, a 3D FE model is derived using localized information of the Gaussian 

thickness distribution and the averaged fiber angle. 

 

Figure 2. Illustration of the modeling approach. 

 

To generate continuous layers with TFP, the rovings must be placed with a slight overlap to avoid gaps 

between them. The present proposed approach does not focus on intentionally generating overlaps to avoid 

gaps, but instead overlaps are considered given the intrinsic characteristic of the TFP process, since in TFP 

roving bundles smoothly overlap during their placement and they form a smooth preform [11]. This 

behavior is typical even in the event of parallel fiber placement for constant-stiffness laminates. Then, 

looking for developing a consistent modeling approach strictly considering the manufacturing characteristic 

of TFP process, the current approach takes both fiber angle and thickness accumulation into account in 

order to approximate the modelled structure to a real manufactured part. 

In the TFP-like structures herein considered, the thickness 𝑡 is calculated by 

𝑡𝑟𝑜𝑣 =
𝐴𝑟𝑜𝑣

𝑙
       (1) 

where, 𝐴𝑟𝑜𝑣 is the cross-section area of the roving and 𝑙 the distance between the center of each neighboring 

rovings. 

Unlike traditional approaches, which deal with generation of curvilinear fiber pattern by linearizing the 

distance between the rovings, the approach herein presented proposes a non-parallel roving placement. In 

this case, the thickness distribution is not trivial. A straight line at each segment of the path is defined by 

an initial point (with coordinates (𝑥𝑖
0, 𝑦𝑖

0)) and an end point (with coordinates (𝑥𝑖
1, 𝑦𝑖

1)) inside the roving 

placement plane (Figure 3). Then, all points along any segment of line are defined as: 
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(
𝑥𝑖(𝑠)

𝑦𝑖(𝑠)
) = (

𝑥𝑖
0

𝑦𝑖
0) + (

𝑥𝑖
1 − 𝑥𝑖

0

𝑦𝑖
1 − 𝑦𝑖

0) 𝑠     (2) 

where 𝑠 is the parameterization variable (it ranges from 0 to 1). The procedure to generate a curvilinear line 

is presented in Figure 3. 

 

Figure 3. Illustration on how a curvilinear line is constructed: a curve a) generated via connection 

between two lines b). 

 

Besides the length of the roving, the cross-section area (𝐴𝑟𝑜𝑣) is also considered. An extension of the 

path information combined to the cross-section area generates the line thickness distribution (𝑡𝑙𝑖𝑛𝑒) for line 

segments with length (𝑑𝑖), as follows: 

𝑡𝑙𝑖𝑛𝑒(𝑥, 𝑦) = ∑ 𝐴𝑟𝑜𝑣𝑑𝑖 ∫ 𝛿(𝑥 − 𝑥𝑖(𝑠))
1

0𝑖 × 𝛿(𝑦 − 𝑦𝑖(𝑠))𝑑𝑠    (3) 

In order to define the density function, the Dirac concept delta distribution is used. Integrating either the 

total design space or any area containing all line segments, the total fiber volume (𝑉𝑡𝑜𝑡𝑎𝑙) is:  

𝑉𝑡𝑜𝑡𝑎𝑙 = ∬ 𝑡𝑙𝑖𝑛𝑒(𝑥, 𝑦)𝑑𝑥𝑑𝑦 = ∑ 𝐴𝑟𝑜𝑣𝑑𝑖𝑖      (4) 

where 𝑑𝑖 is the length of the 𝑖𝑡ℎ line segment. 

However, just setting the thickness distribution is not enough to realistically represent the manufacturing, 

since information about the roving width is still missing. Adding a coarse-graining by convolution with a 

Gaussian distribution of the roving width (𝜎), the thickness distribution is: 

𝑡𝜎(𝑥, 𝑦) =
1

2𝜋𝜆2 ∬ 𝑡𝑙𝑖𝑛𝑒(𝑥′, 𝑦′)𝑒𝑥𝑝 (−
(𝑥−𝑥′)

2
+(𝑦−𝑦′)

2

2𝜎2
) 𝑑𝑥′𝑑𝑦′   (5) 

The coarse-graining is performed by integrating the function in the whole plane of 𝑥′, 𝑦′. By using the 

definition of the line thickness distribution (𝑡𝑙𝑖𝑛𝑒), a solution for this convolution can be expressed in terms 

of error functions, which makes the numerical implementation very fast. This Gaussian thickness 

distribution represents a Gaussian weighted average of the roving volume density in the area around the 

point at which the thickness needs to be computed. 

For the current case of generating a cylinder, a 2D flat mesh must be wrapped to generate the cylindrical 

form. For that, a 2D mesh is required and then the nodes are mapped to 3D. The FE mesh needs to be closed 
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off at the periodic edges (the nodes of an edge must perfectly meet the nodes of the other edge), so these 

nodes are mapped to reach a perfect cylinder. This must be done exactly at the right place in the model 

setup to get an exact position to compute the thickness and orientation for each finite element. In addition, 

finite elements with mid-side nodes were modeled and that is a key reason that justify the non-usage of a 

FE software to generate the cylinder mesh is not suitable to this approach. Thus, the model is generated in 

PYTHON by using DFPO framework [22] and exported to ANSYS APDL, which solves the FE problem and 

further runs the optimization. Additionally, when the flat mesh is wrapped, a slight overlap is added in order 

to avoid gaps and then guarantee the cylinder closure. Here, an overlap of 12 mm wide and twice the 

thickness is considered (see Figure 5).  

For the whole plotting, it is necessary to have a 3D mesh of the cylinder and all lines (extended upwards 

and downwards, left and right (in 2D)) need to be clipped to the exact window of the cylinder unraveling. 

Then, all points are mapped to 3D with a slight offset in the 𝑧-direction (to avoid lines inside the cylinder 

plane). Additionally, it is required to clip all lines again to a smaller region for the overlap. There the 

mapping offset is twice as large to let these lines hover over the first lines. 

 

2.2 Buckling FE models 

Here, using the model setup generator described in Sub-Section 2.1, the FE package ANSYS Parametric 

Design Language (APDL) version 19.1 is used to model and solve both buckling and post-buckling 

analysis. The cylinder in study is 280 mm long and has a diameter of 110 mm. For both linear (Sub-section 

2.1) and non-linear models (Sub-section 2.2), 8-node structural shell (ANSYS library Reference: 

SHELL281) quadratic elements (midside nodes) with equivalent single layer (ESL) formulation and an 

advanced curved shell formulation incorporating initial curvature effects and considering bending and 

membrane stiffness have been used. This element has eight nodes with six degrees of freedom at each node: 

translations in the 𝑥, 𝑦, and 𝑧 axes, and rotations about the 𝑥, 𝑦, and 𝑧-axes. Considering that the diameter-

to-thickness ratio of the actual cylinders (non-optimized cylinders) is 68.75, the cylinders can be modeled 

as thin-walled structures. Thus, shell-type elements with ESL formulation can be applied in the present 

study because transverse effects are not so relevant in this type of structure, even for non-symmetric layups. 

The material properties used in all FE models are presented in Table 1, which stands for a carbon fiber 

reinforced epoxy (CFRP) laminate with fiber volume fraction (𝜑) of 58%; roving fineness (𝑇𝑡) of 400 tex; 

and density (𝜌) of 1.76 g.cm−3. 

Table 1. Material properties used in the FE models [22,23]. 

TFP layer: unidirectional CFRP 

𝑬𝟏 (𝑮𝑷𝒂) 𝐸2 = 𝐸3 (𝐺𝑃𝑎) 𝐺12 = 𝐺13 = 𝐺23 (𝐺𝑃𝑎) 𝜈12 = 𝜈13 = 𝜈23  

𝟏𝟑𝟐 9.56 5.76 0.258  

 

2.2.1 Linear buckling model 
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The linear buckling FE model is based on Eigenvalue analysis, which demands low computational time 

and yields the bifurcation point of the shell as output. In this analysis, non-linearities, and particularly initial 

geometric imperfections are not taken into account. Lanczos Eigensolver is herein used to find the first ten 

Eigenvalues and Eigenvectors of the perfect shell. However, only the first buckling load is considered in 

the optimization process. 

Considering that the accuracy of the buckling load prediction by eigenvalue analysis highly depends on 

the mesh density, a mesh sensitivity analysis is presented in Figure 4. Since the baseline configurations are 

more prone to be mesh-independent, a convergence analysis was performed for all non-optimized and 

optimized layouts. Figure 4 shows the convergence behavior for the optimized design [VAs/45/45/VAs], 

which shows that the model converges well for a mesh density containing 87 elements in the circumferential 

direction and 70 elements in the axial direction, leading to a total amount of 6,160 elements (nominal 

element size = 4 mm, actual element size = 3.97 mm). A mesh convergence analysis performed on the 

optimized design is important in this case because after each iteration the fiber direction changes, and, 

hence, the eigenvectors also change. With this convergence study, it is guaranteed that the mesh is 

sufficiently refined to avoid mesh-dependence throughout the optimization. 

 

Figure 4. Mesh convergence analysis for the optimized design [VAs/45/45/VAs]. 

 

Two laminates are evaluated in this investigation, one symmetric and another unsymmetric laminate, 

namely: [0/45/45/0] and [0/45/−45/0]. For the optimization, the topmost and bottommost layers are then 

optimized, generating a unique VA layer for replacing them (a constraint is imposed to keep the same VA 

layer in both topmost and bottommost layers), while the mid-layers keep themselves constant for all 

optimized and non-optimized laminates. The boundary conditions (BC) were set to be clamped on top and 

bottom edges, while only a uniform axial displacement on the upper edge is possible, as depicted in Figure 

5.  
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A uniform edge compression load intensity 𝐹𝑧 of 1 N/mm was applied on the upper edge of the cylinder. 

The linear buckling analysis using the ANSYS solver then provides the buckling load in N/mm. 

 

Figure 5. Typical FE mesh and boundary conditions; geometrical representation of the shell elements 

highlighting the 12 mm-wide and double-thickness overlap section.  

 

2.2.2 Non-linear buckling model 

After the linear buckling analysis (eigenvalue analysis), in which the structure is assumed to buckle at a 

bifurcation buckling point, a nonlinear static buckling analysis is carried out. Failure of composite shell-

type structures is often directly associated with instability of the elastic equilibrium, but can in certain cases 

also be initiated or affected by local material failure [24]. Due to the effect of imperfections, the linear 

buckling load (eigenvalue) of a perfect shell can, depending also on the radius to thickness ratio, be 

significantly reduced. In the present study, the corresponding reduction factor 
s
 for the shells analyzed is 

defined by the ratio of the load carrying capacity of the imperfect cylinder (Λs), the limit-point buckling 

load, to the linear buckling load (Λc). In the current study, a path-following technique is used to find the 

limit-point buckling load and to trace the nonlinear equilibrium path also in the post-buckling regime.  

The BCs applied in the nonlinear analysis are the same as in the linear buckling analysis (see Figure 5). 

However, instead of applying a uniform unit load of 1 N/mm on the top edge of the cylinder, a uniform 

displacement was prescribed and the reaction force on these nodes has been monitored during the 

simulation. Also, an imperfection of 5% of the average shell thickness, affine to the shape of the first 

buckling mode, was applied. 

A mesh convergence analysis was performed for the non-linear model, and the mesh also converges for 

an element size of 4 mm, similarly to the linear buckling analysis (see Figure 4). The same shell element 
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(SHELL281) has been used. The non-linear static solver using the arc-length method was used. In each 

sub-step, the arc-length radius was kept constant throughout the equilibrium iterations. After each 

converged sub-step, whether the sub-step converges and the program heuristic predicts an easy 

convergence, the arc-length radius is enlarged.  

 

3. Part II: Optimization process 

The DFPO optimization framework has been developed in a PYTHON environment as well as the FE 

model setup previously described. 

A fiber-reinforced orthotropic cylinder without imperfections is a typical example of a structure where 

the stability is governed by bifurcation buckling. Thus, the mathematical problem for maximizing the 

lowest buckling load is a max–min problem. The objective function of the current optimization is to 

maximize the 1st specific buckling load (
𝜆𝑐

𝑚⁄ ) under variation of each roving placement path (Ci). 

Analogously, the objective function can be written in function of the design space (Ω). The optimization 

problem may be formulated as follows: 

𝑂𝑏𝑗𝑒𝑐𝑡𝑖𝑣𝑒 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛:    𝑓(𝒙) = max
Ω

𝜆𝑐
𝑚⁄     (6.a) 

𝐷𝑒𝑠𝑖𝑔𝑛 𝑣𝑎𝑟𝑖𝑎𝑏𝑙𝑒𝑠:    𝒙: [𝑝𝑖𝑗]     (6.b) 

𝑆𝑢𝑏𝑗𝑒𝑐𝑡 𝑡𝑜:   1)  0 < 𝑝𝑖𝑗 < 𝜋𝑑
4⁄   𝑖 = 0 … 3 (6.c) 

2)  0 < 𝑝𝑖𝑗 < 𝑙
4⁄    𝑗 = 0 … 3 (6.d) 

where 𝑝𝑖𝑗 refers to the spline control points, 𝜆𝑐 is the buckling load factor, 𝑥 represents the design variables, 

𝑑 is the cylinder diameter, 𝑙 is the cylinder length, and 𝑚 is the cylinder mass. The buckling loads are 

determined using a finite element discretization of the buckling analysis through the following eigenvalue 

problem: 

([𝑲] + 𝜆𝑐[𝑲𝑑]){𝚽} = {𝟎}     (7) 

where 𝑲 is the linear stiffness matrix and {𝚽} represents the eigenvector correspondent to 𝜆𝑐. 

The optimization procedure is shown in Figure 6. The parameterized fiber layout is represented by a 

finite set of coefficients, e. g. spline control points (𝑝𝑖𝑗). The 2D fiber path is computed and converted into 

3D by using the modeling tool described in Sub-section 2.1. Both local thickness and fiber angle are 

accounted for in the analysis and concurrently optimized. It is valid to mention that thickness build up is 

dependent on the fiber angle, which means that a particular thickness accumulation is reached when a 

particular roving overlaps another roving during preform manufacturing in the TFP process [25]. 

Consequently, just considering fiber steering while keeping thickness constant does not truly translate VA 

composite structures manufactured via TFP [22]. 

Next, loads and boundary conditions (Figure 5) are applied and then the initial FE model is solved. Based 

on this initial guess, the target optimization value (maximum mode 1 buckling load) is derived. The 
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optimization value is the only input value for the gradient-free optimization algorithm, in which BOBYQA 

(Bound Optimization BY Quadratic Approximation) [26] is used for this study. This algorithm modifies 

the fiber path parameters within predefined boundaries until the stopping criterion is met, i.e. achieving the 

maximum specific buckling load in the current design space. 

 

Figure 6. Flowchart of the optimization procedure. 

 

A key advantage of BOBYQA is that it is an efficient algorithm on solving bound constrained 

optimization problems without using derivatives of the objective function, which makes it as derivative-

free. This algorithm is used to minimize an objective function of particular design variables by a trust region 

method that forms quadratic models by interpolation. In BOBYQA, box constraints (also referred as 

bounds) on the parameters are permitted. In the actual optimizations, a new point is computed in each 

iteration by solving a trust region sub-problem subject to the bound constraints. 

BOBYQA provides a fast converging for smooth optimization functions due to its quadratic 

approximation. Additionally, BOBYQA allows the definition of box constraints, which allows 

implementing manufacturing constraints, i.e. feasible to be manufactured, and ensuring that the algorithm 

only operates in reasonable numerical boundaries. A particular characteristic is the fiber placement radius, 

which has a minimum value of 5 mm, typical of a TFP machine [11]. 

In this specific case, periodic boundary conditions are used to close the flat preform in order to generate 

the cylinder. This means that in addition to the control points that form the optimization parameters (see 

Figure 7), further control points that directly follow some of these optimized control points are added. This 
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strategy ensures that all cubic 𝐵-splines periodic boundary conditions are perfectly met. In other words, the 

periodic boundary conditions along the 𝑧-axis of the cylinder are required to guarantee that the nodes with 

coordinates (𝑟, 𝜃, 0) meet the nodes with coordinates (𝑟, 𝜃, 𝑙), where 𝑙 stands for the cylinder length (for a 

2D representation refer to Figure 7, where the lines with coordinates (0, 𝑦) need to perfectly meet the lines 

with coordinates (𝑝, 𝑦), where 𝑝 stands for cylinder perimeter). Furthermore, this is also a feature for the 

mesh creation, since the mesh is generated in the proposed modeling approach (in PYTHON) and not in the 

FE package. In fact, the FE software is used just to solve the FE problem. In a similar manner, other 

manufacturing constraints like a smooth transition to non-optimized sections in the laminate or other 

symmetries might be implemented. Likewise, constraints to limit the design space of the fiber pattern can 

be addressed by box constraints on the control points. 

 

3.1 Fiber layout parametrization 

The parameterization of the fiber layout is herein described in detail. For the [0/45/45/0] and 

[0/45/−45/0] cylinders, only the outer layer is optimized. Both innermost and outermost layers are replaced 

with the same optimized layer, which is represented via a constraint in the algorithm. The [0/45/45/0] and 

[0/45/−45/0] cylinders are the initial guesses, then generating [VAs/45/45/VAs] and [VAns/45/−45/VAns] 

optimized cylinders, respectively. 

However, in general, multiple layers can also be parameterized. An initial arbitrary fiber layout is chosen 

and the parameterization describes only modifications of this fiber pattern. For the 0° layer of the cylinder, 

a layout of equidistant straight and parallel fibers is chosen as an initial layout. Deviations from this layout 

are restricted to shifts in the circumferential direction (see Figure 7), which restricts potential layouts to 

angles of less than 90° between fiber orientation and the load which is parallel to the axial direction. The 

angle limitation is convenient to make the optimized fiber pattern feasible to be manufactured. 

The fiber path is then modeled based on 2D cubic B-splines. Nevertheless, only deviations from the 

initial path are described with the spline functions (straight and parallel fiber layout in this case). The 𝑥-

coordinate around the cylinder circumference of the placement path is given by: 

𝑥 → 𝑓 (𝑢𝑘, 𝑣) = ∑ ∑ 𝑝𝑖𝑗𝐵𝑖(𝑢𝑘)𝐵𝑗(𝑣)

𝑁𝑦

𝑗=1

+ 𝑎𝑢𝑘

𝑁𝑥+3

𝑖=1

 

    (7) 

where 𝐵𝑖 are cubic 𝐵-spline basis functions, 𝑎 is the circumferential length of the cylinder, the control 

points 𝑝𝑖𝑗 are the optimization parameters, 𝑁𝑥 and 𝑁𝑦 are the number of control points in the circumferential 

and axial directions of the cylinder. An equidistant set of 𝑢𝑘 defines the different rovings next to each other 

in 𝑥-direction, and the total set of curves for each roving path along the 𝑦-direction is given by variation of 

𝑣, as follows: 
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𝐶𝑘(𝑢𝑘, 𝑣) → (
𝑓(𝑢𝑘, 𝑣)

𝑏𝑣
)     (8) 

where 𝑏 is the axial length of the cylinder. For 𝑝𝑖𝑗 = 0, the initial layout with straight fibers 𝐶𝑘(𝑢𝑘, 𝑣) is 

obtained. By fixing 𝑝𝑖𝑗 = 𝑝𝑖+𝑁𝑥 𝑗 for 𝑖 = 0, 𝑖 = 1 and 𝑖 = 2, the periodic boundary conditions of a cylinder 

can be fulfilled. 

The optimization parameters are 16 independent control points (𝑁𝑥 = 4, 𝑁𝑦 = 4), as shown in Figure 7. 

When a particular control point changes, the displacement resolution of the control points is lower than the 

mesh, which means that the finite element mesh is sufficiently refined to ensure that the optimization is 

mesh-independent. An advantage of BOBYQA algorithm is that it may converge even for larger number 

of optimization parameters (design variables). The convergence (stopping criterion) of the current 

optimization is reached when the increase in the control points between successive iterations is not higher 

than 0.01 mm (as the fiber pattern does not change in this case, analogously, the eigenvalues/eigenvectors 

do not change as well). The computational time and number of iterations for each optimization case is 

shown in Table 2. 

Table 2. Computational cost of the optimizations. 

Laminate 
Simulation time  

(1 iteration) [s] 

Optimization 

time [h] 
Number of iterations 

[VAs/45/45/VAs] 68.9 16.4 2181 

[VAns/45/−45/VAns] 87.1 10.2 992 

 

 

Figure 7. Illustration of the 16 control points along circumferential and axial directions of the cylinder at 

an arbitrary particular iteration along the optimization process. 

 

4. Results and discussion 
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Zones that stresses are of transient nature may be developed in composite shells depending on the type 

of load, boundary conditions, defects, etc. These zones are referred to as local effects, the so called edge 

effects, once the absolute value of the stresses can significantly change in these regions. For this reason, a 

preliminary investigation was performed in the non-optimized cylinders to evaluate the suitability of the 

BCs by assessing their axial stress field at the pre-buckling state (Figure 8), which includes linear bending 

in the analysis. In this case, the membrane force in the cylinder-length direction 𝑁𝑧 (𝑁𝑥 for a Cartesian 

coordinate system) remains uniform while 𝜎𝑧𝑧 changes in both thickness and length direction. For both 

mesh density and BCs utilized, the axial stresses (𝜎𝑧𝑧) shows a slight edge effect, which is expected since 

the edges are constrained from free expansion induced by Poisson effect. For the actual geometric 

dimensions edge effects are restricted to the vicinity of the top and bottom surfaces. Nevertheless, the edge 

effects rapidly decay with the length of the cylinder and extend no further than 20 mm. This is a typical 

behavior of a composite cylinder under uniaxial compressive load, in which edge effects take place at 

regions where there is an abrupt change in the load and the geometry of the shell, i.e. near the ends. 

Additionally, no edge effects have been identified in the radial direction, once 𝜎𝑟𝑟 is uniform in the radial 

direction. 

 

Figure 8. Axial stress field in the outer layer at the pre-buckling state for initial designs, a) [0/45/45/0] 

cylinder and b) [0/45/−45/0] cylinder. 

 

The linear buckling analysis corresponds to a linear bending analysis for the pre-buckling state. The 

axial stresses 𝜎𝑧𝑧 in an off-axis layer of the laminate show the bending in the region near the shell edges, 

which are restrained from undergoing the expansion induced by a Poisson effect (Figure 8). The shell 

configuration currently analyzed is relatively long and the edge effects are seen to be confined to a region 

near the shell edges. It is assumed that these edge effects do not play a dominant role in the buckling 

behavior of the configurations investigated in the current study. A further assessment of the effect of the 

edge restraint can be done by including a nonlinear pre-buckling state analysis [27]. 
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It is well known that BCs influence the restoring (incremental) bending moments and the stabilizing 

(incremental) membrane stresses during buckling. Furthermore, the pre-buckling deformation due to the 

edge restraint will be accompanied by destabilizing compressive membrane stresses in the circumferential 

direction of the shell. For shorter shells, the fundamental state (pre-buckling) may affect the buckling 

behavior considerably [28]. 

 

4.1 Buckling optimization 

After the preliminary investigation regarding mesh convergence and edge effects, the optimization itself 

is carried out. Table 3 shows the 10 first buckling loads for all cylinders in this study. Due to their 

periodicity in the circumferential direction, a certain buckling mode of a cylindrical shell has a “companion 

mode” that is shifted over 90 degrees (with respect to the buckling mode considered) in the circumferential 

direction [29]. The buckling mode and its companion mode correspond to the same linear buckling load. 

The buckling modes occurring very closely correspond to this periodic pattern (not fully due to the double 

thickness overlap section) and therefore the eigenvalues occur in pairs. For this reason, the first 10 

eigenvalues are associated with the first 5 lowest buckling loads (Table 3) and their corresponding buckling 

modes (Figure 9). 

Table 3. Buckling loads for all cylinders under investigation. 

Laminate 
Mode [N/mm] 

1st 3rd 5th 7th 9th 

[0/45/45/0] 1168.3 1199.1 1231.1 1270.5 1300.2 

[VAs/45/45/VAs] 1728.5 1769.2 1801.1 1833.3 1860.0 

[0/45/−45/0] 1569.7 1601.1 1738.2 1760.4 1799.8 

[VAns/45/−45/VAns] 1948.7 1980.0 2011.4 2042.2 2075.5 

 

First, the non-optimum laminates are analyzed. The [0/45/−45/0] cylinder has a buckling load 34.4% 

higher than the [0/45/45/0] laminate. The extension-shear and flexural-twist coupling present in the 

[0/45/45/0]-laminate has a more unfavorable effect than the extension-twist/shear-bending coupling 

exhibited by the [0/45/−45/0]-laminate. Analyzing the buckling modes of these initial designs (Figure 9a 

and Figure 9c), they possess symmetric buckling shapes with respect to the shell mid-length, as expected. 

Due to the skewness, the buckling shapes correspond to a combination of a symmetric and an anti-

symmetric part, as shows Figure 9a and Figure 9c. 

Now evaluating the optimization results, the optimum for the initial guess being the [0/45/45/0] stacking 

sequence, the [VAs/45/45/VAs] laminate is generated. Comparing the 1st buckling load and mode of these 

cylinders, an increase of 47.9% is achieved for the optimized layout. The deformation pattern of the 

[VAs/45/45/VAs] cylinder is shown in Figure 9b. Concerning the slight loss of symmetry with respect to 

the shell mid-length on the optimized shells, this is attributed to the non-symmetry of the VA layers along 
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the 𝑧-axis, once both fiber angle (Figure 12) and especially thickness (Figure 13) are not symmetric. 

Although this behavior is undesirable for design purposes, these results are acceptable for the current 

demonstration of the proposed methodology, in which the buckling performance is optimized without 

imposing additional constraints to achieve a symmetric buckling pattern. From this perspective, for the 

current design landscape, a valuable optimum has been obtained. Therefore, the symmetry on the buckling 

modes is not preserved in the optimized layout [VAs/45/45/VAs]. As previously mentioned in describing 

the capabilities of the present model set up and optimization capabilities, this thickness gradient is achieved 

through overlapping the fiber rovings on top of each other, and this thickness distribution makes the shell 

non-symmetric, such that this feature reflects on a non-symmetric linear buckling mode. 

 

Figure 9. Buckling shapes for: [0/45/45/0] a), [VAs/45/45/VAs] b), [0/45/−45/0], and 

[VAns/45/−45/VAns] d) cylinders. 

 

Regarding optimization of the [0/45/−45/0] cylinder, whose optimized layout is the [VAns/45/−45/VAns] 

cylinder, the increase in the 1st buckling load is of 24.1%. It is also worth mentioning that the absolute 

buckling loads of the [0/45/−45/0] laminate are higher. Although the optimized configurations cannot be 

directly compared, it is noted that the optimized [VAns/45/−45/VAns] cylinder has a buckling load that is 

66.8% higher than the [0/45/45/0] initial design. 

Similarly to the optimized layout [VAs/45/45/VAs] (Figure 9b), the optimized cylinder 

[VAns/45/−45/VAns] also has non-symmetric buckling modes with respect to its mid-length, once this 
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structure also has non-symmetric thickness distribution and fiber orientation with respect to the shell mid-

length (Figure 9d). 

Evaluating the difference on the buckling pattern from the initial design [0/45/−45/0] with the optimized 

[VAns/45/−45/VAns] cylinder, for the VA case, there is a stiffness redistribution in the shell, which gives a 

different stress (pre-buckling) distribution. The difference in the results could then be more pronounced 

between them. Comparing their buckling patterns in further modes, e.g. for a similar mode, it is notorious 

the stiffness tailoring over the VA cylinder, which is locally adapted aiming at enhancing the linear buckling 

load. Hence, comparing the buckling loads for each mode, the optimized designs provide the optimum 

stiffness distribution (i.e. the mode and the corresponding restoring force have been beneficially modified 

to improve in particular the first buckling load) within the actual design landscape. Moreover, due to the 

effects on a specific mode, buckling patterns on further modes depend on the configuration analyzed (i.e. 

note the difference on the buckling patterns for the optimized cylinders in Figure 9b and Figure 9d). 

Summarizing the differences in the buckling pattern for the baseline configurations (constant nominal 

thickness over the shell) with the optimized layouts (non-symmetric thickness distribution over the shell), 

there is a loss of symmetry in the buckling pattern in both optimized cylinders, which arise due to the 

freedom in the optimization algorithm, which optimizes the structure for maximizing the specific buckling 

load. The difference on the buckling patterns in comparison with their respective initial design is even more 

pronounced for the VA cylinders, since also the pre-buckling stress distribution is affected by the effect on 

the stiffness connected with the buckling state, which is related to the bending stiffness and the stretching 

stiffness of the cylinder. Nevertheless, it should be pointed out that the loss of the symmetry with respect 

to the shell mid-length for the optimized cylinders is not affected by the BCs, once they are the same at the 

two edges (see Figure 5). 

Figure 10 depicts the specific buckling load for all cylinders. It should be mentioned that the non-

optimized laminates have the same masses (243.4 g). Nevertheless, the optimized cylinders have different 

masses ([VAs/45/45/VAs] =251.9 g and [VAns/45/−45/VAns] = 245.8 g), which is attributed to the different 

thickness distribution for these cylinders. An improvement of 43.0% is reached comparing the optimum 

[VAs/45/45/VAs] with its initial guess [0/45/45/0], whereas the improvement for the [VAns/45/−45/VAns] 

comparing to the [0/45/−45/0] cylinder is of 23.0%. 

The fiber orientation for both optimized laminates is shown in Figure 11. It shows how the fiber 

distribution in the VA layers, by varying the orientation angles, efficiently exploits the directional properties 

of the composite layers for optimum distribution of the axial section forces, resulting in improved buckling 

capacity. The red strip in the cylinders represents the 12-mm overlap, which is required for closing off the 

cylinder and, hence, avoid any gap when the preform is wrapped onto a mold in case these cylinders are 

manufactured. 
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Figure 10. Buckling and specific buckling loads for all cylinders. 

 

Analysing the 3D fiber distribution presented in Figure 11 together with the in-plane fiber angle 

mapping, it can be better visualized how the fibers are placed along the directional path throughout the 

cylinder, maximizing the axial load capacity. Among the differences in the fiber distribution for the 

optimum laminates, the [VAs/45/45/VAs] (Figure 11a) laminate has angle variations onto the whole 

cylinder. For better visualization, Figure 12 shows the in-plane angle variation, performed through 

unwrapping of the optimized layer. Analysing Figure 12a, it can be seen that around the top edge the fiber 

orientation varies from 59° to 73° (where 0° is the load direction), which aleviates the stresses associated 

to the applied pre-stresses buckling load. At the bottom edge, the deviation is a little higher, varying 

between 11° and 6° (where 0° is the load direction) are noticed. 

 

Figure 11. 3D fiber orientation of the optimized layers for: [VAs/45/45/VAs] a) and [VAns/45/−45/VAns] 

b) cylinders. 

 



19 

The fiber angle distribution of the [VAs/45/45/VAs] and [VAns/45/−45/VAns] optimized configurations 

are, of course, different. As can be observed in Figure 11b, the fiber angle around distribution near the top 

edge varies between −62° and−67°, whereas a higher variation from the cylinder mid-length towards the 

bottom edge takes place, generating angles near the bottom edge between 73° and 68°. Sumarizing, for both 

cases, an efficient load path in the VA layers is only achieved by an optimally tailoring the stiffness via 

fiber steering. 

Changing the fiber angles over the outer layers of the shell efficiently takes advantage of the directional 

properties of the orthotropic fiber-reinforced layers for better distributing the restoring forces, ensuing 

enhanced buckling capacity. A major difference between the buckling response of the “arbitrarily” 

laminated cylinders (optimized configurations) with that of homogeneous fiber angle and thickness in every 

layer (baseline configurations) is the coupling between flexural bending and in-plane stretching. For the 

VA cylinders, the stretching-bending coupling are lower than that of their respective baselines, which also 

contributes to the fact that both VA cylinders have higher critical buckling loads than their initial designs. 

Additionally, the degree of elastic coupling for the optimized [VAns/45/−45/VAns] cylinder arising from 

[𝐵]-matrix (i.e. 𝐵16 and 𝐵26) and [𝐷]-matrix (i.e. 𝐷16 and 𝐷26) terms, that usually negatively affects the 

structure, is alleviated by the VA fiber layout configuration. This relief concerning the negative influence 

of the [𝐵]-matrix is only valid for the [VAns/45/−45/VAns] cylinder, since the other optimized design 

[VAs/45/45/VAs] does not have coupling between in-plane normal forces and twisting curvature and 

twisting moment to mid-plane normal strains ([𝐵]-matrix is null). Another major rule that affects the 

improved performance of the optimized cylinders is the fact that the buckling loads of the optimized designs 

are the redistribution of the stresses in the pre-buckling state and the redistribution of the stiffness properties 

that directly relate to the actual buckling state. 

 

Figure 12. In-plane (unwrapped cylinder) fiber angle mapping of the optimized VA outer layer for: 

[VAs/45/45/VAs] a) and [VAns/45/−45/VAns] b) cylinders. 
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The thickness distribution for the optimized laminates is shown in Figure 13. The optimized 

[VAns/45/−45/VAns] cylinder (Figure 13b) is to some extent thinner than the symmetric one (Figure 13a). 

Morever, the [VAs/45/45/VAs] optimized design has a less uniform thickness distribution over the cylinder 

compared to the [VAns/45/−45/VAns] one. A similar trend is observed for both optimized cases is that they 

are thicker near the edges and thinner near the cylinder mid-length area. This thickness distribution helps 

increasing the specific buckling load, whose efficiency is associated to the load redistribution achieved 

when the fiber angle is tailored to meet the stiffness and restoring loads properties. It is also valid to mention 

that the non-symmetric thickness distribution over the optimized layers of the cylinder is the main cause 

that generates non-symmetric buckling patterns, as previously shown in Figure 9. 

 

Figure 13. In-plane (unwrapped cylinder) thickness distribution of optimum VA layers for: 

[VAs/45/45/VAs] a) and [VAns/45/−45/VAns] b) cylinders.  

 

4.2 Post-buckling analysis 

For a better understanding of the potentialities and limitations of the linear buckling optimization, 

investigations on the post-buckling behavior are carried out using a non-linear buckling FE model, since 

once the buckling modes have been calculated the post-buckling problem can then be calculated. For shell-

type structures, assessment of the imperfection sensitivity of the configuration, i.e. the decrease in load 

carrying capability of the shell in the presence of in particular geometrical imperfections, is a relevant issue 

[3,30,31,32,33,34]. An initial assessment of the imperfection sensitivity of the four main configurations 

compared in Section 4.1 (initial and optimized designs), is carried out by calculating the ratio between limit-

point buckling load and linear buckling load (
s

=
Λs

Λc
⁄ ) using the shape of the corresponding first 

buckling mode as imperfection, with an amplitude of 5% of the average shell thickness. 

Figure 14 presents the load vs. shortening curve for both the initial and the optimized designs. The 

nonlinear analysis of the four main configurations shows, that including these specific imperfection shapes, 

the cases optimized with respect to the linear buckling analysis in the nonlinear case have a lower 
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percentage decrease with respect to the associated linear buckling load (
s
 factor is higher). Some 

interesting facts are worth of highlighting: i) the pre-buckling stiffness of the optimized designs is lower 

than the stiffness of the corresponding initial designs. This also corresponds to the fact that the fiber angle 

is optimized to maximize the first specific buckling load, and not to minimize the compliance; ii) 

complementary to the previous observation, the load carrying capacity of the optimized designs with VA 

layers is higher than the load carrying capacity of their initial layouts, iii) the primary equilibrium paths of 

all curves show linear behavior up to load levels close to the limit point; iv) the four designs, both the initial 

and the optimized designs, show in their load-shortening curves a strong negative slope of the initial post-

buckling path just after the limit point. Moreover, it will be shown later in Table 4 that the imperfection 

sensitivity of the optimized cases is lower than the corresponding non-optimized cases for affine 

imperfections. 

 

Figure 14. Load vs. shortening curves for the initial and optimized designs. 

 

The imperfection sensitivity analysis of composite cylindrical shells requires the consideration of 

nonlinear modal interactions [27,35]. In the present work, a first indication of the imperfection sensitivity 

of the shell configurations analyzed is obtained by applying an imperfection with the shape of the first 

buckling mode calculated in the linear buckling analysis. In particular, the possibility of a further reduction 

of the limit-point load due to modal interaction in the case of the optimized designs should be assessed in 

further studies. The approach herein presented is similar to the methodology used by Lindgaard et al. [36] 

and Narayana et al. [37], where imperfections are introduced by applying displacements on the nodes of 

the lowest eigenvector and updating the geometry in the non-linear model to the imperfect configuration. 
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Another important parameter to assess the effectiveness of the optimization herein proposed is by 

reducing the theoretical buckling load by a factor 
s
. The linear buckling load, load carrying capacity and 


s
 factor are presented in Table 4. On one hand, the 

s
 factor for the initial designs [0/45/45/0] and 

[0/45/−45/0] are of 0.855 and 0.871, respectively. On the other hand, the optimized designs 

[VAs/45/45/VAs] and [VAns/45/−45/VAns] have 
s
 factors of 0.900 and 0.913, respectively. One can 

conclude that in this case, for an imperfection affine to the corresponding buckling mode, the decrease in 

buckling load (as compared with the linear buckling load) in the optimized cases turns out to be lower than 

in the corresponding non-optimized cases. Likewise, Labans and Bisagni [21] and White and Weaver [38] 

found the potential of obtaining an improved post-buckling performance when using VA structures. 

Table 4. Imperfection sensitivity for the cylinders. The imperfection used is based on the shape of the 

corresponding linear buckling mode with amplitude of 5% of the average shell thickness. 

Laminate 
Linear buckling load 𝚲𝐜 

(perfect shell) [N/mm] 

Limit-point buckling load 𝚲𝐬 

(imperfect shell) [N/mm] 
(

𝐬
=

𝚲𝐬
𝚲𝐜

⁄ ) 

[0/45/45/0] 1168.3 999.3 0.855 

[VAs/45/45/VAs] 1728.5 1556.0 0.900 

[0/45/−45/0] 1569.7 1367.2 0.871 

[VAns/45/−45/VAns] 1948.7 1780.0 0.913 

 

5. Conclusions 

The Direct Fiber Path Optimization (DFPO) framework was used to tailor the stiffness properties, by 

fiber steering, on the surface of composite cylinders for optimizing their specific linear buckling load under 

axial compression. This optimization framework takes the manufacturing characteristics of the Tailored 

Fiber Placement process into account, in which both fiber angle and thickness build-up are locally adapted 

to find the global optimum in the current design space. Two initial laminate stacking sequences have been 

considered as initial designs (initial guesses): [0/45/45/0] and [0/45/−45/0]. From the optimization of these 

laminates, the following optimized designs have been determined: [VAs/45/45/VAs] and 

[VAns/45/−45/VAns], respectively. 

The optimized cylinders showed non-symmetric buckling patterns with respect to their mid-length, once 

the optimized structures have overlaps that alter the thickness distribution of the VA layers, making them 

non-symmetrical, which is reflected in the linear buckling modes. Moreover, the degree of elastic coupling, 

that usually negatively affects the structure, was alleviated in the optimized cylinders for the VA fiber 

layout.  

Regarding the post-buckling analysis, the optimized VA cylinders unveiled to have a lower sensitivity 

to geometrical imperfections compared to their constant-stiffness cylinders for affine imperfections. The 

non-uniform stiffness distribution of the VA layers is the main assumption, which provided to the optimized 

structures a more benign post-buckling performance. 
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By using imperfection shapes corresponding to the combination of several buckling modes, one can 

further assess the imperfection sensitivity of the optimal configurations attained in the current study. The 

current optimization framework can be used as the basis for further investigations within a nonlinear 

optimization framework, in which the imperfection sensitivity aspect is included in the optimization 

process.  
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