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 A B S T R A C T

In the aerospace sector, weight reduction is crucial for enhancing performance and efficiency. Significant 
advantages of using Carbon Fiber Reinforced Polymer (CFRP) in structural designs include the weight saving 
potential by leveraging their favorable strength-to-weight and stiffness-to-weight ratios, as well as their ability 
to modulate properties through strategic laminate design. Traditional composite design methods often depend 
on constant-stiffness, utilizing quasi-isotropic layouts with uniform fiber orientation angles across each layer. 
Although this method preserves structural integrity, it does not fully leverage the potential of advanced 
composite materials and fiber placement technologies for weight minimization. Introducing variable fiber 
directions can achieve further weight reductions. However, this expanded design flexibility introduces new 
challenges and necessitates automation in the design process. This paper builds on these concepts, presenting 
a novel approach to structural design using Variable Angle Tow (VAT) laminates for Automated Fiber 
Placement (AFP) manufacturing. Specifically tailored for complex double-curved components, this method 
aims to optimize weight and reduce manual effort while simultaneously maintaining or enhancing structural 
performance and ensuring manufacturability. It encompasses an automated nested loop optimization process 
utilizing Finite Element Analysis (FEA) and algorithmic design to fine-tune the orientation and curvature of 
splines, as well as the thickness of individual layers, thereby achieving mass reduction. The entire process 
effectively bridges the gap between design and manufacturing, from the initial CAD model import of the part 
surface to the generation of executable robot control code. The method is applied to a 2D plate and a double-
curved 3D wing shell under exemplary loading conditions. Weight reductions of up to 7.44% were achieved 
compared to classical laminates. These exemplary results, while dependent on specific components and load 
cases, demonstrate the efficacy of the method and the potential for weight savings in aerospace structures.
1. Introduction

The adoption of new technologies is crucial for the aerospace in-
dustry for reducing aircraft weight, which is essential for better fuel 
efficiency and increased payload capacity. The demand for materials 
that offer high strength-to-weight ratios, as well as corrosion and 
fatigue resistance, has led to the widespread adoption of composites 
in aerospace applications [1]. In aerospace applications, unidirectional 
materials with continuous fibers are predominantly used. These fibers 
are fixed in the desired geometry by a matrix material or resin after cur-
ing for thermosets or consolidation for thermoplastics, forming layers 
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called laminae that are stacked in a specific sequence to create a lam-
inate. Unlike isotropic metallic materials, which are characterized by 
directionally independent elastic properties, unidirectional laminae are 
orthotropic and exhibit directionally dependent properties within the 
plane of the layer. The mechanical behavior of laminated composites 
is significantly influenced by factors such as fiber orientations, stacking 
sequences, and ply thickness. These parameters can be optimized to 
design composite structures that meet specific requirements [2]. Fiber-
reinforced laminate composites like Carbon Fiber Reinforced Polymer 
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Fig. 1. Illustration of the design process for CFRP components manufactured with AFP showing the fragmented workflow and iterative loops in aerospace applications.
(CFRP) are extensively used in the Boeing 787 and Airbus A350-
XWB, making up over 50 wt%, improving both secondary and primary 
aircraft structures [1,3].

Various automated and semi-automated fiber placement methods 
are used in aerospace, with Automated Fiber Placement (AFP) and 
Automated Tape Laying (ATL) being the most common. Lukaszewicz 
et al. discuss the historical developments and technological advance-
ments of AFP and ATL technologies in their review [3]. Increasingly, 
the industry is shifting from ATL to AFP due to its technological 
advantages [4]. Notably, studies by Lukaszewicz have shown AFP to be 
more efficient across different component sizes  [5,6]. An AFP system 
uses a robotic arm or gantry configuration with a placement head to 
deposit pre-impregnated carbon fiber tows. The fiber placement head 
utilizes integrated heating and a compaction roller to bond the tows 
securely to the base or previous layers, building the part additively until 
the desired geometry is reached. AFP increases precision, consistency, 
speed, and allows for curved fiber placement within the plane of the 
layer. For a broad review of AFP systems the interested reader is 
referred to [7,8]. Continuous Tow Shearing and Rapid Tow Shearing 
are more recent approaches to deposit fiber material that reduce fiber 
buckling and wrinkling by using shear deformations instead of bending 
forces, allowing for a smaller steering radius. However, these methods 
are limited to 2D fiber placement, requiring extra steps for 3D com-
ponents. Additionally, shearing can cause significant variations in part 
thickness, which may accumulate and lead to undesired effects [9,10].

The overall design process for CFRP components manufactured with 
AFP in the aerospace industry lacks continuity and requires numer-
ous manual steps and interpretations. As illustrated in Fig.  1, the 
process spans multiple disciplines such as design, analysis, composite 
design, NC programming, and manufacturing, which largely operate 
as knowledge silos. These disciplines utilize different software appli-
cations, and interfaces between the software of various disciplines are 
non-existent. Iterative loops between these instances are frequently 
necessary, altering the design and consequently the laminate struc-
ture. Each iteration requires compromises, further complicating the 
process. This fragmented approach not only hampers efficiency, but 
also potentially impacts the quality and consistency of the final CFRP 
components.

Effective composite design integrates both geometry and fiber ply 
design [11]. Ghiasi et al. categorize composite design into Constant 
Stiffness (CS) [12] and Variable Stiffness (VS) [13] designs. The conven-
tional approach to composite material design, known as CS laminates, 
relies on quasi-isotropic layouts with consistent fiber orientation per 
layer. CS laminates are integral to aircraft manufacturing and are used 
to ensure uniform stiffness. Aircraft manufacturers employ composite 
design rules that simplify both construction and load calculations, 
ensuring that materials meet stringent safety and performance require-
ments for aircraft. These rules include using classical layer orientations 
(−45◦∕45◦∕90◦∕0◦) and designing laminates to be symmetrical and bal-
anced, which minimizes mechanical coupling effects and promotes even 
stress distribution. The proportion of each orientation should be at least 
10%, allowing the material to effectively handle loads from various di-
rections without being too stiff or too flexible in any one direction [14]. 
Furthermore, the strategic positioning of −45◦∕45◦ fiber pairs as the 
outermost layers provides a protective function for the underlying 
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plies [15]. Optimizing CS laminates involves determining the optimal 
number of layers, set of fixed fiber orientations, stacking sequence and 
thickness to achieve performance objectives such as in-plane strength, 
buckling load, flexural stiffness, and natural frequency [16–20]. For a 
comprehensive review of CS laminate design methodologies, the reader 
is referred to [12]. While this approach ensures structural integrity, it 
fails to fully exploit the potential of composite materials and modern 
manufacturing techniques, particularly the capabilities of fiber place-
ment machines, hindering full utilization of the material’s directional 
properties.

In contrast, VS laminates have spatially varied stiffness to tailor 
stress distribution for enhanced structural performance. Techniques to 
achieve this variability include combining various CS laminates across 
different structural zones or using curvilinear fiber paths, known as 
Variable Angle Tow (VAT) laminates. The use of AFP machines gives 
the freedom to tailor the properties in directions that are more favor-
able for carrying loads within the laminate. This approach expands 
design capabilities and enhances mechanical properties and efficiency 
but adds complexity, requiring automated design and precise path 
planning in AFP processes to manage potential manufacturing defects.

Heinecke et al. have outlined various defects such as gaps, over-
laps, tow wrinkling, bridging, and crowning that can occur during 
manufacturing with the AFP process [21]. Manufacturing constraints 
such as minimum radius and spacing requirements can have a decisive 
impact on tow-steered laminate optimization and should therefore be 
integrated from the start [22]. Sawicki and Minguett demonstrated 
that a gap of 0.76 mm could reduce the compressive strength of a 
laminate by up to 27% [23]. Croft et al. concluded in a study that 
overlap could reduce in-plane shear strength by up to 13% [24]. Recent 
findings confirm that overlap and gap defects in tow-steered laminates 
significantly affect buckling strength, highlighting the importance of 
defect-free fiber placement [25]. Depending on the AFP machine, ma-
terial, and process parameter settings, different minimum layup radii 
can be achieved. Various values are reported in the literature. For 
example, Füssel et al. reported a minimum layup radius of 50 mm using 
a thermoplastic polymer with short fibers [26]. However, thermoset 
materials and long fibers require a larger radius to ensure defect-free 
manufacturing. It is important to emphasize that the minimum layup 
radius is not only dependent on the material but also influenced by the 
specific AFP machine, the component being manufactured, and various 
process parameters.

VAT laminates have shown significant improvements in structural 
performance compared to traditional straight fiber designs. Studies 
have demonstrated that VAT panels can achieve up to 20% weight 
savings when optimized for buckling performance [27]. One early 
demonstration of this was provided by Hyer and Lee, who showed that 
curvilinear fiber paths can significantly improve buckling resistance 
in composite plates with central circular holes [28]. Furthermore, 
many researchers have found that VS laminates exhibit stiffer post-
buckling behavior than their straight fiber counterparts, as exemplified 
by Groh and Weaver [10]. For instance, Aoki et al. reported that 
composites with curved fibers exhibit a 6% higher initial failure load 
and 3% higher panel stiffness [29]. The concept of utilizing curvilinear 
fiber deposition to enhance the effectiveness of fiber-reinforced ma-
terials has been explored since the 1970s. Brandmaier demonstrated 
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that the optimal orientation of fibers for maximizing the mechanical 
strength of composites is not inherently aligned with the principal 
stress directions, but rather depends on the distinct strength properties 
inherent to the individual layers of the laminate [30]. This finding was 
further developed to analyze the effect of fiber curvature on mechani-
cal properties [31,32]. Since then, numerous optimization approaches 
have been developed to leverage the advantages of curvilinear fiber 
paths [33–36]. Many continue to use principal stress directions to align 
fibers, as Hyer and Charette demonstrated in the study [37]. Others 
utilize lamination parameters to generate VAT fiber paths [38,39]. The 
optimal alignment of variable fiber angles depends on the loading and 
boundary conditions. The extensive design possibilities inherent to VAT 
laminates present intricate challenges in structural optimization [40].

Over the past decade, the specialized areas of VS and topology 
design in laminated composites have required significantly more de-
sign resources than CS laminate optimizations [11]. Due to the vast 
number of design variables, manually optimizing laminate configura-
tions is highly challenging. To address this complexity, it is necessary 
to develop optimization strategies that effectively explore the design 
space. The performance improvements possible with VS laminates are 
constrained by the capabilities of AFP technology. Thus, manufactura-
bility must be incorporated into the design process to ensure that the 
designs are both practical and achievable within existing technological 
constraints.

While significant progress has been made in optimizing VAT lami-
nates, several critical gaps remain in the current state of research. Many 
studies focus on structural optimization without adequately consider-
ing manufacturability constraints, often addressing these limitations 
only in later design stages [41]. This approach can lead to optimal 
designs, but they may require subsequent adjustments, causing de-
viations from the original optimum. The emphasis on structural op-
timization without manufacturing considerations has resulted in few 
practical applications for VAT laminates. For example, Setoodeh et al. 
used lamination parameters in a two-level optimization strategy to 
design a VAT laminate, which resulted in discontinuous curvilinear 
fiber paths [42]. Although some studies have attempted to address 
this issue, they frequently neglect other critical manufacturabiltiy as-
pects, lacking holistic approaches that simultaneously consider multiple 
factors such as minimum curvature radius, gaps, and overlaps. For in-
stance, Montemurro and Catapano developed an optimization strategy 
for VAT laminates that considers minimal layup radii but overlooks 
gaps and overlaps, resulting in theoretical optima that are not manufac-
turable [43]. Furthermore, like many studies, the approach is limited 
to 2D applications and fails to account for the complexity of real 
3D components. Notably absent from most studies is an end-to-end 
process chain directly linking optimization and design to laminate man-
ufacturing, creating a significant gap between theoretical designs and 
practical implementation. Recent work by Noevere et al. has addressed 
the need for a comprehensive process chain in developing laminates 
for AFP manufacturing [44]. However, their method, while offering 
a more comprehensive workflow, lacks automated optimization and 
design generation. Additionally, their focus is primarily on adapting 
fixed fiber orientations to curved surfaces rather than exploring the 
full potential of VAT designs. This discrepancy between theory and 
practice underscores the need for an integrated approach that considers 
both structural performance and manufacturing constraints from the 
outset of the design process, while allowing for more innovative fiber 
orientation strategies beyond traditional fixed angles.

In conclusion, the design and manufacturing of composite structures 
for aerospace applications require an advanced optimization process 
that addresses current limitations. Key requirements encompass the 
integration of manufacturing constraints from the design outset and 
full automation capable of handling 2D and 3D components of any 
scale. The process must incorporate AFP considerations such as min-
imum curvature radius, gaps, and overlaps while optimizing structural 
performance and weight. It should explore innovative fiber orientation 
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strategies and provide a seamless workflow from design to manufac-
turing. This paper proposes an innovative, nested loop optimization 
process for designing CFRP laminates for AFP manufacturing. The 
method utilizes VAT technology, adjusting both ply design and layer 
thickness to maximize weight savings while maintaining structural 
integrity. This comprehensive approach offers precise control over 
material properties within manufacturing constraints, aiming to en-
hance the practical applicability of VAT laminates in complex aircraft 
structures. By addressing the identified requirements, this methodology 
seeks to improve the effective use of advanced materials and AFP 
techniques in aerospace, potentially leading to optimized performance 
and increased efficiency in aircraft design and manufacturing.

The remainder of the paper is structured as follows. Section 2 
presents a nested loop optimization method aimed at weight reduction 
and structural integrity enhancement of the composite laminates, in-
cluding an automated design process for VAT laminates in Section 2.1. 
Section 2.2 addresses the manufacturability analysis considerations 
and challenges associated with AFP, detailing the strategies employed 
to incorporate these elements into the laminate design. To facilitate 
readability, necessary fundamentals for each part of the concept are 
explained at the beginning of the respective chapters. The numerical 
results of the proposed optimization process, including an academic ex-
ample featuring a rectangular 2D plate, and a practical application of a 
double-curved 3D shape representative of a wing shell of a commercial 
aircraft, are presented in Section 3. Finally, Section 4 summarizes the 
key outcomes of this research and proposes directions for future work.

2. Automated VAT laminate design generation and optimization 
methodology

In this study, a nested loop optimization workflow is developed, 
as illustrated in Fig.  10. Both optimizers target the minimization of 
structural weight as their primary objective. The first optimizer uses 
the control points of the Non-Uniform Rational B-Spline (NURBS) curve 
(see Section 2.1.1) as design variables in a black-box optimization algo-
rithm. This curve also serves as the reference for the VAT propagation 
that creates a ply (see Section 2.1.2). The second optimizer targets 
the thickness of each layer in the laminate design as its design vari-
ables through a gradient-based optimization algorithm. The workflow 
was developed using Rhinoceros 3D (Rhino) Grasshopper. The first 
optimizer was implemented in Python, while Altair’s OptiStruct was 
utilized for the second optimizer.

The proposed methodology employs a nested-loop optimization 
framework with two optimizers, as illustrated in Fig.  2. It integrates 
VAT layers with conventional ply orientations, as shown in Fig.  3 , to 
create weight-optimized and manufacturable laminate designs compat-
ible with AFP processes. The two optimizers operate in combination to 
minimize structural mass, with the outer loop defining the global fiber 
path and the inner loop refining the laminate thickness distribution. In 
the outer loop, a black-box optimization algorithm adjusts the control 
points of a NURBS reference curve (see Section 2.1.1). This curve 
also serves as the reference for the VAT propagation that creates a 
ply (see Section 2.1.2). By guiding fibers along paths that reflect the 
structural requirements, the stiffness-to-mass ratio is improved. After 
each update of the fiber path, manufacturability checks ensure that 
no steering-induced defects are introduced. Only designs meeting these 
requirements proceed to the inner loop. In the inner loop, a gradient-
based optimization algorithm refines the discrete layer thicknesses, 
typically specified as integer multiples of the employed ply thickness. 
This step further reduces mass without compromising mechanical per-
formance. Once thickness optimization is complete, stopping criteria 
are evaluated to determine whether further refinements are necessary. 
The resulting methodology provides a fully optimized VAT laminate 
configuration that refines both fiber paths and laminate thicknesses. 
This ensures that the final design is both mass-efficient and compatible 
with AFP, offering a practical approach to improving the structural 
performance of advanced composite laminates. In the following, the 
different steps of the workflow are explained in detail.
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Fig. 2. Simplified overview of the automated design generation and optimization 
workflow for variable angle tow laminates. In this work, RBFOpt is used for the 
black-box spline optimization and OptiStruct is used for the gradient-based thickness 
optimization.

2.1. VAT ply design generation

The proposed design generation process begins by defining a refer-
ence curve for each VAT ply. This curve serves as the foundation for 
creating additional fiber paths that collectively form a single layer. It 
is later used for tow replication strategies to cover the desired surface 
with paths.

2.1.1. Reference curve
For the construction or selection of a reference curve, the following 

requirements should be met. First, the parametrization should prioritize 
flexibility while maintaining a minimal parameter count to enable the 
use of a black-box optimizer. The parametrization should be able to 
describe fundamental path types such as C-curves (single curvature), 
and S-curves (double curvature). Furthermore, the reference curve must 
extend beyond the component’s boundaries to ensure complete cover-
age during the offset process. When the reference curve does not fully 
span the component, the resulting offset must be artificially extended. 
While many algorithms, including the one described by Qu et al. [45], 
address the need for curve extensions, the most typical approach is 
either appending a linear segment or extrapolating the terminal cur-
vature. However, both approaches introduce abrupt transitions that 
fail to capture the complex curvature variations of the component. In 
particular, linear extensions disrupt curvature continuity, while merely 
continuing the terminal curvature ignores local geometric nuances. As 
a result, these methods often lead to suboptimal integration with the 
component’s overall design.

In the present paper, the reference curve is constructed as a NURBS 
curve 𝐂(𝑢) within the xy-plane and is then projected onto the double-
curved surface of the component. This curve offers great design flex-
ibility with only a few adjustable variables, making it ideally suited 
for creating VAT layer designs. Compared to the iso-contour-based 
method proposed by Arsenyeva et al. [46], which generates fiber 
paths indirectly via artificial guiding surfaces, our approach provides 
direct geometric control through NURBS projection and offsetting. 
This ensures robust AFP-compatible layup generation even on double-
curved geometries and enables precise control over fiber spacing and 
curvature.

The NURBS curve 𝐂(𝑢) is mathematically defined through the 
weighted sum of control points 𝐏𝑖 = (𝑥𝑖, 𝑦𝑖) and the associated rational 
B-spline basis functions 𝑅𝑖,𝑘(𝑢), where 𝑘 is the B-spline degree and 𝑢 is 
the path coordinate. A curve with 𝑛 control points is given by: 

𝐂(𝑢) =
𝑛
∑

𝑅𝑖,𝑘(𝑢)𝐏𝑖 (1)

𝑖=0
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In this implementation, cubic B-splines (k = 3) are employed. The 
workflow for generating the reference curve begins by projecting the 
component’s geometry onto the xy-plane and creating two concentric 
circles with the centeroid of the projection at their center. The first 
circle encompasses the projection, while the second circle has a larger 
radius and is used to define the start and endpoints of the initial spline. 
This ensures that the start and end points of any offset curve lie outside 
the boundaries of the component.

Six points 𝐏1,𝐏2,𝐏3,𝐏4,𝐏5 and 𝐏6 are created using these circles, 
which serve as control points for a NURBS spline, as shown in Fig.  4. 
The first point 𝐏1 can be positioned anywhere on the outer circle using 
the variable 𝑥1. The second point 𝐏2 is linearly dependent on the first 
and is the symmetric counterpart of the first with respect to the center 
of the circle. The points 𝐏3 and 𝐏4 on the inner circle are those with 
the shortest distance to 𝐏1 and 𝐏2 respectively and are therefore also 
dependent on the first point. Another control point 𝐏5 is determined 
using the center point 𝐏̂5 of the line that connects 𝐏1 and 𝐏2. 𝐏5 is 
positioned orthogonal to this line using the variable 𝑥2. The last control 
point 𝐏6 is generated using the point 𝐏̂6, which is positioned on the 
second half of the line and can move along this segment. The variable 
𝑥3 controls the position between the center point 𝐏̂5 of the line and the 
end point 𝐏1, and the variable 𝑥4 changes the position orthogonal to 
the line, resulting in 𝐏6. In total, the NURBS curve is therefore shaped 
by six control points (the red dots in Fig.  4), which can be controlled 
by the four variables combined as the vector 𝐱 =

(

𝑥1 𝑥2 𝑥3 𝑥4
)𝑇

(the green arrows in Fig.  4).
The four variables (𝑥1, 𝑥2, 𝑥3, 𝑥4) that parameterize the six con-

trol points (𝐏1 through 𝐏6) as detailed above, serve as the primary 
design parameters for the subsequent spline shape optimization. They 
define the initial reference spline and consequently the overall spline 
configuration of the entire VAT ply.

The initial spline design is highly flexible, using four variables 
to transform it into various shapes, from simple straight lines to C-
shaped or S-shaped curves. Adjusting the control points’ positions 
and orientations gives precise control over the spline, allowing it to 
meet specific design requirements. The minimization of variables in an 
optimization problem is crucial because computational complexity is 
reduced, efficiency is increased, and the likelihood of identifying an 
optimal solution is improved [47]. Once configured, the NURBS spline 
is projected onto the 3D surface 𝐒(𝑢, 𝑣) of the part, transforming it into 
a three-dimensional spline 𝐐(𝑢). This seamless integration maintains 
the curve’s geometric properties within the model’s three-dimensional 
structure. The projection of the NURBS curve 𝐂(𝑢) onto a 3D surface 
𝐒(𝑢, 𝑣) is achieved by finding the corresponding parameters 𝑣 = 𝑣(𝑢), 
such that the points of the curve are mapped onto the surface: 
𝐐(𝑢) = 𝐒(𝑢, 𝑣(𝑢)) (2)

2.1.2. Tow replication strategies
There are several layup strategies for configuring curved fiber paths. 

These can be developed using either the shifted or offset (parallel) 
methods, as shown in Fig.  5. In the shifted method, the reference curve 
is moved in one direction to cover the entire ply area. In contrast, the 
offset method places all fiber paths in a ply parallel to the reference 
curve.

The offset curve strategy is the most commonly used method for 
path planning, though many publications use a simple shift of the 
reference curve to achieve coverage [48]. The shift method can create 
issues such as overlaps and variable tow distances due to the large 
curvatures of the initial curve, leading to variations in fiber volume 
fraction and uneven laminates. Conversely, the offset method arranges 
all additional fiber paths exactly parallel to the reference curve, main-
taining consistent distances between paths. However, this causes the 
curvature of the paths to change with each offset, potentially becoming 
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Fig. 3. Configuration of a symmetric laminate, illustrated as an exploded view showing distinct ply groups on one side of the midplane. The design variables 𝑡−45 , 𝑡+45 , 𝑡90 , and 𝑡0
represent the total thickness for each respective ply group (−45◦ ,+45◦ , 90◦ , and 0◦) within one symmetric half of the laminate, while 𝑡𝑉 𝐴𝑇  denotes the total thickness of the centrally 
positioned VAT layer. For clarity in the exploded view, each depicted segment of a standard orientation ply group is labeled with half of its corresponding design variable. (a) 
Layer arrangement for a standard CS laminate. (b) VS laminate with a VAT layer of total thickness 𝑡𝑉 𝐴𝑇  positioned at the midplane.
Fig. 4. Schematic representation of the NURBS spline generation process for VAT 
laminate design. Displaying the placement and configuration of control points on two 
concentric circles.

too pronounced and complicating the calculations, especially in three-
dimensional space, as described by Takashi in [49]. Mathematically, 
an offset is not always straightforward, especially in areas where the 
original curve is highly curved. The challenge lies in the fact that if 
the offset radius is too small compared to the radius of curvature of 
the original curve, self-intersections or discontinuities can occur in the 
offset curve [50,51]. Furthermore, in some publications, offsets are 
used but are performed in 2D and then projected onto a double-curved 
3D surface, e.g., Tanaka et al. in [52], which results in paths that are 
not equidistant on the surface.

In the aerospace industry, where uniformity and precision are essen-
tial, the avoidance of manufacturing defects such as gaps and overlaps 
is viewed as critical. In light of these considerations, the offset method 
has been selected as the tow replication strategy for the approach 
described in this paper. By performing the offset calculation on the 
actual 3D surface, consistent inter-tow spacing is maintained even 
on highly curved geometries. The 3D offset method addresses the 
limitations of 2D approaches and provides a more robust solution 
for designing variable stiffness laminates on complex, double-curved 
surfaces. By maintaining consistent spacing between fiber paths, this 
method is not only aligned with industry standards but is also expected 
to provide a robust foundation for optimizing structural performance 
and manufacturing efficiency.
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2.2. Manufacturability analysis

The AFP manufacturing method offers numerous advantages, yet 
it also has inherent limitations that designers must consider. This 
approach involves incorporating manufacturability constraints directly 
into the process of VAT laminate design generation. This is as crucial as 
optimizing mechanical properties, ensuring that the optimized design 
is feasible for real-world production. In AFP, there are principally 
three main tow steering defects: tow buckling, tow pull-up, and tow 
misalignment [3]. Tow buckling typically occurs on the inside radius 
of a tow if compressive forces are too high, while tow pull-up occurs on 
the outside of a tow due to excessive tensile forces [24]. Twisted tows 
can also occur but are less common [53]. Different studies emphasize 
the importance of considering the smallest possible steering radius as 
a critical factor in defect development  [54–56].

To avoid the above-mentioned defects, this approach integrates the 
manufacturability criteria from the onset of path generation to ensure 
that only feasible paths that meet production standards are created. 
This manufacturability analysis, which builds upon the pre-analysis, 
post-analysis, and the handling of sub-minimal paths, comprehensively 
addresses the manufacturing constraints. By acknowledging and ad-
dressing the limitations of AFP through these multiple analytical steps, 
this approach ensures both the feasibility and the integrity of the 
manufactured aerospace components.

2.2.1. Pre-analysis of path viability
The pre-analysis for curvature determination, developed as part of 

this methodology, uses an algorithm that predicts where the curva-
ture radii will become minimal, based on the initial spline 𝐂(𝑢), and 
thus could potentially lead to discontinuities or non-manufacturable 
small radii in the offset paths. This approach allows for adjustments 
to be made before generating the paths to identify and eliminate 
non-manufacturable paths early on. As a result, the entire design pro-
cess is made more efficient, since additional computationally intensive 
calculations of unfeasible offset paths are avoided.

The curvature radius 𝑟(𝑢) is determined from the differential geom-
etry of the curve: 

𝑟(𝑢) =
‖

‖

𝐂′(𝑢)‖
‖

3

‖𝐂′(𝑢) × 𝐂′′(𝑢)‖
(3)

The analysis focuses on the concave offset of the curve, as the 
curves in these areas have a greater curvature than the initial curve 
and are therefore potentially more challenging to manufacture. The 
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Fig. 5. Comparison of fiber path layup strategies for variable stiffness laminates. (a) Shifted method in the −x direction, (b) Shifted method in the −x and +y directions, (c) Offset 
method.
Fig. 6. Illustration of the pre-analysis of path viability in laminate path design.

relationship between the radii of the original and the offset curve can 
be expressed by the formula: 

𝑟2 = 𝑟1 − 𝑑 (4)

where 𝑟1 represents the curvature radius of the initial curve and 𝑟2 rep-
resents the curvature radius of an offset curve with the offset distance 
𝑑 from the initial curve. The curvature 𝜅𝑖,𝑗 at a specific point 𝑖 on the 
curve 𝐜𝑗 is determined by the reciprocal of the radius 𝑟𝑖,𝑗 of the circle 
that best approximates the curve 𝐜𝑗 at the desired point 𝑖 according to 
the equation: 

𝜅𝑖,𝑗 =
1
𝑟𝑖,𝑗

(5)

Although this estimation method employs a 2D analysis, which 
may be less precise for highly curved components, it has demonstrated 
adequate accuracy for the tested 3D geometries.

Thus, the maximum offset distance 𝑑𝑚𝑎𝑥 = 𝑟1 − 𝑟𝑚𝑖𝑛 is the distance 
up to which an offset curve can be generated without exceeding the 
minimum bending radius 𝑟𝑚𝑖𝑛, as illustrated in Fig.  6.

The specific algorithmic procedure for this pre-analysis of path 
viability is visualized in Fig.  7. This flowchart details how critical 
points 𝑃𝐶𝑚𝑖𝑛,𝑖 with local minimum radii 𝑟𝐶𝑚𝑖𝑛,𝑖 are identified on the 
reference curve. Given that the reference curve generation method 
(Section 2.1.1) primarily produces C- or S-shaped curves, the algorithm 
typically identifies one such critical point for C-shaped paths and 
two for S-shaped paths. For each of these identified points, the pre-
analysis calculates a critical inward offset distance 𝑑𝑚𝑎𝑥,𝑖. This 𝑑𝑚𝑎𝑥,𝑖
is subsequently used to project 𝑃𝐶𝑚𝑖𝑛,𝑖 in its concave direction to a 
test point 𝑃𝑜𝑓𝑓𝑠,𝑖, which represents the critical location where the 
minimum offset radius 𝑟𝑚𝑖𝑛 would be violated. At this test point 𝑃𝑜𝑓𝑓𝑠,𝑖, 
the resulting radius becomes smaller than the allowable 𝑟𝑚𝑖𝑛, thereby 
indicating a non-manufacturable condition. The manufacturability of 
the path segment related to 𝑃𝐶𝑚𝑖𝑛,𝑖 is then determined by evaluating 
whether this test point 𝑃𝑜𝑓𝑓𝑠,𝑖 lies within the part boundaries or if any 
further offsetting from 𝑃𝑜𝑓𝑓𝑠,𝑖 would cause the path to re-enter the part 
geometry. A failure at any critical point results in the entire reference 
curve being deemed non-manufacturable, which then triggers a penalty 
for Optimizer I, as detailed later.
6 
The algorithm evaluates the initial curve using circles that match 
its curvature. Replication and further calculations are terminated under 
two specific conditions. First, if a point is identified within the compo-
nent boundaries where the curvature exceeds the permissible limit or a 
discontinuity occurs. Second, if a point outside the component bound-
aries is found whose replication would result in non-manufacturable 
curves within the component boundaries. In either of these scenarios, 
the algorithm bypasses subsequent steps and reports the mass of an 
optimized standard laminate back to the optimizer. This action serves 
as a direct penalty mechanism within the optimization loop: Optimizer 
I receives the mass value of an optimized standard laminate (as a 
baseline reference) for any set of design variables (𝑥1, 𝑥2, 𝑥3, 𝑥4) that 
leads to such a non-manufacturable path according to this pre-analysis. 
Consequently, Optimizer I is guided to avoid regions in the design 
space that produce paths violating the minimum curvature radius (𝑟𝑚𝑖𝑛). 
This integration ensures that only designs passing this curvature check 
proceed to the inner loop for evaluation by Optimizer II.

More efficient algorithms allow for more iterations and a broader 
range of design possibilities within the same timeframe and com-
puting power constraints. This approach eliminates the necessity for 
time-consuming calculations of unfeasible paths, thus enhancing the 
efficiency of the overall design and optimization process by estimating 
manufacturability based solely on the initial spline. However, it is 
important to note that a final, exact verification of curvature must be 
conducted on the final design to confirm the manufacturability of all 
curves.

2.2.2. Post-analysis of path viability
The post-analysis procedure serves as a critical final validation step 

for all generated curves, encompassing both the initial and any offset 
curves. This process is designed to meticulously examine each curve 
for discontinuities and to verify that the curvature remains within the 
predefined limits established by the maximum allowable curvature. The 
procedure involves two key steps:

• Discontinuity Detection: Each curve is analyzed for any abrupt 
changes or breaks that could compromise the integrity of the fiber 
placement.

• Curvature Analysis: The point of highest curvature on each curve 
is identified and evaluated against the maximum allowable cur-
vature. This critical value, denoted as 𝜅𝑚𝑎𝑥, is determined by the 
specific AFP machine capabilities and the material properties of 
the composite fibers.

Mathematically, for a curve 𝐜𝑗 , the curvature 𝜅𝑖 at any point is given 
by: 

𝜅𝑖 =
|𝐜′𝑗 × 𝐜′′𝑗 |

|𝐜′𝑗 |
3

(6)

where 𝐜′𝑗 and 𝐜′′𝑗  are the first and second derivatives of the curve with 
respect to 𝑢.

The post-analysis ensures that for each curve 𝐜𝑗 ∈ 𝐶: 

max 𝜅 ≤ 𝜅 (7)
𝑖 𝑚𝑎𝑥
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Fig. 7. Detailed flowchart of the pre-analysis of path viability algorithm. For each identified local minimum curvature point (𝑃𝐶𝑚𝑖𝑛,𝑖), the process depicts the generation of an 
offset test point 𝑃𝑜𝑓𝑓𝑠,𝑖 (at which the offset radius would be 𝑟𝑚𝑖𝑛) and its evaluation against part boundaries, including re-entry checks.
It is important to note that this post-analysis method is not incorporated 
within the iterative optimization loop due to its computationally inten-
sive nature, as it requires generating paths for the entire component. 
Instead, it serves as a final verification step for the optimized set of 
curves, which are derived from the reference curve that was already 
examined in the pre-analysis, before they are sent to the AFP machine 
for manufacturing.

Instead, it serves as a crucial final verification step for the ultimately 
selected, optimized set of curves 𝐶 before they are sent to the AFP 
machine for manufacturing.

The importance of this post-analysis is especially apparent in scenar-
ios involving components with substantial curvature. For such highly 
curved parts, the initial pre-analysis estimations might mistakenly deem 
certain paths as manufacturable. However, these paths may in fact 
surpass the capabilities of the machinery or the limitations of the 
materials used.

2.2.3. Handling of sub-minimal paths
During the path generation process, certain curves might be pro-

duced that are shorter than the minimal cutting length required for 
manufacturing. These sub-minimal curves pose challenges to manu-
facturability and can potentially affect the structural integrity of the 
component. To address this issue, an approach for handling such curves 
was implemented.

Let 𝐿𝑚𝑖𝑛 be the minimum cutting length required by the AFP ma-
chine, and 𝐶 = {𝐜1, 𝐜2,… , 𝐜𝑚} be the set of generated 3D curves. For 
each curve 𝐜𝑗 ∈ 𝐶, the length of the curve is defined as 𝑙(𝐜𝑗 ). The set of 
sub-minimal curves 𝐶𝑠𝑚 is identified as: 
𝐶𝑠𝑚 = {𝐜𝑗 ∈ 𝐶 ∶ 𝑙(𝐜𝑗 ) < 𝐿𝑚𝑖𝑛} (8)

The operator can decide which strategy to pursue for handling 
these sub-minimal curves, based on specific design requirements and 
manufacturing constraints. Two primary strategies are available:

1. Curve Extension: This strategy is chosen when complete surface 
coverage is necessary, for example, to ensure consistent force 
distribution in the area or to maintain uniform component thick-
ness. For each curve 𝐜𝑠 ∈ 𝐶𝑠𝑚, the extension 𝛥𝑙 is calculated as: 

𝛥𝑙 = 𝐿 − 𝑙(𝐜 ) (9)
𝑚𝑖𝑛 𝑠
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The extension is applied to one end of the curve, maintaining 
the same angle as the original curve, until the minimum cut-
ting length is achieved. However, it is important to note that 
this method results in fiber placement beyond the final compo-
nent contour, necessitating a subsequent trimming operation to 
achieve the desired final shape.

2. Curve Removal: In scenarios where strict adherence to the orig-
inal design, meaning placement closer to the final component 
contour, is prioritized over complete coverage, the operator may 
choose to remove sub-minimal curves. This option might be 
preferred in areas of low stress or where slight variations in 
thickness are acceptable. This approach can potentially reduce or 
eliminate the need for trimming operations, resulting in a more 
efficient manufacturing process and less material waste.

In Fig.  8, the left section displays curves at the component edge with 
non-manufacturable paths in red. The middle section shows extended 
paths to the minimum layup length, highlighted in green, while the 
right section illustrates the removal of paths below this threshold.

The decision between curve extension and curve removal is made 
by the operator for the finalized, optimized design that results from 
the completed optimization loop. This handling of sub-minimal paths 
is therefore considered a post-processing step. The operator’s choice 
is based on a comprehensive analysis of the selected optimal design, 
considering factors including local geometry, load distribution, specific 
manufacturing constraints of the project, and the trade-off between 
ensuring complete coverage versus minimizing subsequent trimming 
or material wastage. Since this procedure is applied after the entire 
optimization process has concluded, it does not influence the iterative 
search performed by Optimizer I or the thickness adjustments made by 
Optimizer II during the optimization run.

2.3. VAT orientation mapping algorithm

The VAT orientation mapping algorithm is designed to translate 
continuous curve data into discrete angular values for mesh elements. 
This process enhances the mesh’s capability to capture the geometric 
fidelity of the original VAT design. The algorithm operates on a set 
of 3D curves generated through an offset procedure, explained in 
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Fig. 8. Left: Initial curves with non-manufacturable segments highlighted in red. Middle: Curves extended by the algorithm to meet minimum layup length highlighted in green. 
Right: Removal of sub-minimal curves.
Section 2.1.2, which collectively cover the entire surface of the com-
ponent and represent the centerlines of AFP tows within a continuous 
geometry. The computed orientation angles 𝜃𝑖 are written into the 
drape-table section of the .fem file, ensuring that each finite element 
carries its assigned fiber orientation into the solver.

The assignment of an orientation angle to each finite element 𝐞𝑖
from the set of mesh elements 𝐸 = {𝐞1, 𝐞2,… , 𝐞𝑛}, based on the set of 
3D curves 𝐶 = {𝐜1, 𝐜2,… , 𝐜𝑚}, follows a defined sequence. Initially, for 
each element 𝐞𝑖, its geometric centroid 𝐩𝑖 is determined. Subsequently, 
the algorithm identifies the specific curve 𝐜𝑗 ∈ 𝐶 that minimizes the 
Euclidean distance 𝑑 between the element’s center point 𝐩𝑖 and the 
curve: 
𝐜𝑗 = argmin

𝐜∈𝐶

√

(𝑥𝑐 − 𝑥𝑝𝑖 )
2 + (𝑦𝑐 − 𝑦𝑝𝑖 )

2 + (𝑧𝑐 − 𝑧𝑝𝑖 )
2 (10)

where 𝐜𝑗 is the selected curve, 𝐶 is the set of all curves, (𝑥𝑐 , 𝑦𝑐 , 𝑧𝑐 )
are the coordinates of a point on curve 𝐜, and (𝑥𝐩𝑖 , 𝑦𝐩𝑖 , 𝑧𝐩𝑖 ) are the 
coordinates of the center of element 𝐞𝑖. At the point of minimum 
distance 𝐩∗ on curve 𝐜𝑗 , the algorithm computes the tangent vector: 

𝑇 = (𝑇𝑥, 𝑇𝑦, 𝑇𝑧) (11)

The projection of this tangent vector onto the global xy-plane 
dictates the fiber orientation within the lamina. The orientation angle 
𝜃𝑖 for element 𝐞𝑖 is then determined using the 𝑥 and 𝑦 components of 
𝑇 ∶

𝜃𝑖 = atan2(𝑇𝑦, 𝑇𝑥) (12)

where atan2 is the two-argument arctangent function, which returns 
the angle in the correct quadrant. This process is repeated for all 
elements in the mesh, resulting in a mapping function 
𝛷 ∶ 𝐸 → R (13)

that assigns an orientation angle to each element: 
𝛷(𝐞𝑖) = 𝜃𝑖 (14)

Fig.  9 illustrates the key components of this algorithm, showing 
the mesh elements in red, curves in blue, and the process of angle 
assignment. The figure depicts how the tangent vector 𝑇  is calculated 
at the point 𝐩∗ on curve 𝐜𝑗 , which is the nearest point to the element’s 
center 𝐩𝑖. The distance 𝑑 represents the shortest distance between 𝐩𝑖
and 𝐜𝑗 . The figure also shows how the tangent vector 𝑇  is used to 
determine the orientation angle 𝜃𝑖.

The sequence of operations described above for mapping VAT ori-
entations to finite elements is formally summarized in Algorithm 1, 
which details the routine for processing each element and populating 
the drape table.
8 
Fig. 9. VAT ply orientation mapping algorithm. Key elements include the finite element 
𝐞𝑖 (red outline) with its centroid 𝐩𝑖 (red dot), the closest fiber path segment 𝐜𝑗 (bold 
blue line), the closest point 𝐩∗ (green dot) on 𝐜𝑗 to 𝐩𝑖, the tangent vector 𝑇  at 𝐩∗, the 
minimum distance 𝑑, and the resulting orientation angle 𝜃𝑖 for 𝐞𝑖. Other FE mesh lines 
are shown in light red, and other fiber paths as light blue lines.

Algorithm 1 Mapping VAT orientations to finite elements and 
populating the drape table
1: for each finite element 𝐞𝑖 do
2:  𝑝𝑖 ← Centroid(𝐞𝑖)
3:  (𝑐𝑗∗ , 𝑡∗) ← ClosestPoint(𝑝𝑖, 𝐶)
4:  𝑝∗𝑖 ← 𝑐𝑗∗ (𝑡∗)
5:  𝐓𝑖 ← tangent vector to 𝑐𝑗∗  at parameter 𝑡∗
6:  𝜃𝑖 ← atan2(𝑇𝑦,𝑖, 𝑇𝑥,𝑖)
7:  Write 𝜃𝑖 into the drape-table of the .fem file
8: end for

This discretization of the continuous curve data into element-
specific angular values is crucial for maintaining the geometric integrity 
of the VAT design while enabling Finite Element Analysis (FEA). The 
resulting list of mapped angles to Finite Elements (FEs) provides a 
robust foundation for subsequent structural analyses and optimization 
processes in VAT composite design. This method bridges the gap 
between the continuous nature of AFP tow paths and the discrete rep-
resentation required for finite element modeling, facilitating accurate 
simulation and analysis of VAT composite structures.

2.4. Implementation

The overall workflow was developed using Rhinoceros 3D (Rhino, 
version 8.16) including its integrated Grasshopper visual program-
ming environment. The first optimizer (Optimizer I), a custom Python-
based toolbox, was implemented in Python (version 3.12.4), while
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Altair OptiStruct (version 2024.2) was utilized for the second optimizer 
(Optimizer II) to perform gradient-based thickness optimization.

This toolbox utilizes several key libraries: NumPy (version 1.26.4) 
for numerical operations, SciPy (version 1.13.0) for selected optimiza-
tion routines, and notably RBFOpt (version 4.2.6) for the black-box 
spline optimization central to this work. Inter-process communica-
tion between the Python toolbox, Grasshopper workers, and the data-
logging backend is handled via WebSockets (using the websockets
library (version 12.0)).

Experiment metadata and results are stored in SQLite (accessed 
asynchronously via aiosqlite (version 0.20.0)), and all configura-
tion files for the optimizer were managed using YAML, parsed with 
PyYAML (version 6.0.1). The workflow begins by importing model 
geometry into the HyperWorks (version 2023) FE software for simu-
lation setup. This setup includes mesh creation and definition of forces, 
layer orientations, design variables, and material types. It also prede-
fines the tow thickness which later on prompts the second optimizer, 
Optistruct, to discrete iteration steps in which thicknesses are integer 
multiples of the predefined tow thickness. The setup uses a drape table 
as a value container for the fiber directions at each element of the 
mesh, originally designed to simulate material deformation. An .fem 
file is generated, containing details like node positions, element de-
scriptions for mesh creation, material properties, boundary conditions, 
applied forces, and optimization settings. This file also contains the 
drape table to assign fiber orientations, allowing unique orientations for 
each element and enabling FE simulations of curved paths. A Python-
implemented parser reads the .fem file into Grasshopper, recreating 
the mesh and deriving a continuous geometry. An initial NURBS curve 
is generated on projection of the geometry in the XY-plane and then 
projected onto the 3D surface. Manufacturability checks ensure only 
feasible designs are produced. The spline is replicated across the entire 
surface, maintaining constant gaps without overlapping. To ensure 
complete surface coverage, the geometry is enlarged for replication, 
and the resulting paths are trimmed to the original surface. As the 
FEA environment requires discrete values, fiber angles are mapped 
to elements closest to the curve. The workflow is automated and 
parametric, allowing for easy adaptation to various components. The 
drape table is updated based on the current values of the mapping, and 
a new .fem file is created for use by the Optimizer II, ensuring that 
the latest design changes are incorporated into the FE environment. 
The study also incorporates a database with experimental metadata 
and a graphical user interface, enhancing the workflow’s usability and 
data management capabilities. Fig.  3(b) schematically illustrates the 
configuration of a symmetric VAT laminate resulting from the optimiza-
tion workflow, while (a) shows a standard laminate. Fig.  10 illustrates 
a simplified overview of the fully automated design generation and 
optimization workflow, structured into the three environments FEA, 
design, and manufacturing. The diagram is color-coded to highlight the 
core workflow segments: design generation (orange), manufacturability 
(green), and optimization (blue).
Nested loop optimization process for VAT laminate designs. To solve the 
optimization problem of VAT laminated composite structures, various 
optimization methods have been presented in recent years. Gener-
ally, these methods can be categorized into gradient-based methods, 
heuristic methods, metaheuristic methods, and hybrid methods [11].

In this approach, an automated design generation workflow utilizes 
a nested loop optimization process to produce a VAT laminate with a 
minimized mass. The type of optimizer was chosen based on the scope 
of the problem at the corresponding level. The first optimizer in this 
workflow is a metaheuristic-based optimizer, able to handle black-box 
problems. It adjusts the control points governing the reference curve 
of the VAT layer. The second optimizer (Optimizer II) is a gradient-
based optimizer suitable for problems where the objective function 
is differentiable, which adjusts the thicknesses of the five individual 
layers in the laminate: 𝑡 , 𝑡 , 𝑡 , 𝑡 , and 𝑡 . The thicknesses are 
−45 45 90 0 𝑉 𝐴𝑇
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adjusted according to the load distribution effectiveness of the applied 
VAT layer design. If the VAT layer design improves load distribution 
and reduces structural weight, the second optimizer increases the thick-
ness of this layer while reducing the thickness of other layers. If the 
VAT layer design is less effective or does not effectively distribute the 
load, the second optimizer uses a thinner layer and incorporates more 
standard ply designs. If the VAT layer does not contribute to the load 
distribution, the optimizer will exclude it, resulting in a laminate com-
posed solely of standard orientation layers with optimized thicknesses. 
Both optimizers use mass as the objective function. As such, the first 
optimizer can map the effectiveness of a suggested curve based on the 
returned mass from the second optimizer.

This nested strategy was deliberately chosen due to critical inter-
dependencies between the design tasks. Specifically, the effectiveness 
of a particular fiber path geometry, determined by the outer loop 
(Optimizer I), cannot be assessed in isolation, as any change in the 
fiber path directly influences the internal load distribution within the 
laminate, thus necessitating a corresponding re-evaluation of optimal 
layer thicknesses. Consequently, for each new fiber path proposed by 
Optimizer I, the ply thicknesses must be re-optimized by the inner 
loop (Optimizer II) to ensure that the minimum possible mass for that 
specific path configuration is achieved while satisfying all structural 
constraints, such as displacement limits. Crucially, the resulting mini-
mized mass from Optimizer II serves as the objective function value that 
Optimizer I uses to evaluate the quality of its chosen fiber path. Without 
this inner loop re-optimizing thicknesses for each path, Optimizer I 
would assess fiber path variations against a static thickness distribution 
for all ply groups. This would mean the objective function (total mass) 
would remain constant, offering Optimizer I no basis to distinguish 
between different VAT designs and preventing an effective search for a 
optimized laminate.
Optimizer I: Black-box spline optimization. A Python-based optimization 
toolbox was developed to bridge the workflow steps of curve generation 
and the second optimizer with the spline optimization algorithms. 
The toolbox is centered around practical and intuitive execution and 
analysis of optimization runs, emphasizing both horizontal and vertical 
scalability, as illustrated in 11. For horizontal scalability, the tool-
box is able to communicate locally or across the cloud with multiple 
workers running the curve generation and the first optimizer steps, 
enabling simultaneous or batch evaluations of design parameter sets. 
These workers can be deployed as multiple instances on the same 
machine or across several machines. To facilitate real-time commu-
nication and data exchange between the multiple workers and the 
optimization toolbox, WebSockets was chosen as the communication 
protocol. This choice was driven by the need for low-latency and 
persistent connections, which are critical for maintaining synchroniza-
tion and efficiency in optimization runs. WebSockets enable seamless, 
bidirectional communication, allowing the toolbox to promptly send 
new design parameter sets and receive results from workers, whether 
they are operating locally or distributed across the cloud. This approach 
ensures that the toolbox is both robust and scalable. Vertical scalability 
is achieved through modularity that allows for streamlined integration 
of new optimization algorithms and an expanded or retracted design 
space. For instance, the toolbox can handle an increase in the num-
ber of unique VAT plies, and therefore the dimensionality, without 
source-code adaptation. Furthermore, the toolbox automatically logs all 
experiment data to a dedicated database for each experiment during 
an optimization. This is accomplished by monitoring the data traffic 
that passes through the server between the optimizer and the workers. 
The database is utilized not only for analyzing optimization runs but 
also as a cost-saving measure, as it allows for the reuse of results from 
previously evaluated data points if they are found in the database.

The optimization toolbox, and therefore the chosen algorithm, re-
gard the curve generation and the first optimizer steps as a black-box 
function, in that the toolbox is unaware of this function’s internal 
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Fig. 10. Simplified overview of the automated design generation and optimization workflow for variable angle tow laminates. Color-coded highlights: design generation in orange, 
manufacturability in green, and optimization in blue.
Fig. 11. Architecture of a scalable system for black-box spline optimization.

workings. The chosen algorithm’s means of interaction with these steps, 
or the black-box function, is through sending one or more design 
parameter set 𝑥 that belongs to the design parameter space 𝑋 to the 
workers and receiving the corresponding total mass of the laminate 𝑚
for each design parameter set.

The optimization problem solved by the outer-loop black-box opti-
mizer (Optimizer I) aims to find the optimal set of NURBS spline pa-
rameters 𝐱 that minimize the laminate mass returned by the inner-loop 
thickness optimization. The problem can be formulated as: 

min
𝐱

𝑚∗
𝐼𝐼 (𝐱) subject to:

⎧

⎪

⎨

⎪

⎩

𝐱𝐿 ≤ 𝐱 ≤ 𝐱𝑈

𝐱 ∈ Z𝑁𝑥

PreAnalysis(𝐱) = pass
(15)

where:

• 𝐱 = (𝑥1,… , 𝑥𝑁𝑥
)𝑇  are the 𝑁𝑥 integer design variables defining 

the NURBS reference curve, as detailed in Section 2.1.1. For the 
present work, 𝑁𝑥 = 4.

• 𝑚∗
𝐼𝐼 (𝐱) is the objective function value, representing the optimized 

laminate mass achieved by the inner-loop optimizer (Optimizer 
II, see Eq.  (16)) for the VAT ply design derived from 𝐱.

• 𝐱𝐿 and 𝐱𝑈  are the lower and upper bounds for the design vari-
ables, respectively.
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• The constraint PreAnalysis(𝐱) = pass indicates that the VAT ply 
design derived from 𝐱 successfully passes the pre-analysis checks 
described in Section 2.2. These checks primarily ensure that the 
reference curve and its projected offsets do not lead to local radii 
of curvature smaller than the minimum steering radius 𝑟min_steering
(defined in Table  1) and that no discontinuities are formed that 
would render the design unmanufacturable. If a design 𝐱 fails 
these checks, 𝑚∗

𝐼𝐼 (𝐱) is assigned a penalty value, specifically the 
mass of an optimized standard laminate without any VAT layers. 
This effectively guides the search away from infeasible regions. 
The post-analysis (Section 2.2.2) and handling of sub-minimal 
paths (Section 2.2.3) are final checks and modifications rather 
than direct constraints within this optimization loop.

The design of a unique VAT ply is defined by four integer variables, 
𝑥1 through 𝑥4, as described in Section 2.1. Using integers expands the 
range of applicable optimization algorithms, including those specific 
to discrete values. The parameter ranges are automatically adjusted to 
match component dimensions.

Given the optimizer’s valid naivety of the inner workings of the 
curve generation and the first optimizer steps, the user must choose 
and appropriate second optimizers to incorporate in the toolbox. The 
first optimizer must be suitable to deal with the expensive, complex, 
non-linear, non-convex and discontinuous black-box function. The dis-
continuity is of special significance, since non-manufacturable designs 
represent a hyperplane that is the subset of data-points comprised of 
all non-manufacturable designs and the baseline mass of an optimized 
classical laminate not containing any VAT layers.

One suitable candidate is the free and open-source black-box op-
timizer Radial Basis Function Optimizer (RBFOpt) [57], which is a 
state-of-the-art model-based optimization library. It leverages a surro-
gate model that is continuously updated throughout an optimization 
run to approximate the underlying black-box function. The surrogate 
model is built using radial basis functions, a technique that is well-
known in the field of machine learning. RBFOpt improves on its de 
facto predecessor algorithm [58] using several mechanics. Of note is 
the algorithm’s better local performance. In the predecessor’s work, 
the choice of the next point can be arbitrarily far from the currently 
known best point, which can severely hinder convergence. To alleviate 
this issue, RBFOpt adopts the strategy from [59] by progressively 
restricting the search area around the best known solution during a 
global search cycle. A further example of a significant improvement 
over the predecessor algorithm [58] is the automatic selection of the 
kernel function using a built-in cross-validation of several Radial Basis 
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min
𝐭
Mass(𝐭) = 𝜌 ⋅ 𝐴surface ⋅

𝑁𝐿
∑

𝑘=1
𝑡𝑘 subject to:

⎧

⎪

⎨

⎪

⎩

𝑡𝑘 ≥ 𝑡𝐿𝑘 for 𝑘 = 1,… , 𝑁𝐿

𝑡𝑘 = 𝑁𝑘 ⋅ 𝑡single_ply, 𝑁𝑘 ∈ N0 for 𝑘 = 1,… , 𝑁𝐿

𝑢𝑗 (𝐭) ≤ 𝑢𝑗,allowable for critical DOFs 𝑗 = 1,… , 𝑁disp

(16)

Box I. 
Function (RBF) models that were built using various kernel functions. 
Another useful feature of RBFOpt is the incorporation of a noisy oracle, 
which in essence is a supporting lower fidelity black-box function, to 
reduce computation time. In this work, the lower fidelity black-box is 
supporting curve generation and the first optimizer steps utilizing an 
FE model with a lower resolution mesh. The horizontal modularity of 
the optimization toolbox guarantees the integration of this feature, as 
the noisy oracle is essentially a second worker.
Optimizer II: Gradient-based thickness optimization. Upon completion of 
the previous steps, which involve generating splines based on the 
reference curve defined by the design variables set 𝐱 recommended by 
the first optimizer, and mapping the angles of the splines at the finite 
element positions to their respective elements, the resulting values 
are recorded in the drape table. A new .fem file with this updated 
drape table is then generated and automatically utilized by the second 
optimizer.

The second optimizer in this study is the gradient-based optimizer 
implemented in OptiStruct. OptiStruct is a widely-used optimization 
tool that provides advanced structural analysis under static and dy-
namic loads. In this work, the thicknesses of the four standard ply 
orientations −45◦, 0◦, +45◦, 90◦ along with the thickness of the ad-
ditional VAT ply are considered as design variables. As such, the 
thicknesses of these five individual layers 𝑡−45, 𝑡45, 𝑡90, 𝑡0, and 𝑡𝑉 𝐴𝑇 , 
see Fig.  3, are optimized. Following the previously discussed avia-
tion design principles, the laminate is configured symmetrically as 
[±45∕90∕0∕𝑉 𝐴𝑇 ]𝑠, with the VAT layer centrally positioned (Fig.  3. This 
arrangement, including the protective ±45◦ outer plies, adheres to in-
dustry standards while potentially enhancing the laminate’s structural 
performance. The optimization process aims to determine the optimal 
thickness for each layer within this configuration.

The inner-loop optimization problem, solved by the gradient-based 
optimizer OptiStruct (Optimizer II), seeks to minimize the laminate 
mass for a given VAT ply orientation (defined by Optimizer I by 𝐱) by 
adjusting the thicknesses of individual ply groups. The formulation is 
(see the Eq.  (16) in Box  I): where:

• 𝐭 = (𝑡1,… , 𝑡𝑁𝐿
)𝑇  is the vector of thicknesses for the 𝑁𝐿 distinct 

ply orientation groups (e.g., 𝑡−45, 𝑡45, 𝑡90, 𝑡0, 𝑡𝑉 𝐴𝑇 ). For the present 
work, 𝑁𝐿 = 5.

• Mass(𝐭) is the total mass of the laminate, with 𝜌 being the material 
density (Table  2) and 𝐴surface the component’s surface area.

• 𝑡𝐿𝑘  are the prescribed lower bounds for ply thicknesses. This can 
be 1 ⋅ 𝑡single_ply (where 𝑡single_ply is the tow thickness from Table  1) 
to ensure presence, or can be coupled for the 10% thickness rule 
per orientation, as discussed in Section 3.

• The constraint 𝑡𝑘 = 𝑁𝑘 ⋅𝑡single_ply enforces that thicknesses are inte-
ger multiples of a single ply’s thickness 𝑡single_ply. While OptiStruct 
may work with continuous variables, the final design adheres to 
this discrete sizing constraint.

• 𝑢𝑗 (𝐭) are the displacements at 𝑁disp critical degrees of freedom 
(DOFs), which must not exceed their allowable values 𝑢𝑗,allowable.

3. Numerical results and discussion

The methodology outlined in this paper was applied to two distinct 
examples: a simple 2D plate, used as an academic example, and a 
11 
Table 1
Design Parameters for Optimization.
 Parameter Unit Value 
 Tow width mm 6.35  
 Tow thickness mm 0.184 
 Tow gap mm 0.5  
 Minimum steering radius mm 70  
 Minimum cutting length mm 45  

Table 2
Assumed material properties of the CFRP IMA-M21.
 Property Unit Value 
 Fiber direction Young’s modulus 𝐸11 GPa 178.0 
 Transverse direction Young’s modulus 𝐸22 GPa 9.5  
 Shear modulus 𝐺12 GPa 5.2  
 Shear modulus 𝐺23 GPa 2.5  
 Poisson’s ratio 𝜈12 – 0.3  
 Theoretical calculated laminate density 𝜌 g/cm3 1.58  

representative 3D geometry inspired by a section of a wing shell 
from a commercial aircraft. The primary focus of the optimization 
process discussed in this paper was to develop a design that minimizes 
weight while ensuring structural integrity under all specified loads and 
meeting the defined stiffness requirements. The component, load case, 
and constraints selection was exemplarily chosen to demonstrate the 
applicability of the methodology. It should be noted that the efficacy of 
the optimal laminate design and the extent of weight reduction relative 
to standard laminates significantly depend on the capabilities of the 
manufacturing machine, the characteristics of the component, and 
the specifics of the load scenario. The optimization incorporated nine 
variables, comprising five variables corresponding to the thicknesses of 
individual layers (𝑡−45, 𝑡45, 𝑡90, 𝑡0, 𝑡𝑉 𝐴𝑇 ) as integer multiples of the tow 
thickness, and four variables that defined the shape of the NURBS spline 
(𝑥1, 𝑥2, 𝑥3, 𝑥4).

For both the 2D plate and 3D wing shell case studies, these four 
NURBS variables were used to define the initial reference spline ac-
cording to the construction method detailed in Section 2.1.1

For the optimization process, representative values from Table  1 
were utilized. Specifically, tow width and tow thickness describe the 
dimensions of the prepreg material employed, and tow gap indicates 
the uniform spacing between the tows. Furthermore, both the standard 
orientation layers and the VAT layers were designed as full plies and 
cover the entire surface.

The CFRP material chosen for all calculations, of both the baseline 
and the VAT variants of the laminates, is Hexcel’s HexPly M21 prepreg 
reinforced with HexTow IMA carbon fiber. This selection was made 
due to the extensive public availability of M21 data and its similarity 
to HexPlyM21E, which is employed in significant aerospace applica-
tions such as the A350XWB, ensuring compatibility and relevance in 
aerospace research contexts. An excerpt from the relevant material 
properties is provided in Table  2.

The black-box spline optimization in both examples employed the 
RBFOpt algorithm as Optimizer I with RBFOpt v4.2.6. This state-of-
the-art, model-based optimization method was chosen for its ability 
to handle complex, non-linear design spaces efficiently. Table  3 lists 
the RBFOpt parameters employed for Optimizer I in this work. The 
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Table 3
Set of RBFOpt parameters used in this work for the black-box Optimizer (Optimizer I). Status ‘user’ = value chosen for this study, ‘default’ =
unchanged RBFOpt v4.2.6 factory value.
 Parameter Unit Value Status  
 Design-space dimension (𝑛) – 4 User  
 Algorithm (algorithm) – MSRSM Default 
 Radial basis function (rbf) – auto Default 
 RBF shape parameter (rbf_shape_parameter) – 0.1 Default 
 Initialization strategy (init_strategy) – Latin-hypercube (maximin) Default 
 Initial-sample fraction (init_sample_fraction) – 10/20a (plate/wing) User  
 Include midpoint in start set (init_include_midpoint) – True Default 
 Tolerance for acceptable improvement (eps_impr) kg 0.001 User  
 Optimality tolerance (eps_opt) – 0.01 Default 
 Numerical zero threshold (eps_zero) – 1 × 10−15 Default 
 Maximum evaluations (max_evaluations) – 2000/3000 (plate/wing) User  
 Maximum iterations (max_iterations) – 2100/3100 (plate/wing) User  
 Discarded window size (discarded_window_size) – 30 Default 
 Max. fraction discarded (max_fraction_discarded) – 0.5 Default 
 Global search method – genetic Default 
 Global search points per cycle (num_global_searches) – 5 Default 
 GA base population size – 400 Default 
 GA number of generations – 20 Default 
 Number of CPUs (num_cpus) – 1 Default 
a The initial-sample fraction of 20 generates (𝑛+1) × 20 = 100 Latin-hypercube points for 𝑛 = 4.
Table 4
Set of OptiStruct parameters used in this work for the ply-thickness optimizer (Opti-
mizer II). Status ‘user’ = value chosen for this study, ‘default’ = unchanged OptiStruct 
2024.2 factory value. A discrete step of 0.125 mm enforces integer multiples of the 
tow thickness 𝑡tow.
 Parameter Unit Value Status  
 Algorithm (METHOD) – MFD Default 
 Iteration limit (MAXITER) – 30 Default 
 Move limit per iteration (DELTOPT) % ±20 Default 
 Objective tolerance (ROBJTOL) – 0.01 Default 
 Constraint tolerance (RCTLTOL) – 0.01 Default 
 Sensitivities (SENSREL) – Analytical Default 
 Discrete sizing activated (DISCRETE) – ON User  
 Thickness increment (STEP) mm 0.125a User  
a In HyperMesh’s internal unit of 0.01 mm this corresponds to STEP = 12.5.

‘Status’ column for each parameter indicates whether the value was 
user-defined for this study or if it corresponds to an unchanged factory 
default.

For the gradient-based thickness optimization in both examples, Al-
tair’s OptiStruct, a module within the HyperWorks suite, was employed 
as Optimizer II. This structural analysis and optimization software was 
selected for its robust capabilities in handling composite structures and 
its efficient gradient-based algorithms.

The ply-thickness optimization is carried out with Altair
OptiStruct 2024.2. OptiStruct defaults to its gradient-based Method of 
Feasible Directions (MFD) sequential approximation scheme. Table  4 lists 
all optimizer parameters, classified as either unchanged factory defaults 
or values chosen by the authors (status user).

To provide a comprehensive overview of the optimization formula-
tions employed in both case studies, Table  5 summarizes the common 
elements and case-specific parameters for both the academic 2D plate 
example and the wing shell application. This formulation summary 
facilitates comparison between the cases and ensures reproducibility 
of the methodology.

3.1. Academic example: Rectangular 2D plate

For this academic example, a rectangular 2D plate with dimensions 
matching those of an A4 sheet (210 mm × 297 mm) was utilized. The 
0◦ fiber direction was defined to be parallel to the longer edge of the 
12 
Table 5
Summary of optimization formulation for both case studies.
 Element Academic example (2D) Wing shell (3D)  
 Objective function and design variables
 Objective function Minimize total laminate mass
 Design variables Optimizer I: 𝑥1 , 𝑥2 , 𝑥3 , 𝑥4 (NURBS control points)
 Optimizer II: 𝑡−45 , 𝑡45 , 𝑡90 , 𝑡0 , 𝑡𝑉 𝐴𝑇  (layer thicknesses)
 Manufacturing constraints
 ∙ Minimum curvature radius 𝑟𝑚𝑖𝑛
 ∙ Pre-analysis path viability checks
 ∙ No gaps/overlaps
 ∙ Integer multiples of single-ply thickness
 Variable bounds
 𝑥𝐿 ≤ 𝑥 ≤ 𝑥𝑈 (component-adapted)
 𝑡𝑘 ≥ 𝑡𝐿𝑘  (minimum thickness)
 𝑡𝑘 = 𝑁𝑘 × 𝑡𝑠𝑖𝑛𝑔𝑙𝑒−𝑝𝑙𝑦, 𝑁𝑘 ∈ N0

 Finite element modeling
 Element type Shell elements (first-order)
 Case-specific parameters
 Structural constraints Max displacement ≤1 mm Max displacement ≤5 mm 
 at load points at measurement points  
 Applied loads 5 × 4000 N 33 × 1000 N  
 Load direction [1, 1, 0.1] [0,−1, 0]  
 Boundary conditions Fixed lower edge Fixed wing root  
 Component dimensions 210 mm × 297 mm 1170 mm × 788 mm  
 (A4 size) (Scaled wing section)  
 Mesh details 266 elements 4662 elements  

rectangle, corresponding to the vector (0 1 0
) in the global coor-

dinate system. Fig.  12 illustrates the mesh consisting of 266 CQUAD4 
(4-node quadrilateral) first order shell elements, the applied boundary 
conditions, and the forces acting on the plate. The load case and 
boundary conditions were chosen exemplarily to apply the method to 
a relatively simple case, thereby demonstrating its applicability. In this 
study, the plate was subjected to five loads of 4000 N each, applied 
in the direction of the vector (1 1 0.1

)

, while the lower edge was 
fixed. Five total displacement measurement points were placed at the 
points of contact of the forces. These total displacement measurements 
were used as constraints for the gradient-based thickness optimizer 
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Fig. 12. FE mesh representation of a rectangular 2D plate, consisting of 266 first-order 
shell elements, with applied forces and boundary conditions. The illustration shows the 
discretized domain, external loads acting on the plate, and the fixed constraint along 
the bottom edge.

Table 6
Combined load application and displacement measurement specifications for the 2D 
plate.
 Point No. Node ID X (mm) Y (mm)  
 1 240 210.0 198.421 
 2 239 210.0 213.684 
 3 238 210.0 228.947 
 4 237 210.0 244.211 
 5 236 210.0 259.473 
Applied load: 4000 N per point in direction (1, 1, 0.1).
Maximum displacement constraint: 1.0 mm per point

Optistruct (Optimizer II). The maximum allowable displacement for all 
nodes was set to 1 mm.

To ensure complete reproducibility of the 2D plate analysis, Table 
6 provides the exact nodal coordinates for all five load application and 
displacement measurement points.

Fig.  13 illustrates the curves generated by the automated design 
optimization workflow. The left side of the figure shows the initial 
NURBS curve in blue, along with its derived offset curves in black. 
These curves represent the centerlines of the tows in the AFP process. 
The right side of the figure demonstrates the discrete mapping of these 
continuous curves onto individual FEs, as described in Section 2.3, 
highlighting the transition from the continuous design space to the 
discrete FE representation.

The termination condition for the optimization of the academic 
example was set to 2000 evaluations, as depicted in Fig.  14, which 
illustrates the complete optimization process. Fig.  15 illustrates a rep-
resentative sample ranging from 1000 to 1650 evaluations. This ex-
cerpt highlights distinct phases in the optimization search, visually 
demarcated by dashed lines, which indicate points where Optimizer I 
(RBFOpt) significantly adjusted its internal search strategy due to de-
tected stagnation. Each point represents the mass at a given iteration 
and corresponds to a design, with the global minimum mass of the 
explored design space highlighted in red. This visualization demon-
strates the effectiveness of the optimization process in reducing the 
overall structural weight. While the plot primarily shows the evolution 
of mass, compliance with imposed constraints is ensured through the 
optimization criteria set prior to and during the evaluation process.

The black-box spline optimizer RBFOpt (Optimizer I) begins with 
an initial exploration phase using Latin Hypercube Sampling. Sub-
sequently, it iteratively refines its surrogate model and explores the 
13 
Fig. 13. Schematic representation of an optimized VAT ply configuration. The left 
panel depicts the curvilinear center lines of AFP fiber paths. The right panel illustrates 
the corresponding fiber orientation angles mapped onto discrete FEs.

design space. Stagnation, which prompts a significant adjustment in 
search strategy (indicated as a ‘‘restart’’ in Fig.  15), is detected by 
RBFOpt whenever the best known solution does not improve by at 
least the specified threshold for acceptable improvement, eps_impr
= 0.001 kg (as defined in Table  3). The decision to adjust the search 
strategy due to stagnation is governed by RBFOpt’s default internal 
parameters. For instance, if, within a rolling window of evaluations 
(controlled by discarded_window_size, default: 30 evaluations, 
see Table  3), a high proportion of candidate points (determined by
max_fraction_discarded, default: 0.5, see Table  3) are deemed 
unpromising or fail to yield an improvement greater than eps_impr, 
RBFOpt alters its search strategy. This internal ‘‘restart’’ of the search 
strategy might involve intensifying exploration in different regions of 
the design space or making substantial changes to its surrogate model. 
Such strategy shifts can sometimes lead to the evaluation of points 
resembling an initial exploration phase or a temporary increase in the 
objective function value if non-manufacturable designs are encoun-
tered (appearing as a ‘‘plateau’’ following a ‘‘restart’’ line in Fig.  15). 
Depending on the regions explored after such a strategy adjustment, 
the subsequent convergence to a local minimum can vary. Thus, each 
phase demarcated by a ‘‘restart’’ line in Fig.  15 can be interpreted as 
comprising a period of renewed or altered exploration by RBFOpt in 
response to detected stagnation, followed by a convergence phase, and 
potentially further periods of stagnation leading to subsequent strategy 
adjustments.

In such cases of non-manufacturable fiber paths, the baseline mass 
of a classical laminate design is returned to Optimizer I. This mech-
anism, where infeasible designs are quickly identified and penalized 
without triggering computationally intensive OptiStruct runs (Opti-
mizer II), significantly enhances computational efficiency. Of the 2000 
design evaluations performed, 1520 were identified as infeasible by 
Optimizer I early in the process, thus avoiding unnecessary calls to 
Optimizer II and allowing the optimization to efficiently navigate the 
design space.

The resulting mass of the VAT part generated by the automated 
design optimization procedure was benchmarked against the baseline 
mass of the optimized classical laminate that only utilizes the four 
standard ply orientations of −45◦, 0◦, +45◦, and 90◦. The baseline 
mass is 1.65683 kg, whilst the mass of the VAT optimized part is 
1.53353 kg, yielding a 7.44% reduction in mass. Table  7 presents the 
optimized design configuration, detailing the number of plies and the 
thickness of each layer. Each layer’s thickness is an integer multiple 
of the thickness of the CFRP tow, adhering to the manufacturability 
constraint that the AFP system can only lay down one complete tow 
thickness at a time. The data demonstrates that the VAT ply was heavily 
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Fig. 14. Convergence history of the 2-D plate optimization (0–2000 iterations). Mass is plotted for every iteration; the global minimum is marked in red.

Fig. 15. Detailed convergence history of the 2-D plate optimization (iterations 1000–1650). Mass is plotted for every iteration; This excerpt focuses on the range where significant 
changes occur, with the global minimum highlighted in red.
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Table 7
Comparison of optimized classical and VAT laminates for the rectangular 2D plate, under the condition that at least one ply is present for each 
orientation.
 Thickness (mm) No. of Plies Mass (kg)
 𝑡−45 𝑡45 𝑡90 𝑡0 𝑡VAT 𝑝−45 𝑝45 𝑝90 𝑝0 𝑝VAT m  
 Classical laminate 5.152 0.184 0.184 3.128 – 28 1 1 17 – 1.65683 
 Optimized VAT laminate 0.184 0.184 0.184 0.184 7.176 1 1 1 1 39 1.53353 
Table 8
Comparison of optimized classical and VAT laminates for the rectangular 2D plate, with a design restriction requiring a minimum of 10% of 
the total thickness per orientation.
 Thickness (mm) No. of Plies Mass (kg)
 𝑡−45 𝑡45 𝑡90 𝑡0 𝑡VAT 𝑝−45 𝑝45 𝑝90 𝑝0 𝑝VAT m  
 Classical laminate 4.968 0.920 0.920 2.392 – 27 5 5 13 – 1.77048 
 Optimized VAT laminate 0.920 0.920 0.920 1.840 4.416 5 5 5 10 24 1.73508 
favored by Optimizer II and occupies 91% of the total thickness of 
the laminate. Meanwhile, each of the standard orientation plies −45◦, 
0◦, +45◦, and 90◦ was incorporated as a single layer. The reason for 
this incorporation is the restriction imposed on Optimizer II to use at 
least a single layer per orientation. The requirement of including at 
least one layer of each standard orientation was imposed to ensure a 
more realistic and robust laminate design. This approach acknowledges 
that in practical applications, laminates are rarely optimized for a 
single load case but must withstand various, often unpredicted, loading 
scenarios. By maintaining a minimum presence of each orientation, the 
laminate retains a degree of multi-directional strength and stiffness, 
which is crucial for overall structural integrity and damage tolerance. 
This design principle aligns with industry practices where purely unidi-
rectional or overly specialized laminates are generally avoided due to 
their potential vulnerability to off-axis loads.

The optimization was subsequently conducted with an additional 
design constraint requiring a minimum of 10% of the total thickness 
for each orientation, adhering to a well-established guideline in the 
aerospace industry. Under this constraint, the mass reduction decreased 
significantly to 2%. This diminished optimization potential can be 
primarily attributed to the fact that the guideline from which this 
restriction originates was developed without consideration for VAT 
plies resulting in laminate configurations that are suboptimal for con-
figurations including VAT plies. The 10% rule inherently limits the 
design freedom, forcing the inclusion of standard orientation plies 
that might otherwise be reduced or eliminated in favor of the more 
efficient VAT ply. This constraint, while ensuring a more balanced ply 
distribution, inherently restricts the weight reduction potential of the 
VAT configuration. Table  8 presents the optimized design configuration 
under these constraints, detailing the number of plies and the thickness 
of each layer. The results highlight the trade-off between adhering 
to traditional design guidelines and exploiting the full potential of 
advanced composite configurations like VAT laminates.

3.2. Wing shell: Double-curved 3D shape

The next design example presents a more realistic and large-scale 
application with increased complexity, and of direct relevance to the 
aerospace industry. The component under consideration is a repre-
sentative model of a cropped and scaled-down lower wing shell of 
a commercial aircraft. This component exhibits a double-curved 3D 
geometry and incorporates discontinuities in the form of manholes, 
which are utilized for wing maintenance and servicing. A section of 
the original wing was selected and scaled down by a factor of 50 to re-
duce computational time requirements. The resulting component has a 
longest edge of 1170 mm and an edge mounted to the aircraft measuring 
788 mm. The 0◦ fiber direction was defined to be parallel to the longest 
edge of the component, corresponding to the vector (0.46 0.89 0.05

)

in the global coordinate system. The mesh is comprised of 4662 ele-
ments, including 165 CTRIA3 (3-node triangular) and 4497 CQUAD4 
15 
Table 9
Displacement measurement point specifications for the 3D wing shell.
 Measurement No. Node ID X (mm) Y (mm) Z (mm)  
 1 3820 700 −847.12 −13.25  
 2 3864 700 −740.96 −28.22  
 3 3924 700 −604.488 −46.47  
 4 3999 700 −438.04 −66.42  
 5 4121 700 −220.55 −86.17  
 6 4195 700 −86.59 −95.08  
 7 4254 700 20.33 −100.42 
Maximum displacement constraint: 5.0 mm per point.

(4-node quadrilateral) elements, which are common first order shell 
element types in FEA, with activated membrane and bending properties 
as depicted in Fig.  16. This level of mesh complexity significantly 
influences the computation time required for optimization compared 
to the previous academic example. In this study, the scaled wing shell 
was subjected to 33 loads, each exerting 1000 N, distributed along a 
line of nodes parallel to the wing root and acting in the direction of the 
negative 𝑦-axis, corresponding to the vector (0 −1 0

)

. For clarity, 
Fig.  16 depicts a single representative force vector, symbolizing the 
direction of all applied forces. The individual points of force application 
are not explicitly shown in the figure for visual simplicity. The exact 
nodal coordinates of these load application points are available upon 
request to facilitate complete reproducibility of the analysis. The wing 
root was fixed, representing the interface between the wing and the 
aircraft fuselage. Seven total displacement measurement points were 
positioned at equidistant intervals along the line connecting the points 
of contact of the forces. These total displacement measurements served 
as constraints for the gradient-based thickness optimizer OptiStruct 
(Optimizer II). The total allowable displacement was set to 5 mm. It 
should be noted that the magnitude and distribution of the forces were 
chosen for demonstrative purposes only and do not reflect real-world 
loading conditions.

Fig.  17 presents two views of an optimized VAT ply configuration 
for a wing section. The left panel shows the equidistant curvilinear cen-
ter lines representing the AFP fiber paths across the wing surface. The 
right panel displays the same design with the fiber orientations mapped 
onto discrete FEs. This visualization demonstrates the translation of the 
continuous VAT design into a discrete format suitable for FEA.

To ensure reproducibility of the displacement constraint specifi-
cations, Table  9 provides the exact nodal coordinates of the seven 
displacement measurement points distributed across the wing shell 
structure.

The termination condition for the optimization of the academic 
example was set to 3000 evaluations, as depicted in Fig.  18, which 
illustrates the complete optimization process. Fig.  19 illustrates a repre-
sentative sample ranging from 1500 to 2400 evaluations. Of the 3000 
design iterations performed, 271 were deemed infeasible early in the 
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Fig. 16. Schematic representation of a commercial aircraft showing the selected section of the lower wing shell. The magnified view highlights the FE mesh of the selected section, 
which is comprised of 4662 first-order shell elements, its boundary conditions, and a force representative acting on it. The load is applied along a line parallel to the wing root 
at a distance of 700mm.

Fig. 17. Schematic representation of an optimized VAT ply configuration. The wing section to the left depicts the curvilinear center lines of AFP fiber paths. The wing section to 
the right illustrates the corresponding fiber orientation angles mapped onto discrete FEs.
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Fig. 18. Convergence history of the wing shell optimization (0–3000 iterations). Mass is plotted for every iteration; the global minimum is marked in red.

Fig. 19. Detailed convergence history of the wing shell optimization (iterations 1500–2400). Mass is plotted for every iteration; This excerpt focuses on the range where significant 
changes occur, with the global minimum highlighted in red.
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Table 10
Comparison of optimized classical and VAT laminates for the Double-Curved 3D Shape, under the condition that at least one ply is present for 
each orientation.
 Thickness (mm) No. of plies Mass (kg)
 𝑡−45 𝑡45 𝑡90 𝑡0 𝑡VAT 𝑝−45 𝑝45 𝑝90 𝑝0 𝑝VAT m  
 Classical laminate 1.84 7.912 1.104 13.064 – 10 43 6 71 – 327.653 
 Optimized VAT laminate 0.368 4.048 0.184 5.152 13.432 2 22 1 28 73 317.874 
Table 11
Comparison of classical and optimized VAT laminates for the Double-Curved 3D Shape, with a design restriction requiring a minimum of 10% 
of the total thickness per orientation.
 Thickness (mm) No. of plies Mass (kg)
 𝑡−45 𝑡45 𝑡90 𝑡0 𝑡VAT 𝑝−45 𝑝45 𝑝90 𝑝0 𝑝VAT m  
 Classical laminate 3.680 7.544 3.312 9.936 – 20 41 18 54 – 334.137 
 Optimized VAT laminate 2.392 5.888 2.392 7.360 5.888 13 32 13 40 32 326.600 
process and thus did not trigger an inner iteration. No OptiStruct run 
was executed in these cases.

The resulting mass of the VAT laminate generated by the automated 
design optimization was benchmarked against the baseline mass of an 
optimized classical laminate that only utilizes the four standard ply ori-
entations of −45◦, 0◦, +45◦, and 90◦. Under the condition that at least 
one ply is present for each orientation, the baseline mass is 327.653 kg, 
whilst the mass of the optimized VAT laminate is 317.874 kg, yielding 
a 3% reduction in mass. Table  10 presents the optimized design con-
figuration detailing the thicknesses of the individual plies, the integer 
multiple of the tow thickness for each ply to achieve its respective 
manufacturable thickness, and the mass for both the classical laminate 
and the optimized VAT laminate. The results show that for the classical 
laminate, the thickness of the 0◦ ply occupies around 55% of the total 
laminate thickness, followed by the 45◦ ply at 33%. The thickness 
needed for these two plies was significantly reduced in the optimized 
VAT laminate, with the thickness of the 0◦ ply occupying only 22% of 
the total laminate thickness, and that of the 45◦ ply occupying 17%. 
The thickness of the VAT ply dominates at 58%. This showcases the 
significance of the VAT ply regarding achieving the desirable mechani-
cal properties defined by the constraints of the experiment. The 90◦ ply 
was incorporated as a single layer, meeting the minimum requirement 
of one ply per orientation. In total, the optimized VAT laminate is 
composed of 126 layers whereas the traditional laminate requires 130 
layers.

Analogous to the academic example, a second experiment was 
subsequently conducted with an additional design constraint requiring 
a minimum of 10% of the total thickness for each orientation. Under 
this constraint, the mass reduction decreased to 2.3% (see Table  11). 
In contrast to the academic example, the decrease in mass reduction 
is relatively small. The smaller impact of the 10% guideline on mass 
reduction in the larger wing shell example, compared to the academic 
plate example, can be primarily attributed to the initial distribution of 
ply orientations in the optimized design. In the wing shell case, the VAT 
plies did not dominate the laminate composition to the same extent as 
in the academic example. Instead, a more balanced distribution of stan-
dard orientations was already present, with other ply directions playing 
significant roles in carrying the loads of the 3D structure. This initial 
balance meant that the imposition of the 10% guideline did not force 
as dramatic a redistribution of ply thicknesses as it did in the academic 
example. Consequently, the optimized VAT design for the wing shell 
was inherently closer to meeting the 10% guideline, resulting in a less 
severe impact on the achievable mass reduction when this constraint 
was applied. This observation highlights the importance of considering 
the specific load cases and structural complexities when evaluating the 
potential benefits of VAT designs in different applications. Table  11 
displays the optimized design configuration, detailing the number of 
plies and the thickness of each layer, resulting in 133 layers (classical) 
in contrast to 130 layers for the optimized laminate.
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The results from both the academic example and the wing shell 
case study provide valuable insights into the potential and limitations 
of VAT laminate designs in different applications, particularly under 
relatively simple loading conditions. In the academic example of a 
2D plate, the VAT design achieved a significant mass reduction of 
7.44% compared to the classical laminate design when only constrained 
to include at least one ply of each orientation. Similarly, the more 
complex 3D wing shell example showed a 3% mass reduction with 
the minimal ply constraint, demonstrating that VAT designs can offer 
measurable benefits even when applied to more complex geometries 
under relatively straightforward loading conditions.

Crucially, this study has demonstrated the reliability and effec-
tiveness of the automated design workflow in generating VAT lam-
inate designs. The workflow consistently produced designs that not 
only led to mass reduction but also ensured manufacturability, a key 
consideration for practical implementation. The resulting designs are 
directly compatible with AFP machines, bridging the gap between 
theoretical optimization and practical manufacturing constraints. This 
achievement underscores the potential of the automated workflow to 
streamline the design-to-manufacturing process for VAT laminates in 
real-world applications.

It is important to emphasize that these mass reductions and manu-
facturable designs were achieved under load cases that were intention-
ally kept simple for demonstration purposes. The fact that VAT designs 
could provide substantial weight savings even in these basic scenarios, 
while maintaining manufacturability, suggests that their potential ben-
efits could be even more pronounced in more complex, multi-load case 
situations typical of actual aerospace structures.

3.3. Computational resources

To provide insight into the computational efficiency and practicality 
of the proposed approach, this section details the hardware used and 
the computational times observed for the optimization runs. All opti-
mizations presented in this study were performed on a laptop equipped 
with an Intel Core i7-1355U (13th Generation, 1.70 GHz) and 16 GB of 
RAM, running Windows 10 (64-bit). The nested optimization procedure 
consists of an outer iteration loop (referred to as ‘‘One Iteration (Outer 
Loop)’’) that includes calls to the inner gradient-based optimization 
(referred to as ‘‘One Iteration (OptiStruct)’’). Hence, ‘‘One Iteration (Op-
tiStruct)’’ is fully contained within ‘‘One Iteration (Outer Loop).’’ Table 
12 summarizes the average computation time per iteration for each 
of these loops, as well as the overall runtime for both the Academic 
Example and the representative Wing Shell, each analyzed with and 
without the 10% thickness constraint.

Total optimization runtimes for the 2D plate examples ranged from 
2 h 19 min to 3 h 31 min (average outer loop iterations: 11–12 s). The 
more complex 3D wing shell examples required considerably longer 
total runtimes, extending from 1 day, 5 h, and 36 min to 1 day, 7 h, 
and 24 min (average outer loop iterations: 23–25 s).
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Table 12
Computation times and hardware specifications. The column ‘‘One Iteration (Outer Loop)’’ refers to the average duration 
of a single full iteration of the nested optimization loop, ‘‘One Iteration (OptiStruct)’’ indicates the average duration of the 
gradient-based optimizer’s iteration, and ‘‘total’’ represents the overall runtime from start to finish.
 Study One iteration (Outer Loop) One iteration (OptiStruct) Total  
 Academic example 12 s 6 s 3 h, 31 min  
 Academic example (10%) 11 s 7 s 2 h, 19 min  
 Wing shell 23 s 16 s 1 day, 5 h, 36 min 
 Wing shell (10%) 25 s 18 s 1 day, 7 h, 24 min 
 Hardware: Laptop, Intel Core i7-1355U @ 1.70 GHz, 16 GB RAM, Windows 10 (×64)
4. Conclusions and outlook

This study introduces an innovative automated design and opti-
mization method for the production of aerospace components, focusing 
on VAT laminate designs tailored for complex double-curved struc-
tures. The method successfully integrates automated design generation 
with optimization algorithms that adjust both fiber orientations and 
laminate thickness, demonstrating its ability to maximize material ef-
ficiency and structural integrity while ensuring manufacturability and 
quality compliance.

The results of this study demonstrate that VAT laminates, when 
designed through this automated workflow, offer promising weight-
saving potential across different structural complexities, from simple 
academic examples to representative aerospace components. Notably, 
these benefits were observed even under basic loading conditions, 
suggesting potentially greater advantages in more complex, real-world 
scenarios. The consistent production of manufacturable designs ready 
for AFP production represents a significant step towards the practical 
implementation of VAT technology in aerospace applications.

Current design rules in aerospace aim to create quasi-isotropic lami-
nates that closely mimic the mechanical properties of replaced metallic 
components. However, these rules do not fully exploit the potential 
of composite laminates, particularly VAT designs. To fully leverage 
the benefits of VAT laminates, a reevaluation and adaptation of these 
design rules is necessary. This process will require aerospace companies 
to develop new validation methods to enable the future certification 
and implementation of VAT laminates in aircraft structures.

By deviating from quasi-isotropic behavior, VAT laminates open up 
possibilities for aeroelastic tailoring. This approach allows components 
to deform under load in ways that offer additional advantages. For 
instance, VAT laminate wings could twist under load to optimize their 
aerodynamic profile during flight, potentially reducing fuel consump-
tion not only through weight reduction but also through improved 
aerodynamic performance.

While this study demonstrated weight savings with a single VAT 
layer design, the incorporation of multiple VAT layer designs could 
substantially increase weight reduction possibilities, potentially making 
standard orientation layers obsolete in certain applications. Further-
more, this study utilized full plies exclusively. Additional optimization 
of ply contours would likely contribute to further weight reductions, 
although it is worth noting that such contour optimizations would 
also benefit classical laminates by reducing their weight through the 
avoidance of full plies.

It is important to acknowledge that this study did not address shuffle 
optimization, a process that rearranges the stacking sequence of plies 
to improve laminate performance, which can be easily appended to 
the current workflow to produce a finalized laminate design. This 
additional step would allow for the implementation of further design 
rules and potentially enhance the overall performance of the laminate.

Looking forward, further investigation into the performance of VAT 
laminates under more complex, multi-load case scenarios will be crucial 
for fully understanding their benefits in real-world aerospace applica-
tions. The continued refinement of the automated design workflow, 
coupled with experimental investigation of manufacturing constraints 
is crucial for producing defect-free VAT laminates. This includes factors 
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such as the minimum steering radius, which depends not only on the 
AFP machine capabilities but also on process parameters like pressure 
and temperature. Further research into these manufacturing aspects, 
coupled with experimental validation of the optimized designs, will be 
essential steps in ensuring the real-world applicability and reliability of 
this method.

Moreover, the database generated through this automated design 
process offers significant potential beyond its immediate application. 
It can serve as a valuable resource for training neural networks, par-
ticularly for large-scale tools dealing with complex geometries, cur-
vatures, or load cases. This approach could dramatically enhance the 
efficiency and applicability of VAT design optimization for more intri-
cate aerospace components, potentially leading to even greater weight 
savings and performance improvements.

Furthermore, the optimization toolbox developed in this study of-
fers significant potential for future enhancements. It can be extended 
to analyze the robustness of designs with respect to manufacturing 
uncertainties. This capability would allow engineers to select designs 
that, while potentially offering slightly less weight reduction, are more 
resilient to stochastic manufacturing inaccuracies.

In conclusion, this study represents a significant advancement in 
the field of composite design for aerospace applications. By bridging 
the gap between innovative VAT concepts and practical manufacturing 
constraints, it paves the way for the next generation of lightweight, 
high-performance aerospace structures. The continued development 
and refinement of such automated design and optimization methods 
will be crucial for fully leveraging the benefits of advanced composite 
technologies in real-world applications.
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