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1. Abstract

This paper presents a design methodology for structural PMC parts reinforced by continuous yarns
and featuring 3D topology optimization. The method was developed for manufacturability: PMC
parts start as triangulated structures of tensioned yarn arrays extending in 3D, wrapped around
fixed guide surfaces and interlaced within the part envelope. Resin is consolidated and cured at a
later stage, creating PMC parts with atypical geometries differing from classic beams, tubes or
shells. The paper describes part design and manufacturing design up to final yarn paths in the parts.
The vector field of principal stresses is obtained from finite element analysis of continuous
isotropic material within the part envelope. Select stress paths are defined from chosen seed points
and used as basis for k-neighbours triangulation of the optimized part. Yarn paths are then derived.

2. Introduction

Polymer-matrix composites (PMCs) reinforced with continuous yarns are ideal for dynamic
structural applications because of their exceptional specific mechanical properties. However,
recent decades have seen the parallel emergence of additive manufacturing (AM) processes for
metal alloy parts. AM makes topological optimization (TO) of metal parts possible, with metal
deposited only along high stress paths for any given load case. AM and TO enable metal parts that
are highly efficient on a mass basis, competing with PMCs over one of their main advantages [1].

PMC manufacturing is inherently additive. However, true TO has not happened yet for PMC parts,
for two reasons [2]. Firstly, continuous yarns in structural PMCs must align with directions of high
stress in 3D, making manufacturing difficult. Reported parts are either semi-structural and feature
short fibres, or they feature continuous yarns [3—5] extending in 2D layers only for simpler cases
where this can lead to an optimal solution [6]. Secondly, PMC manufacturing generally makes
beams and shells as opposed to irregular lattice parts. Reported truss-like PMC structures typically
feature a repeating basic structural unit [6—12]; few examples of non-repeating 3D PMC lattices
were reported [13]. As aresult, AM metal parts can outperform PMC parts despite superior specific
material properties for PMCs. This work addresses PMC 3DTO part and process design, with the
aim of increasing the performance of PMC parts featuring continuous carbon yarns [14-16].
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3. Literature

3.1. Topology optimization for PMCs and fibre orientation control

Analytical work aiming at applying TO to PMCs was proposed [3, 4]. Density-based approaches
linking element density to elastic modulus [5] such as the solid isotropic material with penalization
(SIMP) method are typically used as a starting point. Challenges arise as PMC properties depend
not only on position but also on orientations of reinforcement yarns that are continuous: designing
PMC parts involves more variables. Hence, modifications to SIMP were proposed to account for
orthotropy by including fibre orientations inside each element [6].

TO applied to PMC parts is either sequential or concurrent. Sequential TO decouples the design
processes, determining topology first and then optimizing fibre orientations [5]. Concurrent TO
determines part topology and optimal fibre orientations simultaneously. Nomura [7] and Lee [8]
succeeded with sequential TO applied to PMCs, optimizing topology and orientations at contained
computational cost. Zhou [9], Setoodeh [10] and Xu [11] used alternative methodologies refining
topology and fibre orientations iteratively. Recent progress with sequential TO aimed at increasing
both performance and manufacturability. Yang [ 12] increased part stiffness by aligning continuous
fibre orientations with principal stress directions obtained from FEA. Zhang [13] utilized
streamline trajectories of principal stress vector fields for continuous fibre placement.

Concurrent TO has been sought-after in expectation of higher performance PMC parts [17, 18]
despite higher complexity and cost [19-21]. Different authors [20, 23-25] proposed density-based
methods featuring density and orientations as design variables. Stress lines tangent to optimized
fibre orientations in each cell lead to increased stiffness and continuous yarn paths. However, most
methods were tested on simpler cases of 2D geometries and applied loads, and may not generalize
readily to realistic but more complex 3D geometries nor lead to straightforward manufacturing
[22]. It 1s noted that Ye et al. [23] did use their framework on one 3D geometry, demonstrating
capability in aligning fibres with local principal stress directions and achieving improved stiffness
and an optimized final design with continuous yarns.

TO applied to PMCs has been addressed in approaches that are primarily computational. Reduced
compliance and continuous fibre paths were obtained. However, the challenge of creating optimal
fibre layouts for complex 3D geometries and making them physically manufacturable with
continuous yarns extending along continuous trajectories largely remains.

3.2. Manufacturing of 3D printed PMC parts

Attempts at manufacturing PMC parts featuring continuous yarns through adaptations of 3D
printing methods were presented, with the aim of improving specific structural properties of parts
[26]. Issues identified relate mostly to manufacturing limitations in laying and directing continuous
yarns over complex geometries featuring topology optimization. A few examples are discussed.

Adaptations and variations to Fused Deposition Modelling (FDM) were developed, with
parameters probed including materials, yarn paths used in optimized parts, nozzle modifications
and others. Early published work featuring 3D printing with continuous yarn PMCs [27-29]
proposed one-step in-nozzle impregnation where a thermoplastic filament and continuous yarn
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were combined in a heated nozzle immediately before deposition of flat layers. Filaments were
deposited as flat superimposed horizontal layers in a process similar to FDM using neat
thermoplastic polymers. Results showed approximately fivefold increases in tensile modulus and
tensile strength over neat polymers, demonstrating improvement over conventional short-fibre
reinforced polylactic acid (PLA) polymer-based 3D printed parts but tellingly, still using these in
comparisons. Both carbon fibres and jute fibres were featured as reinforcements.

Fracture imaging of specimens showed significant fibre pullout, with suboptimal impregnation
and adhesion of polymer to fibres. Voids were present, and fibre volume fractions vy in deposited
PMCs remained at 40% to 50%. Results showed promise but continuous yarns were limited to flat
superimposed planes with no topology optimization in 3D.

Additive Fiber Tethering (AFT) was proposed for manufacturing continuous yarn PMCs featuring
topology optimization, inspired by truss-based lattices [30] and a technique called 3D coreless
filament winding [31]. Coreless filament winding uses continuous yarns pre-impregnated with a
thermosetting polymer in creating hollow interlaced designs featuring direct, yarn-to-yarn
interactions rather than a traditional winding mandrel. The technology demonstrates the possibility
of manufacturing topology optimized PMC parts where yarns interlace directly within a delimited
3D envelope, without other support, as envisaged in the present work.

AFT enables the manufacturing of PMC parts featuring complex geometry and 3D topology
optimization by combining scaffolds and advanced filament winding. The process begins with an
architected topology design based on face- and body-centered cubic lattice structures. A
corresponding physical scaffold is designed, enabling the guiding of continuous yarns whilst
ensuring their dimensional stability. Scaffolds are designed with strategically positioned anchor
points enabling tethering of the yarns and ensuring transition between different yarn paths. Yarn
path planning is based on a modified Hierholzer’s algorithm, a graph-based approach designed for
generating optimal Eulerian paths with reduced redundant yarn deployment, uninterrupted fibre
placement and material waste. The paths are converted into machine-readable form and
implemented in a robotic system; dry carbon yarns are impregnated in-situ with a thermosetting
resin, the part is left to cure, and scaffolds and removed. Despite ongoing challenges, perhaps more
specifically regarding manufacturing approach and methods, the work provides strong supportive
evidence for further exploration of 3D topology optimization applied to structural PMC parts of
complex geometry featuring continuous yarns.

3.3. Industrial efforts

A limited number of industrial efforts were devoted to proposing PMC parts featuring some of the
characteristics mentioned above; these efforts met varied levels of adoption. Specific industrial
actors are not mentioned here; rather, different approaches are briefly highlighted.

Traditional layered printing using continuous yarn filament is a commercial reality offered by a
number of industrial actors; however, it does not enable TO in full 3D. Laying pre-impregnated
yarns in 3D self-supported via fast curing resin is available; part geometries, thicknesses and yarn
orientations are limited by the manufacturing method. Finally, infill or overlay reinforcement of
polymer parts with directed yarns is relatively common; PMCs make up a fraction of part volume.
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4. Design cases and initial FEA analysis

The part and process design method for 3DTO PMC:s is sequential. In step 1, static linear elastic
structural finite element analysis (FEA) is performed on isotropic material bound by the part
envelope, for set loads and boundary conditions; commercial software ABAQUS was used. The
principal stress vector field is extracted. Figure 1 shows two demonstrators, modified GE bracket
subjected to upward forces on the left and centre, and simplified asymmetric torsion link subjected
to tension on the right. Principal stress vector fields appear in Figure 2.

Ky

Figure 1. Demonstrator parts, loads and boundary conditions; modified GE bracket left and centre,
simplified asymmetric torsion link right.

Figure 2. Principal stress vector fields; modified GE bracket left, simplified asymmetric torsion link right.

5. Stress path generation and selection

5.1. Seed point placement

Step 2 consists in creating seed points for stress paths. Step 2.1 illustrated left of Figure 3 ensures
that seed points appear in all geometric features within the envelope. A uniform rectilinear grid of
seed points with independent, feature-based spacing along x, y and z is created. Seed points located
within the envelope are retained; each falls within an element but is not forced to its centroid. Step
2.2 illustrated right of Figure 3 ensures that seed points appear in high stress zones. Seed points
are created at the centroid of the most loaded elements and filtered for relative distance, both
operations defined by adjustable thresholds. Seed points are also created on edges of zones
defining applied loads and boundary conditions as these must be present in final 3DTO PMC parts.
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Figure 3. Seed points for modified GE bracket; rectilinear grid with feature-based spacing left,
filtered points in high stress zones right

5.2. Stress path creation and selection

Step 3 consists in generating initial stress paths from seed points. Initial stress paths extend in both
opposite directions from seed points, element to element, tangentially to local principal stress
vectors until part envelope is reached or change in direction exceeds a set threshold. Initial stress
paths appear in Figure 4 top left for modified GE bracket and centre for asymmetric torsion link.
Seed points appear in green in the figure.

Step 4 consists in selecting stress paths towards generating the 3DTO part structure. In step 4.1
paths are prioritized based on an adjustable combination of path length and average stress level. In
step 4.2 stress paths originating from seed points located at ends of edges defining zones of applied
loads and boundary conditions segments building are added; some stress paths generated in steps
4.1 and 4.2 may be the same. Practical utilities were included to give the designer control beyond
adjustable parameters: symmetric paths may be copied in symmetric parts, and nearly overlapping
paths may displaced and/or merged. Selected stress paths also appear in Figure 4 for the same two
demonstrators.

Figure 4. Initial and selected stress paths for modified GE bracket and simplified asymmetric torsion link.
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6. Structure generation

Step 5 consists in creating a continuous structure from the selected stress paths using k-neighbours
triangulation. Edges defining zones of applied loads and boundary conditions are added to the
structure first. Then n points are sampled along each selected stress path. Finally, & straight edges
are created for each point, extending from each fixed point and stress path point to their & closest
neighbours. The resulting structure is defined by values of &k and n chosen for manufacturability
and structural performance; different values may be probed by the designer. Practical utilities were
included to give the designer control beyond algorithmic triangulation: straight edges can be added
or removed manually, facilitating reduction in edge clustering close to curved envelope boundaries
where numerous points are defined, for example. Resulting structures appear in Figure 5.

Figure 5. Triangulated structures generated for the modified GE bracket left, simplified asymmetric torsion link right.

7. Yarn path generation

Step 6 consists in defining the final paths along which groups of yarns will extends within the
3DTO PMC structure/part envelope, interlacing with a support structure and/or among themselves.
Each yarn path follows a different sequence of edges. Collectively, yarns laid along these paths
constitute the complete 3DTO reinforcement dry structure.

Two requirements guide yarn path generation using Dijkstra’s algorithm. First, paths must
originate and end on the part envelope, enabling adequate securing and tensioning of the yarns.
All paths cross the envelope through the same two entry/exit points, facilitating manufacturing.
Secondly, these entry/exit points are positioned at opposite ends along the longest dimension,
promoting a smaller number of longer paths covering all the structure, further facilitating
manufacturing. Different paths may overlap over any given edge in the final structure. However,
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edges reused upon generating a new path are penalized, reducing the number of such overlaps and
balancing the number of paths, hence yarns, present along any given edge in the final structure.

Figure 6 shows five examples of yarn paths for the simplified asymmetric torsion link; the
complete structure required 24 paths. The lower right part of the figure shows the numbers of yarn
segments present over each edge. The figure shows that the numbers are generally contained.

Edge usage count

Figure 6. Five examples of interlaced yarn paths for simplified asymmetric torsion link, where the complete structure requires
yarns laid along 24 paths; yarn path count over each edge, lower right.
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8. Discussion, future work and conclusions

The starting point for the approach presented above was a pragmatic concept for designing 3DTO
PMC parts featuring continuous yarns, as well as a manufacturing route for these parts where
arrays of yarns under tension are guided and wrapped around fixed guide surfaces and interlace
around each other within the boundaries of a part envelope. Actual manufacturing, which is not
discussed in this paper, relies on 2 robotic manipulators exchanging a yarn carrier as the system
winds yarns around obstacles in the form of supports for fixed guide surfaces guiding yarns under
tension. The manufacturing system and the operations that it performs were inspired by
observation of manual winding and interlacing of dry yarns into similar 3DTO structures made by
operators [16]. Whilst the method described here reprises aspects present in work cited in the
literature, such as the use of continuous paths of principal stresses for guiding yarn orientations as
well as the practice of interlacing yarns within the part envelope to change their directions without
using guides, it originates from direct observation of pragmatic manufacturing work as opposed to
first principles and pure mathematical methods. Manufacturability was an ever-present concern.

Work is ongoing on both manufacturing and on the part and proceed design and optimization
methodology described in this work, as discussed briefly here.

Manufacturing work conducted so far has used dry yarn almost exclusively. Introduction and
consolidation of a resin remain to be addressed using either liquid resin, molten thermoplastic
prepreg yarn, or thin thermosetting prepreg yarn or tape. All present challenges with regards to
consolidation and external surfaces, using either mould-less processes or temporary moulds.

Yarn paths defined in step 6 are the final paths present in final parts. They do not represent paths
to be programmed into robotic manipulators, especially in the case of 3DTO parts featuring direct
interlacing between yarns within the volume of part envelopes, done without using guides. The
final paths are created sequentially, one by one, hence intermediate paths are to be defined that
will take their final configuration only after interlacing with other paths wrapped and interlaced
subsequently. Equilibrium positions between interlacing yarns will depend on individual yarn
tension and inter-yarn friction [16]. Predicting the outcome of interlacing arrays of parallel yarns
without using guides, and controlling variability, will present challenges that were not addressed
yet. Tension and friction will affect the position of interlacing points, but also the vy and areas of
yarn array cross-sections as well as their shapes, with cascading effects on resin impregnation and
consolidation. Interlacing is not compulsory in specific cases but it is a desirable feature of the
3DTO PMC methodology presented here as it enables more intricate part geometries.

Step 1 of the design methodology uses isotropic material in the part envelope. An iterative
sequential procedure could be used in future work, leading to orthotropic material in the envelope.
Steps 2, 3, 4 and 5 are defined by clear procedures yet feature adjustable parameters. In practice,
diverse utility functions are implemented for addressing practical CAD issues such as numerous
vertices defined in curvatures, or to add or remove segments to parts; the methodology does enable
interventions from the designer. Unequal numbers of yarns on different segments as shown in step
6 mean segments of different cross-section areas. Furthermore, areas may stay constant for a given
segment, but cross-sections may change. These aspects will be addressed in future work.
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