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Abstract. Advanced 3D woven composites show significant promise for use in 

high-performance applications. Nonetheless, automating the design process for 

customized non-periodic woven architectures presents challenges due to the 

complexities arising from large-scale combinatorial design issues. This often 

leads to inefficient utilization of the tow reinforcement. In this work, by treating 

the woven design problem as a multi-agent system, we leverage an integrated 

framework combining the Hungarian Algorithm and Long Short-Term Memory 

(LSTM) networks. This allows for effective alignment of woven tows along 

loading paths, while enabling considerations of through-thickness reinforcement.  

Keywords: 3D Woven Composites, Structural Design, Hungarian Algorithm, 

Long Short-Term Memory, Machine Learning, Multi-Agent System. 

1 Introduction 

3D woven composites were introduced for aerospace applications by NASA in the 

1980s[1]. Since then, significant advancements in analysis, design, manufacturing, and 

testing have been achieved [2-18]. The use of 3D woven composites has expanded into 

sectors like automotive, sports equipment, medical implants, body armor, civil 

engineering, and prosthetics [19-25]. Particularly in aerospace, Ceramic Matrix 

Composites (CMC) are favored for advanced structures such as jet engines, spacecraft, 

and fusion reactors [26-28].  

The 3D woven composites' structure, with its tow arrangements reducing 

delamination and enhancing impact tolerance, is crucial for aerospace applications 

against bird strikes [29]. Despite the potential of achieving near-net shapes through 

non-periodic integral woven designs [30-33], conventional designs often rely on 
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periodic weave patterns, leading to tow discontinuities caused by post machining 

process and limitations in overall structural performances. 

Fully periodic designs can result in diminished mechanical performance due to 

machining-induced tow discontinuities and suboptimal tow alignment with load paths, 

limiting structural efficiency. Bio-inspired designs, like those of the human proximal 

femur [35], demonstrate the potential for optimized structures through strategic 

reinforcement arrangement [36].  

Designing 3D tow architecture involves a combinatorial optimization problem at 

each intersection point, traditionally addressed through heuristic algorithms like the 

genetic algorithm or by comparing various designs to meet specific requirements [37-

42]. Techniques for tow topology optimization and geometric design strategies aim to 

simplify design complexity at the micro-scale [43, 34, 44-48]. However, these methods 

are mostly applicable to periodic and micro-scale designs. 

For integral designs of 3D woven composites with enhanced performance, strategic 

positioning of fibre tows is essential. Current designs, often based on knowledge-based 

approaches, are costly and inefficient, limiting customization and broader adoption of 

3D woven composites [30-33, 49]. Although research using a homogenization approach 

is possible [50,51], it may pose continuity issues when incorporating heterogeneous 

units. The challenge of developing a concurrent design methodology for 3D woven 

composites remains unresolved after decades. 

Building upon the advancements in the Background Vector Method (BVM) [52, 53], 

which facilitates concurrent creation of non-periodic 3D woven architectures at various 

scales, this study aims to establish a design methodology that combines the Hungarian 

Algorithm and Long Short-Term Memory (LSTM) networks. This approach is 

designed for the efficient and precise alignment of woven tows with the paths of applied 

loads, while preserving the other reinforcing considerations. 

2 3D woven preform fabrication 

We focus on 3D woven composite preforms that can be fabricated using Jacquard 

looms, as illustrated in Fig. 1. Such preforms typically consist of two groups of fibre 

tows that are orthogonal to each other. In Fig. 1, the warp tows are defined as parallel 

to the x-axis while the weft tows are the ones which are defined as parallel to the y-

axis. The warp tows are grouped into stacks with the tows which share the same y-z 

plane being in the same stack. Similarly, for the weft tows, the tows which share the 

same x-z plane are grouped together in the same stack. The spacing between each warp 

stack in the y-direction is defined as warp while the spacing between the weft stacks in 

the x-direction is defined as weft. 
The weaving process is as such, the weft tows are woven through each successive 

warp stack; the architecture of the preform depends on the position at which the weft 
tow passes through the warp stack. The orthogonal loom controls the position at which 
weft tow passes through the warp stack by raising or lowering the heddles according to 
the design. Thus, the design of the preform architecture can be broken down into 
topological ordering rules that dictate the positional arrangement of the warp and weft 
tows at any intersection. 
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The topological ordering used in this study aims to imitate the weaving process thus, 
at each intersection between a warp stack and weft stack, each weft tow in the stack is 
given an ordering integer, 

 𝜁𝑗,𝑞
(𝑖)

= 𝑝  (1) 

which determines that at the intersection of warp stack i and weft stack j, when the loom  
passes the qth weft tow through the intersection there are p warp tows below the weft 
tow, as illustrated in Tab. 1. Cases with multiple tows placed at the same location can be 
dealt with secondary ordering rules [31].  

 

Fig. 1 Schematic of an orthogonal loom used to manufacture 3D woven composites [31]. 

Tab. 1 The locations of the weft tows q in weft stack j at intersections with different warp 

stacks i as specified by topological ordering rules [31]. 

Weft tow 

j,q 
Weft tow location 

j,1 j,2 j,3 j,4 j,5 j,6 j,7 … 

W
ar

p
 s

ta
ck

 i
 

1 𝜻𝒋,𝟏
(𝒊)

 𝜻𝒋,𝟐
(𝒊)

 𝜻𝒋,𝟑
(𝒊)

 𝜻𝒋,𝟒
(𝒊)

 𝜻𝒋,𝟓
(𝒊)

 𝜻𝒋,𝟔
(𝒊)

 𝜻𝒋,𝟕
(𝒊)

 … 

2 𝜁𝑗,1
(𝑖)

 𝜁𝑗,2
(𝑖)

 𝜁𝑗,3
(𝑖)

 𝜁𝑗,4
(𝑖)

 𝜁𝑗,5
(𝑖)

 𝜁𝑗,6
(𝑖)

 𝜁𝑗,7
(𝑖)

 … 

… … … … … … … … … 

3 Design method 

This research introduces a method for designing non-periodic 2D sections by 

integrating the Hungarian Algorithm with a Long Short-Term Memory (LSTM) 
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network. The core concept revolves around treating each tow as an agent at the starting 

stack, aiming for a position in the subsequent stack that maximizes its score. The 

Hungarian algorithm optimizes tow path placement in alignment with principal stress 

vectors to ensure the highest collective score among all agents. Meanwhile, the LSTM 

network incorporates elements of "human" experience into the design process. 

3.1 Principal Stress Vectors 

To align the tows with the component's loading paths, principal stress vectors are 

derived from the Finite Element Method (FEM) simulations. The resulting load path is 

an approximation, as the simulation employs a homogenized medium for 

simplification. An illustrative example provided in Fig. 2 depicts a three-point bending 

problem spanning a 120x20 domain, with a free roller support at three-quarters of its 

length and a point load of 500N. The material is characterized by a Poisson’s ratio of 

0.3 and a Young’s Modulus of 70 GPa. Warp tows, represented by circles, extend out-

of-plane. Von Mises stress distribution contours, generated through iso-geometric 

analysis on a 50 x 10 mesh, illustrate the stress patterns. Load path vectors are 

delineated along the central line between two warp tow stacks (visualized as column of 

circles in Fig. 2). At each specified point within the 2D domain, two principal stress 

vectors are identified, collectively forming a set of vectors. 

 

Fig. 2 The Von Mises stress distributions in a beam in asymmetric three-point bending, with 

normalized principal stress vector fields. Load and supports as indicated. Black circles indicate 

the positions of warp tows for textile design, aligned vertically [52]. 

3.2 Tow Path Vectors 

Tow path vectors refers to the path taken by a tow between two consecutive warp 

stacks. The location of the weft tow at each intersection is interpreted as the number of 

warp tows below the weft tows. For the ith weft tow located at φ𝑖
𝑜  at the current warp 

stack o and φ𝑖
𝑜+1  at the next warp stack o+1, the corresponding normalized vector for 

the tow path is: 

𝒗(𝑖,𝑜) =
1

‖[𝛿𝑤,𝜑𝑖
𝑜+1−𝜑𝑖

𝑜]‖
[𝛿𝑤, 𝜑𝑖

𝑜+1 − 𝜑𝑖
𝑜]T  (2) 

where 𝛿𝑤 is the width between two neighbouring warp tow stacks.  
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Particularly, for the weft tow locations interpreted as the number of warp tows with 

the same type and size beneath it, the tow path vector can be simplified as 

 

 𝒗𝑙(𝑖,𝑜)→𝑘 =
1

‖[𝛿𝑤,(𝑘−𝑙(𝑖,𝑜))𝛿ℎ]‖
[𝛿𝑤, (𝑘 − 𝑙(𝑖, 𝑜))𝛿ℎ] (3) 

where 𝑙(𝑖, 𝑜) is the current location of tow i in the current stack o, k is the position of 

the tow in the next warp stack o+1, and δh is the thickness of warp tows. 

3.3 Hungarian Algorithm 

The initial BVM developed in references [52,53] addresses a three-sided matching 

challenge involving three components: the starting tow location, the background vector, 

and the subsequent tow location. It is well known that a 3-matching problem is NP-

hard [54], and the corresponding approximation problem is APX-complete [55]. To 

reduce the complexity of the matching game so that the well-established Hungarian 

algorithm [56] can be applied, we simplify the problem by rearranging the use of 

background vectors. 

First, we only keep the largest background vector corresponding to the loading path 

at the location of the tow path's starting point, eliminating background vectors that 

facilitate other reinforcement considerations. Second, these additional reinforcement 

considerations are addressed by LSTM networks, acting as a human expert factor. 

Consequently, the three-sided matching problem is transformed into a two-sided 

matching game between the tow's starting location, φ𝑖
𝑜, and the next location, 𝜑𝑖

𝑜+1. 

This two-sided matching game can be solved using the Hungarian algorithm in a 

straightforward manner. 

In other words, the Hungarian Algorithm [56] is utilized in this study to assign tow 

locations, specifically to place weft tows in the ith stack into positions in the i+1 stack. 

As illustrated in Fig. 3, the goal is to reassign weft tows currently in positions 1 to 5 to 

positions 6-10 in the next warp stack, thereby maximizing the tow's alignment with the 

principal stress directions. This scenario can be modeled as a bipartite graph with 

weighted edges that quantify the alignment, where the edge weights are given by:

 𝑤𝑖𝑘  =  𝑉𝐿
𝑖,𝑗

∙ 𝒗𝑙(𝑖,𝑜)→𝑘   (4) 

where i is the position of the weft tow in the current stack and k is the possible position 

of the weft tow in the next stack. The Hungarian algorithm is an efficient means of 

solving combinatorial optimization problems such as this assignment problem within a 

polynomial time complexity. Thus, using the Hungarian algorithm, an optimal 

matching with the maximum cost can be found, which maximizes the efficiency of the 

tow alignments. The Hungarian Algorithm will be employed to sequentially assign the 

tows to a location in each warp-weft stack intersection throughout the entire structure. 

3.4 Long Short-Term Memory (LSTM) Network 

Reducing the matching problem from three-sided to two-sided leads to the absence of 

considerations for other reinforcing requirements. One mechanism to ensure all 

reinforcement requirements are met at all intersections is to assign each weft tow a 



6 

specific reinforcement task a priori. Such an approach is highly ad-hoc and often 

observed in 3D woven designs as binders or interlayer locking tows. We enable these 

tows to develop a nuanced preference using a neural network. 

The Long Short-Term Memory Network [57,58], a type of Recurrent Neural 

Network, features feedback connections that allow the network to accumulate a long-

term memory of a sequence of data points. It is commonly utilized for making 

predictions on time-series data; in this context, we apply it to take the location history 

of a tow in the preceding stacks to predict the location of the weft tow in the next stack. 

The LSTM is employed to incorporate “human” knowledge into designs generated 

using the Hungarian algorithm through the following steps. Initially, this framework 

requires training different LSTM models with the location data of tows designated for 

specific functions. Then, selected tows are assigned a particular function, and their 

locations are predicted using the LSTM. Finally, the locations of the remaining tows 

are determined using the Hungarian algorithm. 

 

 
Fig. 3 Example of how an interval between two intersections can be modelled as a 

bipartite graph. 

4 Results 

To demonstrate the combined use of an LSTM and the Hungarian algorithm, we 

examine the case of a 2D simply supported bridge illustrated in Figure 2. The principal 

stress vectors, extracted from finite element simulations, are used to guide the direction 

of the tow paths. In the first design iteration, depicted in Figure 4, tow placement is 

solely managed by the Hungarian algorithm.  

In contrast, the second iteration employs both the LSTM and the Hungarian 

algorithm, as shown in Figure 5. Two tow are selected to be used as binders. A LSTM 

is trained to achieve the tow functions. The LSTM network architecture is show in 

Table 2.  
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Table 2. LSTM network architecture. 

Layer Output 

LSTM 32 

Dense 9 

Dense 12 

Dense 4 

 

The comparison between Figures 4 and 5 reveals that using only principal stress 

vectors leads to tow paths that are mostly straight in the middle section to combat 

bending, while the ends of the paths adopt more vertical directions. However, the 

integration of both the Hungarian Algorithm and LSTM results in a more varied tow 

path layout, with paths that feature a through-thickness orientation being more 

consistently implemented throughout the structure. 

 
Fig. 4 Example of a design using only the Hungarian Algorithm. 

 

 
Fig.  5 Example of a design using both Hungarian algorithm and LSTM. Through-

thickness reinforcement is clearly enhanced. 
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5 Conclusion 

The design challenge of 3D woven architectures is addressed in this work by 
conceptualizing each tow as an agent aiming to maximize its individual score, with the 
Hungarian algorithm serving as the mechanism for attaining perfect matching. 
Additionally, the LSTM contributes “human experience,” bolstering the reinforcement 
potentially compromised in the transition from a three-sided matching to a two-sided 
matching. The approach proposed can accomplish tow alignment that is tailored for the 
specific loads it may face. 
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