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Abstract4

This article presents, tests and validates a method for generating representative unit cells of braided com-

posites based on a geometrical approach. The method focuses on the geometry of the tows and uses surface

minimization to obtain the minimal equivalent area of a central surface that is used for the generation of

volumes and orthotropic mechanical properties of the tows. The homogenization of the yarns is solved us-

ing analytical equations and the homogenization of the cell is solved using a representative volume element

technique. The robustness of the method is evaluated using a benchmark comparison with experimental and

numerical results to validate the generated ge.ometry. The method is also tested and shown to be robust in

modeling the geometry for several values of geometrical parameters of the tows without user intervention,

including for configurations yielding a high cover factor.
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1. Introduction6

Textile composite materials are a broad spectrum of material types that are built by a distribution of7

fiber materials into a resin matrix. The applications of textile composites range from industrial to domestic8

applications. Its influence on the industrial domain has increased in the past decades, into sectors such as9

the aerospace, automotive and marine industries [1].10

The present work is focused on braided composites, which are one type of composite material that11

can be distinguished by their interlaced structure [2]. 2D and 3D braided composites are manufactured in12

two steps: preforms are first produced and then impregnated with a binding material (i.e. the matrix).13

∗Corresponding author, Phone: +32 4 366 48 26, Fax: +32 4 366 95 05
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Braided preforms are produced with a braiding machine composed of a central mandrel and a breading head14

with a large number of fiber carriers. Depending on the order on how the yarns are laid on the preform,15

different patterns are obtained, where each pattern has some geometrical conditions to satisfy in order to16

be reproduced, linking all the geometrical parameters together. Typical 2D patterns are diamond, regular17

and hercules, as shown in Fig. 1.18

(a) Diamond (b) Regular (c) Hercules

Figure 1: Typical 2D bi-axial patterns

As the use of textile composites increases, numerical methods have been developed in order to predict19

their mechanical responses. However, detailed methods, such as the Finite Element (FE) models, require an20

accurate geometrical description of the composites, and in particular of the fibers distribution, organization21

and orientation in the matrix, in order to provide reliable results. The tows representing the fiber yarns22

embedded in the matrix can be modeled as an orthotropic material, but this requires the fibers directions23

to be obtained from a micro-structure description. The modeling of the fibers is usually achieved using24

simple modified sinusoidal functions but proves to become increasingly challenging as the undulation path25

can be highly distorted for the more compact configurations. There is thus a need to develop micro-structure26

generation tools, from which the tows direction can be extracted, that can be used to feed the mechanical27

analyzes.28

1.1. State of the Art29

In broad terms, the modeling strategies of braided composites can be classified into two main categories:30

analytical methods and numerical methods.31

1.1.1. Analytical Methods32

Analytical methods present the first attempt for obtaining usable models to obtain the mechanical33

properties of braided composites. The most common models are the Classical Laminate Plate Theory-based34

models (CLPT) and Volume Averaging Models(VAM).35

One of the first proponents of the method of the determination of the stiffness and strength of woven36

fabric composites using a CLPT-based approach was proposed by Ishikawa and Chou [3, 4, 5, 6]. Further37

work based on their approach has been developed, such as the work of Yang et al. [7], which expands on38
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the work of Ishikawa and Chou, obtaining a more general model, not restricted to a particular weaving or39

braiding technique. Naik and Shembekar [8, 9, 10], extended Ishikawa and Chou’s 1D fiber inclination model40

into a simple but accurate two-dimensional version, taking into account fiber continuity and undulations in41

the fill and warp directions. Redman and Douglas [11] innovated by developing a simple “CLPT/rule-of-42

mixtures” based model for tri-axial braided composites. Raju and Wang [12] developed a more accurate43

geometry to characterize undulating fibers in the fill and warp directions, starting from Ishikawa and Chou’s44

model [3]. Naik and Ganesh [13] expanded the existing methods to take into account the yarn geometry45

and cross-section, including this way the fiber volume fraction. Aggarwal et al. [14] presented a generalized46

CLPT-based model to predict the in-plane elastic constants of two-dimensional diamond braided composites.47

CLPT-based models are limited due to the underlying assumptions of the laminate theory: it assumes48

that the laminate is sufficiently thin, which may not be valid for braided composites due to the thickness49

and the undulations of the braid yarns. It also considers a plane stress state. These models are thus very50

limited for the analysis of complex, more realistic structures.51

A first VAM was applied by Kregers and Melbardis [15], Kreger and Teters [16, 17] to determine the52

properties of spatially reinforced composites. Byun [18] developed a detailed model for the prediction of53

the geometric characteristics, crimp yarn angle, fiber-volume fraction, and three-dimensional engineering54

constants of 2D braided textile composites. Quek et al. [19] proposed a model for the calculation of the55

effective linear elastic stiffness of a 2D tri-axial flat braided composite material. Shokrieh and Mazloomi [20]56

created a new model in which the braided composite is considered as consisting of three layers Quek et al.57

[19]. El-Hajjar et al. [21] used and compared three different models to predict the elastic behavior of quasi-58

isotropic tri-axial braided composites. They all show a reasonable prediction of the elastic properties within59

the range of the properties measured. Similarly, Kier et al. [22] also developed a model whose estimations60

were comparable with experimental and FE results.61

More recently, Heide-Jørgensen et al. [23] have developed an analytical, three-dimensional, multiscale62

homogenization for plain-woven hybrid composites, using sinusoidal expressions to describe the geometry.63

Their approach can consider the debonding of the fiber from the matrix material at the microlevel.64

1.1.2. Finite Element Methods65

FE models for textile composites typically use a multi-scale modeling procedure. In general, to obtain the66

mechanical properties of an immediate larger scale (e.g. micro to meso and meso to macro), a homogenization67

technique is used. In textile composites it is possible to apply this type of techniques since a repeating pattern68

can be identified. By definition, a Representative Unit Cell (RUC) is the smallest repeating part of a material69

that is assumed perfectly periodic and regular.70

Textile composites typically have three structural levels: the micro, meso, and macroscopic levels. The71

meso-level is the key step in the multilevel calculations for textile composites as it makes the link between72

3



the micro and macro-level analysis.73

Microscopic level: corresponds to the scale of the basic constituents, i.e. fibers and matrix, within the74

braid yarns. This step is commonly performed using analytical micro-mechanics equations, such as75

the models presented by Halpin [24] and Chamis [25].76

The Mesoscopic level: corresponds to the scale of the braid yarns. Meso-scale modeling allows for the77

prediction of braided composite material mechanical properties starting from mechanical properties of78

the tows (computed during the micro-scale modeling) and the matrix.79

The Macroscopic level: corresponds to the overall structure scale. Macro-scale modeling allows to predict80

the elastic behavior of an entire braided composite structure under external global loading conditions.81

2D FE models focus on one of the most reputed methodology called the Braiding Through-the-Thickness82

(BTT) method. The BTT method, also known as Braiding through-the-Thickness Integration Points83

(BTIP), is a semi-analytical model. Xiao et al. [26] created the Pure Matrix Model. The authors used84

the same layered shell approach as their predecessors but modeled matrix pockets by adding layers of pure85

matrix within the sub-cells. Following Cater et al. [27], Cater et al. [28] utilized the Pure Matrix Model86

(PMM) and Absorbed Matrix Model (AMM) to approximate the behavior of single-ply and multi-ply braid87

coupons subjected to tensile tests. Starting from the work of Sorini et al. [29], Cater et al. [30] used the88

AMM combined with a top-down approach to predict both the strengths and failure modes of braided com-89

posites. More recently, Garćıa-Carpintero et al. [31] proposed an efficient numerical methodology based on a90

multi-material shell (MMS) model for the analysis of the mechanical behavior of tri-axial braided composites91

subjected to tensile loads.92

Since braided composites consist of a 3D complex interlacing of tows, both the geometrical model and93

the mechanical analysis ought to be three dimensional in order to capture the interlacing effect. A detailed94

road map for the examination of textile and braided composites using a 3D FE approach was proposed by95

Lomov et al. [32]. Goyal et al.[33, 34] focused on the analysis of 2×2 regular braids using a 3D FE analysis.96

They use typical FE models, accompanied with boundary conditions supposed to reflect the periodicity of97

the mesostructure. An important result of the analysis is that braided materials are essentially orthotropic.98

Quek et al. [35] analyzed and modeled the RUC of carbon 2D tri-axial braided composite in order to predict99

its effective elastic stiffness and strength using the FE method. Li et al. [36, 37] proposed a meso-scale100

FE model for examining the behavior of tri-axial braided polymer matrix composites. Later, Li et al. [38]101

used this model for failure study on straight-sided braided composite specimens. In 2012, Xu et al. [39]102

presented a general modeling method of braided structures and predicted the material properties of bi-103

axial and tri-axial braided textile composites. A micro-mechanical approach was adopted to compute the104

material properties of the tows. Similarly, Mian et al. [40] developed a 3D FE meso-scale model with PBC105
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to predict braids materials properties. Mbacke [41] also studied the variation of mechanical properties with106

the braiding angle using a multi-scale approach with two homogenization stages (one at the microscopic107

level and one at the mesoscopic level).108

More recently, Wehrkamp-Richter et al. [42] proposed a novel simulation framework for accurately pre-109

dicting the mechanical response of highly compacted tri-axial braided composites. A workflow to generate110

unit cells with a realistic internal geometry was presented. Local inter-penetrations were removed via a111

fictitious thermal simulation step, and then a compaction simulation was performed to get the target fiber112

volume fraction. The framework was validated by a detailed comparison with experimental results. Further-113

more, Wehrkamp-Richter et al. [43] applied their simulation framework to predict the non-linear mechanical114

response of tri-axial braided composites under multiple loading conditions.115

The work of Goda and Ganghoffer [44] presents a homogeneous, anisotropic strain-gradient continuum116

model aiming at substituting 3D heterogeneous porous or composite materials, such as woven materials.117

The effective properties are obtained based on the response of the representative volume element or unit118

cell of the initial structure under prescribed boundary conditions. Mixed boundary conditions comprising119

both traction and displacement boundary conditions are applied on the structure boundaries to identify the120

equivalent 3D strain-gradient elasticitymodel.121

1.1.3. Geometric Description of the RUC for Mesoscopic Modeling122

For braided composites, the generated finite element model used to perform the modeling of the RUC123

requires the construction of a geometrical model that describes the undulation paths of the different tows124

present. The undulation path is dependent on the pattern, i.e. diamond, regular or hercules.125

However, a braided composite material composed of multiple layers can exhibit small undulations within126

the axial tows path. This is due to the compaction and shifting of the bias yarns in the axial direction during127

the manufacturing process. These undulations were observed, among others, by Zhang et al. [45]. However,128

they concluded that this undulation effect does not appear to influence the effective elastic properties129

significantly, hence axial tows are usually modeled as following a straight path. The bias tows are modeled130

in two main ways:131

Sinusoidal function: this is the simplest way to model the undulating path of the tows. It has been used132

broadly, like in the works of Zhang et al. [46] and Wehrkamp-Richter et al. [42]. The pure sinusoidal133

function is easy to implement but is limited to the diamond braiding pattern only.134

Circle arc function: this is an alternative way to model braid yarns undulation. The undulation path can135

be approximated with arcs. It is usable with diamond braiding pattern only.136

Inter-penetrations occur when the volume of two or more tows penetrate each other. To avoid inter-137

penetrations, several solutions have been proposed, as summarized by Garćıa-Carpintero et al. [47]:138
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• Lomov et al. [32] proposed to separate the interpenetrating volumes and to compact them back via a139

solution of an intermediate FE problem.140

• Stig and Hallström [48] did the same, but by inflating yarn volumes which are artificially thinned.141

• Crookston et al. [49] simply added clearance between the yarns, but this solution gives an erroneous142

fiber volume fraction to the model.143

• Garćıa-Carpintero et al. [47] proposed a methodology based on a virtual thermal expansion and com-144

pression. There also exist solutions that treat the interpenetration problem by modifying the cross-145

sectional shape of the bias tows directly in the CAD model [33, 42].146

• Wintiba et al. [50] developed a methodology that considers a geometrical approach, in which the147

contact between the yarns is resolved directly with the introduction of an implicit tension.148

• Li et al. [51] introduced a level-set approach to eliminate the interpenetration of the yarns.149

1.1.4. Present Work Contribution150

The present work introduces a novel strategy to generate the RUC based on geometric relations and an151

equivalent minimization of the length of the fiber tows.152

Contrarily to geometrically-based methodologies developed to generate the RUC which requires an a153

priori knowledge of the shape of the tows in order to avoid their interpenetration, and can thus be limited154

in terms of the combination of the imposed shape and braiding parameters, the present geometrical approach155

uses a decomposition of the geometry of the tows into a cross section and a central surface and applies a156

minimization technique to compute the minimal equivalent surface area of the central surface. This approach157

thus replaces the usual assumption of sinusoidal and straight paths for the tows by a Bézier surface approach,158

which adds flexibility to the tow shapes that can be obtained while avoiding interpenetration. This, in fine159

allows obtaining the geometry of the tows without making any a priori assumption of the shape of the160

undulation path, and eventually allows for an automatic generation of the geometry.161

This approach allows for a calculation of the shape of the tows considering the interaction of opposing162

bias tows single-handily. Some simplifications can be made to include the repetitivity of the shape of the163

tows in the RUC which improve the performance of the method. The approach reduces the computational164

costs and is robust in generation for a wide range of geometrical parameters. The cover factor that can be165

obtained is close to 1.166

When performing homogenization, the proposed model considers orthotropy in the tows, as the result167

of the fibers embedded in the resin matrix. The fibers directions that are used in the calculation of the168

orthotropic mechanical properties of the tows are directly obtained from the central surface used to generate169

the geometry.170
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The present article is divided into the following sections: introduction, method, results and conclusions.171

The method Section 2 consists of a description of pertinent concepts used by the generation algorithm and172

its implementation, where starting from a flowchart describing the full method, each individual subsection173

is developed. The results reporyed in Section 3 verify and validate the generation method through a chosen174

benchmarks and pertinent comparisons with both numerical and experimental literature results. The ro-175

bustness of the generator is then ascertained by varying the geometrical parameters and it is shown that the176

approach allows generating a wide range of RUC including ones with high cover factors close to 1. Finally177

the computational costs associated to the RUC generation, and the homogenized properties estimation are178

reported and discussed.179

2. Proposed Method180

2.1. Definitions181

The definitions presented in this subsection are intended for a clearer explanation of the method and182

serve as the basis for its development.183

2.1.1. Cross-Section184

The cross sections of the tows are defined as fixed and are obtained using power ellipses. The benefit of185

using power ellipses lies in the fact that a single parameter can change the shape of the cross section between186

lenticular and elliptic, as initially presented in Crookston [52]. The formula used here is a sinusoidal formula187

presented in Wehrkamp-Richter et al. [42]188

y = ± t

2
cos

(xπ
w

)n

, (1)

where t is the thickness and w is the width of the cross section, as shown in Fig. 2a. For different values of189

n we get different shapes, as shown in Fig. 2b.190

t

✇

(a) Cross section dimensions

✵✿✵

✵✿✺

✶✿✵

✶✿✺

(b) Cross section shape, as power ellipse

Figure 2: Cross section dimension and shape for different values of n
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2.1.2. Pattern191

The patterns used in the present work are tri-axial patterns, which are based upon bi-axial patterns,192

such as shown in Fig. 1, adding yarns along the axial direction, i.e. the direction of advance of the braiding193

machine. The two tri-axial patterns that are considered in this article are diamond and regular, as shown194

in Fig. 3.195

(a) Diamond (b) Regular

Figure 3: Typical 2D tri-axial patterns

2.1.3. Representative Unit Cell (RUC)196

As mentioned before, a RUC is the smallest repeating part of a material that is assumed perfectly197

periodic and regular. It depends on each pattern. For the present work, the RUC for the diamond pattern198

can be seen in Fig. 4a and the RUC for the regular pattern can be seen in Fig. 4b.199

(a) RUC of the diamond pattern (b) RUC of the regular pattern

2.1.4. Cover Factor200

The calculation of the cover factor is evaluated using a polygonal approach, where the different surface201

areas can be obtained using Boolean operations. The procedure can be summarized as:202

1. A rectangle is drawn, to represent the unit cell and the rectangles that represent the different tows, as203

shown in Fig. 5a.204

2. Using Boolean operations the areas of the cell between the tows can be obtained. A detail of these205

areas is shown in 5b, in green.206
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(a) General distribution of the tows in the cell

(b) Detail of the top left corner of the cell

Figure 5: Polygon model for the calculation of cover factor

The implementation has been done in Python, using the Shapely library. The cover factor is finally207

calculated as208

Cf =
ARUC −

∑
Aspace

ARUC
. (2)

where ARUC corresponds to the projected surface area of the cell, shown in red in Fig. 5a, and Aspace209

corresponds to the projected surface area of the space between tows, shown in green in Fig. 5b.210

2.1.5. Volume Fraction211

The total volume fraction of the RUC represents the ratio between the volume of the fibers and the total212

volume of the RUC. It depends on the fiber volume fraction of each tow and the tow volume fraction in the213

RUC.214

The fiber volume fraction is the ratio between the volume of fibers in the tow and the total volume of215

the tow.216

Vf,t =
vf,t
vt

, (3)

where vf,t is the volume of the fibers and vt is the volume of the tow. Subscript “t” stands for either axial217

or bias tow.218

The fiber volume fraction of the representative unit cell is hence obtained as219

Vf,RUC =
Vf,a · va + Vf,b · vb

vRUC

= Vf,a · Va + Vf,b · Vb , (4)

where subscripts “a” and “b” respectively stand for axial and bias tows.220
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The axial and bias tow volume fractions in the unit cell, Va and Vb, are determined by the architecture221

and arrangement of tows in the RUC. The fiber volume fraction in the axial and bias tows, Vf,a and Vf,b,222

depends mainly on the compaction of the fibers and the space available for the matrix resin. In general,223

the fiber volume fraction in the tows is around 80− 85%, with an theoretical upper limit of approximately224

90.69%. This upper limit is calculated assuming a compaction in hexagonal form, as shown in Fig. 6, and225

calculated as226

Acirc = π · r2 , (5)

Ahex =
6√
3
r2 , and (6)

Vf =
Acirc

Ahex
=

π
√
3

6
≈ 0.9069 . (7)

r

s

Figure 6: Hexagonal distribution of fibers in tow

It is common to describe a tow according to the number of fiber filaments n (in thousands or k) present in227

its micro-structure and the diameter of a single tubular fiber filament d (in µm). Using these two parameters,228

the area Af occupied by the fiber filaments within a tow cross-section can be computed.229

Af,t =
πd2

4
n (8)

Knowing the area of the tows cross-section, the Fiber Volume Fraction within a tow can be calculated,230

with Lt defining the length of the tow as231

Vf,t =
vf,t
vt

=
Af,t · Lt

At · Lt
=

Af,t

At
. (9)

2.1.6. Distribution and Directions232

The distribution of the tows in the x−y plane determines the type of braiding pattern and is fundamental233

in the characterization of the properties of the composite. The axial tows are distributed along the x direction234
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and are aligned with the y direction, with a separation saxial that is measured between the central axis of235

each axial tow, as shown Fig. 7.236

The bias tows are rotated by an angle θ with respect to the axial tow and are distributed with a distance237

sbias along the y direction, as shown in Fig. 7.238

s
❜
✐❛
�

✁✂①✄✂❧

✒

☎

②

♦✆✄✂✝

Figure 7: Distribution and dimensions in the x− y plane.

2.1.7. Central Surface239

The method considers initially the decomposition of the geometry of each tow into a central surface and240

its original cross section, as shown in Fig. 8. This type of decomposition allows for a modification of the241

central surface whilst keeping the original cross section unperturbed.242

✰ ❂

❈❡♥tr❛❧

❙✉r❢❛❝❡

❖r✐�✐♥❛❧

❈r♦ss ❙❡❝t✐♦♥

❈❡♥tr❛❧

❙✉r❢❛❝❡

❋✐♥❛❧ ❚♦✇

❈r♦ss ❙❡❝t✐♦♥

Figure 8: Central surface definition.

The central surface of each tow is modeled using Bézier patches, which allows to modify the surface by243

means of the control points of the surface.244

Bézier surfaces constitute a flexible description of parametric surfaces. The basic idea behind using a245

Bézier surface is to minimize the length of said surface in a certain direction, as it will be later detailed.246

A main advantage of considering Bézier surfaces is that there exist explicit, analytical expressions that can247

be used to evaluate the surface sensibility with respect to the position of the control points, expressions248
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that can be in turn used to minimize the surface area. It is worth noting that the proposed method can249

be applied to other type of surfaces, such as NURBS via the Bézier extraction. However, although Bézier250

surfaces are able to describe the central surface of the tows, some numerical problems might arise when251

calculating the sensitivities if the control points are too close from each other.252

The central surface serves as a base for the calculation of the orthotropic properties of the tows. The253

direction of the fiber at a point is considered to follow the direction of the surface when the point is projected254

in the z direction. Considering that the central surface is built using a Bezier surface, the direction of the255

fiber is obtained by deriving the surface in the given direction and normalizing. As it can be seen in Fig. 9,256

considering that the direction of the fiber coincides with the local direction v, the process is:257

1. projecting point P in global coordinates (x, y, z) onto the local coordinates of the surface (u, v);258

2. calculating the surface derivative t in direction v as259

t =
∂S

∂v
; (10)

3. finally, normalizing and obtaining the direction as260

t̂ =
t

|t|
. (11)

①

①

②
②

③

✉

✈

P ✭①❀ ②❀ ③✮

P ✭✉❀ ✈✮ ❫t

Figure 9: Surface direction used for orthotropy modeling.

2.2. Micro-structure generation261

2.2.1. Overview of the Method262

A general form of the proposed method is presented in Fig. 10 and is subsequently detailed.263

The method starts with a guess initial geometry, where the distribution of the tows is determined. Once264

it is done, the surface area of the central surface is minimized, avoiding interpenetration of the tow volumes.265

This configuration allows for the sensitivity to be calculated in such a way that the adjacent surfaces are266

tangent. The configuration is updated using the obtained sensitivity.267
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❉✐�❡♥s✐✁♥s

P❛tt❡r♥

■♥✐t✐❛❧
❣❡✁�❡tr②

❯♣❞❛t❡ ❧✁✁♣

▼✐♥✳ ❛r❡❛

✇✴✁ ♣❡♥❡tr❛t✐✁♥

❙❡♥s✐t✐✂✐t②

❡✂❛❧✄❛t✐✁♥

❯♣❞❛t❡

❱✁❧✄�❡

❣❡♥❡r❛t✐✁♥

Figure 10: General view of the method.

2.2.2. Initial Geometry268

The initial geometry begins with the initial distribution of the different tows in the x−y plane, as follows:269

1. Distribute the axial tows in the x direction, considering saxial. The axial tows are considered fixed270

and are not modified.271

2. Lay the bias tows considering the axial separation saxial, the braiding angle θ and the type of braiding272

pattern, imposed by the offset of the bias tows obias in the y direction. For simplicity, we will consider273

only two bias tows.274

❩♦♥❡s ♦❢

✐♥t❡rs❡❝t✐♦♥

♦♥ t❤❡ ① � ②

♣❧✁♥❡

①

②

Figure 11: Zones of intersection of axial and bias tows in the x− y plane.
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❧❝❧
❛①✐❛❧

❤
❧❝❧
❜✐❛s

❤
❧❝❧
❜✐❛s ✰

�✁✂✁✄☎✆✄✁
✷ ✰ ✈❣❛♣

(a) Local height for offset surface definition

❆①✐�❧ t♦✇

❖☛s❡t s✉r❢�❝❡

■♥t❡rs❡❝t✐♦♥ ③♦♥❡ ♦♥

✁ ✂ ② ♣❧�♥❡

✁

②

✄

(b) Generated offset surface

Figure 12: Offset surface generation.

Once the initial distribution is obtained and the geometry is considered to be feasible, we can define275

different zones for the bias tows. Projected on the x− y plane we can identify zones of intersection between276

the axial and bias tows, as shown in Fig. 11. Starting from the intersection areas, corresponding offset277

surfaces are built. The construction of the offset surfaces is done by obtaining at each point (x, y) inside278

the intersection area a local height of the bias tow hlcl
bias and adding it to the local height of the axial tow279

hlcl
axial. The imposed vertical gap vgap between tows is added to the final value, as shown in Fig. 12a. The280

generated surface has a projection on the x− y plane equal to the zone of intersection shown in Fig. 11 and281

also shown in Fig. 12b.282

With the offset surfaces, an initial geometry can be built. For simplicity, 3 surfaces are built, as shown283

in Fig. 13a:284

Surface A: over the surface of the left axial tow, between its central axis and its rightmost border.285

Surface B: between the rightmost border of the left axial tow and leftmost border of the right axial tow.286

Surface C: over the surface of the right axial tow, between its leftmost border and its central axis.287

❙✉r❢❛❝❡ ❆ ❙✉r❢❛❝❡ ❇ ❙✉r❢❛❝❡ ❈

(a) Surfaces separation.

■♥t❡r♥❛❧

♣♦✐♥ts

❈♦♥♥❡❝t✐♦♥

♣♦✐♥ts

❇♦r❞❡r

♣♦✐♥ts

(b) Points classification.

Figure 13: Surface division and points classification
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The control points of all the surfaces are classified, as shown in Fig. 13b, and treated separately:288

Border points: they are modified initially, such that surfaces A and C follow the offset surfaces.289

Internal points: they are modified by minimizing the length of the surface, such that the area is minimal.290

The requirement is that the surface is minimal and that there is no penetration between tows.291

Connection points: they are modified in such a way that surfaces A and B are tangent, and surfaces B292

and C are tangent.293

2.2.3. Area Minimization294

The area minimization problem can be written as a minimization problem with inequality constraints,295

such that the area of the surface is minimal and that there is no interpenetration between the bias tows.296

The interpenetration points are a set of points, distributed in the intersection area between two bias297

tows, as shown in Fig. 14a. To enforce tangency between surfaces in the case where surface B touches the298

border of the offset reference surface, tangency constraint points are obtained on the border, tangent to the299

surface at a distance dtng, as shown in Fig. 14b.

①

②

P♦✐�t t♦ ❝❤❡❝❦

✐�t❡r♣❡�❡tr❛t✐♦�

(a) Interpenetration points

❚❛♥❣❡♥❝②

❈♦♥str❛✐♥t

P♦✐♥ts

❞�✁✂

(b) Tangency points

Figure 14: Constraint points

300

The minimization problem is written as301

min A ,

s.t. ∆p
i ≥ 0

∆t
j ≥ 0

(12)

where A is the area to be minimized, ∆p
i is the distance in the z direction between the interpenetration302

control points and ∆t
j is the distance in the z direction between the surface and the tangency constraints303
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points. Introducing slack variables si and tj , the system is rewritten304

min A .

s.t. ∆p
i − si

2 = 0

∆t
j − tj

2 = 0

(13)

In order to conduct the minimization, we define the Lagrangian as305

L = A+

nP∑
i=1

λi

(
∆p

i − si
2
)
+

nT∑
j=1

θj
(
∆t

j − tj
2
)
, (14)

where nP is the number of interpenetration points to be verified, λi are the Lagrange multipliers for the306

interpenetration constraint, ∆p
i is the distance between the tow surfaces, nT is the number of points to check307

to ensure tangency when surface B touches the border of the offset reference surface.308

The functional A representing the surface area is highly non-linear and difficult to handle. To simplify309

the problem, as suggested by Nitsche [53], instead of using the surface area, we use the Dirichlet’s energy310

D. Following the work of Monterde [54], we obtain an explicit expression for the derivative of the Dirichlet311

functional with respect to the coordinates of the control points of the Bézier surfaces, with312

L = D −
nP∑
i=1

λi

(
∆p

i − si
2
)
−

nT∑
j=1

θj
(
∆t

j − tj
2
)
. (15)

The problem of minimizing the Lagrangian L consists in writing the minimization problem as a quasi313

Newton problem as314

Zk+1 = Zk −Hk−1

Gk , (16)

where Zk is the vector of coordinates z of each control point of the Bézier surface, G is a vector of the315

derivatives of L and H is the Hessian matrix of L316

G =



∂zL

∂λL

∂sL

∂θL

∂tL


, (17)

H =



∂2
zzL ∂2

zλL ∂2
zsL ∂2

zθL ∂2
ztL

∂2
λzL ∂2

λλL ∂2
λsL ∂2

λθL ∂2
λtL

∂2
szL ∂2

sλL ∂2
ssL ∂2

sθL ∂2
stL

∂2
θzL ∂2

θλL ∂2
θsL ∂2

θθL ∂2
θtL

∂2
tzL ∂2

tλL ∂2
tsL ∂2

tθL ∂2
ttL


. (18)

For a detailed development of the expressions, please refer to appendix Appendix A.317
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(a) Initial distribution of interpenetra-

tion points

(b) Minimum interpenetration point and

triangle where it is located
(c) Triangles subdivision

Figure 15: Points refinement for effective interpenetration detection

The interpenetration points are distributed initially in a uniform way, such that some level of interpen-318

etration can be detected and that the system to be minimized does not become ill-conditioned. This initial319

distribution approach can be insufficient to effectively detect and avoid interpenetration. To overcome this, a320

refinement can be applied. The first step is to have an initial, coarse distribution of points. This distribution321

of points is used to generate a triangle distribution, as shown in Fig. 15a. Considering this distribution,322

the surface minimization is performed and the point of minimum interpenetration is obtained as well as323

the triangle where it belongs to, as shown in Fig. 15b. Once the triangle is identified, it is subdivided into324

four triangles, as shown in Fig. 15c. This new points and triangles are subsequently used if the minimum325

interpenetration is below a given tolerance. This approach based on triangles subdivision prevents points326

from being too close to each-other, which could lead to an ill-conditioned system.327

2.2.4. Sensitivity and Update328

❞✐

❙✉r❢❛❝❡

❈♦♥tr♦❧ ♣♦�♥ts

Figure 16: Straight segments between surfaces and vertical distances.

The sensitivity calculation is imposed on the connecting points (see gray points in Fig. 13b). To obtain329

a sensitivity that ensures tangency between the surfaces, the adjacent control points of the surfaces are330

connected by a straight segment, as shown in Fig. 16. The distance di between each straight segment and331

the surface is measured along the z direction. To obtain the sensitivity that allows a stable optimization,332

the functional to minimize is333

F =
∑

di
2 . (19)
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The sensitivity of F with respect to each control point zCj is calculated as334

Jj =
∂F

∂zCj
=

∑
2di

∂zS

zCj
, (20)

where zS is the z coordinate on the surface. The control points zC and point on the surface zS are illustrated335

in figure 17.336

③
❙

③
❈

Figure 17: Point on surface zS and control point zC

The update of the control points is performed using a scheme that considers an inexact line search. To337

this end, in order to perform a multidimensional optimization of the cost function that ensures tangency338

between the surfaces, a 1D line search is performed at each iteration, in order to obtain a step size α that339

minimizes the problem in a given direction. The update is performed as340

z(k+1) = z(k) − αJ(k) . (21)

where z is the vector formed by terms zCj and J is the vector formed by terms Jj =
∂F
∂zC

j
.341

Usually, exact line search methods are preferred, but they can be numerically expensive, as they require342

several evaluations of the function. The approach used here is an adaptation of the Gradient-only line343

searches by Kafka and Wilke [55]. The calculation is performed as344

1. At a given point z(k) the gradient J(k) is evaluated.345

2. A new point z(k+1) is calculated.346

• If
〈
J(k), J(k+1)

〉
≥ 0, the point z(k+1) is valid. It is set as the new given point. The step size is347

updated as α← α× β.348

• If
〈
J(k), J(k+1)

〉
< 0, the point z(k+1) is not valid. The step size is updated as α← α/β and the349

point z(k+1) is recalculated.350

where β is a scalar such that β > 1.0.351

The present work introduces a constrained optimization in order to obtain a compatible shape of of the352

bias tows by minimizing the central surface area and removing the interpenetration of the tows. Depending353

on the combination realization of the geometrical parameters, some geometries are not physically achievable354

(an example of unphysical geometries would be when axial tows have a width waxial larger than the axial355

separation saxial.), while for the ones achievable the generator is able to provide a RUC geometry as it will356

be discussed in the next Section 3.357
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3. Examples and Results358

This section first presents the benchmark used as base for verification and validation of the generation359

method and subsequently the robustness of the generation method.360

3.1. Benchmark361

The benchmark is a regular pattern, with a braiding angle of 60◦ was chosen in order to conduct a362

comparison against the experimental and numerical results provided by Catera et al. [56]. The geometrical363

parameters of the model are reported in Table 1, the mechanical properties of the fibers in Table 2 and364

the mechanical properties of the resin in Table 3. The geometrical properties were extracted from the RUC365

information provided by Catera et al. [56], and the mechanical properties are the same as reported by Catera366

et al. [56]. This example is developed for a regular pattern with cover factor close to 1.367

Table 1: Geometrical parameters of braid (evaluated from RUC data reported by Catera et al. [56]).

Parameter waxial haxial wbias hbias saxial vgap

Value [mm] 5.500 0.278 3.700 0.210 9.040 0.0083

Table 2: Material properties of T700S carbon reported by fibers Catera et al. [56].

Longitudinal Modulus [GPa] 230

Transverse Modulus [GPa] 15

Longitudinal Shear Modulus 24

Transverse Shear Modulus 5.03

Longitudinal-Transverse Major Poisson’s ratio 0.27

Transverse-Transverse Poisson’s ratio 0.49

Density [g·/cm−3] 1.8

Table 3: Material properties of E862 epoxy resin reported by Catera et al. [56].

Elastic Modulus [GPa] 2.7

Shear Modulus [GPa] 1

Elastic Poisson’s ratio 0.35

Density [g·cm−3] 1.2
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(a) RUC obtained by Catera et al. [56].

(b) RUC obtained by the current method.

Figure 18: Comparison of generated RUC: (a) Following [56] and reprinted from “Composite Structures, Piervincenzo Giovanni

Catera, Francesco Gagliardi, Domenico Mundo, Luigi De Napoli, Anna Matveeva, Laszlo Farkas, Multi-scale modeling of triaxial

braided composites for FE-based modal analysis of hybrid metal-composite gears, Volume 182, Pages 116-123, Copyright (2017),

with permission from Elsevier”; and (b) As generated with the present method.

3.1.1. Generated RUC geometry assessment368

The generated geometry for the given geometrical parameters is shown in Fig. 18 where it is visually369

compared to a RUC generated by Catera et al. [56]. A qualitative comparison of the generated cross sections370

is then performed against the micro-graphs obtained by Byun [18], see Fig. 18. It can be observed that371

the shapes are similar, but there are differences due to the lack of compression in the z direction in the372

simulation and that is present in the manufacturing of the experimental sample. This compression deforms373

the tows and they become variable along the tows.374

(a) Slice taken along a bias tow, as in the current simulation

(b) Slice taken along a bias tow, obtained from Byun [18]

Figure 19: Cross sections along one bias tow: (a) As generated with the present method; and Following [18] and reprinted from

“Composites Science and Technology,Joon-Hyung Byun, The analytical characterization of 2-D braided textile composites,

Volume 60, Issue 5, Pages 705-716, Copyright (2000), with permission from Elsevier”.
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3.1.2. Generated RUC homogenized properties assessment375

The mechanical properties are obtained by performing a 2-step homogenization: one step to predict the376

tows properties, going from the micro-scale to the meso-scale by considering an homogenization of the fibers377

and the resin in the yarns, and another step going from the meso-scale to the macro-scale, considering the378

homogenized tows as components to homogenize with the resin.379

Homogenized Properties of the yarns. The micro-meso homogenization is achieved analytically using Chamis380

[25] fomulas:381

ρ = Vf · ρF + (1− Vf ) · ρm , (22)

EL = Vf · ELF + (1− Vf ) · Em , (23)

ET =
Em

1−
√
Vf ·

(
1− Em

ETF

) , (24)

GLT =
Gm

1−
√
Vf · (1−Gm/GLTF )

, (25)

GTT =
Gm

1−
√
Vf · (1−Gm/GTTF )

, (26)

νTT =
ET

2 ·GTT
− 1 , (27)

νLTmajor = Vf · νLTF + (Vf − 1) · νm , (28)

νTLminor = νLTmajor ·
ET

EL
, (29)

where ρ is the density, EL is the longitudinal Young’s modulus, ET is the transverse Young’s modulus, νTT382

is the Poisson’s ratio, νLTmajor is the major longitudinal-transverse Poisson’s ratio, νTLminor is the minor383

longitudinal-transverse Poisson’s ratio. The resulting values are reported in Table 4 when considering a384

volume fraction Vf = 0.86 as suggested by of Catera et al. [56].385

Table 4: Homogenized properties of the yarns for Vf = 0.86.

ρ EL ET GLT GTT νTT νLTmajor νTLminor

[g·mm−3] [GPa] [GPa] [GPa] [GPa]

1716 198.2 11.27 8.98 3.87 0.45 0.31 0.017

Homogenized Properties of the RUC. The homogenized properties are obtained using the finite element386

method and applying periodic boundary conditions. The homogenized material operator is obtained follow-387

ing the approach suggested by Nguyen et al. [57]. The properties of the tows being orthotropic, they follow388

the generated directions as shown in Fig. 20. The results using the current method are compared against389

the numerical and experimental results of Catera et al. [56] in Table 5, where a good agreement with the390

experimental results can be seen.391
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(a) Generated tow volumes (b) Inside the axial tow volumes

(c) Inside the bias tow volumes (d) Inside the bias tow volumes

Figure 20: Directions of points in the axial and bias tows of the benchmarked regular RUC obtained by the current method.

Table 5: Results comparison of current method against Catera et al. [56]

Ex [GPa] Ey [GPa] Ez [GPa] νxy νyz νxz

Catera et al. [56] (exp.) 40.6 38.5 - - - -

Catera et al. [56] (num.) 42.8 41.4 7.40 0.3 0.39 0.36

Current (num.) 42.7 42.6 7.05 0.29 0.36 0.35

3.2. Two-parameter robustness study392

The robustness of the generation method is studied by changing the geometrical parameters from the base393

model by a random amplitude and running a batch of simulations. The robustness refers to the capability of394

the algorithm to effectively generate RUCs for different sets of compatible geometrical parameters, i.e. sets395

of parameters that do not lead to unphysical overlaps of the tows, including for combinations of geometrical396

parameters of the RUC which result in high cover factors Cf , i.e. close to the unity. An example of397

unphysical overlap is for axial tows whose width waxial is larger than the axial separation saxial. The chosen398

parameters for this robustness study are the axial tow separation saxial and the braiding angle θ, with a399

random amplitude of ±5 [mm] and ±5[◦] respectively. The cross section of the tows is elliptical.400

3.2.1. Diamond Pattern401

The parameters of the base model for the diamond pattern are shown in Table 6. The braiding angle402

is 45[◦]. The generated tow volumes, as well as a figure showing the directions of the points inside the403

bias tows for the base model can be seen in Fig. 21. Fig. 22 depicts the validity of the generated RUCs404

for different combinations of the parameters. It can be seen that high cover factors close to one can be405

achieved. In this figure, the black line dividing the plane represents a cover factor of 1 − 1e − 10. For the406
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Table 6: Base parameters for the two-parameter robustness study of the diamond pattern generation

Parameter waxial haxial wbias hbias vgap saxial θ

Unit [mm] [mm] [mm] [mm] [mm] [mm] [◦]

Value 4.00 0.50 4.0 0.50 0.01 5.0 45

Deviation - - - - - ±5.0 ±5.0

(a) Generated tow volumes (b) Inside the axial tow volumes

(c) Inside the bias tow volumes (d) Inside the bias tow volumes

Figure 21: Generated base diamond RUC for the two-parameter robustness study
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Figure 22: Two-parameter robustness assessment of the geometry generation for the diamond pattern
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cases where the parameter combination is valid, two examples are shown in Fig. 23, and two examples of407

invalid combinations are shown in Fig. 24. In these examples, the projection on the x− y plane of the tows408

and the generated volumes of the tows are shown. It is clear that the failure of the generator results from409

an physically impossible configuration to reach.410

(a) saxial = 5.978 [mm], θ = 45.23[◦], Cf = 0.952
(b) saxial = 5.163 [mm], θ = 40.20[◦], Cf = 0.996

Figure 23: Example of valid two-parameter combination for the generation of diamond pattern

(a) saxial = 3.482 [mm], θ = 46.75[◦]

(b) saxial = 1.182 [mm], θ = 40.20[◦]

.

Figure 24: Example of invalid two-parameter combination for the generation of diamond pattern

3.2.2. Regular Pattern411

The parameters of the base model for the regular pattern are reported in Table 7. The braiding angle412

is 60[◦]. The generated tow volumes, as well as a figure showing the directions of the points inside the bias413
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Parameter waxial haxial wbias hbias vgap saxial θ

Unit [mm] [mm] [mm] [mm] [mm] [mm] [◦]

Value 4.10 0.50 3.80 0.50 0.01 10.0 60.0

Deviation - - - - - ±5.0 ±5.0

Table 7: Base parameters for the two-parameter robustness study of the regular pattern generation

(a) Generated tow volumes (b) Inside the axial tow volumes

(c) Inside the bias tow volumes (d) Inside the bias tow volumes

Figure 25: Generated base regular RUC for the two-parameter robustness study
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Figure 26: Two-parameter robustness assessment of the geometry generation for the regular pattern

tows can be seen in Fig. 25. Fig. 26 depicts the validity of the generated RUCs for different combinations414

of the parameters. As for the diamond pattern, high cover factors close to one can be achieved. In this415

figure, the black line dividing the plane represents a cover factor of 1 − 1e − 10. For the cases where the416

parameter combination is valid, respectively invalid, two examples of generated RUC are shown in Fig. 27,417

respectively in Fig. 28. In these examples, only the projection on the x− y plane of the tows is shown.418
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(a) saxial = 13.544 [mm], θ = 64.54[◦], Cf = 0.8906 (b) saxial = 7.938 [mm], θ = 59.88[◦], Cf = 0.9996

Figure 27: Example of valid two-parameter combination for the generation of regular pattern

(a) 5.636 63.66 saxial = 3.482 [mm], θ = 46.75[◦] (b) 5.861 56.37saxial = 1.182 [mm], θ = 40.20[◦]

Figure 28: Example of invalid two-parameter combination for the generation of regular pattern

3.3. Multiple-parameter robustness study419

The robustness of the generation method is now studied by changing all the geometrical parameters from420

the base model by a random amplitude and running a batch of simulations. The chosen parameters for this421

study are the axial tow separation saxial, the braiding angle θ and the geometrical parameters of the cross422

section of the axial and bias tows waxial, haxial, wbias and hbias. The cross section of the tows is elliptical.423

3.3.1. Diamond Pattern424

The parameters of the base model for the diamond pattern are reported in Table 8. The braiding angle is425

45[◦]. To illustrate the validity of the generated geometries, keeping the random values for saxial, θ, haxial,426

hbias, results for different combinations of waxial and wbias are shown in Fig. 29. A set of examples for each427

of the validity ranges shown in Fig. 29 is shown in Fig. 30, showing a wide range and different combinations428

for which the RUC can be generated.429
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Table 8: Base parameters for the multiple-parameter robustness study of the diamond pattern generation

Parameter waxial haxial wbias hbias vgap saxial θ

Unit [mm] [mm] [mm] [mm] [mm] [mm] [◦]

Value 4.00 0.50 4.00 0.50 0.01 5.0 45

Deviation ±0.50 ±0.05 ±0.50 ±0.05 - ±5.0 ±5.0

3.3.2. Regular Pattern430

Table 9: Base parameters for the multiple-parameter robustness study of the regular pattern generation

Parameter waxial haxial wbias hbias vgap saxial θ

Unit [mm] [mm] [mm] [mm] [mm] [mm] [◦]

Value 4.10 0.50 3.80 0.50 0.01 10.0 60.0

Deviation ±0.50 ±0.05 ±0.50 ±0.05 - ±5.0 ±5.0

A set of examples for each of the validity ranges shown in figure 31 is shown in figure 32. It shows a431

wide range and different combinations that are possible to obtain.432

The parameters of the base model for the regular pattern are reported in Table 9. The braiding angle is433

60[◦]. To illustrate the validity of the generated geometries, keeping the randmon values for saxial, θ, haxial,434

hbias, results for different combinations of waxial and wbias are shown in Fig. 31, with some realizations435

reported in Fig. 32. As for the diamond pattern, a high cover factor can be reached for multiple combinations.436

3.4. Computational Cost437

For illustrative purposes, the computational costs of the generation and finite-element resolution, through438

a condensation step [57], of realizations of the regular pattern, i.e. for different sets of geometrical parameters439

covered by the two-parameter sensitivity study, are now discussed.440

The simulations were performed on the cluster “Lemaitre 4”, which is part of the “Consortium des441

Équipements de Calcul Intensif” (CECI), in Belgium. This cluster consists of more than 5000 cores AMD442

Epyc Genoa at 3.7 GHz. All the nodes are interconnected by a 100 Gbps Infiniband HDR interconnect. The443

nodes have access to a 320 TB fast BeeGFS /scratch space. The simulations were performed on a single444

core, in an “Embarrassingly parallel / Job array” manner, which means that they were run in parallel but445

each on a single core.446

The resources are categorized into “Geometry and mesh generation” and “Geometry and mesh genera-447

tion, with finite element condensation” and are reported in Table 10.448
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(a) waxial = 3 [mm], wbias = 3 [mm]
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(b) waxial = 3 [mm], wbias = 4 [mm]
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(c) waxial = 3 [mm], wbias = 5 [mm]
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(d) waxial = 4 [mm], wbias = 3 [mm]
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(e) waxial = 4 [mm], wbias = 4 [mm]
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(f) waxial = 4 [mm], wbias = 5 [mm]
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(g) waxial = 5 [mm], wbias = 3 [mm]
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(h) waxial = 5 [mm], wbias = 4 [mm]
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Figure 29: Multiple-parameter robustness assessment of the geometry generation for the diamond pattern illustrated for different

combinations of waxial and wbias
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(a) waxial = 3.0 [mm], wbias = 3.0 [mm] (b) waxial = 3.0 [mm], wbias = 4.0 [mm] (c) waxial = 3.0 [mm], wbias = 5.0 [mm]

(d) waxial = 4.0 [mm], wbias = 3.0 [mm] (e) waxial = 4.0 [mm], wbias = 4.0 [mm] (f) waxial = 4.0 [mm], wbias = 5.0 [mm]

(g) waxial = 5.0 [mm], wbias = 3.0 [mm] (h) waxial = 5.0 [mm], wbias = 4.0 [mm] (i) waxial = 5.0 [mm], wbias = 5.0 [mm]

Figure 30: Multiple-parameter robustness assessment: generated volumes for different combinations of waxial and wbias,

diamond pattern

4. Conclusions and Remarks449

In this article a novel method for the generation of representative unit cells of braided composites450

has been presented. The tows’ geometry is generated with geometrical relations based on the surface451

minimization solving the Dirichlet problem. The use of Bézier surfaces is an original approach to represent452

the geometry of the tows, as compared to other geometrically-based generators which impose the shape as453

being a combination of sinusoidal and line functions. The geometry is then obtained as a result of a surface454

minimization instead of being a priori defined by the user. This results in an improved robustness of the455
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Figure 31: Multiple-parameter robustness assessment of the geometry generation for the regular pattern illustrated for different

combinations of waxial and wbias.

generation process since the parameters that define the geometry of the volumes of the tows are obtained456

via the calculation of a minimal surface instead of being imposed. The generated geometry is eventually457
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(a) waxial = 3.0 [mm], wbias = 3.0 [mm] (b) waxial = 3.0 [mm], wbias = 4.0 [mm] (c) waxial = 3.0 [mm], wbias = 5.0 [mm]

(d) waxial = 4.0 [mm], wbias = 3.0 [mm] (e) waxial = 4.0 [mm], wbias = 4.0 [mm] (f) waxial = 4.0 [mm], wbias = 5.0 [mm]

(g) waxial = 5.0 [mm], wbias = 3.0 [mm] (h) waxial = 5.0 [mm], wbias = 4.0 [mm] (i) waxial = 5.0 [mm], wbias = 5.0 [mm]

Figure 32: Multiple-parameter robustness assessment: generated volumes for different combinations of waxial and wbias, regular

pattern

used to obtain a finite element model and to calculate orthotropy direction of the tows. The implementation458

is performed in Python using the GMSH API, which allows for a monolithic implementation.459

In order to evaluate the homogenized properties of the RUC, a 2-step homogenization is conducted. The460

homogenization of the yarns is solved using Chamis equations and the homogenization of the cell is solved461

using the finite element method. The finite element model of the RUC considers an isotropic behavior of462

the matrix and an orthotropic behavior of the tows. The tows orthotropy direction is used to calculate463

orthotropic properties of the tows, depending on the material point location.464
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Table 10: Computational resources

Geometry and mesh generation

Resource minimum mean maximum Std. Deviation

CPU Time[s] 3698 4882.21 14776 995.1

Memory [MB] 0.88 903.06 1085.66 86.74

Geometry and mesh generation, with finite element condensation

Resource minimum mean maximum Std. Deviation

CPU Time[s] 4093 8966.25 27423 3181.14

Memory [MB] 3.61 8830.06 20747.35 3627.76

The method presented here has been tested for a certain range of geometrical values and has shown to465

be robust enough to model the geometry without user intervention, for both diamond and regular braiding466

patterns467

In the future, the robustness of the method will allow to generate geometries automatically when consid-468

ering the variability in the geometrical parameters, such as the braiding angle and axial tow separation. In469

this context, the automatic generation of the RUC is intended to be used to generate a set of homogenized470

properties as a synthetic database that can be used to train an artificial network (ANN). This ANN will in471

turn be used to obtain the macroscale mechanical properties of a mechanical component at reduced cost for472

given geometrical parameters, allowing for component or process optimization. In such a design methodol-473

ogy, the braiding angle and other geometrical parameters can be predicted using the methods developed by474

Du and Popper [58] and van Ravenhorst and Akkerman [59], e.g. whose description is beyond the scope of475

the present work.476
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Appendix A. Bezier Surface Minimization: Expanded Expressions487

The Bezier surface is expressed as488

x (u, v) =

n∑
i=0

m∑
j=0

Bn
i (u)Bm

j (v)Pij (A.1)

where u and v are the local coordinates of the Bezier surface, Bn
i (u) and Bm

j (v) are the Bernstein polyno-489

mials and Pij are the control points.490

The expression of the Dirichlet energy D, as used by Monterde [54], is491

D =

∫
Ω

∥xu∥2 + ∥xv∥2dudv , (A.2)

where xu is the derivative of the surface point x with respect to local coordinate u and xv is the derivative492

of the surface point x with respect to local coordinate v. The derivative of D with respect to the coordinates493

of the control points of the surface is provided in Monterde [54] will not be copied here.494

As a recall from equation (14), the Lagrangian is expressed in terms of the Dirichlet energy D as495

L = D −
nP∑
i=1

λi

(
∆p

i − si
2
)
−

nT∑
j=1

θj
(
∆t

j − tj
2
)
. (A.3)

The terms of vector G, as derived from equation (A.3) used in equation (17), are496

G =



∂zL

−
(
∆p

i − si
2
)

2λisi

−
(
∆t

j − tj
2
)

2θjtj


, with (A.4)

∂zL =
∂D
∂za

+

nP∑
i=1

λi
∂∆p

i

∂za
+

nT∑
j=1

θj
∂∆t

j

∂za
, (A.5)

where za is the z coordinate of control point with index a.497

The terms of matrix H, as derived from equation (A.3) used in equation (18), are498

H =



∂2
zzL −∂∆p

i

∂za
0 −∂∆t

i

∂za
0

−∂∆p
i

∂zb
0 2si 0 0

0 si 2λi 0 0

−∂∆t
j

∂zb
0 0 0 2tj

0 0 0 2tj 2θj


, with (A.6)

∂2
zzL =

∂2D
∂za∂zb

−
np∑
i=1

λi
∂2∆p

i

∂za∂zb
−

nt∑
j=1

θj
∂2∆t

j

∂za∂zb
, (A.7)
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where za is the z coordinate of control point with index a and zb is the z coordinate of control point with499

index b, I is the identity matrix.500
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