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Abstract

This thesis investigates various modelling approaches for two-dimensional Tubular Braided
Composite (TBC) structures. Because of TBCs' flexible nature, modelling them properly is
challenging and usually involves some assumptions. However, having an accurate modelling
procedure would help researchers and industries obtain more accurate simulation results before

manufacturing or using TBCs. In this research, the gap in the modelling of TBCs will be addressed.

Some equations are available in the literature to generate geometrical models of TBCs. However,
the intricate nature of the equations involved makes creating accurate geometrical models
challenging. This research introduces a user-friendly and open-source software, TBC-Gen, which
streamlines the modelling process, eliminating the need for extensive knowledge of the underlying
equations. Moreover, some modifications have been applied to the equations to enhance the
precision of TBC simulations. Comparative analyses are conducted between TBC-Gen outputs,
results from other software, and physical TBC samples to investigate the accuracy of the TBC-

Gen results.

Micro-computed tomography (LCT) proves to be a precise method for scanning TBCs. This study
employs UCT to scan various TBCs with different patterns, dimensions, and materials. Different
image processing techniques have been developed to extract essential parameters (minor and major
yarn and mandrel diameter, center point, orientation, and cross-sectional area of yarns) from the
scanned models. Also, an innovative segmentation and splitting algorithm is implemented for
overlapping yarns. Subsequently, two yarns from the scanned TBCs are extracted, and their paths

are plotted. A simulated yarn path is fitted to the extracted path, and a new parameter is introduced



to the geometrical model to enhance the fitness of the yarn paths. The error between the fitted

geometrical model and the segmented yarn path is less than 1%.

The TBC-Gen program is then utilized to design different geometrical models, and Finite Element
Simulations (FEM) are developed to analyze their behaviour under tensile tests. Periodic Boundary
Conditions (PBC) are applied to optimize computational efficiency. The impact of braid angle on
TBC displacement during tensile testing is investigated by simulating seven models with similar
geometries but varying braid angles (30°-70°). Additionally, three TBCs with similar geometries
but different patterns are simulated, and their displacements are reported. The result shows that the
displacement of simulated TBCs increases as the braid angle increases. Also, the Hercules pattern
shows the most displacement and the Diamond pattern shows the least displacement under a
similar tensile test. The FEM results are further validated by simulating the setup of an
experimental test and comparing the outcomes against both experimental and Classical Laminate
Plate Theory (CLPT) results. The FEM results are closer than the CLPT results to the experimental

results.

This comprehensive research not only advances TBC modelling methodologies but also validates
their accuracy through a combination of advanced imaging techniques, innovative algorithms, and
rigorous simulations, contributing valuable insights to the field of composite materials. The TBC-
Gen program developed in this study can help other researchers and industries generate
geometrical models without a deep understanding of the details of the equations. It can also be

used for educational and visualization purposes.
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Chapter 1. Introduction

1.1 Research Motivation

This research focuses on investigating 2D Tubular Braided Composites (TBCs), an area that has
received limited attention compared to its 3D counterparts. Existing literature primarily
emphasizes 3D braided composites, leaving a notable gap in understanding 2D braids despite their

commonality and accessibility.

An open-source software named TBC-Gen will be introduced in this research. Researchers and
industries can use TBC-Gen to easily and quickly generate geometrical models of TBCs. Another
contribution of this research is developing a Finite Element modelling (FEM) of braided
composites where the effect of geometrical variables and the patterns of the TBCs on the
mechanical properties of the TBCs are studied. Also, the geometry of manufactured TBCs is
studied comprehensively by scanning them by a UCT device. Different image processing
techniques have been developed in this research to extract the data from the scanned images. The
extracted data from pCT images are compared against geometrical models, and the existing error

is reported.

Current equations for generating braided composites are complex and require a thorough
understanding of braids and associated variables. Some equations in the literature inaccurately
represent the actual patterns of braided composites, necessitating modification. To address this
gap, this research aims to develop a user-friendly, open-source application with refined

mathematical equations for improved precision in representing actual models.

While geometrical models for TBCs have been proposed, the literature lacks reported accuracy

assessments. Researchers using these equations need more certainty about how accurately the



models represent TBCs. Recognizing this, the current study comprehensively examines the error
between micro-computed tomography (UCT) and the mathematical yarn path of the braided
composite, providing valuable insights into model inaccuracies. The goal is to empower
researchers with a clearer understanding of existing models' precision and limitations, aiding

informed decision-making in their application.

The pCT models of TBCs contain valuable information that can be analyzed using various image-
processing techniques. Extracting parameters such as the cross-section area of yarns, mandrel
diameter, yarn diameters, center point, orientations, and yarn count in each braided composite is
essential. Due to braided composites' complex and flexible nature, segmenting overlapping yarns
in cross-section images is often challenging, necessitating a segmentation process. This research
focuses on extracting yarn and braided composite parameters, including developing a

segmentation algorithm for specific cases.

Utilizing the Finite Element Method (FEM) for 2D TBCs enhances individuals understanding of
these materials’ behaviour. FEM, based on modified geometrical models, serves as a robust tool
for analyzing TBC performance under varying conditions. This study involves the development of
diverse FEM simulations for TBCs with different sizes and patterns, exploring the impact of
braided composites and braid patterns under tensile tests. The results of these FEM simulations

are compared with experimental and analytical data for validation.
1.2 Thesis Objectives

This research aims to investigate modelling methods for TBCs. Geometrical modelling methods
will be assessed, and a user-friendly program will be introduced for modelling purposes.

Additionally, uCT methods will be employed to generate experimental models, with various image



processing techniques utilized to extract parameters. A Finite Element Method (FEM) simulation
will be developed to simulate the behaviour of TBCs under different conditions. The project has

three objectives outlined below, aligning with the overall research goal.

Objective 1: Create an open-source, user-friendly program for generating precise geometrical
models using equations that describe the overall form of TBCs: in this objective, the geometrical
model equations will be modified so that they will follow the actual TBC models. Then, an easy-
to-use program will be developed, and the edited equations will be incorporated. The program will
be designed under MATLAB software packages, and it does not require the user to have significant

knowledge about the modelling equations of the TBCs.

Objective 2: Conduct a thorough error analysis of TBC model yarn paths. Generate
experimental models using #CT and compare their yarn paths with the corresponding
mathematical models. Also, analyze the #CT models and extract their parameters using an
image processing technique. In this objective, the models generated by pCT will be examined by
different software and image processing techniques, and yarn paths of yarns will be extracted. The
yarn path of a TBC with similar geometry will be generated using the program developed in the
previous objective. An objective function will be defined between the uCT yarn path and the
simulated yarn path to optimize the parameters that will minimize the Mean Square Error (MSE)
between these two models. A new parameter will be defined and incorporated into the equations
to improve the fitness of the simulated yarn path. The Particle Swarm Optimization (PSO) will be
used to optimize the parameters of the fitted yarn. The parameters that minimize the MSE are the
optimized parameters, and the relevant MSE will be reported. The reported MSE will give a better
understanding of the accuracy of the geometrical model and the amount of incorporated error in

the geometrical models.



Objective 3: Develop Finite Element Models for TBCs with different geometry and patterns
based on geometrical models developed in objective one and verify the results. This objective
aims to create simulation models for various TBCs and investigate their behaviour under different
conditions. Geometrical models necessary for FEM simulations will be generated using the
program developed in Objective 1. Diverse TBCs, characterized by distinct geometrical

parameters and patterns, will be created and subjected to simulation.

A tensile test will be designed to ensure accuracy, and an optimal mesh size will be determined
through a systematic mesh study. Additionally, implementing Periodic Boundary Conditions
(PBC) will be explored to enhance computational efficiency. The focus will be on assessing the
impact of the braid angle, a critical geometrical parameter in TBCs, on the displacement observed
during a tensile test. Various TBCs with differing braid angles will be simulated to examine this
effect. Furthermore, different TBC patterns will be simulated to investigate their influence on

displacement.

The simulation results will be compared with experimental findings and analytical results from

relevant studies, comprehensively evaluating the simulated models.

1.3 Thesis Outline

To attain the objectives above, the thesis is structured into seven chapters. Chapter 2 delves into
an extensive review of current literature on 2D, and 3D braided composite materials, examining
relative geometrical models, the application of the uCT method in composite materials and other
fields, as well as the Finite Element Method (FEM) and analytical modelling of composite

materials and related areas of study.



Chapter 3 focuses on generating geometrical models for 2D TBCs. Various patterns of TBCs are
introduced, accompanied by the equations necessary for modelling each pattern and its parameters.
The chapter presents an accessible application, TBC-Gen, designed to create these geometrical
models without requiring users to possess detailed knowledge of TBCs. Sample models featuring
diverse geometrical variables and sizes are presented, and the results produced by TBC-Gen are
compared with those from other software. A version of this Chapter was published and presented
as: Gholami, Ali, and Garrett W. Melenka. "Generating geometrical models for tubular braided

composites."” CSME Conf. Charlottetown, PE, Canada. 2021.

Chapter 4 outlines the segmentation of yarns from both simulated and pCT models. A simulated
geometrical model is generated using the TBC-Gen software, and its cross-sectional images are
analyzed for yarn segmentation. Various algorithms for segmenting single and overlapping yarns
are introduced. The chapter also analyzes cross-section images from a pCT-scanned TBC,
applying segmentation algorithms and extracting yarn paths. A version of this Chapter was
published and presented as: Gholami, Ali, and Garrett W. Melenka. "Extracting parameters of

uCT scanned open mesh tubular braided composite materials’ yarn using image processing

techniques" CSME Conf. Sherbrooke, QC, Canada. 2023.

In Chapter 5, revised equations for designing TBCs are presented. The segmentation algorithms
developed in Chapter 4 are employed to extract clockwise and counterclockwise yarn paths from
MCT-scanned TBCs. Mandrel diameter and braid angle are extracted using new algorithms, and
an inverse problem is formulated to fit a simulated yarn path to the extracted path. Particle Swarm
Optimization (PSO) algorithms are employed to solve the inverse problem, with the Mean Squared
Error (MSE) between the two yarn paths reported as a fitness metric. A version of this Chapter

was published as: Gholami, Ali, and Garrett W. Melenka. "Studying the geometrical models of



tubular braided composite using micro-computed tomography and particle swarm optimization."

Composites Part B: Engineering 260 (2023): 110758.

Chapter 6 focuses on the development and presentation of Finite Element Modeling (FEM) for
TBCs. The TBC-Gen generates simulated geometrical models, and a mesh study determines the
optimal mesh size. Periodic Boundary Conditions (PBC) are applied. Seven TBCs with similar
geometrical properties are designed with varying braid angles. FEM simulations conducted in

COMSOL Multiphysics include a tensile test, revealing the effect of braid angle on displacement.

Additionally, three TBCs with different patterns but similar geometrical properties undergo
simulation to study the pattern type's impact on displacement. The chapter concludes with a
comparison of FEM results against experimental and analytical models. A version of this Chapter
was published as: Gholami, Ali, and Garrett W. Melenka. "Finite element analysis of 2-D tubular
braided composite based on geometrical models to study mechanical performances.” Mechanics

of Advanced Materials and Structures 29.28 (2022): 7542-7558.

Chapter 7 summarizes and concludes the research outcomes. It also explores potential future

avenues for research as the next steps in this field.



Chapter 2. Literature Review

2.1 Introduction to Composite Materials

Composite materials constitute two or more materials combined with different mechanical
properties. The combination of these materials provides improved mechanical properties from
individual materials. One of these materials is the reinforcing component, and the other is called
the matrix. Common reinforcing materials are fibers, particles, or flakes, while matrix materials
are usually continuous. Common examples of composite materials are concrete reinforced with
steel bars, epoxy reinforced by graphite fibers, two thin skins of metal bonded to a plastic core
creating a sandwich panel, composite honeycombs, etc. Composite materials are not limited only
to synthetic materials. Natural composite materials are like woods, where the lignin matrix is
reinforced by fibers or bones, bone-salt plates play the reinforcing phase, and the soft collagen is
the matrix [1]. Because of the unique characteristics that composite materials can obtain, they are
preferred in advanced industries such as aerospace. The improved unique characteristics may
include strength, stiffens, fatigue, impact resistance, thermal conductivity, and corrosion

resistance.

Carbon fiber, fiberglass, Kevlar, quartz, and polyester are commonly used in composite material
manufacturing as reinforcing materials. Thermal set resins such as polyester, vinyl ester, epoxy,
polyurethane, and phenolic are also used as matrices in composite materials. The fiber-to-resin
ratio can be between 80/20 and 70/30, where the optimal ratio can be selected based on the need
and application of the desired composite material. The higher the fiber content in the composite,

the higher the strength and stiffness [2].

The composite materials consist of many advantages: [3], [4]



High Strength-to-Weight Ratio: Composite materials are known for their exceptional
strength-to-weight ratio. They offer a combination of lightweight properties with high
strength, allowing for the construction of strong and durable structures significantly lighter
than those made from traditional materials. This advantage is particularly valuable in
industries such as aerospace, automotive, and sports equipment manufacturing, where
weight reduction is critical for enhanced performance and fuel efficiency.

Tailored Mechanical Properties: Composite materials can customize and tailor their
mechanical properties to meet specific application requirements. By selecting different
combinations of fibers and matrices, engineers can design composites with desired
characteristics such as tensile strength, stiffness, and impact resistance. This flexibility
allows for optimizing material properties and improving performance and functionality in
various fields.

Corrosion and Chemical Resistance: Unlike metals, which are prone to corrosion and
chemical degradation, composite materials exhibit excellent resistance to these
environmental factors. This advantage makes composites suitable for applications in
aggressive environments such as marine, chemical processing, and offshore industries. By
using composites, companies can achieve longer service life, reduced maintenance costs,
and increased durability of structures.

Design Flexibility: Composite materials offer immense design freedom because they can
be moulded into complex shapes and structures. This flexibility allows engineers to create
components that are not easily achievable with traditional materials. Utilizing techniques

like filament winding, resin infusion, or automated lay-up processes, composites can be



formed into intricate geometries, improving functionality, streamlined aesthetics, and
optimized performance.

- Fatigue and Impact Resistance: Composites possess excellent fatigue and impact
resistance properties. They can absorb and dissipate energy upon impact, making them
ideal for applications that require impact resistance, such as automotive bumpers, aircraft
structures, and sporting goods. The fatigue resistance of composites also allows for
prolonged service life under cyclic loading conditions, reducing the need for frequent
maintenance and replacement.

- Thermal and Electrical Insulation: Certain composite materials exhibit excellent thermal
and electrical insulation properties. This advantage is valuable in applications where
electrical conductivity needs to be controlled or heat dissipation or insulation is required.
Composites can insulate electrical components, circuit boards, and high-temperature
environments, ensuring safety and optimal performance.

- Environmental Sustainability: Composite materials offer environmental advantages,
making them increasingly attractive in today's eco-conscious world. They often require
fewer raw materials during manufacturing than traditional materials, reducing energy
consumption and lowering carbon footprint. Furthermore, advancements in composite
recycling technologies enable the recovery and reuse of constituent materials, promoting a

more sustainable and circular economy.

Braided composites can be manufactured in two-dimensional (2D) and three-dimensional (3D)
forms. In 2D braided composites, only two sets of yarns are woven around the mandrel's axis, and

there is no yarn in the other direction. However, in 3D braided composites, there is an additional



yarn in the direction of the mandrel radios [4]. Figure 2-1 shows a sample of 3D and 2D composite

material.

Direction of
braiding

Braiding

Matrix

Figure 2-1 A sample of braided yarn. a) a 3D braided composite, b) a 2D Tubular braided composite

This chapter presents an academic literature review about braided composites and their modelling
methods. An introduction will encompass the various types of tubular braided composites (TBCs)
and their distinctive characteristics. Subsequently, the chapter will comprehensively examine
different geometrical models applied to TBCs. Following this, the use of Micro Computed
Tomography (LCT) in braided composites will be explored, focusing on its applications. Moving
forward, the discussion will shift toward the literature on Finite Element Method (FEM) analyses
concerning braided composites, encompassing analytical methods employed in studying these
materials. A thorough assessment of FEM models based on uCT data across various industries
will also be conducted. Towards the conclusion, the findings and insights extracted from the

reviewed works will be synthesized, and gaps in the current body of literature will be highlighted.

2.2 Braided Composites

Braided composites are continuous fiber-based reinforced materials which are used in various

industries, from aerospace, automotive, petroleum and building to medical treatments, sporting
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and marine (poles and boom, winch drums and shafting, etc.) [5]-[7]. For more than 200 years,
braiding has been used to produce textile fabrics [5]. Braided composites have significant
advantages compared to conventional laminate composites, such as better out-of-plan stiffness,
strength, toughness properties, net shape fabrication, lower fabrication cost, impact and

delamination resistance, and high performance [8][9].

The application of braided composites has matured significantly, and as a result, many studies
have been done to facilitate the manufacturing process and increase the efficiency of braided
composites. There are different types of braided composite: two-dimensional, three-dimensional,
and multidirectional, and they can be produced as flat or tubular shapes. In two-dimensional
braided composites, yarns are interlaced only in one plane, and the preform can be manufactured
flat or tubular. In a triaxial two-dimensional braided composite, additional yarns are interwoven

between two-dimensional braids and directed alongside the axial braided composite [10].

Like all kinds of composite materials, braided composites consist of two parts: reinforcement
material known as fibers and binding material known as matrix. Also, the fibrous structure before
resin impregnation is known as a preform. The combination of these two materials provides the
condition neither can provide individually. Strength, stiffness, toughness, damage resistance, wear
resistance, corrosion resistance, fatigue life and thermal insulation are properties that are improved
once materials are used as a composite material. Some of the mentioned improvements can be

made by changing the design and properties of composite materials [10].

Another form of composite is laminate composite, in which layers of fibrous composite materials
are joined to provide the designed properties. Braided composites are tougher than laminate

composites because of braided composites' interlaced structures [11]. However, braid composites
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have lower in-plane strength, specifically in the braid direction, because of the undulation in the

braid fiber paths [12].

2D braided composites can be produced using a Maypole braider. One way to categorize braided
composites is based on the assembly pattern of yarns. Different patterns of braided composites will
be made depending on the arrangement and movement of carriers. In all braided composite
patterns, there is a repeating pattern known as a representative or repeating unit cell that

distinguishes braiding types from each other.

The patterns of the braided composites are diamond (one tow passing above and then below the
other tows, 1/1), regular (two tows passing above and then below the other tows, 2/2), Hercules
(three tows passing above and then below the other tows 3/3), and triaxial. Different forms of
braided composites are shown in Figure 2-2. In addition, braided composites are produced in open
and closed mesh configurations. Open-mesh configurations have a low fiber volume fraction (total
volume percentage of fiber in the structure) because of large neat (pure) resin areas. While in
closed-mesh configurations, the yarns are touching each other, and there is no space between them.
Another critical manufacturing variable is the braid angle. The braid angle is each yarn's angle
with the braid's longitudinal axis. Different braid angles may result in various mechanical
properties, such as longitudinal elastic, transverse, and shear modulus. In addition to braid angle,
width, height, and undulation length are other geometrical parameters affecting braided
composites' shape and mechanical properties [6]. A unit cell of a regular braided composite and

geometrical parameters are shown in Figure 2-3.
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Figure 2-2 Different patterns of braided composite (a): Diamond (one by one), (b): Regular (two by two), (c) Hercules (three
by three)

Figure 2-3 Geometrical variables of a TBC's Regular (2x2) unit cell.

The braid angle (8) is the most important and sensitive among all the geometrical parameters.
Researchers have shown that the braid angle directly affects the properties of the braided
composites. The increase in the braid angle causes an increase in the thickness of the braided tows,

which will increase the thickness of the TBC [13]-[15].
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Depending on mandrel diameter, width of yarns and number of yarns, the braid angle of the

preform would be different. Each preform has a range in which the braid angle can change by

changing parameters. However, there is a lower and upper limit for this range known as tension

and compression jam angle, which means the braid angle cannot change anymore in that direction.

Using Equation 2-1, the jam angle can be calculated [10].
W, sin(y)

2R, sin (—2” sl\i]n(y)>

Cc

where, W, is the yarn width, y is the half-cone angle between the braid guide ring and deposition

COS(Qjammed) = Equation 2-1

plan, R, is the mandrel radius and N.. is the number of yarn carriers. The plots of the jam angle of
four braids with different yarn widths are shown in Figure 2-4 a). In this figure, the plots of jam
angles for four different yarn widths are plotted. The horizontal axis shows the diameter of the
braid, and the vertical axis shows the angle. For example, the jam angle of a braid with a diameter
of braid = 20 mm and the yarn width =2 mm is 58°. Figure 2-4 b) and c) show a Regular unjammed
TBC and a jammed braid TBC, respectively. The unjammed TBC is known as open-mesh TBC,
too, as there is an open space between yarns. Similarly, the jammed TBCs are known as closed-

mesh TBCs, where yarns touch each other.
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Figure 2-4 a) The plot of the Jammed angle of four TBCs, b) a Regular unjammed (open-mesh) TBC, c) a jammed (closed-mesh)
TBC.
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2.3 Geometrical Modelling of Braided Composites

Creating the geometrical model of TBCs is a challenging task because of its flexible and soft
nature. Figure 2-5 shows a 3D model of a 2D TBC created by pCT. As one can see from this
figure, the location of yarns is not in their ideal shape, and they are distorted. Because of the
flexible nature of yarns and the manual process of manufacturing these composites, these

distortions are widespread, making it harder to model them.

Distorted and
Misaligned yarns

Figure 2-5 A 3D model of a 2D TBC created by uCT. The yarns are distorted and are not in their ideal shape because of TBC’s
flexible nature.

Liao and Adanur [16] developed a geometric model for woven and braided structures in 3D space.
These authors used the Computer Aided Geometric Design (CAGD) technique to generate the
models. This research swept a simple 2D cross-section along a 3D yarn path. These models were
developed using C++ and OpenGL in Diamond and Regular patterns. This research does not

discuss the procedure for computing the coordinates of the yarn paths.

TBCs have several variables, such as variable geometry, variable constituents (fibers and matrix

materials), and the non-uniform feature of braided composites. The modelling of braided
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composites is not straightforward due to the numerous variables that define their construction.
Also, the available equations are usually too complicated to be used and need to be updated to

better pertain to the patterns of TBC.

Tate et al. [17] studied the braid angle's effect on the fatigue performance of Regular biaxial
carbon/epoxy braided composites. They used static tests to evaluate the tensile strength, modulus,
and Poisson's ratio of the braided composites. Finally, they conclude that tensile properties are
sensitive to the braid angle. Once the braid angle was altered from 25 degrees to 45 degrees, the
percentage in ultimate tensile strength (UTS), tensile modulus, and Poisson's ratio decreased by

75%, 70%, and 96%, respectively.

Several studies have tried to provide more mathematically accurate models for tubular braided
composites. Alpyildiz [18] proposed a 3-D geometrical model for tubular braids. The author
considered the braiding yarn's crimp and the tubular braid structure's curvature in the model. The
provided model worked with different braid structures, braid angles, the number of yarns in a set,

yarn, and mandrel diameter.

However, there are several assumptions in the simulated model used in Alpyildiz's research, and

they are as follows:

- Yarns are assumed to be non-compressible and have a uniform elliptical cross-section
through the whole path on the braided composites.

- It is assumed that the undulation path of the yarn braids follows a sinusoidal curve, and
along the yarn length, they follow a helical path with the radius of r, around the mandrel
with the radius of R.

- Itis assumed that no yarn slippage is in the structure of braiding yarns.

16



Rawal et al. [19] developed geometrical models in both cylindrical and conical mandrels with
diamond, regular and triaxial forms. They used the Virtual Reality Modeling Language (VRML)

to simulate the model. Finally, the model was verified against the results of a virtual experiment.

Melenka et al. [15] provided a geometrical model that can create different patterns of TBC. This
model is generated based on the manufacturing process of TBCs. The authors also use these models
to develop an analytical model to calculate the elastic properties of the TBCs with different
patterns. Finally, the results of the analytical model were compared against FEM and Experimental

results.

Kyosev [20] provided an overview of the 3D modelling of braided structures. In this research,
different studies in the field of modelling of TBCs are reviewed, and their advantages and gaps are
discussed. The author reports that the models reported in [16], [18], [19] are not feasible to
manufacture by any “classical normal” maypole braiding machine with horn gears. The models
have considered the orientation of the ridges to be perpendicular to the product axis. However, in

manufacturing machines, the orientation of ridges should be parallel to the product axis.

In the above research done to develop a geometrical model for TBCs that could capture all three

patterns, some gaps need to be addressed:

- The cross-section of the TBCs is assumed to be a specific shape (ellipse or circle), and they
do not change along the yarn path. However, in reality, the TBC does not follow a regular
shape, and the yarn paths are usually distorted due to the flexible nature of the TBCs.

- Inthe models, it is assumed that the orientation of ridges is perpendicular to the axis of the
TBC. When looking at the cross-section images of models created by these methods, all

the clockwise or counterclockwise yarns stand either on the cross-section's inner or outer
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side. However, the clockwise and contour clockwise yarns change their position from the
inner side to the outer side throughout the cross-section.

- Creating these models is complicated and requires the user to define model geometries.
Therefore, an easy-to-use program is necessary to let users develop their models with

different variables and patterns easily and quickly.

2.4 Micro-Computed Tomography in Braided Composites

Different methods can be used to generate geometrical models of TBC. One method is creating
geometrical models using mathematical equations. The advantages of this method are its rapid
process and low cost for developing different models. However, the main disadvantages of this
method are that it assumes that the yarns are in perfect shape and ignores distortion of them. Also,
the cross-section of the yarns is assumed to have a regular shape, ignoring the compression of the

yarns.

Photomicrography is a method used to capture photographs through a microscope, enabling the
generation of TBC models. Byun [19] utilized photomicrography to predict the TBC's geometrical
characteristics and three-dimensional engineering constants. The crimp yarn angle and fiber-
volume fraction were derived from the geometrical model and compared with experimental test
results in this research. However, this method has limitations, as it only provides 2D cross-
sectional images of the braided composite and cannot generate 3D models or scan the internal

structures of the material.

One powerful tool to analyze braided composites is micro-computed tomography (uCT). It can
obtain comprehensive geometrical information such as the fiber tows, detailed information about

the structure of the braids, inner and surface voids, individual fibers and fiber coatings geometry
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of braided composites. uCT is a non-destructive imaging method that can acquire high-resolution
three-dimensional images. The 3-D model created in uCT is based on sticking cross-sectional
images up to each other. The reconstructed uCT scanned images are created of small 3-D volume

elements known as voxels. In uCT scans, the minimum voxel size can be as low as 0.1 um [23].

In pCT tests, the sample is placed between the X-ray source and the X-ray detector. As a result,
the sample will attenuate part of the X-ray sent to the detector. The X-ray's attenuation depends on
the sample's density and thickness. In other words, the denser the sample, the more X-ray
attenuation. Therefore, fewer X-rays will pass to the detector, making the relevant section of the
recorded image darker. In the pCT test, the sample holder can turn with a predefined step size and
be moved vertically to scan different sample sections. The images are then imported into an image
processing software to create the cross-sectional images alongside a 3-D model of the scanned

sample. The schematic of the uCT test is shown in Figure 2-6 [24].

X-ray detector

The test sample is rotated
around its axis to be scanned.

X-ray cone beam

b

X-ray source

Test sample

Maniplllator Sample’s 2D image
Sample axis L]

Figure 2-6 The fundamental schematic of the micro-CT test used for scanning the tubular braided composite.
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In a uCT test, based on the density of the test piece, part of the X-ray is attenuated and moves

toward the detector. The following equation measures the diminished arrays: [24]

L, = lhe™** Equation 2-2

where I, is the incident X-ray intensity, x is the material thickness, and p is the linear attenuation
coefficient (LAC) in cm™1 and its value depends on the X-ray energy and atomic number of the
scanned material. The attenuation of the X-ray transmitted through a material is shown in Figure
2-7. As one can see from this figure, the initial X-rays will be attenuated exponentially as they go
through the thickness of the material. The thicker and denser the material, the less energy

transmitted through it.
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Figure 2-7 Exponential attenuation of X-ray after transmitting through a material

Bale et al. [25] statistically analyzed the shape and positioning of fiber tow of two ceramic-matrix
textile composites in the 3-D woven architecture. The authors used statistics analysis of the shape
and positioning of the fiber tows obtained by X-ray uCT to generate virtual, individually distinct
specimens. The extracted data from the images were the coordinates of the centroid of a tow, area,
aspect ratio, and the orientation of its cross-sections. This research did not consider analyzing TBC

and extracting its parameters. Melenka et al. [23] used uCT to analyze porosity/void in braided
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composites and extract the geometrical parameters of the strand. This research provided a method

for creating 3D models of TBCs that can be used to assess their quality and consistency.

Wang et al. [26] discussed the microstructure of 3D braided composites and provided a modelling
approach based on the Free Form Deformation (FFD) theory. They used uCT to obtain the
experimental model of a dry braided composite and MIMICS software to model the braid
composite. The geometrical parameters they considered were braiding angle, interlacing angle and
interval distance. In this research, SkyScan 1076 device was used to carry out the CT test. Twelve
k carbon yarns were used in the experiments; however, to increase the contrast between yarns,
observe the interfaces clearly and get better resolution of the cross-sectional shapes, four glass
fiber bundles were used among carbon fibers. TexGen software, an open-source modelling tool,
was used to create a computer-based simulation. Finally, the absolute and relative errors to verify
the performance of their model against uCT results were calculated. However, this research did

not study FEM on the created model.

Zhang et al. [27] studied the effect of the load-bearing direction on the progressive bending damage
of a 3D five-directional braided composite. This research employed a Three-point bending test,
and two types of 3D braided composites, longitudinal and transverse, were experimentally tested.
Toray T700 Carbon fiber yarns were used to produce the 3D braided composite, and TDE-85
epoxy was injected to manufacture the braid. For each type of braided composite, three samples
were fabricated and tested. The acoustic emission (AE) technique also monitored damage
behaviour during the three-point bending test. In this research, uCT was used to detect the internal
damage initiation and damage evolution and distribution characteristics of the 3D braided
composite. The result recorded by AE was verified by the results obtained from uCT. The results

showed that in longitudinal braided composite, the primary dominant damage was caused by fiber
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and yarn. While in transverse braided composite, the predominant failure was fiber slip, interface
debonding, matrix cracking and fiber fracture. The study in this research was limited to 3D braided

composites, and 2D braided composites were not studied.

Ya et al. [28] used uCT to analyze a three-dimensional full five-directional braided composite.
There were fifteen glass fiber yarns between carbon fiber braids, thirteen of which axial and two
braiding yarns. Due to the different densities of glass fiber and carbon fiber yarns, the uCT results
showed enough contrast between the two types of yarns, and it was possible to separate them from
each other. The glass fiber yarns were used for cross-section analysis in three different regions.
The results showed that different regions of the braided composite would cause a change in cross-

sections of braiding and axial yarns.

Liu et al. [29] used uCT to create representative volume cells (RVCs) of a 3D orthogonal weave
composite. Using this process, the authors succeeded in capturing varied cross-section and non-
symmetric undulation paths of the yarns, enhancing the accuracy of predicting the damage and
failure process. A FEM was developed based on the idealized (parameterized) model and the real
(uCT) model was compared against experimental results. The results show that the predicted
output of the FEM based on uCT was closer to the experimental results. This study does not cover

the analysis of 2D TBC.

Croom et al. [30] studied braided SiC/SiC composite strain behaviour using uCT and Volumetric
Digital Image Correlation (V-DIC). The main advantage of V-DIC compared to DIC is the
volumetric analysis of the braided composite. These two methods can be used to compare and
validate advanced FEA models for TBC. This advantage will result in 3D analyses of the specimen,

while in DIC, only the surface of the specimen is analyzed. By measuring the hoop strain, it was
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concluded that it changes significantly in the axial direction and reaches its maximum in yarn
crossovers. The loading of the experiment was increased until the failure happened. The failure of
the braided composite initiated from the cross-over points. These points were defined as maximum
strain points. Only four specimens were tested in this research, while more experimental data are

required to verify the results.

Yuetal. [31] developed an image processing technique based on edge detection and morphological
operations to detect yarn cross-sections and yarn paths of 2-D woven composite images obtained
from the uCT technique. This technique was able to calculate the distribution of pores within each
cross-section. This technique cannot automatically detect and segment overlapping yarn cross-
sections, which need to be segmented manually. The generated 3-D model is finally meshed using

the advancing-front technique for Finite Element Modeling.

Jiaetal. [32] used a combination of image processing and deep learning techniques for segmenting
yarns of 2-D woven composites scanned by the uCT technique. First, they detected weft and matrix
boundaries and then obtained warp edges using the curved fitting method. Symmetric images were
used to train a convolutional neural network for analyzing an asymmetric image. The segmented
model is then combined with an advancing-front technique to create a mesh to be inputted into

FEM software.

Lomov et al. [32] developed a geometrical model for flat braided composite using the braid
topology and the minimum energy principle. In this geometrical model, side crimp and yarn
twisting are caused by the skewness of the braid. Also, the X-ray scans of glass braided materials
were used to verify the proposed model. The voltage of the scans was 55kV, the current was 0.15

mA, and the sample size was 32x15.5x0.98 mm. The pixel size of the scanned images was 45
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pum. The braid angles extracted from the uCT scan and the camera photos were compared together

for verification. In this research, the quantitative data of uCT images were not extracted.

Table 2-1 summarizes the research done on the uCT scan of braided composite. As one can see,
the current literature focuses on 3D braided composite, and limited research has been done on the
2D braided composite. Therefore, a comprehensive study on using HCT images to extract the
parameters of 2D TBCs (such as area, inner diameter, braid angle, yarn path, the orientation of the
yarn cross-section, the minor and major diameter of the yarn cross-section, and the center points

of the yarn cross-sections) is needed.

Table 2-1 Literature focusing on PCT scan of braided composite.

Paper Type of composite Type of Type of fiber Braid Out-put Used
material matrix geometry (2D software
or 3D)

Bale et al. | Flat braided | SiC Silicon Carbide 3-D Yarn Avizo v6.1
[25] composite (SiC) segmentation
Melenka Tubular Braided | Epoxy Kevlar 49 2-D Porosity/void SimpleWare
etal. [23] | Composite (Diamond) | resin Geometry  of

fiber
Wang et | Tubular Braided | N/A Carbon fiber 3-D Presenting a MIMICS
al. [26] Composite modeling

approach
Zhang et | Rectangular braids Epoxy Carbon fiber 3-D Damage NRecon
al. [27] resin analysis
Ya et al. | Five directional | Resin Carbon fiber/ Glass 3-D Predicting MIMICS
[28] Braided composite fiber mechanical

properties
Liu et al. | Five directional epoxy Carbon fiber (Glass 3-D Geometrical MIMICS
[29] braided composites TDE-85 fiber as a tracer) variabls
Lomov et | Flat braided Glass 2D Geometrical N/A
al [32] composite variables
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2.5 Finite Element Modelling (FEM) of Braids

One method for generating the simulation of TBCs is using Digital Image Correlation (DIC) [20].
DIC is a non-contact optical technique used to measure full-field displacements and strains on the
surface of an object undergoing deformation. It is widely used in various fields, including material
science, engineering, biomechanics, and geotechnical studies. The DIC method analyzes digital
images captured during an experiment or test at different times. The basic principle is to track the
movement of small subsets or regions of interest (ROIs) within the images and measure their
displacements and deformations over time. While the usage of DIC has several advantages,
including the ability to determine displacement and deformation in any direction and at any point
[21], the main disadvantage of this method for creating 3D models for TBCs is its limitation to
only scan the surface of the test piece, not the inside [22]. FEM does not have this limitation, and

it can analyze the materials thoroughly.

Using finite element modelling, Xu et al. [37] analyzed flat braided composites. They modelled
carbon fiber braided composite with different braid angles (19°, 30°, and 37°) and studied the effect
of braid angle on the mechanical properties of the braided composite. They considered unit cells
in each case and applied periodic boundary conditions (PBC) to their model. Additionally, these
researchers compared the mechanical properties of biaxial and triaxial braided composite with
different patterns (Diamond, Regular, Hercules) against laminate composite properties resulting
from Classical Laminate Theory (CLP). This paper concluded that all the modelled samples show
the same behaviour. The numerical results were compared against experimental results to verify
the model. However, this study was for flat braided composite, which does not include tubular

braided composite, especially with a small diameter.
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Li et al. [36] developed a 3-dimensional five-directional rectangular braided composite finite
element model. In this research, Carbon fiber (T300), Epoxy resin, and phenolic resin materials
were used as fiber and matrix. Their model considered cross-section deformation and surface
contact in the braiding process. Also, the effect of braiding parameters on the mechanical
properties was investigated. In this research, the cross-section of braiding yarns was assumed to
be a hexagon, and for axial yarns, it is considered to be an octagon. Also, the braided structure was
supposed to be uniform, and the yarns were also in the jam angle. A unit cell was selected and
analyzed in this research, and periodicity conditions were imposed on its boundaries. FEM analysis
was done by ANSY'S parametric design language (APDL). The yarn path is also assumed to be
straight, and no undulation is applied to it. Finally, the simulated analysis results under tensile
loading in the X and Z directions and shear loading under the X-Y plane are compared with the
experiment and theoretical solutions to verify the simulation. The analysis shows that the
composite's axial yarns are the main bear-loading component, and stress concentrates at the

crossing point of yarns, which is the weakest part of the reinforcement.

Zhang et al. [37] used the FEM method to simulate braided composite tubes to study the energy
absorption of braided composites to improve the crashworthiness of components. In this research,
ABAQUS/Explicit was used to model the braided composite tube and analysis was applied in a
unit cell. The 2D triaxial braided composite was made of fiberglass, and epoxy resin was used as
the material in designing the FEM. The cross-section of each yarn is assumed to be rectangular
and remains constant along the entire yarn path. The axial yarns were also assumed to be
completely straight, and braiding yarns were considered to follow a straight path. Finally,

simulated results were validated by comparing them with experimental test results.
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Zhou et al. [38] presented a finite element analysis on transverse impact responses of tubular
braided composite. They applied their model into three braid angles: 15°, 30° and 45°, and the
outputs of the model were the impact damage, deformation and stress distribution. Finally, they
concluded that stress propagation in lower braiding angles was faster than in higher braiding
angles. The FEA model's results were compared against experimental load-displacement curves
and energy absorption results for verification. The novelty of this work was studying the impact
behaviour of the 3-D tubular braided composite under transverse direction and finding the impact
of braiding variables on that. In this research, the matrix was considered to be isotropic, and yarn

tows were transversely isotropic.

Ji et al. [39] computed the effective elastic properties of braided composites. In this paper, an
experiment was conducted on a beam structure with a foam core covered by two layers of biaxial
reinforced braided composite. Also, the authors used the FEM technique to study the behaviour of
braided composite in different braided angles (from 20 degrees to 55 degrees with a 5-degree step
size increment). They recorded Young's moduli, shear moduli and Poisson’s ratios at each braid
angle. Additionally, they studied the relationship between elastic constant and fiber volume
fraction for a braided composite with a 60-degree braid angle. In their study, the matrix material
is assumed to be isotropic, and braiding yarns are assumed to be transversely isotropic. They
analyzed a single unit cell in their research and observed that stress concentration mainly occurs
at the edges of the yarn. They concluded that the longitudinal Young's modulus, E,,, decreases
with the increase of braiding angle, and the transverse Young's modulus, E;,, increases with the
braiding angle. However, Young's modulus in the through-thickness direction, E53, only increases
slightly. Also, the in-plane shear modulus, G,,, increases with the braiding and reaches its

maximum at a 45-degree braid angle. However, the through-thickness shear moduli, G,5, and G5,
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increase insignificantly with the increase of the braiding angle. All of Poisson's ratios vary in a
nonlinear manner with the rise of the braiding angle. Finally, they have an experimental bending
test to verify the result of their simulation model. It should be noted that their model did not

consider the contact behaviour of yarns.

Shigang et al. [40] did a statistical analysis of the volume fraction and positioning of the void
defect in the 3D orthogonal woven architecture based on 2D microtomography images. The void
volume fraction of the 3D geometrical model in this research was reported to be 0.44%. Based on
the data obtained, a virtual specimen sharing similar statistical characteristics of the C/C (carbon
fiber reinforced carbon) composite and the void defects are generated. A FEM simulation is
developed based on the generated model, and the result of the simulation is compared against a

three-point bending experiment to verify the result.

Zhang et al. [41] proposed a technique to analyze TBC by combining MATLAB and Abaqus
software packages. They used the representative volume element (RVE) model comprised of dry
fibers and matrix for their analysis. In this research, the cross-sections of yarns are assumed to be
elliptical. The geometrical model was designed in MATLAB software and then imported to the
Abaqus solver for analysis. The reason for combining these two software packages was to propose
a labour-saving technique that is less time-consuming since it overcomes the difficulty in

generating a periodic mesh for the RVE model.

Different braids with various braiding angles were designed and imported to the FEM solver, and
the predicted tensile modulus was compared against experimental and previous model results
proposed by the same research group [42]. The results showed that the traditional methods worked

better in terms of accuracy, but the proposed method is less time-consuming.
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Gou et al. [43] proposed a method to consider the symmetric conditions of a unit cell of a braided
composite and analyzed the reduced unit cell by half, quarter and eighth size. Relative boundary
conditions for thermal analysis were derived and applied based on each rotation transformation.
Braided composites with different fiber volume fractions and braiding angles were analyzed, and
the corresponding thermal conductivities were calculated. The same braided composites were
investigated with adiabatic (a temperature difference is imposed on boundary planes in the
calculation direction) boundary conditions, and the results are compared against the proposed
boundary conditions to evaluate the difference between the two methods. Also, the numerical

results are compared to experimental results to validate the proposed method.

Wang et al. [44] provided a FEM analysis based on a geometrical model. They created a
rectangular braided composite by GenTex software, an open-source software package that used a
mapping method to convert the rectangular model into a tubular form. They used voxel mesh for
the model imported to the FEM software package and presented the result in the form of
displacement and stress. Also, they changed some geometrical parameters (pitch length, mandrel
diameter, number of carriers and circumferential numbers) of the model. They studied the effect

of these parameters on the longitudinal elastic moduli.

Dong et al. [45] provided a model for measuring the thermal conductivity of 3-D braided composite
by using FEM. They analyzed the representative volume element (RVE) and the full-scale
structure level of a 3-D braided composite. The results of RVE were more accurate and closer to
the experimental results. However, it was more time-consuming. On the other hand, the full-scale
method shows more accurate results, but it was more time-consuming compared to RVE. The main

reason for the difference between these two methods is that different unit cells in different positions
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would have various thermal conductivity. In the RVE method, this difference is ignored; in the

full scale, all braided composite sections are considered.

Chen and Aliabadi [46] proposed a mesh-free-based method for micromechanical modelling and
homogenizing elastic properties of twill woven composite to predict their displacement and
stress/strain behaviour. In their model, the minimum unit cell (mUC), which is 1/16 of a full unit
cell, is used, and the boundary conditions are applied by using an equivalence approach. In the
meshfree method, nodes were used to discretize the problem, but in contrast to the FEM method,
the nodes were not connected to form elements. Then, the researchers compared the result of their
proposed method with FEM results which were in good accordance with each other. Finally, the
sensitivity of the model was analyzed by performing a numerical investigation for three types of
parameters: the number of field nodes, the number of background cells, and the support domain

scaling factor.

Zhang et al. [47] developed a mesoscale voxel-based FEM for analyzing the effect of the voxel
size on the 3D angle-interlock woven composites subjected to axial tensile loading. They used five
different mesh sizes in their analysis and concluded that the effect of mesh size on evaluating
mechanical elastic properties is insignificant. However, it is essential to study the damage

behaviour. In this research ABAQUS software package is used for FEM analysis.

Ghaedsharaf et al. [48] proposed a modelling method for predicting the geometrical shape of the
biaxial braids. Sixty-one fibers were used as an optimal number of fibers in each yarn. A FEM
was developed on ABAQUS software using the geometrical model, and a 1 N tensile load was
applied to the model. The truss elements are used for modelling fibers of TBC, and the actual
properties of fibers are used in the analysis. Then, two cross-sections of the models were selected

and compared against the two cross-sections obtained from the uCT model. The outer diameters
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of these two models were compared together, with 2.06% and 1.58% errors between the two
measurements. The inner void of the models was compared visually, and the 3D models were used
to compare the waviness of the models visually. Both models show 19 degrees for the braid angle.
These researchers studied the diamond and regular patterns. In this research, the yarn path of the
models was not analyzed, and the cross-section of the yarns was detected manually. Also, only
two cross-section images were analyzed, and other parameters of the braids, such as inner
diameter, minimum and maximum diameters of all yarns, and center points of the yarns, were not

reported.

Wang et al. [49] used a Finite Element Simulation method to generate an annular braided
composite yarn path. For each yarn, nine virtual fibers were assumed and modelled. An annular
braided composite was manufactured using a vertical braiding machine to validate the model.
Twenty images were taken by camera from the actual annular braid, and the braid angle and the
yarn spacing were measured from each image. Similarly, the simulation's braid angle and yarn

spacing were measured and compared with the result of the actual braid for validation.

The summary of the reviewed papers is tabulated in Table 2-2.

Table 2-2 Summary of the literature in Finite Element Modeling

Paper Type of Material Software Mesh Output
Composite
Xu et al. [50] flat braided | Carbon N/A tetrahedron Elastic Properties
composite fiber
Li et al. [36] 3D five | Carbon ANSYS parabolic tetrahedral | Elastic Properties
directional fiber
Zhang et al. [37] | 2D triaxial fiber glass ABAQUS N/A Displacement, Energy
absorption
Zhou etal. [38] | 3-D TBC Carbon N/A Eight-node  brick | impact damage, deformation
fiber element and stress distribution
Jietal. [39] braided textile | Carbon ABAQUS 3D hexagon 8-node | Elastic properties
composites fiber
Shigang et al. | 3D orthogonal | Carbon ABAQUS hexahedral element | Mises stress, Deflection
[40] woven fiber with eight nodes
composite
Zhang etal. [41] | 3D four- | Carbon MATLAB and | periodic mesh Tensile modulus
directional fiber Abaqus
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Wang etal [42] | 3D four- | Carbon ABAQUS four-node Elastic properties
directional fiber tetrahedron

Gou et al. [43] 3D four- | Carbon ANSYS SOLID 70 (eight | Thermal Conductivity
directional fiber node)

Wang et al. [44] | 3D TBC Carbon N/A N/A Elastic properties

fiber

Dongetal. [45] | 3D braided | Carbon ABAQUS/Stan | tetrahedral Thermal Conductivity
composite fiber dard (ver. 6.12)

Chen and | twill woven | Carbon ABAQUS meshfree-based Elastic properties

Aliabadi [46] composite fiber models

Zhang etal. [47] | 3D Carbon ABAQUS/Stan | voxel-based model Effect of mesh size on elastic
Angle- fiber dard behaviors, global stress-strain
Interlock curves, local stress
Woven distribution and progressive
Composites damage process

Ghaedsharaf et | biaxial braids Carbon ABAQUS Truss Element

al. [48] fiber

Wang et al. [49] | annular  axis | Carbon Abaqus/CAE N/A Obtain the yarn path
braided fiber

One of the controversial topics in Finite Element Analysis studies is verification and validation.
Verification and Validation (V&V) is a method for creating computer models that may be used to
generate engineering predictions with a high level of certainty. Validation in FEM is the process
of determining if simulation findings are representative of real-world outcomes. In other words,
validation is determining the degree to which a model accurately represents the real world from
the standpoint of the model's intended purposes. Verification is the process of ensuring that the
finite element analysis (FEA) was carried out correctly. Verification, in other words, ensures that
a model implementation accurately reflects the developer's conceptual definition of the model and

its solution. Validation and verification are two methods to ensure that a product is safe to use [51].

2.6 Analytical Models

Analytical models provide another tool for analyzing braided composites. The results of this
research can be used to validate the accuracy of the FEM simulations for braided composites.
Additionally, the results of both models will be compared against an experimental result to
compare the accuracy of each model. A number of research studies have been done in this field,

and some of them are reviewed below.
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Melenka and Carey [7] proposed a numerical model to predict the mechanical properties of braided
composites with different patterns. They used the volume-averaging stiffness model for
considering yarn undulations and the orientation of braid yarns within the braid structure. They
also validated their model with experimental results and compared them with FEA and other
analytical models. Additionally, they provided software (Braid CAM) [52] to facilitate the

implementation of braided composites for engineering design and applications.

Quek et al. [53] developed an analytical model to calculate the effective linear elastic stiffness of
2D triaxial flat braided composites and considered initial unintended microstructural imperfections
in the calculated stiffness. Volume averaging calculates the contribution from each tow on
representative unit cell. For validation, the result of the model is compared against experimental

and FEA results.

Fang and Liang [54] studied the literature on researching modelling three-dimensional braided
textile composites and discussed numerical modelling used to analyze 3D braided composites.
Different meso-geometrical models were reviewed, and their power to accurately present
numerical results is also provided. Furthermore, different mesh generation techniques were used
to discretize the complex geometries. Various FEM used to predict damage development and

failure of 3D composite materials are also reviewed in this research.

Melenka and Carey [33] provided a methodology to analyze the strain field and assess the
mechanical properties of the unit cell of diamond and regular tubular braided composite. They
used the contactless 3-D DIC technique to capture the tension and experimental tensile test results.

They studied the effect of braid angle and braid pattern on the final mechanical properties.
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2.7 FEM Based on uCT Models

Because of the high resolutions and accuracy of the models created by micro—Computed
Tomography (LCT), they provide excellent geometrical models to be used to develop a FEM. The
accurate input model for creating a FEM simulation will help to have better results with higher
accuracy and precision. uCT based FEM is used in different fields, and some of the research papers

are reviewed below.

Ge et al. [55] presented a trans-scale method coupled with Micro-CT to investigate the strength
and damage behaviour of 3D braided composites with pore defects. The authors developed a
progressive damage model to describe the damage initiation and evolution of constitutes of 3D
braided composites across different scales. The meso-scale simulation results agreed with the
experimental data, and different damage modes, such as yarn damage, matrix cracking, and
interface debonding, were recognized with the increasing tensile load. The damage also appeared

around the pore defects and then developed to the weak region in the matrix.

Li et al. [56] investigated the impact shear fracture mechanisms in 3D braided composites through
computed tomography (CT) and finite element analyses (FEA). The study analyzed the influence
of braiding parameters on damage modes such as fiber tows fracture, debonding, resin cracks, and
inter-yarn delaminations under impact shear loading. The research reported that braiding structural
parameters predominantly determine the failure mode, ultimately impacting energy absorption
capacity. A meso-structure geometrical model based on the braided preform structure is developed
to calculate stress distribution and simulate shear damage modes. Comparative analysis between
FEA and micro-CT observations demonstrates consistency in capturing impact shear damage

morphologies and revealing energy absorption mechanisms.
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Li et al. [57] explored the damage mechanisms of three-dimensional (3D) rotary-five-directional
(3DR5d) braided composites. The study establishes a parametric finite element model,
incorporating realistic yarn cross-sections based on Micro-CT scans. A systematic approach for
damage prediction is developed, enabling analysis of damage behaviours, tensile mechanical
properties, and damage evolution of 3DR5d braided composites. The impact of braiding angles
and fiber volume fractions on mechanical properties and damage mechanisms is investigated via
parametric analysis. Findings reveal that decreasing braiding angle and increasing fiber volume
fractions enhance the strength and modulus of 3DR5d braided composites. Additionally, transverse

shear emerges as a dominant factor in the tension-induced failure of these composites.

The papers mentioned above discussed the application of uCT based FEM on braided composite
materials, and in all of them, the 3D braided composites are studied. There is no study in the

literature focusing on the 2D TBCs.

MCT based FEM has other applications too. One of the most popular applications of uCT based
FEM is in the medical industry. Because of the irregular shape of medical specimens and the high
precision required for the inputted geometrical models, uCT is used for this purpose frequently.

Figure 2-8 shows the workflow of creating a FEM based on the uCT model.

UCT scans of the 2D NR Cross-section Imace]
open-mesh TBC Projections econ Images £

Segmenting
ayarmn

COMSOL Meshes Avizo erss—sectlon MATLAB
Multiphysics of single yarn

Figure 2-8 Workflow of creating a pCT FEM
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2.7.1 Medical Applications of uCT Based on FEM

Hambli [58] developed a FEM for simulating the fracture of human trabecular bone under
compressive load. The model is based on continuum damage mechanics and can predict the
ultimate stress and strain at fracture. The study used an isotropic micro-CT FEM at the bone tissue
level and coupled it with a damage law to simulate the progressive fracturing process of bone
tissue. In this paper, Skyscan 1072 was used to analyze the samples, and the spatial resolution of
the scanned images was 20 um. The FE model was created and meshed using an in-house
developed MATLAB program. The model was validated with experimental results performed on
23 human trabecular specimens. The compression experiments were done on samples, and Instron,
model 4411, was used for this purpose. This work aimed to predict the fracture behaviour of human
trabecular bone, which can have implications for understanding bone diseases and injuries,

designing medical implants, and developing treatments for bone fractures.

Shefelbine et al. [59] described a non-invasive and quantitative method to evaluate fracture callus
stiffness during healing using uCT and FEA. The method was developed and validated using
plastic phantoms of various cross-sections and known material properties and was then applied to
fractured rat femurs after 3 and 4 weeks of healing. The ANSY S software was used for developing
the FEM simulation. The pCT scan was done at 40 kV source voltage, 180 WA source current, and
100 pm resolution. The uCT scans provided 3D geometry and material properties for the FEA
models. The predicted callus rigidity from FEA correlated significantly better with experimental
torsional rigidity than other measures of healing progress. The study suggests that FEA could be a

valuable tool for assessing the mechanical properties of the callus in fracture healing studies.

Verdonschot et al. [60] proposed a method for generating 3D finite element models of restored

human teeth. The method involves using micro-CT imaging to capture high-resolution images of
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the tooth and the restorative material and then using image processing techniques to generate a
FEM. The Scanco MircorCT 20 device was used for the uCT scan of the tooth. The scan grid was
1024 x 1024 with 13 pm resolution. The scan slice thickness was 25 um, and 770 images were
captured from the molar with 10 msec exposure time. The authors used in-house software for
generating the 3D models out of uCT scans. The Mental preprocessor was used to convert the
model into volume elements and perform the FE analysis. The authors demonstrated their method's
effectiveness by analyzing stress distribution in different types of restored teeth and predicting

their failure modes.

Jaecques et al. [61] discussed the importance of understanding the mechanical properties of native
bone tissue and engineered tissue constructs for successful bone replacement treatments. It
suggests that uCT-based FEM can be a valuable tool for analyzing the stress and strain state in
native bone tissue and tissue constructs. The paper provides two case studies to illustrate the utility
of this approach: peri-implant bone adaptation analysis through uCT scanning and biomechanical
optimization of bone scaffolds. The paper showed the potential for optimizing the mechanical

properties of bone scaffolds to match those of native trabecular bone.

The above research showed that the uCT has various medical applications in developing FEM
simulation. This technique has been used with high resolutions to create an accurate simulation
model. One can conclude that uCT is good at developing models for flexible and irregular shapes

parts like Tubular Braided Composites.

2.7.2 Material Applications of uCT Based on FEM
Lee et al. [62] described the microstructural and mechanical properties of nickel foam struts
fabricated by electroplating on a chemically removable template. The 3D microstructures of the

Ni foams were obtained using uCT, and the microstructural features were quantified statistically.
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Microstructure evolution and mechanical properties during Ni-foam compression were
investigated using UCT and the FEM. The uCT scans were done by a Nikon XT H 160 Micro-CT
device. The beam energy was 155 kV, the beam current 157 pA, and 1440 projections were
captured. The AVIZO software was used to render the stacked images into a 3D model. 4-node
tetrahedron elements were used to reconstruct the 3D models used for FE analysis. The study found
that compression caused transverse buckling of the struts, reducing the stress and increasing the
calculated energy absorption efficiency. The paper provides insights into the deformation
behaviour and energy absorption characteristics of open-cell Ni-foams, which could be helpful in

their practical applications.

D'Andrea et al. [63] used uCT-based FEM to investigate the mechanical properties of two classes
of robocast glass scaffolds, focusing on accounting for geometrical defects introduced during
manufacturing. The scaffolds had a fiber distribution along two perpendicular directions on
parallel layers with a 90-degree tilting between two adjacent layers. The resolution of the scanned
MCT was 5 um. Fiji software was used to create the 3D model of the scanned images and quantify
porosities and voids. Also, the FE Analysis was done using the open-source multigrid finite
element code ParOSol. The FEM had element sizes of 10 um, and 77 to 105 million elements were
used for the elastic analyses and 34 to 40 million for the strength analysis. The domain size used
for elastic analysis was 1200 x 1200 x 800 pixels. The study found that imperfections in the
scaffolds, such as micro-porosity, fiber length interruption, and fiber detaching, substantially
impacted elastic and strength properties. In addition, micro-pores acted as stress concentrators
promoting fracture initiation and propagation, while fiber detachment reduced the scaffold

properties substantially along the direction perpendicular to the fiber plane.
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Basista et al. [64] presented a methodology for using UCT in the numerical modelling of metal-
ceramic composites. The paper provided detailed instructions on FEM creation. First, the proposed
method was demonstrated through two case studies, which showed its application in determining
processing-induced residual stresses in hot-pressed Cr/Al203 and NiAlI/AI203 particulate
composites. Then, it determined the J-integral for an interpenetrating phase composite made of

porous alumina preform infiltrated with molten copper.

Shigang et al. [65] overviewed image-based modelling techniques for heterogeneous materials.
The authors reviewed a variety of image-based modelling techniques such as FEM, lattice models,
phase field method, level set methods, and artificial intelligence-based methods. They discuss the
advantages and limitations of each method and provide examples of their applications in different
fields, such as material science, mechanics, and biomedical engineering. The authors highlighted
the importance of image-processing techniques for generating accurate 3D models of
heterogeneous materials. They emphasized the need for further development of image-based

modelling techniques to understand the behaviour of complex materials better.

Khormani et al. [66] presented an approach for determining the compressive strength of concrete
specimens. The authors obtained high-resolution 3D images of the internal structure of concrete
specimens using X-ray computed tomography and applied FEM simulations to predict the
compressive strength. The study results showed that the proposed approach was able to accurately
predict the compressive strength with an average error of 6.35% and a coefficient of determination
of 0.96. The study demonstrates the potential of non-destructive testing techniques in accurately
assessing the properties of concrete, which has important implications for the construction

industry.
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In summary, the applications of UCT based FEM is expanding to other fields and different software

and image processing techniques are represented to showcase the new applications.

2.8 Research Gap

According to the reviewed literature, some gaps exist in the literature on modelling 2D TBCs.
First, there is no easy-to-use and user-friendly application for creating geometrical models. The
current equations for modelling TBCs are complex, and the users require a strong background in
understanding the details of TBCs. However, an easy-to-use application can resolve this issue.

This gap will be addressed in Chapter 3.

Additionally, very little literature covers simulations of 2D TBCs. Most of the literature is focused
on the simulation of 3D braided composite. 2D TBCs have some specific advantages, like being
more accessible for manufacturers and less expensive, which are important to study and simulate
to improve their applications. In this research, a comprehensive Finite Element Modeling (FEM)
will be developed to study the behaviour of TBCs and the effect of different geometrical
parameters and patterns on the mechanical properties of TBCs. This gap is addressed in Chapter

6.

Finally, uCT methods have been used to analyze different types of materials and have shown
significant results. However, few works analyze 2D TBCs using UCT. uCT is one of the most
accurate methods for modelling materials, and it can reveal many valuable details of the scanned
objects. Using UCT on 2D TBCs can add a significant contribution to the field. Also, there is no
comprehensive image processing study on UCT scanned images of 2D TBC, and the data
extraction of these materials still needs more attention. In this study, different TBCs with different
patterns, sizes and materials are scanned by UCT, and an image processing technique has been

developed to extract the information of the TBCs, including but not limited to the yarn center,
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minor and major diameter of the yarn, inner and outer diameter of the TBC. These gaps are

addressed in Chapters 4 and 5.

2.9 Conclusion

This research will study the modelling of 2D TBC, and solutions for improving its procedures will
be provided. Based on the literature review, a user-friendly application is necessary. This
application will help industry and academia better understand the shape of TBCs and use them for
education and industrial purposes. Also, the created models will be imported into COMSOL
Multiphysics to create FEM simulations under different conditions. The results of the FEM will
be compared against available analytical and experimental results. The effect of pattern and braid
angle will be studied, too. The developed FEM in this research for a Kevlar 49 TBC is compared
against experimental results in the literature, and the error between these two models was 18%.
This model was developed using a Curve model. The error between the experimental and the

Curved model was 46% which was greater than the FEM results developed in this study.

Then, the image processing techniques will be used to extract the parameters of the uCT scanned
images. These techniques will help to segment the yarns and extract geometrical parameters like
the inner and outer diameter of the composite material. Also, the area cross-section of the yarns,
center point, orientation, and minor and major diameter are extracted. The extracted yarn path is
compared against the mathematical one to report the error. In this research, a new parameter as
rotation angle, is introduced for the first time, and by using it, the fitness of the simulation yarn
path is improved significantly. An inverse problem will be designed for that purpose, and a curve

with an error of less than 1% will be fitted to the experimental results.

This study offers a valuable resource to fellow researchers and industry professionals by providing

a simulation tool for TBC manufacturing and an easy-to-use and open-source program (TBC-Gen)
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for modelling geometrical models of TBC. This simulation tool has the potential to significantly
cut costs and save time while enhancing the overall product quality. Also, the TBC-Gen is the first
free and open-source program for researchers to generate their desired TBC models quickly and
efficiently. Besides researchers, this program can be used for educating students and personnel to
showcase the effect of parameters on the overall shape of the TBC and visualize them before

manufacturing.

Additionally, the presented error analysis sheds light on the inherent error level in the geometric
model. This information can guide decision-making, enabling users to determine whether to rely
on the geometric model or opt for more costly and time-intensive methods such as micro-CT for

analysis.
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Chapter 3. Generating Geometrical Models for Tubular Braided

Composites

A version of this Chapter was published and presented as:

Gholami, Ali, and Garrett W. Melenka. "Generating geometrical models for tubular braided

composites." CSME Conf. Charlottetown, PE, Canada. 2021.

Abstract—This paper develops a program named TBC-Gen to generate geometrical models of
Tubular Braided Composites (TBCs). TBC-Gen is a free and open-source program that does not
require the user to deal with the relevant equations or have a deep knowledge of the manufacturing
of TBCs. The MATLAB and SolidWorks software packages are combined to generate the solid
models. The step-by-step process for generating different 2D TBC patterns and the relevant models
are shown. The program’s output is compared against that of commercial software and micro-

computed tomography results.
Keywords: Tubular Braided Composite; Geometrical Model

3.1 Introduction

Composite materials constitute two or more materials with different mechanical properties.
Combining these materials improves mechanical properties that none can provide individually [1].
Braided composites are continuous fiber-based reinforced materials used in various industries,
from aerospace, automotive, petroleum, and building to medical treatments, sporting and marine
[2], [3], [4]. They can be used in a rope to reinforce hoses, pipes, or medical catheters [5]. For
more than 200 years, braiding has been used to produce textile fabrics [2]. Braided composites

have significant advantages compared to conventional laminate composites, such as better out-of-
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plane stiffness, strength, toughness properties, net-shape fabrication, lower fabrication cost, impact
and delamination resistance, and high performance [6], [7]. Because of these advantages, the
studies in analyzing and manufacturing braided composite and their application are increasing

significantly.

There are different types of braided composite: two-dimensional, three-dimensional, and
multidirectional. Each of these types can be produced as flat or tubular shapes. In two-dimensional
braided composites, yarns are interlaced only in one plane, and the preform can be flat or tubular.
Two-dimensional (2D) braided composites can be produced using a Maypole braider. In a triaxial
two-dimensional braided composite, additional yarns are interwoven between two-dimensional
braids and directed alongside the axial braided composite [8]. One way to categorize 2-D braided
composites is based on the assembly pattern of yarns. Different patterns of braided composites will
be made depending on the arrangement and movement of carriers. The patterns of the braided
composites are diamond (one tow passing above and then below the other tows, 1/1) Figure 3-1
a), regular (two tows passing above and then below the other tows, 2/2) Figure 3-1 b), and Hercules

(three tows passing above and then below the other tows 3/3) Figure 3-1 c).

Figure 3-1 Different pattern of braided composite (a): 2-D Diamond (one by one), (b): 2-D Regular (two by two), (c) 2-D
Hercules (three by three)
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Tubular Braided Composites (TBC) have several variables, such as variable geometry, variable
constituents, and non-uniform features of braided composites. Thus, the characterization of
braided composites is not an easy task. However, knowing the mechanical properties is paramount
to optimize the TBC's current application and introduce new applications. Also, more accurate
geometrical models are needed to obtain the mechanical properties of braided composites
accurately. Some geometrical variables of a regular braided composite pattern within a unit cell
are shown in Figure 3-2. The shown variables are braid angle, yarn width, and undulation length.
Braid angle is the most critical geometrical variable that significantly affects the mechanical
properties of the TBC. Other parameters that affect the TBC's mechanical properties, such as the

radius of the mandrel and the number of yarns, will be introduced in the following sections.

Figure 3-2 A unit cell of a regular braided composite pattern showing geometrical variables.

Several studies have tried to provide more mathematically accurate models for tubular braided
composites. Liao and Adanur [9] developed an external and an internal three-dimensional circular
braid model. They used the Frenet frame technique to sweep the cross-section over the yarn path.
Rawal and Potluri [10], [11] developed an algorithm to produce three-dimensional braided

preforms over different mandrel cross-sections: cylinder, square prism, cones with a circular and
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elliptical cross-section, and square pyramid. The yarn paths are modelled as straight lines, and
undulation is ignored in their model. Alpyildiz [12] proposed a 3-D geometrical model for tubular
braids. The researcher considered the braiding yarn's crimp together with the tubular curvature of
the tubular braid structure in the model. The provided model worked with different braid
structures, braid angles, the number of yarns in a set, yarn, and mandrel diameter. Rawal et al. [13]
developed geometrical models in both cylindrical and conical mandrels with diamond, regular and
triaxial forms. They used the Virtual Reality Modeling Language (VRML) to simulate the model.

Finally, the model was verified against the results of a virtual experiment.

This paper will introduce the TBC-Gen program for designing and illustrating the geometrical
model of TBC. The developed algorithm can be used as a step for generating a comprehensive
geometrical model for future finite element modelling (FEM). Even though the geometrical models
are made based on several assumptions that will add errors to the simulation results, having them
will make a good benchmark against other experimental geometrical models like micro-computed

Tomography (uCT).

3.2 Geometrical Equations

While the geometrical equations must be as accurate as possible and easy to implement, they
should be realistic enough to provide precise models simulating the tubular braided composite's
actual shape and behaviour. However, creating a geometrical model without making assumptions
is not possible. For the geometrical model used in this paper, the following assumptions have been

made [11]:

- The cross-section of the yarn is assumed to be circular with r radius
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- The braid paths do not slip and keep the constant sinusoidal pattern throughout the braid
length
- There is no compression on the yarns, so the yarn cross-sections are constant

- The longitudinal yarn in triaxial braided composites is straight

The assumptions above consider TBC's overall characteristics; however, they ignore some
specifications, such as the flexible nature of yarn paths and variant cross-section shapes. Other
methods like uCT, which can provide an actual experimental model, can be used to consider these

specifications.

Depending on the braided composite pattern, different equations would be needed to model it.
However, since all the patterns follow a uniform helical path along the mandrel, the helical path
equations for different patterns would be the same. A left-hand (clockwise from top view) helix's

general equations for a yarn path around a cylindrical mandrel are shown in Equation 3-1.

X.w = Rcos6
Y.w = Rsin@ Equation 3-1
Z.w = ROcota

Where X.,,, Y., and Z.,, are coordination points in X, y, and z directions, R is the helix's radius,
6 is the winding angle, and « is the braid angle. For having the right-hand (counterclockwise from

the top view) helical path, the sign of the Y should be changed, as shown in Equation 3-2.

Xeew = RcosO
Yeew = —Rsin 6 Equation 3-2

Zeew = RO cota

A sample of clockwise and counterclockwise helix path with helix radius (R) = 10 mm, braid angle

(a) = 45°, and winding angle (6) between 0 and 4, are shown in Figure 3-3.
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Figure 3-3 A clockwise and counterclockwise helix with R =10 mm, o= 45°, and 0<6<4x

The helix shown in Figure 3-3 is for two periods (4m). To calculate the height of the helix, one
needs to calculate the maximum Z, which, in this case it, would be 10 mm X 4w X cot45° =

125.66 mm.

On the other hand, each yarn path follows a sinusoidal path based on its braiding pattern. The
equation relating the number of yarns, the radius of the strand, and the winding angle to the

sinusoidal yarn path is shown in Equation 3-3 [11].

N .
S(6) =rsin (79) Equation 3-3

Where r is the radius of the yarn and N is the total number of yarns. The undulation path of a

sinusoidal path withr = 0.5 mm, N = 2,and 0 < 6 < 2m is shown in Figure 3-4.
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2D sinusoidal path for tubular braided composite in diamond pattern
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Figure 3-4 General sinusoidal path of yarn path with r=0.5 mm, N=2, and 0<6<2x

For a complete set of tubular braided composite, two sets of sinusoidal equations are required for
counterclockwise and clockwise directions (S;(8) and S,(8)). To do so, a w phase shift should be

considered for the equations.

For having the complete yarn path of braided composite, with helix shape and including the
undulations, Equation 3-1 and Equation 3-2 should be mixed with the relevant version of equations
Equation 3-3. By doing so, Equation 3-4 and Equation 3-5 are created for counterclockwise and

clockwise yarn paths, respectively.

Xi = (R +5,(6)) cos(¥ + (i = D) i=12..n _
Y= (R+5.(6))sin(0 + (i - 1)B) i=12..n Equation 3-4
Z; =ROtana i=12.n
X; = (R +5,(6)) cos(6 + (i — D) i=12..n Equation 3-5
Y; =~ (R +5,(8))sin(6 + (i — DB) i=12..n
Z; =ROtana i=12.n

Where n is the total number of yarns at each direction (i.e., n = N/2) and g is the shift angle and
is calculated as the angle between each two strands (i.e., § = 2m/n). These equations are the same
for all patterns of TBC. The only factors that make the difference between yarn patterns are S, (6)

and S, (8) which will be discussed in the next sections.
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3.2.1 Diamond Pattern
The diamond pattern is the most straightforward pattern of the tubular braided composite because
the whole path is sinusoidal, and no flat section is incorporated into the path. The S;(6) and S,(0)

which represent counter-clockwise and clockwise sinusoidal paths, are as follows:

S5.(0) = rsin (NTQ + g) Equation 3-6

S,(8) = rsin (NTQ + 3;) Equation 3-7

A sample of the sinusoidal path of diamond pattern with r = 0.5mm, N = 2,and 0 < 8 < 2m is

shown in Figure 3-5.
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Figure 3-5 Counterclockwise (red) and clockwise (blue) undulation path of diamond pattern

A sample of diamond braided composite yarn path (counterclockwise and clockwise) with pattern
and N = 32, R = 10 mm, r = 0.5 mm, and a = 45° is shown in Figure 3-6 (only one of the yarn

at each direction is shown for more clarity).
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Plot of a Single Yarn Path
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Figure 3-6 Clockwise (blue) and counterclockwise (red) yarn path of diamond patterns with N=32, R=10 mm, r=0.5 mm, and
o=45°

3.2.2 Regular Pattern

The shape of the regular pattern is based on the diamond pattern. In the regular pattern, each yarn
passes over two yarns, moving in the other direction and under two others. Because of that, they
involved a flat section for the distance between yarns. The transient area-going from the top of two
yarns to the under the two following and vice versa- is still covered by the sinusoidal equations
shown in the previous section. A sample of a regular yarn path with » = 0.5 mm, N = 2,and 0 <

0 < 4m is shown in Figure 3-7.
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Figure 3-7 Counterclockwise (red) and clockwise (blue) undulation path of regular pattern with r=0.5 mm, N=2, and 0<6<4n

The counter-clockwise and clockwise equations for the undulation path of the regular pattern are

shown in Equation 3-8 and Equation 3-9, respectively.
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r ;0<6; <B/2

—rsin(Nng+g> iB/2<0;<p
— B <6, <38/2 Equation 3-8
@)= 7 p=6 <36/
NO; =
rsin<—1+—) ;3/2<0;<2pB
2 2
—r ;0<0,<p/2
NO; 3w
—rsin(71+7) ,,B/ZS9]<B -
S,(6;) = - B <0 <362 Equation 3-9
NO; 3
rsin(T]+7n) ;38/2<6; <2pB

Where j = 0,1,2, ... length(9).

By combining equations Equation 3-8 and Equation 3-9 with Equation 3-4 and Equation 3-5,
respectively, the yarn path of the regular pattern will be achieved. A sample of braid yarn with a
regular pattern, with N = 16, « = 30°, R = 10 mun, and r = 0.5 mm is shown in Figure 3-8 (only

one of the yarns at each direction is shown for more clarity).

Plot of a Single Yarn Path
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Figure 3-8 One clockwise (blue) and one counter-clockwise (red) yarn of a designed regular braid with N=16, a=30°, R=10 mm,
and r=0.5 mm

3.2.3 Hercules Pattern
Hercules's pattern resembles regular and diamond patterns in sinusoidal and flat sections.
However, since in the Hercules pattern, a yarn passes above three yarns and then goes under the
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following three yarns, the straight section is two times longer than the Regular pattern. A sample

of the counterclockwise and clockwise undulation path of the Hercules pattern with r = 0.5 mm,

N = 2,and 0 < 6 < 6m is shown in Figure 3-9. As one can see, the flat sections are twice as long

as the regular pattern. The sinusoidal undulations are the same as regular and diamond patterns.
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Figure 3-9 Counterclockwise (red) and clockwise (blue) undulation path of Hercules pattern with r=0.5 mm, N=2, and 0<6<6n

The counterclockwise and clockwise equations for the Hercules pattern's undulation path are

shown in Equation 3-10 and Equation 3-11, respectively.

51(91') =

52(91') =

;0<6, <pB/2
iB/2<60;<p

NO;, m
rsin(T]+E) ;B <6, <3B/2

—r ;3B/2 < 6; < 2B
;2B < 6; < 5B/2

;58/2 <6, < 3B

—-r
T sin (— + —)

2 2
—r ;0 < 6; <B/2
—r ;B/2<6, <P
NO; 3
rsin (=2 + ) S <06, <3p/2
r ;3B/2<6, <28
T ;2B <0; <56/2
N6: 3w
rsin(T]+7) ;5B/2<6; <38

Equation 3-10

Equation 3-11

Similar to regular pattern equations, by combining Equation 3-10 and Equation 3-11 by equations

Equation 3-4 and Equation 3-5, the equations for the Hercules pattern will be achieved. A sample
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of Hercules pattern with N = 8, « = 60°, R = 10 mm, and r = 0.5 mm is shown in Figure 3-10

(only one of the yarn at each direction is shown for more clarity).
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Figure 3-10 One clockwise (blue) and one counterclockwise (red) of a designed Hercules braid yarn path with N=8, 0=60°, R=10
mm, and r=0.5 mm

3.3 TBC-Gen Program for Generating TBC Yarn Paths

Working with yarn path equations is complex, and implementing them is time-consuming. Also,
it requires the user to have a good understanding of the fundamental math of complex equations.
Because several variables are used in the equations, the user might not understand the effect of
each parameter on the shape of the TBCs. To resolve these issues, a program named TBC-Gen is
designed for this research using the MATLAB software package (R2020B, The MathWorks Inc,
Natick, Ma, USA) to generate all the different patterns discussed in the previous sections. The
TBC-Gen can generate different TBC models with various shapes and formats. The user of this
program does not have to have a deep knowledge of the TBC manufacturing process and

mathematical equations. It is easy to use for everyone with different backgrounds.

TBC-Gen needs five input geometrical variables to design the yarn path. Number of yarns, braid
angle (in degree), the diameter of the mandrel in mm (inner diameter of the tubular braid, it should
also be considered that the diameter of the mandrel is 2(R — r)), the diameter of the strand (2r)

in mm, and the number of turns or height of the tubular braid in mm (only one of these two

65



variables is required to be inputted, the other variable will be calculated based on the inputted
value). This program can produce all three yarn patterns, i.e. Diamond, Regular, and Hercules. The
user can select to see the single path of clockwise or counterclockwise yarn or both simultaneously.
The updated path will automatically be displayed in the plot section as the user changes the
parameters. The complete TBC path is displayed in a separate window, as shown in Figure 3-11
(b). Finally, the XYZ center points of the designed yarn path for counterclockwise and clockwise
directions and a properties file, including the input parameters, the designed pattern, and date and

time, can be exported as three separated text files by clicking on "Write to .txt file" button.

Created clockwise or counterclockwise yarn paths can be uploaded to the program, and the model
can be generated and displayed in the program. The user can either upload the XYZ values, and
the program will display the yarn paths associated with the data points, or they can upload the
properties file, where the properties used to generate those yarn paths are stored. The program will
create the data points based on the input properties. Figure 3-11 (a) shows the program's designed

user interface.
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Figure 3-11 a) The interface of the TBC-Gen software for generating yarn path, b) The complete set of clockwise and
counterclockwise yarn paths generated by TBC-Gen.

3.4 Generating the Solid Geometrical Model

The SolidWorks software (version 2020, Dassault Systéemes SOLIDWORKS Corp.,
Massachusetts, USA) is used to create the geometrical model by adding a cross-section to the
designed yarn path in the previous section. One clockwise and one counterclockwise yarn path
generated in MATLAB is imported into SolidWorks. The generated text file in the developed
MATLAB program is imported into SolidWorks as the "Curve though XYZ Points..." function.
After importing both yarn paths, two separate circular cross-sections are sketched in the XY plan
while the circle's center coincides with the yarn path. Using the "Sweep" function, the cross-section
sweeps the designed path and creates the yarn solid geometrical model. Finally, using the "Circular
Pattern,” n number of yarns are patterned around the TBC's axis for each counter-clockwise and
clockwise direction. A sample TBC solid geometrical model from each pattern is shown in Figure
3-12. A diamond TBC with N = 32, r = 0.5 mm, R = 10 mm, and a = 45° is shown in Figure

3-12 a), aregular pattern TBC with N = 36, r = 1 mm, R = 15 mm, and a = 45° is shown in

67



Figure 3-12 b); and a Hercules TBC with N = 64, r = 0.5 mm, R = 10 mm, and a = 60° is

shown in Figure 3-12 ¢)

Figure 3-12 3-D solid model of a TBC, a) Diamond pattern with N=32, r=0.5 mm, R=10 mm, and 0=45°, b) Regular with N=16,
r=0.5 mm, R=10 mm, and a=30°, and c¢) Hercules with N=64, r=0.5 mm, R=10 mm, and 0=60°

For validation of the developed model in this paper, a regular TBC with 16 yarns, braid angle =
35°, mandrel radius 10 mm, strand radius = 0.5 mm, and length of the TBC = 98.7 mm is designed
in both the developed model in this paper and a commercial software package, TexMind Braided
software [14]. The output results of the two software are shown in Figure 3-13. The visual

comparison between the two models shows a good agreement between the two models.
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Figure 3-13 Comparing the result of the generated geometrical TBC model designed by the algorithm developed in this paper a),
with the results of the same TBC designed in TexMind Braided software commercial software b). (N= 16, o.=35°, R = 10.5 mm,
r =0.5 mm, and

An actual TBC with the regular pattern is scanned with uCT, and the obtained image is shown in
Figure 3-14 a). The parameters of this TBC are N = 48, r = 0.44 mm, R = 10 mm, and a =
40.53°. These parameters are used to create the geometrical model of the TBC using the developed
program in this paper, and the resulting image is shown in Figure 3-14 b). While the braid's overall
shape is the same, as seen from the uCT image in Figure 3-14 b), some of the yarns are not located
at their ideal path and are distorted significantly. Other assumptions made in generating
geometrical equations are adding more errors to it. Further analysis is required for a quantitative
comparison between the two models and the amount of error added because of the geometrical

model's assumptions.
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Figure 3-14 Comparison of a regular TBC's actual and simulation model. a) uCT image of a regular TBC with b) its geometrical
model with N=48, r=0.44 mm, R=10 mm, and 0=40.53°

3.5 Conclusion

This paper developed a program for generating TBC's geometrical model. MATLAB and
SolidWorks were used to create the geometrical model. The results of this program were compared
with the results of another software. Both results were in good accordance. Also, the program's
result was compared against the result of a uCT image of an actual TBC. The error caused by the

assumptions made while developing equations was obvious when comparing them.

The generated geometrical model can help the researchers and the industry better understand the
TBC. This geometrical model can also be used (partially or entirely) to generate Finite Element
Models (FEM) to study TBC's behaviour in different conditions. By developing such a simulation

model, new applications for TBC will be introduced, and the current applications can be optimized.
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Chapter 4. Extracting Parameters of pct Scanned Open Mesh
Tubular Braided Composite Materials' Yarn Using Image Processing

Techniques

A version of this Chapter was published and presented as:

Gholami, Ali, and Garrett W. Melenka. "Extracting parameters of uCT scanned open mesh

tubular braided composite materials’ yarn using image processing techniques" CSME Conf.

Sherbrooke, QC, Canada. 2023.

Abstract—In this paper, we present a segmentation algorithm for Tubular Braided Composite
(TBC) materials that is demonstrated through its application on a simulated geometrical model.
We also conduct a micro-computed tomography (ULCT) scan on an open-mesh TBC and analyze
and segment its images using the proposed method. Finally, we discuss the benefits and limitations

of this approach.
Keywords-component: Tubular Braided Composite (TBC), Segmentation, Image Processing

4.1 Introduction

Tubular Braided Composites (TBC) are a group of composite materials characterized by an
intertwined arrangement that enhances their structural integrity and makes them more damage-
resistant. Some advantages of TBCs are out-of-plane strength, toughness, the ability to create
complex shapes without excess material waste, reduced cost of manufacturing, and improved
ability to withstand impacts and prevent separation of layers [1], [2]. Two sets of yarns are used to

manufacture TBCs: clockwise and counterclockwise yarns. TBCs are usually produced in three
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patterns: Diamond, Regular, and Hercules [3]. The shapes of these patterns are shown in Figure

4-1.

Figure 4-1 The patterns of the TBC, a) Diamond (one-by-one), b) Regular (two-by-two), and c) Hercules (three-by-three)

Another way to categorize TBCs is by defining them as open-mesh and closed-mesh. In open-
mesh TBCs, there is a space between yarns, while in closed-mesh, the yarns are touching each

other without a gap. Figure 4-2 shows a sample of open-mesh and closed-mesh TBCs.

b)

Figure 4-2 a) Open-mesh TBC, where there is a space between yarns, and b) closed-mesh TBC, where yarns are touching each
other, and there is no space between them.

There have been efforts to find ways to simulate the TBC to optimize their performance and
discover new applications [4], [5]. Alpyildiz [6] proposed a 3D geometrical model for TBCs with
different structures that considers the crimp (the curved path that yarns follow) of the braiding yarn
and tubular curvature, which can be applied to other braid structures and modified with changes

in structural parameters. Rawal et al. [7] developed geometrical models of strand trajectories for
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TBC, which can be applied to complex-shaped mandrels for near-net shape structures. Although
the geometrical models are constructed based on certain assumptions, the flexible nature of TBCs
often results in yarn distortion or movement during manufacturing, which introduces a source of

error that simulated geometrical models cannot consider.

Micro-computed tomography (UCT) has been used to accurately evaluate TBC's structure and
performance. Samal et al. [8] used PUCT to examine the internal structure of a fiber-reinforced
geopolymer composite subjected to mechanical impact. This research, a 3D model was utilized to
evaluate the impact-induced damage in geopolymer composites reinforced with carbon, E-glass,
and basalt fibers. Melenka and Gholami [9] used UCT to extract the geometrical properties of TBC

fibers.

Because of the high accuracy of uCT, a high-resolution unit cell out of TBC was created. Gholami
and Melenka [10] compared the geometrical model of TBC with their uCT based models and
studied the error between them. Also, they modified the mathematical models and introduced new

parameters to increase the likelihood of these two models.

Extracting the geometrical parameters of TBCs and analyzing their behaviour of them requires
segmenting and separating the yarns. Segmentation of yarns is challenging because of the flexible
nature of TBC. This paper will show a segmentation and separation model of yarns in TBCs. First,
an algorithm to separate overlapping yarn cross-sections is developed and applied to a set of
simulated TBC cross-sectional images created by the TBC-Gen program. Then, the overlapping
yarns are separated, and their properties are extracted again. Next, the center points of detected
yarns of the stack of images are discovered and connected, and the yarn paths of these models are

extracted. After that, a uCT scan is done, and its cross-section is analyzed to segment the yarns.
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For overlapping yarns, the previous algorithm separates them and extracts their parameters.

Finally, the benefits and limitations of this method are discussed.

4.2 Methodology

4.2.1 Geometrical Models of TBCs

There are three patterns for TBCs, as shown in Figure 1, each with different modelling equations.
The equations of each pattern are incorporated in the TBC-Gen program [10], and the models can
be generated using this program. This program does not require the user to have a background in
composite materials; the user only needs to input the geometrical variables. First, the yarn path of
the selected pattern is created and shown in this program, and it can be exported as text files (two
for clockwise and two for contour clockwise). Next, these text files can be imported into
SolidWorks software packages (version 2022, Dassault Systems SOLIDWORKS Corp.,
Massachusetts, US). Then, the yarn cross-section is added to the yarn path to sweep it. Finally,
two clockwise and two counterclockwise yarns are created and then copied around the mandrel

axis to form the complete TBC.

4.2.2  Micro-Computed Tomography (LCT) Method

Micro Computed Tomography (UCT) is a Non-Destructive imaging technique to produce high-
resolution 3D images of small objects. The basic principle of uCT is similar to that of medical CT.
It involves taking a series of X-ray images from different angles and reconstructing them into a
3D image using computer algorithms. However, uCT uses much higher resolution detectors and

X-ray sources to produce images with smaller voxel sizes.

The resolution of uCT images depends on the quality of the X-ray source and detector and the size

of the voxels in the reconstructed image. Higher-resolution detectors and X-ray sources can
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achieve smaller voxel sizes, resulting in higher-resolution images. uCT has many applications in
fields such as material science, biology, and engineering. For example, it can be used to study the
internal structure of objects, visualize defects or cracks, and analyze the distribution of materials

[11].

Figure 4-3 shows the fundamentals of uCT and the setup used to scan the TBCs. As shown there,
the TBC is placed on a rotation stage, and X-rays are passed through it. As the TBC rotates, the
X-ray detector captures a series of 2D X-ray images. These images are then processed using
NRECON software (NRECON 1.7.1.0, Bruker, Belgium) to reconstruct 2D cross-sectional

Images.

Next, these 2D cross-sectional images are imported into 3D Slicer software [12] (an open-source
software created by a developer community) to create a 3D model. The 3D slicer software has the
option for segmenting items. Therefore, the mandrel of the scanned TBC was segmented and

removed.
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Figure 4-3 Fundamentals of uCT and the results of scanned TBC

4.2.3 Detecting Yarns of TBC

The reconstructed 2D cross-sectional images can be analyzed to segment the yarns. However, the
segmentation of yarns might be challenging in some instances. Therefore, MATLAB software
packages (R2022b The MathWorks Inc, Natick, Ma, USA) are used to process the cross-sectional
images. An algorithm is developed in MATLAB to load the images, remove small unwanted
objects using the bwareaopen function, close morphological images using the imclose function,
trace region boundaries using the bwboundaries function, and extract parameters of the segmented

sectors using the regionprops function.

Because of the flexible nature of the TBCs, the yarns sometimes intervene in each other's
boundaries, making it difficult for the algorithm to separate them. Therefore, another algorithm is
developed that recognizes the number of interfering yarns based on the value of the extracted area
for the boundary and then segments them. Next, the center point, major and minor diameters,
orientation, and area of the segmented yarns are extracted and stored. Finally, the yarns' extracted
center points should be connected to form the yarn path. However, the order of the segmented yarns
is not the same in each 2D cross-sectional image. Therefore, the distance between the center point
and all the other extracted center points in the following image is measured to find the
corresponding center point in the following image. The center point that shows the minimum
distance is the corresponding center point to that specific center point. This algorithm is repeated
for the rest of the center points to find the corresponding center points in the stack of images. Next,

all the corresponding center points are connected, and the yarn paths are formed.
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4.3 Results

4.3.1 Geometrical Image Results

Using the TBC-Gen program, a Regular TBC with 48 yarns, Braid angle = 40°, and the diameter
of the yarn = 0.9 mm was generated. Then, two clockwise and two contour clockwise yarn paths
were imported into SolidWorks. A circle with a Imm diameter was added as the cross-section. The
solid models of these four yarns were created and then copied around the mandrel's diameter to
form the complete TBC. The cross-sectional images of these models with a 0.05 mm distance were
captured and saved. Subsequently, the edited images were imported into MATLAB software
packages, and the developed algorithm for segmenting yarns was applied to the cross-sections.
Since the diameter of the TBC was 1 mm, and the designed yarn path was for a 0.9 mm yarn path,
the cross-sections of yarns interfered. The designed simulated TBC was intended to simulate the
interfering situation of the actual TBCs. The algorithm detected the interfering yarns as a single
yarn. Therefore, it detected 24 boundaries. The interfering yarns were detected by comparing the

area of the detected boundary to the average yarn area.

A line was drawn using the interfering yarns' center points and the detected boundary's extracted
orientation. Next, the boundary is burned from the line, and the cross-section is divided into two
yarns. Next, each part is analyzed again, and its properties, including the center points, the area,
and the orientation of each section, are recorded. Figure 4-4 a) shows the detection and

segmentation of the geometrical model's yarn.

The extracted center points need to be connected to form the TBC's yarn path. However, as
explained in the previous section, the order of the detected center points is inconsistent with the
cross-sectional image. Thus, the distance between each detected yarn path and all the detected yarn
paths in the following cross-sectional images is measured.
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Accordingly, the center point that shows the minimum distance is the corresponding center point
for that yarn. After repeating this process for all the yarn cross-sections and all 2D images, the
yarn path of each yarn is detected. The result is shown in Figure 4-4 b), where all 48 yarns are

plotted, including 24 clockwise and 24 contour-clockwise yarns.

b)
m—Yarn 1 (CCW)

20

—
(9]

Z (mm) 5 10~
S

Co W

Figure 4-4 Segmentation of the geometrical model. a) detecting boundaries of the geometrical model and separating the
interfering yarns (the distance between each center point and all of the center points in the following image is measured to find
the corresponding yarn), b) connecting the detected center points and forming the yarn path of the TBC geometrical model

4.4 uCT Model's Results

A Regular Kevlar open-mesh TBC with 48 yarns and a 20 mm mandrel was scanned by pCT for
this research. The braid angle and the yarn width of this TBC were measured using the image taken
by a digital camera (Nikon Digital Camera D3500 with AF-P NIKKOR 18-55 mm 1:3.5-5.6G
lens). The taken image is shown in Figure 4-5 a). 10 yarns were selected to measure yarn width
and braid angle. The average value of these measurements was 0.88 mm and 40.53°, respectively.
The setting of this scan is tabulated in Table 4-1. The pixel size of the obtained images in this scan
was 10.88 um. The 3D model of the scanned TBC was generated using the 3D Slicer software,
and its results are shown in Figure 4-5 b). This Figure includes both the scanned TBC and the
mandrel. The mandrel has been segmented and displayed with a different colour. Next, the mandrel

is removed, and the TBC is shown in Figure 4-5 c).
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Table 4-1 The setting of the uCT scan

uCT parameters Value
Image pixel size 10.88 um
Source Voltage 55 kV
Source Current 166 uA
Number of scanned Images 1533
Exposure 1876 ms
Rotation step 0.1°
Rotation angle 180°
Frame Averaging 4
Duration 4 hours and 35 minutes
Mandrel

Open-mesh

@)

Figure 4-5 a) The actual open-mesh TBC with mandrel, b) the uCT scanned TBC with mandrel, c) the scanned TBC without the
mandrel.

The 2D cross-sectional images were imported into MATLAB software packages, and the
segmentation algorithm was applied. The results of the segmented images are shown in Figure 4-5
a). In this figure, the single yarns and their parameters (center point, major and minor diameter,
area, and orientation) are detected. Sometimes, the yarns interfere, and the previous separating
method is applied. Figure 4-6 shows the separation of the two overlapping yarns. The newly
separated yarns are analyzed again, and their properties are extracted. The segmentation process
of uCT cross sections is more challenging than the simulated geometrical model. One reason is

the flexible nature of TBCs, making them move around and be distorted easily. Also, since the
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scanned TBC was not cured, the yarns could move freely during the scan and cutting, which makes

the yarns less stable.

Figure 4-6 The results of the uCT scan. The detected boundaries and the single yarn detected and the parameters extracted. Also,
interfering yarns, including two yarns, are detected, and the yarns are separated. a: major diameter, b: minor diameter,
o:orientation

In some cases, more than two yarns interfere, making the segmentation process more challenging.

Because of these issues, separating more than two interfering yarns is impossible with the current

segmentation algorithm.

One of the TBCs was segmented manually, as shown in Figure 4-7. After the yarn is segmented in
the entire stack of images, the center points of these two yarns and their other properties are
extracted using a similar segmentation algorithm. Finally, their point is connected, and the yarn

paths are generated and plotted.
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X (mm)

Figure 4-7 One of the extracted yarns out of the scanned TBC

4.5 Conclusion

The segmentation of the TBC yarns is challenging, but it is helpful to understand the behaviour of
TBCs and study them more in-depth. This study is the initiation of the segmentation process. The
algorithm proposed in this paper can detect the yarns' boundaries within the TBC cross-section.
First, a sample geometrical model was created using the TBC-Gen program and the SolidWorks
software. Then some 2D cross-sectional images were extracted from the model and imported into
MATLAB. The boundaries of the yarns were detected, and their properties, including the center
points, the major and minor diameters, orientation, and area, were extracted. Next, the average
cross-section area of yarns was calculated, and if the area of the boundary was more than that
average, it was recognized as the overlapping yarn with more than one yarn. Then, a line crossed
from the center point, separating the two overlapping yarns. Next, the properties of the newly

segmented yarns were extracted.

To form the yarn path, the extracted center yarns must be connected. However, since the order of

the detected center points was not similar in all of the 2D images, another algorithm was designed
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to match the yarns in different cross-sections. This algorithm worked based on calculating the

distance of the yarn compared to all of the other yarn centers in the following image.

A uCT test was done on a TBC, and an actual model was created. First, the segmentation algorithm
was applied to the uCT model, and the properties of the single yarns were extracted. The algorithm
successfully separated the overlapping yarns consisting of two yarns. However, because of the
complex nature of TBCs, the algorithm could not separate boundaries comprised of more than two
yarns. Then, two yarns were segmented manually, and their properties were extracted using the

algorithm. Finally, the yarn paths were plotted and shown in this paper.

While this work is the initial step for segmenting the yarns, the preliminary results show excellent
potential for improving this algorithm to automatize it and make it more robust. Furthermore, other
image processing techniques, such as machine learning and artificial intelligence, might be useful
in improving the segmentation of yarns. Finally, this algorithm can be helpful in different
industries, including medical devices such as Stents and Catheters, because open mesh TBCs are

used for them.
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Chapter 5. Studying the Geometrical Models of Tubular Braided
Composite Using Micro-Computed Tomography and Particle Swarm
Optimization
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Nomenclature

Xeew coordination of counter-clockwise yarn paths in the X
direction
Yeew coordination of counter-clockwise yarn paths in the Y
direction
Zcew coordination of counter-clockwise yarn paths in the Z
direction
Xew coordination of clockwise yarn paths in the X direction
Yow coordination of clockwise yarn paths in the Y direction
Zew coordination of clockwise yarn paths in the Z direction
R the radius of the helix
@ the winding angle of the TBC helix
0 braid angle measured relative to the braid longitudinal
axis
X0 the offset of the mandrel's centre in the X direction
Yo the offset of the mandrel's centre in the Y direction
Z0 the offset of the mandrel's centre in the Z direction
S(p) crimp path

n number of yarns moving in one direction

N total number of yarns

i the counter between 1 to n/2

W shift angle of the TBC helix

o parameter vector of the geometrical model
Py(o) yarn path of the geometrical model
vk speed of particles
Xk position of particles
k counter of repetition
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pbest¥ the most optimal position of the particle i

gbest” the most optimal position of the swarm
Cy Speed controlling variable
C, Speed controlling variable
n Random numbers for PSO (between 0 and 1)
T, Random numbers for PSO (between 0 and 1)
B Rotation angle
Abstract:

This paper compares the geometrical model of a 2DTBC with its actual model generated by the
Micro-Computed Tomography (LCT) method. First, the geometrical models' equations are edited
to simulate the manufacturing process more accurately, and the equations are incorporated into the
TBC-Gen program. Then, a uCT scan is done on a cured carbon fiber TBC, and 2D and 3D models
are created. Next, two yarns of the scanned models are extracted and modelled. The segmented
yarns are analyzed, and their geometrical data, including cross-section area, major and minor yarn
diameters, orientation, mandrel diameter, portion angle and centre points, are extracted. Next, a
yarn path simulating the scanned yarn is generated using the TBC-Gen and the extracted
parameters. Then, the generated geometrical model is compared with the uCT model. A parameter
named portion angle is introduced to help the geometrical model better fit the uCT model. Finally,
Particle Swarm Optimization (PSO) is used to optimize the rotation angle. The result of the fitting
algorithm shows the accuracy of the geometrical model (less than 1% error) to simulate actual
TBC. Understanding the amount of error between a geometrical model and the actual model will
help to evaluate the application of geometrical models more thoroughly. Also, the more accurate
geometrical model will contribute less error to the FEM simulation. The quantitative comparison
between these two models can give a clear understanding of the amount of error existing in the

geometrical model compared to an accurate model generated by pCT.
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5.1 Introduction

Composite materials play an essential role in today's industry. The usage of composite materials
ranges from aerospace to sport, marine to medical equipment, and home construction to the
automobile industry [1], [2]. Furthermore, they are also used in disruptive industries because of
the advanced features of composite materials, such as low weight, better corrosion resistance,
higher strength and fatigue strength [3]. For example, as the automobile industry is shifting from
an internal combustion engine (ICE) to an electrical vehicle (EV), composite materials are

essential for reducing the weight of the vehicle and increasing the driving range [4].

Braided composites are a class of woven composite materials which consist of long fibers
impregnated by a matrix. Because of the interwoven structure of the braided composites, they
provide higher toughness compared to unidirectional laminate composites. On the other hand,
because of the undulation of the yarns in braided composite, they show less stiffness than laminated
composite [1]. Therefore, one of the essential steps for analyzing the behaviour of these materials

and making simulation models is developing geometrical models.

Braids are described as two-dimensional (2D) or three-dimensional (3D) fabrics with even thread
density and a closed fabric look, whose braiding threads cross one another in a diagonal direction
to their edges, according to the German Industry Standard Din 60,000 [1]. In the 2D braids, the
yarns are only woven in mandrel directions. However, in the 3D braids, another set of yarn is

added in the through-thickness direction [5]. The 2D braids are manufactured with different
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patterns. Diamond, Regular, and Hercules are different patterns of 2D braids. In the Diamond
pattern, the yarn is above the other yarn in a different direction and goes under the next one (the
pattern is one by one). In the Regular pattern, the yarn moves on top of two yarns in the other
direction and goes under the next two ones (the pattern is two by two). Finally, in the Hercules
pattern, the yarn moves above three yarns in the other direction and goes under the following three
yarns (the pattern is three by three). The shapes of these patterns are shown in Figure 5-1. Also,
the angle between the axis of the mandrel and the yarns is known as the braid angle. The Regular
pattern is the most common braid configuration among these three patterns because of its better

mechanical properties.

Figure 5-1 Different patterns of TBC a) Diamond, b) Regular, and c) Hercules

Rawal et al. [6] developed a geometrical model for three types of TBCs (Diamond, Regular, and
Hercules). These models were able to fit cylindrical and conical mandrels. Alpyildiz [7] proposed
a 3D model for Diamond and Regular 2D braids and Regular triaxial patterns. Kyosov [8]
developed a geometrical model for a Regular tubular braided composite in which the direction of
ridges was parallel to the axis of the TBC. Ning et al. [9] proposed a geometrical model based on
a different mathematical model compared to the previous works. This paper uses the rose curve to
develop the geometrical model. He et al. [10] proposed two methods for developing a rope model

bent over a sheave. The first one is based on the mathematical method, where mathematical
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equations generate the yarn paths. The second method is developed based on braiding movement,
and intersecting helical surfaces create the model by braiding surfaces. The accuracy of these

models was not studied, and no error analysis against the actual model has been done.

These geometrical models can be used to provide the input model in simulation methods. Gholami
and Melenka [11] developed a Finite Element Model (FEM) based on the geometrical model and
compared the results with analytical and experimental results. Different sources of error contribute
to the simulation models' accuracy. One of the primary sources of error is the imported geometrical
model. If the imported model is more similar to the actual model, the FEM results would be more
similar to the reality. One method for obtaining an actual geometrical model is using the uCT
technique. Also, UCT has been used in different research to study braided composite materials in

detail [12]-[14].

Li et al. [15] analyzed the shear fracture of 3D braided composites using uCT and compared the
results with a developed FEM. In this research, several failure modes were categorized, and it was
concluded that each failure mode depends on the geometry and structure of the braided composite.
Wau et al. [16] compared the mechanical properties of two braided composite materials reinforced
by aramid and carbon fiber. They used uCT to obtain the results of the tests and then compared
them. The effect of the reinforced material on the resulting failure modes was also studied using
the uCT. Gu et al.[17] studied the impact of braid angle on the damage and failure mechanism of
2D TBC by having a torsion experiment. The 3D Digital Image Correlation (DIC) records
progressive torsional strain and crack propagation. Also, uCT measures the volume of damages
and the torsional damage morphologies. Liu et al. [18] analyzed a 3D five-directional braided
composite using uCT. A Representative Volume Element (RVE) was generated statistically by

analyzing uCT data. The simulated model was fitted to the reference model to validate the ability
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of the generated model to capture appropriate compaction and torsion of yarns. Wu et al. [19]
examined the impact of axial yarns on the damage behaviour of 2D TBC. The combination of
Infrared thermography and UCT was used in this research. One method for comparing the
geometrical and uCT models is developing an inverse problem and minimizing the Mean Square
Error (MSE) between the models. In all of these studies, the geometrical models have not been
fitted to the models created by uCT. Therefore, the accuracy of the currently available models has

not been studied.

An inverse problem is a problem that analyzes the current observation to extract the parameters of
the data. Depending on the nature of the problem, there may not be a unique solution for the
problem. Different algorithms are used to solve an inverse problem. Tam et al. [20] used a
combination of Genetic Algorithms (GA), Ant Colony Optimization (ACO), and PSO to extract
the natural frequency of composite materials. Combining these algorithms eliminates each
algorithm'’s disadvantages and takes advantage of each algorithm. Jiangiao et al. [21] used PSO
and FEM to optimize the design of a pressure vessel made of composite structures. The proposed
method provided good stability and efficiency in solving probabilistic optimization designs.
Gholami et al. [22] solved an inverse problem to extract the parameters of ultrasonic waves. They
used Particle Swarm Optimization (PSO) and Levenberg-Marquardt (LM) to solve the objective

function.

In this paper, a generalized geometrical model is presented for 2D TBC. This generalized
geometrical model can be shifted in X, Y, and Z directions. Also, a closed-mesh TBC will be
scanned by uCT, and their yarns will be identified and segmented through image segmentation.
Different image processing techniques are used to extract some of the parameters of the scanned

MCT model and the extracted yarns. A new parameter (rotation angle) is defined to fine-tune the
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fitted model's accuracy. An inverse problem is designed to do that, and an objective function is
defined between the extracted yarn path and a geometrical model. PSO algorithm is used to solve
the designed objective function. The parameter that resulted in the minimum MSE is the global

solution of the objective function.

An accurate geometrical model created by mathematical equations is essential for creating a
precise FEM simulation model. The better the geometrical model presents the actual model (a
model made out of uCT scan, for example), the less error is incorporated into the simulation FEM.
Also, creating a geometrical model is less expensive and less time-consuming compared to
creating an actual model through actual tests like micro-computed tomography. The capital cost
of purchasing a LCT machine or renting one for the scan is substantially high. Also, because of
the high resolution required, a large amount of data is captured after any scan, which causes high

storage, computational, and time costs [23].

However, the amount of error in the geometrical model is unknown, and researchers do not know
how much error it contributes to the model. Also, the acceptable error between the geometrical
and actual models is unknown. In this research, a quantitative study is done on the geometrical
model for TBC, and the errors between an actual model and a geometrical model with similar
geometrical properties are compared. This process is done on a 2D TBC. However, it can be

extended to 3D braided composites or other types of composite materials.

5.2 Method

5.2.1 Geometrical Model of TBC
The geometrical models for TBCs combine a helix curve and a crimp path. The Helix curve is

similar for all three yarn patterns (Diamond, Regular, and Hercules); however, the crimp path
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changes based on the pattern of the TBC. The details of a helix curve and crimp paths for different
patterns are presented in the appendix of the author’s recent publication [24]. Each TBC consists
of two sets of yarns, one clockwise and one counter-clockwise. The equations of clockwise and

counter-clockwise yarn paths are shown in Equation 5-1 and Equation 5-2.

Xcew = R cosgp + X0

Yeew = R sing +Y0 Equation 5-1
Zeew =R (PCOte + Z0
v Ry Equation 5-2

Yoo = —R sing + Y0
Z.y = Repcotf + Z0
where X ., Yeew, and Z..,, are coordination of counter-clockwise yarn paths, and X,,,, Y.,,, and
Z ., are coordination of clockwise yarn paths. R is the radius of the helix, ¢ is the winding angle,
and @ is the helix angle (braid angle). X0, Y0, and Z0 are offset of the mandrel's centre in X, Y

and Z directions, respectively.

A sample clockwise and a counter-clockwise helix path are shown in Figure 5-2. In these samples,

the0 < ¢ < 2%, R =10mm, 8 = 45°, X0 =4mm, YO = 3mm, and Z0 = 5mm.

—— CCW helix
100 —— CW helix
N 50
0
10 gl
5 __— 10
0 . 0
Y -10 X

Figure 5-2 One clockwise (red) and one counter-clockwise (blue) sample Helix curve.
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One important feature to consider in designing the geometrical model is the correct direction of
the ridges. As discussed in [8], the correct direction of the ridges should be parallel to the axis of
the TBC. However, in some of the publications [6], [7], the direction of the axis is assumed to be
perpendicular to the axis. Therefore, to generate the corrected Regular pattern's path, two types of
yarns in each direction (clockwise and counter-clockwise) need to be defined, which are shown in

Equation 5-3 — Equation 5-6. The perpendicular and parallel axis of the ridges are shown in Figure

5-3.

Xewii = (R + Scwi(@)) cos(p + (i = 1) X 20) + X, i=12..n/2 Equation 5.3
Yowii = (R + Scwa (@) sin(p + (i — 1) X 2w) + Yo i=12..n/2

Zew1i = Rp cotf + Z, i=12..n/2

Xewzi = (R + Sewa(9)) clos(q) + (Z'i - 1) xw)+ X, l =12..n/2 Equation 54
Yewai = (R + Scwz((p)) sin(p + Qi —1) X w) + Y, i=12..n/2

Zew2i = Ro cotf + Zy i=1,2 n/Z

Xeewti = (R + Sccwl(qo)) cos(p + (i —1) X 2w) + X, i=12..n/2 Equation 5.5
chwli = _(R + Sccwl((p)) Sin(<ﬂ + (i - 1) X 20.)) + YO i = 1;2 n/Z q

Zeewri = Ro cotf + Zy i=1,2 n/Z

Xeewzi = (R + Seewz(@)) cos(g + (2i — 1) X w) + X, i=12..1n/2 Eouation 5.6
Yeewzi = _(R + Sccwz((p)) sinfp+ 2i—-1)xw) +Y, i=12..n/2 q

Zeewzi = Rpcotf + 7 i=12..n/2
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Figure 5-3 The ridges' direction compared to the TBC's axis. a) the ridges perpendicular to the TBC’s axis, b) the ridges parallel
to the TBC’s axis [8]

where S(¢) is the crimp path, n is the number of yarns moving in one direction, and N is the total
number of yarns in the TBC (i.e. n = N/2), i is a counter between 1 to n/2, w is the shift angle
which is calculated as the angle between every two strands (i.e., w =2n/n). The two differences
between X;, Y1, Z; and X,, Y,, Z, are the value of S(¢) and the initial angle, defined by a portion
of the w. There would be four S(¢) equations. Two for clockwise and two for counter-clockwise.
The difference between S; (@) and S, (¢) is the order of parametric equations, which makes them
half a period apart. While the S;(¢) starts from its minimum value, the S,(¢) starts from its
maximum. This half-period shift will make the ridges of the TBC parallel to the axis. The
clockwise and counter-clockwise equations for S; (¢) and S,(¢) are shown in Equation 5-7 to

Equation 5-10.

-r ;0<¢;<8/2
N(pj T
in— + = ;0/2<¢@; <0 .
Sewt(9;) = rsm( 2 +2) 0/2= 9, Equation 5-7
ewil¥J r ;0 <@ <360/2
No;, w
—rsin<%+z) ;30/2 < @; <26
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r ;0<¢@;<6/2

N(p] [
—rsin | —L 4+ — ;0/2< ;<0 .
Sunl(0)) = rSln( >t 2) 2= ¢ Equation 5-8
w2\ P —r ;0 < @; <36/2
No:
rsin(ﬁJrE) ;30/2 < ;<20
2 2
Ny, m
rsin(—(pj+—> ;0<¢@;<6/2
2 2
- : < ; .
Seos(9)) = r 0/2= ;<0 Equation 5-9
cewi\@j) = ) N(p}. T . )
—rsin|—+= ;0 < ¢@;<36/2
2 2
r ;30/2 < ¢; <20
No:
—rsin(—;pj+g) ;0<¢@;<8/2
r ;0/2<¢9; <6 Equation 5-10
Sccwz(‘l’j) = _(Ne; n ! |
rsm<T+§> 0= ¢;<30/2
—r ;39/2S(P]‘<29

All the equations represented above are incorporated into a program in MATLAB (R2022b The
MathWorks Inc, Natick, Ma, USA) software package named TBC-Gen. This program can generate

the yarn path for all three patterns: Diamond, Regular, and Hercules [25].

Two Regular TBCs with similar input parameters are created and shown in Figure 5-4, where the
counter-clockwise yarns are coloured red, and the clockwise yarns are blue. Figure 5-4 a) illustrates
the geometrical model with ridges perpendicular to the axis. As shown in Figure 5-4 a), all the
counter-clockwise yarns are located inside, and all the clockwise yarns are outside. However,
Figure 5-4 b) shows the result of the TBC-Gen in which a Regular TBC with similar geometrical
variables as the TBC shown in Figure 5-4 a) is generated. In this figure, the direction of the ridge
is parallel to the axis. Therefore, the clockwise and counter-clockwise yarns in the cross-section

images change their inner and outer positions, respectively.

A carbon-fiber Regular TBC with 52 yarns, 45degrees braid angle, and 1.52 mm yarn width is

scanned by mu cap C cap T, and the generated cross-section image is shown in Figure 5-4 ¢). In
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this actual model generated based on uCT, the location of clockwise and counter-clockwise change
in and out, respectively. This pattern is similar to the pattern seen in Figure 5-4 b) generated by

TBC-Gen, in which the direction of the ridge is parallel to the mandrel.

Figure 5-4 Regular TBCs cross-section (red: counter-clockwise, blue: clockwise) a) geometrical model where ridges direction is
perpendicular to the axis of the mandrel, b)geometrical model created by TBC-Gen where ridges direction is parallel to the
mandrel axis, and c) The cross-section of a uCT Regular TBC with 52 yarns, 45° braid angle, 1.52 mm yarn diam

5.2.2 Micro-Computerized Tomography (LCT)

uCT is a non-destructive testing method that can generate high-resolution 3-D models. The
fundamentals of uCT are like clinical CT used for body analysis[26]. However, the size of the
samples is smaller, and their resolution is in the range of 20-50 um. Because of the high resolution
of the obtained images, the detailed behaviour of the sample can be captured. Therefore, one of
the advantages of uCT is taking dynamic images from samples under thermal or mechanical forces

[27].

In uCT tests, the sample is placed between the X-ray source and the X-ray detector [28]. As a
result, the sample will attenuate part of the X-ray sent to the detector. The X-ray's attenuation
depends on the sample's density and thickness. In other words, the denser the sample, the more X-
ray attenuation. Therefore, fewer X-rays will pass to the detector, making the relevant section of

the recorded image darker. In the uCT test, the sample holder can turn with a predefined step size
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and be moved vertically to scan different sample sections. The images are then imported into an
image processing software to create the cross-sectional images alongside a 3-D model of the

scanned sample. The schematic of the uCT test is shown in Figure 5-5.

X-ray detector

The test sample is rotated
around its axis to be scanned.

X-ray cone beam

b

X-ray source

Test sample

Maniplllator Sample’s 2D image
Sample axis L]

Figure 5-5 The fundamental schematic of the micro-CT test used for scanning the tubular braided composite [26]

This study scans the TBC samples using a desktop UCT scanner (SkyScan 1272, Bruker-MicroCT,
Kontich, Belgium). The quality of the obtained images depends on the voltage, current and other
variables used for testing the sample [29]. These parameters vary from sample to sample and are
selected according to the settings, providing the best contrast between the different internal
sections of the sample. The quality of the images can be increased by using other image processing
techniques. However, the best practice for improving the quality of the final result is selecting the
optimum parameters for that specific setting. The optimal parameters for scanning a closed-mesh
Carbon fiber TBC with 52 yarns, 1 inch (25.4 mm) mandrel diameter, and 45degrees braid angle

are tabulated in Table 5-1.
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Table 5-1 The uCT setting of the open mesh TBC

uCT parameters Value (closed-mesh TBC)
Image pixel size 10.88 um
Source Voltage 55 kV
Source Current 166 uA
Number of scanned Images 1541
Exposure 1876 ms
Rotation step 0.1°
Rotation angle 180°
Frame Averaging 4
Duration 4 hours and 35 minutes

An example original uCT image of a TBC sample is shown in Figure 5-6 a). These images are
imported into NRECON software (NRECON 1.7.1.0, Bruker, Belgium) to reconstruct the cross-
sectional images similar to Figure 5-6 b). The cross-section image shown in Figure 5-6 b) includes
noises that can be filtered using ImageJ software (National Institutes of Health, USA). Also, by
binarizing these images, the analysis of them would be more straightforward. The threshold setting
was used to obtain braid yarn cross-sections, and the used limit was between 38 and 87. The
MATLAB software package was used to create the histogram curve and select the limits for the
best presentation. The obtained histogram curve and the selected limit are shown in Figure 5-7.
Despeckle technigues are also used to remove some of the noise. The final cross-sectional image
is shown in Figure 5-6 ¢). The 3D model of the scanned TBC is also shown in Figure 5-6 d), and

it is created using CTAnN software (Bruker- MicroCT, Kontich, Belgium).
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Figure 5-6 The scanned carbon-fiber TBC by pUCT a) the original obtained uCT image from the tested TBC, b) the binarized
cross-section of uCT scan, c) the original cross-section of uCT scan, and d) the 3D model generated using £CT images
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Figure 5-7 The histogram curve of the scanned cross-sectional image and the selected threshold

After applying the image processing techniques to the raw images from the uCT scan, they can be

imported into the MATLAB software package to apply more image processing techniques.
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However, because the cross-section of yarns intervenes, it would be difficult for the algorithm to
segment all the yarns automatically. Due to these challenges, two yarns of the TBC have been
extracted manually and inputted into the MATLAB software package. Figure 5-8 a) shows the
inputted image. MATLAB's "bwboundaries” function can detect the boundary, centre, area, major
and minor diameters, and the orientation of the boundary alongside other features of the detected
boundary. The detected boundary and its centre point are shown in Figure 5-8 b). The algorithm
fits an ellipse into the boundary; based on this, it reports the features. Figure 5-8 ¢) shows the fitted

ellipse and the reported major and minor diameters.

Detected Boundary

Fitted Ellipse
Center Point

Figure 5-8 The yarn cross-section of the uCT scanned TBC a) segmented single yarn, b) segmented single yarn and detected
boundary and centroid, and c) the fitted ellipse and minor and major diameters.

These features of the boundaries will make the quantitative analysis of uCT possible. Collecting
all of the centre points of the yarn cross-sections will generate the yarn path of the specific yarn.
In the next section, the extracted centre points are plotted and compared against the existing
geometrical to evaluate the accuracy of the geometrical models proposed for modelling the TBC
yarn path. Also, the measured area of yarns can be used to estimate the average yarn area. Finally,
the yarn cross-section can be used to calculate the equivalent diameter for the geometrical model

to generate the same cross-section area.
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5.2.3 Inverse problem

5.2.3.1 Fundamental of Inverse Problem

An inverse problem can be designed to fit a geometrical model into the uCT model. An objective
function needs to be developed to solve an inverse problem. The objective function is the mean
square error between the geometrical model and the experimental results (the pCT results). The

objective function for the problem discussed in this paper is shown in Equation 5-11.

o = arg(o) min”Pg(,,) - PHCT”2 Equation 5-11

where g is the parameter vector of the geometrical model, P, is the yarn path of the geometrical
model that fits the experimental results, and P, cr is the experimental yarn path obtained from the

uCT scan. The parameter vector (o), which minimizes this objective function, solves the inverse

problem.

Different algorithms can be used for solving the inverse problem, and their selection of them
depends on the nature of the inverse problem. This paper uses the PSO algorithm to fit the

simulation yarn path.

5.2.3.2 Particle Swarm Optimization (PSO) Algorithm

Kennedy and Eberhart's Particle Swarm Optimization (PSO) [30] approach uses stochastic
populations for optimization. It has effectively solved various issues, including pattern
categorization, function optimization, and training artificial neural networks [31]. PSO is a
heuristic global optimization technique and a swarm intelligence-based optimization algorithm. In
contrast to evolutionary algorithms, which use a selection stage where some elements are picked
to continue to the next iteration while the others are dropped, PSO does not employ selection.

Instead, all population members remain alive from the start of a trial until the finish. In PSO, the
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best particle from the previous generation always replaces the poorest particle of the prior
generation. Accordingly, when the algorithm develops, better outcomes are obtained. Its key
benefits are the simplicity of this algorithm's implementation and the requirement for only a small

number of starting particles. The flowchart of the PSO algorithm is shown in Figure 5-9.

Startin R Evaluate the Save individual and
& fitness function global optimum value
A
No Are the optimization Update the rate and
criteria met? position
Yes
A4

Optimal solution

Figure 5-9 The workflow of the PSO algorithm

In PSO, every particle is defined by its current position and speed alongside the most optimal
position of each individual and the most optimal position of the surroundings. The speed and

position of particles change based on Equation 5-12:

vt = vF + ¢ rf(pbest! — XF) + €5 (gbestk — X})
Equation 5-12
Xkt = xk 4 phtt
L L L

where v¥ and X} are d-dimensional speed and position of the particle i at its kth iteration and,
pbest¥ and gbest* designate the most optimal position of the particle i and the most optimal
position of the swarm, respectively. C; and C, control the speed of the flying particle and are

usually setto 2, and r; and r, are random numbers between 0 and 1.

5.2.4 The Flowchart of This Research
This inverse problem will help analyze the efficiency of the geometrical model quantitatively and

better understand the accuracy of the geometrical model that might be used for simulation and
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Finite Element Analysis of the TBC. The flow chart of the algorithms used in this paper is shown

in Figure 5-10.

Extracting parameters
from cross-sections

uCT scan 3D and 2D models

L Extracting parameters L Inverse problem

from segmented yarns (PSO) IR

Figure 5-10 The flow chart of the used algorithm

5.3 Results and Discussion

5.3.1 Segmenting Yarns Out of uCT Scanned TBC

Two yarns in different positions are extracted manually from the scanned carbon fiber TBC (one
clockwise and one counter-clockwise). The extracted yarns are created by identifying the cross-
section of yarns through all of the cross-sections. The selected extracted yarns are shown and
highlighted in Figure 5-11 with blue (counter-clockwise) and red (clockwise). After extracting
these yarns manually, they are imported into MATLAB software for analysis to extract yarns'
boundaries and other properties. One of the extracted parameters is the center points, which are
connected and plotted in Figure 5-12. Figure 5-12 a) shows the 3D model of the extracted yarns,

and Figure 5-12 b) shows the 2D (X-Y) view of the same yarns.
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5 mm

Figure 5-11 Cross-section of a Regular cured TBC with two annotated extracted yarns: 1) the counter-clockwise yarn and 2) the
clockwise yarn
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Figure 5-12 Two extracted yarn paths of the scanned TBC. Yarn 1 (counter-clockwise) and Yarn 2 (clockwise). a) yarns in 3D
view, and b) in 2-d view (top view)

5.3.2 Extracting Parameters of Scanned TBC

Different algorithms extract the parameters of the scanned and segmented yarns. One of the most
critical parameters is the diameter of the mandrel. The scanned image's cross-section is used to
extract the mandrel diameter. The complete cross-section is shown in Figure 5-13 a). The threshold
of the image has been modified to increase the contrast between the yarns and the background.
The filled function fills the image regions and holes in the cross-section in the next step. Figure

5-13 b) shows the result of the filled function. Next, the ‘Edge’ image algorithm detects the yarns'
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overall boundaries and skips the yarns' inner side. The result of the ‘Edge’ image algorithm is
shown in Figure 5-13 c). Finally, a circle with the minimum possible diameter is fitted to the data
of the proceed image, and the diameter of the fitted image is reported. The final fitted circle to the
cross-section image is shown in Figure 5-13 d). This process is repeated for the other 14 cross-
sections. The distance between every two cross-sections was 2.5 mm. Four of the fitted circles in
the cross-section images are shown in Figure 5-13 f) - h). The 3D model of the extracted yarn and
the location of the sample cross-sections are also shown in Figure 5-14. The average diameter of
the mandrel measured out of 14 images, and the relevant standard deviations are 25.63 + 0.066

mm.

a)

\
-
10 mm

Z=0mm Z=5mm

Figure 5-13 Extracting the mandrel's diameter. a) the threshold cross-section, b) the filled cross-section image, c) the ‘Edge’
cross-section image, d) the fitted circle to the cross-section image of the TBC, e) the fitted circle to the cross-section at Z=0, f)
the fitter circle to the cross-section at Z=2.5 mm, g) the fitter circle to the cross-section at Z =5 mm, h) the fitter circle to the
cross-section at Z=7.5 mm
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Figure 5-14 Four sample cross-sections of the scanned TBC.

The minimum diameter of the segmented yarns can be extracted using the algorithm shown in
Figure 5-8. All cross-section images of the single yarn were scanned and measured. The average
minimum diameter of the ellipse covering the extracted yarn was 0.42 mm, and the variation was
0.0013. The number of yarns was 52. The braid angle was extracted by measuring the line angle
connecting the yarn path's first and last points with the axis of the TBC. The braid angle of the
segmented yarn 1 was 47.64°, which is shown in Figure 5-15 a). The portion angle (the angle
between the start and end point of the yarn in the top view) of the segmented yarn one is measured
in the X-Y view and shown in Figure 5-15 b). The braid angle of yarn 2 was 52.11°, as shown in
Figure 5-15 c). Finally, the portion angle of yarn 2 was 70.38°, shown in Figure 5-15 d). There is
around a 10% difference in the braid angle of yarn 1 and yarn 2. One reason for that is the flexible
nature of the TBC and the fact that usually, the yarns are not in their ideal shape, and they change
slightly. Also, the locations of yarn 1 and yarn 2 in the TBC are different when measured from a

fixed plane (X-Z plane). Therefore, it adds another source of error to the measurement.
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Figure 5-15 a) Measuring the braid angle of yarn 1, b) measuring the portion angle of yarn 1, ¢) Measuring the braid angle of
yarn 2, d) measuring the portion angle of yarn 2

Having these extracted parameters and considering the regular pattern of the TBC, one can design
the geometrical model of the yarn using the TBC-Gen program. The designed and segmented yarns
are overlayed and shown in Figure 5-16. In Figure 5-16 a), the designed yarn is for a complete
360° yarn path, and it has not been cut for the angle portion. Two green lines were drawn from the
center of the mandrel to the beginning and the end of the uCT yarn path. Then, the geometrical
yarn was burned from its intersection by the green lines. The section of the geometrical yarn
between the lines is kept, and the rest of the yarn path is removed. The result of the removed
section is shown in Figure 5-16 b). As shown in Figure 5-16 b), the designed geometrical model
does not fit the uCT yarn path well. The MSE between the two models is 14.47%. The MSE value

alongside the yarn is calculated at each point using Equation 5-13:

Equation 5-13
MSEpoint = (Ysimutation — YuCT)2 q

109



The MSE,,n: Values are plotted in Figure 5-16 c). Considering the shape of the yarns in Figure
5-16 b) and the wave shape of the MSE in Figure 5-16 c), it is seen that there is a phase difference
between the geometrical and uCT models. When the uCT model is in the highest period, the
geometrical model is in the lowest. The geometrical model is rotated around the mandrel center
([0 0]) to solve this problem. A new parameter as rotation parameter () is defined in the algorithm

to define the degree of rotation for the geometrical model.
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Figure 5-16 The geometrically designed yarn path and the micro-CT yarn path. a) complete geometrical model (red) and uCT
yarn 1(blue), b) sectioned geometrical model according to the portion angle (red) and the uCT yarn 1 (blue), c) the value of the
MSE alongside the yarn path

Particle Swarm Optimization (PSO) is used for optimizing the 3. An objective function between
the geometrical model and the uCT model was created to perform this analysis, and it is shown in
Equation 5-14.

B = arg(B) min||Ss — Sucr |’ Equation 5-14

where S, 7 is the uCT model and Sg is the geometrical model, including the rotation parameter 3
that minimizes Equation (14) reveals the best fit between the two models. This objective function
is incorporated into the PSO algorithm. After running the optimization algorithms, the § = 16.58°,
shows the minimum MSE between two yarn paths (MSE,,,;,, = 0.86%). The resulting yarn paths
are shown in Figure 5-17. Figure 5-17 a) shows the complete geometrical model with § = 16.58°
and the uCT yarn paths. Figure 5-17 b) shows the segmented rotated geometrical model and the

MCT yarn. Figure 5-17 ¢) shows the MSE between two yarn paths.
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Figure 5-17 Fitted geometrical model to the pCT yarn 1 by optimizing the § parameter. a) complete geometrical model with
optimized S parameter (red) and uCT yarn 1(blue), b) sectioned geometrical model according to the portion angle and optimized
B parameter (red) and the uCT yarn 1 (blue), c) the value of the MSE between the geometrical model with optimized g parameter

and the uCT yarn 1.

5.3.3 Discussion

By introducing the rotation angle parameter (£) and optimizing it, the MSE between the simulation
yarn path and the uCT yarn path was about 17 times less than the MSE between the simulation
yarn path without g and the uCT yarn path. This significant reduction in MSE is shown in Figure
5-18 where both MSE curves are plotted together. S increased the likelihood of the simulation

model with the uCT model and provided a better fit.
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Figure 5-18 Comparing the MSE curve of the yarn path with § = 0° (the blue dashed curve) and the yarn path with 8 = 16.58°
(the black solid curve)

This study evaluated the accuracy of the TBC geometrical model. However, this method can
evaluate other composite materials such as textiles and 3D. Since textile composite materials yarns

do not have tubular shape curvature, their analysis is expected to be less complicated. Also, the
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segmentation method could be improved by automating the process. The main challenge with
segmentation is recognizing the yarn cross-sections because they usually interfere with each other.
This interference is mainly because the yarns are under pressure in manufacturing. One solution
for solving this issue is changing the material of one of the yarns. For example, some copper yarns
can be used in carbon fiber composite material. In this case, the carbon fiber yarns can be removed
by changing the threshold of the uCT images, and only cupper yarns will remain, and they can be

analyzed automatically.

Another method for automating the segmentation process is developing an Artificial Intelligent
method for recognizing the yarns. Automating the segmentation process without changing the
manufacturing process will expedite the analysis steps and help evaluate all of the yarns of the

TBC.

In this paper, only the 2D Regular pattern TBC was examined. Other patterns can be scanned and
analyzed too. Also, a significant study has been done in the uCT scan of 3D braided composites
[32]-[34]. The geometrical model of the 3D models can be fitted into these models too. Therefore,

the accuracy of those models can be studied too.

5.4 Conclusion

This paper presents the algorithm for generating a geometrical model for Regular TBC with ridges
parallel to the axis. The presented model can move in X, Y, and Z directions, making it more
versatile than other existing models. Furthermore, the algorithms were incorporated into a
computerized program called TBC-Gen, enabling users to generate the path of the yarn without

deep knowledge of braiding model algorithms.
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[1]

A uCT scan of a cured Carbon fiber TBC was performed, and two yarns were extracted manually.
Different image processing algorithms were applied to extract the properties of the extracted yarns.
A geometrical model was generated and compared with the uCT model using the extracted
properties. To improve the fitness of the geometrical and uCT model, a rotation angle () was
introduced to the algorithm, and the PSO algorithm was used to optimize the value of . After
introducing the B8 parameter and optimizing it, the MSE between the geometrical model and the

MCT models was reduced to 0.86%.

The minor error (less than 1%) between the geometrical and uCT models shows that the developed
geometrical model can provide acceptable results for simulating TBCs. A more accurate
geometrical model will help to use this model for other analyses like FEM more confidently. This
study shows a quantitative comparison between a TBC geometrical model and a uCT model. This
quantitative comparison will help the researchers better evaluate the geometrical model's accuracy.
A simulation model based on both geometrical and uCT models needs to be done to study the error

of the geometrical model more thoroughly, and the output results need to be compared.
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Chapter 6. Finite Element Analysis Of 2-D Tubular Braided
Composite Based on Geometrical Models to Study

Mechanical Performances

A version of this Chapter was published as:

Gholami, Ali, and Garrett W. Melenka. "Finite element analysis of 2-D tubular braided
composite based on geometrical models to study mechanical performances.” Mechanics of

Advanced Materials and Structures 29.28 (2022): 7542-7558.

Abstract: Tubular Braided Composites (TBC) have a higher strength-to-weight ratio than
conventional materials and better mechanical properties than laminated composite materials. The
optimization of the TBC and the introduction of new applications requires a comprehensive
understanding of TBC’s behaviour. One efficient way to study the behaviour of TBC is using
Finite Element Modelling (FEM). This paper will introduce a method for generating geometrical
models with different patterns and variables. Micro-computed tomography (uCT) is also used to
create an actual 3-D model of a TBC. The geometrical model and the uCT models are visually
compared. The geometrical model is inputted into the FEM software package and is studied in
different conditions. Finally, the result of FEM is compared against experimental and analytical

results.

Keywords: composite material, tubular braided composite, open-mesh braided composite, finite
element analysis, tensile test, micro-computed tomography, mechanical performances,

geometrical model, periodic boundary condition, unit-cell model
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6.1 Introduction

Composite materials contain two or more materials with different mechanical properties. The
combination of these materials provides improved mechanical properties over the individual
components [1]. Braided composites are a form of continuous fiber-based reinforced materials
used in aerospace, automotive, petroleum, medical treatments, sporting, and marine applications
[2-4]. For example, they can increase performance in hoses, pipes, or medical catheters [5].
Braided composites have significant advantages compared to conventional laminate composites.
These advantages include out-of-plane stiffness, strength, toughness properties, net-shape
fabrication, lower fabrication cost, and better impact and delamination resistance [6-7]. Because
of these advantages, the number of studies investigating braided composites and their application

IS increasing significantly.

In two-dimensional braided composites, yarns are interlaced only in one plane and two directions
(clockwise and counterclockwise). The preform can be manufactured in flat or Tubular Braided
Composite (TBC) configurations. In addition, two-dimensional braided composites can be

produced using a Maypole braider [8].

One way to categorize 2-D TBC is based on the pattern of yarns. Different patterns of braided
composites are formed depending on the arrangement and movement of carriers. The patterns of
the braided composites are Diamond (one tow passing above and then below the other tows, 1/1),
Regular (two tows passing above and then below the other tows, 2/2), and Hercules (three tows
passing above and then below the other tows, 3/3). Different patterns of braided composites are

shown in Figure 6-1.
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Figure 6-1 Different pattern of TBC’s (a) Diamond (one by one), (b) Regular (two by two), and (c) Hercules
(three by three),

The pattern shown in Figure 6-2 a) is known as the open-mesh Regular pattern, and Figure 6-2 b)
shows a closed-mesh Regular pattern. There is a space between yarns in open-mesh TBC, while
in the closed-mesh TBC, yarns contact each other. While closed-mesh TBCs are more frequently
used in industry, open-mesh TBCs are used in the medical field as braided catheters and stents
because the size of the stents should be as small as possible to prevent discomfort and provide

easier manipulation [8,2,9]

(@) (b)
Figure 6-2 A Regular patter of TBC a) open mesh, b) closed-mesh

Several studies have provided mathematical models for TBC. Liao and Adanur [10] developed an
external and an internal 3-D circular braid model. They used a Frenet frame technique for sweeping
the cross-section over the yarn path. Rawal and Potluri [11-12] developed an algorithm to produce
3-D braided preforms over different mandrel cross-sections: cylinder, square prism, cones with

circular and elliptical cross-sections, and square pyramids. The yarn paths are modelled as straight
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lines, and undulations are ignored in their model. Gholami and Melenka [13] developed an
algorithm for generating a yarn path and solid model for TBC. Alpyildiz [14] proposed a 3-D
geometrical model for tubular braids. In this research, the braiding yarn’s crimp is considered
together with the tubular curvature of the tubular braided structure in the model. The provided
model worked with different braid structures, braid angles, the number of yarns in a set, yarn, and
mandrel diameter. Rawal et al. [15] developed geometrical models in cylindrical and conical
mandrels with Diamond, Regular and triaxial forms. They simulated the model using the Virtual
Reality Modelling Language (VRML). Finally, the geometrical models were verified by visually
comparing them with camera images of actual models. One of the issues in the models developed
[11], [12], [13], [14], [15] is that the orientation of the ridges in TBC is assumed to be perpendicular
to the axis of the TBC. However, as explained in [16], manufacturing such a TBC is impossible
with conventional braiding machines. Therefore, the models should be edited to produce TBCs

with ridges orientation parallel to the TBC’s axis.

In the papers introducing the geometrical model of TBC, the proposed models are not compared
against physical braid samples to study the relevant error and the effect of the existing assumptions.
Ning et al. [17] provided a geometrical model for TBC using the generalized rose curve. They
generated their model in different mandrel shapes and compared their cylindrical geometrical
model with an actual cylindrical TBC by comparing their images taken by a camera. However, the
actual TBC they were comparing their result with were a closed-mesh TBC, and they did not

compare their results with an open-mesh TBC.

Having an accurate geometrical model of TBC is the primary step for having a precise and
comprehensive simulation model to predict their mechanical properties. Geometrical equations for

TBC must be accurate and easy to implement. In addition, geometrical models should be realistic
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enough to provide precise models simulating TBC’s actual shape and behaviour. However,
creating a geometrical model without assumptions is not possible. For the geometrical model in

this paper, the following assumptions have been made [11]:

Assumption (1): The cross-section of the yarns is assumed to be circular with r radius.

Assumption (2): The yarns are solid and uncompressible. In the actual models, the cross-section
of the yarns will change depending on the force applied to the TBC. However, since the yarns in

this paper are assumed to be single, solid fiber, they are uncompressible.

Assumption (3): The braid paths do not slip and keep the constant sinusoidal pattern throughout
the braid length. TBCs are flexible in nature, specifically open-mesh uncured TBCs. Some yarns
might shift from their ideal shapes when inserting an uncured open-mesh TBC into a mandrel.
This can happen during the manufacturing process of the cured braid as well. However, the yarns

stay in an ideal path in the geometrical model and do not change their position.

The above assumptions consider TBC’s overall characteristics; however, they ignore some
specifications, such as the flexible nature of yarn paths and variable cross-section shapes. To have
a real-shape model that considers all the details and characteristics of a real TBC, other methods

like micro-computed Tomography (uCT) can be used [16-17].

uCT is a non-destructive imaging method that can acquire high-resolution 3-D images (voxel size
can be less than one micrometre). By using uCT, essential information about TBC is obtained.
Bale et al. [20] statistically analyzed the shape and positioning of fiber tow of two ceramic-matrix
textile composites in the 3-D woven architecture. Melenka et al. [21] used uCT to analyze
porosity/void in braided composites and extract the geometrical parameters of yarns. Wang et al.

[22] discussed the microstructure of 3D braided composites and provided a modelling approach
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based on the Free Form Deformation (FFD) theory. Melenka et al. [23] used high-resolution pCT

to identify the fibers of yarns in a 2D TBC.

Different studies have been done to study the behaviour of braided composite by using the FEM
method [24— 30]. Lomov et al. [31] developed meso-FE modelling for textile composite. They
provide a road map for creating a mesoscale model for obtaining mechanical properties, studying
the stress-strain field, and simulating damage in the textile composite within a unit cell. Finally,
they compared the developed meso-FEM with Chamis’ analytical model [32] and experimental
results. The FEM results show closer results to experimental results compared to the analytical
model. The WiseTex software package [33] was used to generate the geometrical model, which
does not support generating TBC. As a result, the simulation of TBC is not considered in this

study.

Xu et al. [34] analyzed flat braided composite by FEM. They modelled braided composite with
different braid angles and studied the braid angle’s effect on braided composite mechanical
properties. They considered unit cells in each case and applied periodic boundary conditions (PBC)
to their model. Zhang et al. [35] used the FEM method to simulate braided composite tubes to
study the energy absorption of braided composites to improve the crashworthiness of components.
In their research, the cross-section of each yarn is assumed to be rectangular and remains constant
along the entire yarn path. Also, the axial yarns were assumed to be completely straight, and
braiding yarns were considered to follow a straight path. Finally, simulated results were validated

by comparing them with experimental test results.

Wang et al. [36] provided a FEM analysis based on a geometrical model. They created a
rectangular braided composite by TexGen software, an open-source software package, and used a

mapping method to convert the rectangular model into a tubular form. Zhang et al. [37] developed
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a mesoscale voxel-based FEM for analyzing the effect of the voxel size on the 3D angle-interlock

woven composites subjected to axial tensile loading.

In this paper, a new FEM model for braided composites is introduced. The linear solver is used for
this modelling. The TBC-Gen program for generating geometrical TBC models is utilized. TBC-
Gen can produce yarn paths for all three yarn patterns using different variables. TBC-Gen was
created using existing geometrical models from the literature. The program is developed in
MATLAB software package, and the generated path will be imported into SolidWorks to make
the solid model. A uCT scan was also performed for an open-mesh TBC, and the developed 3-D
model was compared against the geometrical model generated by TBC-Gen and SolidWorks.
Finally, a FEM based on the geometrical model for analyzing TBC’s mechanical performance
under the tensile test is developed. Also, the effect of braid angle and braid patterns on the
displacement of the TBC is studied. The FEM results are compared against experimental and
analytical results for validation purposes. The methodology presented in this manuscript will

provide a method to understand the mechanical behaviour of TBC more thoroughly.

6.2 Method

6.2.1 Geometrical Models

The geometrical variables for generating a geometrical model are the number of yarns, braid angle,
yarn diameter, mandrel diameter, length, or the number of turns of TBC. Some of the geometrical
variables of a Regular braided composite pattern are shown in Figure 6-3. The indicated variables
are braid angle (0), yarn diameter (d), and undulation length. The braid angle is the most critical
geometrical variable that significantly affects the mechanical properties of the TBC [38]. Other
parameters of TBC and the process for developing each yarn pattern are introduced in Appendix

1.
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Figure 6-3 A unit cell of a Regular braided composite pattern showing geometrical variables

6.2.2 MATLAB Algorithms Used for Generating Yarn Patterns

To generate all the patterns discussed in the previous sections, a custom-made program named
TBC-Gen is designed in the MATLAB software package (R2020B, The MathWorks Inc, Natick,
Ma, USA). The algorithm followed in this paper is shown in Figure 6-4. This algorithm starts by
defining and importing geometrical values into the TBC-Gen, creating a solid model, and finally
importing it into the FEM software package. The complete details for the TBC-Gen geometrical

model are presented in Appendix 1.
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Figure 6-4 The flow chart of the algorithm followed in this paper.

The TBC-Gen needs five input geometrical variables to design the yarn path. Number of yarns,
braid angle (in degrees), the diameter of the mandrel in mm (inner diameter of the tubular braid, it
should also be considered that the diameter of the mandrel is 2(R — 2r) in mm), the diameter of
the strand (2r) in mm, and the number of turns or height of the tubular braid in millimetres (only
one of these two variables is required to be inputted, the other variable will be calculated based on
the prescribed value). TBC-Gen can produce all three yarn patterns, i.e. Diamond, Regular, and
Hercules. The user can select to see the single path of clockwise or counterclockwise yarn or both
simultaneously. The updated path will automatically be displayed in the plot section as the user
changes the parameters. Finally, the XYZ centre points of the designed yarn path for two
counterclockwise yarns and two clockwise yarns and a properties file, including the input
parameters, the designed pattern, and date and time, can be exported as five separate text files.
Created clockwise or counterclockwise yarn paths can be uploaded and displayed in the TBC-
Gen’s display window. The XYZ values are also displayed in the program for control purposes.

Alternatively, the generated properties file can be uploaded as well. By uploading the properties
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file, the program will scan and read the parameters and the pattern of the TBC path and change the

program’s settings accordingly.

6.2.3 Generating the Solid Geometrical Model

The SolidWorks software (version 2020, Dassault Systémes SOLIDWORKS Corp.,
Massachusetts, USA) is used to create the geometrical model by adding a cross-section to the
designed yarn path in the previous section. First, one clockwise and one counterclockwise yarn
path generated in TBC-Gen is imported into SolidWorks. Next, the generated text file in the
developed MATLAB program is imported into SolidWorks using the “Curve though XYZ
Points...” function. After importing both yarn paths, two circular cross-sections are sketched in
the XY plane. At the same time, the circle’s centre coincides with the yarn path. The cross-section
sweeps the designed path and creates the yarn solid geometrical model using the “Sweep” function.
Finally, using the “Circular Pattern,” n number of yarns are patterned around the TBC’s axis for
each of the counterclockwise and clockwise directions (for the Regular pattern, two sets of
clockwise and two sets of counterclockwise yarn paths are generated. Therefore, n/2 of yarns are

patterned around the TBC’s axis).

6.2.4 Micro-Computed Tomography (uCT)

uCT is considered a microscopic version of clinical Computed Tomography (CT). For generating
3-D models out of a uCT, the testpiece will rotate around its axis with a predefined step size. The
smaller the step size, the more accurate the results. Because of the cylindrical shape of the TBC,
only half of the TBC (180°) is required to be scanned. The 2-D images are combined, resulting in
a stack of cross-sectional 2-D images. By sticking these 2-D cross-sectional images, a 3-D model
of the testpiece is created [39], as shown in Figure 6-5. In Figure 6-5, the X-ray tube produces X-

rays and sends them toward the test piece. Then, the X-ray CCD (Charge Coupled Device) detector
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captures the X-rays that pass the test piece. A motor controls the rotation step of the test piece to
take images in different rotations. All the acquired images are transferred to a computer for further

image processing.

X-ray CCD

Rotatlon_ of the: detector
test piece

2-D image

slack of 2-D cross-
sectional images

Figure 6-5 uCT component used for scanning a Tubular Braided Composite.

This study examined the TBCs using a desktop uCT scanner (SkyScan 1272, Bruker-MicroCT,
Kontich, Belgium). The uCT settings for this scan are tabulated in Table 6-1. An open-mesh, dry
(no resin) Kevlar 49 fiber TBC with 48 yarns were used for this experiment. Also, ten different
measurements were done at different points of the TBC. The average value for braid angle was
40.53°(with a 5.75° standard deviation), and the average value of yarn width was 0.88 mm (with
a 0.14 mm standard deviation). Braid angle and yarn thicknesses were measured by analyzing
images taken directly from TBC with a camera and using ImageJ software (National Institutes of
Health, USA). Because of the open-mesh TBC’s flexible nature, some yarns are distorted and do
not stay in their ideal shape. As a result, they do not have a consistent braid angle through the yarn
path. A specific 20 mm hollow cylinder mandrel is 3D printed to hold the TBC, and a 5 mm steel
mount is inserted at the bottom of the mandrel, shown in Figure 6-6 a). The measured yarn width
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and braid angle are shown in Figure 6-6 b). After analyzing the uCT images, the cross-section is
shown in Figure 6-6 ¢). 1533 images were taken by scanning 180° of the TBC. By multiplying the
number of images by the resolution of the scan (10.88 um), the height of the scanned TBC would
be 16.68 mm. A circular subtractive region of interest is defined within the mandrel cross-section
to remove the mandrel from the cross-section. The resulting cross-section is shown in Figure 6-6
d). Next, the cross-section images are binarized to increase the contrast between the background
and yarns. By doing so, the yarn detection process would be more straightforward. As shown in

Figure 6-6 e), the mandrel diameter is measured by fitting a circle into the inner side of the cross-

section.
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Figure 6-6 a) The tested TBC inserted into the mandrel next to a ruler, b) measuring the actual geometrical variable of TBC by
evaluating the image in ImageJ software, c) the uCT result of the cross-section of the scanned TBC, d) removing the mandrel by
defining a subtractive region on the interest mask, and e) binarized cross-section and measuring the mandrel diameter in ImageJ

software.

130



Table 6-1 The setting of the uCT experiment

uCT parameters Value
Image pixel size 10.88 um
Source Voltage 55 kV
Source Current 166 uA
Number of scanned Images 1533
Exposure 1876 ms
Rotation step 0.1°
Rotation angle 180°
Frame Averaging 4
Duration 4 hour and 35 minutes

The 2D images taken by uCT were imported into NRECon software (NRECON 1.7.1.0, Bruker,
Belgium) to reconstruct the 2D cross-sectional images like the image shown in Figure 6-6 c). These
images are 8-bit bitmap (BMP), and the size of the created images was 2452 x 2452 pixels. A 3-
D model of the scanned TBC is generated after importing the cross-section images into CTAn
software (Bruker-MicroCT, Kontich, Belgium). The result is shown in Figure 6-7 a). Also, the
virtual geometrical model of the scanned TBC is generated by the TBC-Gen and SolidWorks and

is shown in Figure 6-7 b) for comparison with the uCT model.

Figure 6-7 a) The 3D result model of the TBC generated by CTAn software, b) the generated geometrical model using the TBC-
Gen program. Red: counterclockwise, blue: clockwise
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Image processing algorithms of MATLAB are used to analyze the yarn cross-sections. First, the
binarized images are scanned using ‘“bwboundaries” function. The scanned cross-section image
and the detected yarn boundaries are shown in Figure 6-8 a). A closer view of six yarn cross-
sections with their calculated area is shown in Figure 6-8 b). By detecting the yarn boundaries,
other parameters of the yarns, like major and minor diameters, area, orientation, and centre, are
obtained, as shown in Figure 6-8 c). The major and minor diameters of the detected boundary are
the major and minor diameters of an assumed ellipse fitted to the detected cross-section boundary.
Also, the boundary orientation is the angle between the yarn's major diameter and horizontal axis

in degrees.
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Orientation

Figure 6-8 a) Detected boundaries of yarn cross-sections, b) six detected yarn boundaries, the center of yarns, and the area of yarn
cross-section (mm?), and c) a detected yarn cross-section showing major and minor diameters, yarn canter, and orientation in
MATLAB software.

6.2.5 Finite Element Modelling

The constitutive behaviour of complex material like TBC can be studied by experimental tests or
numerical simulation. TBC can be studied at three hierarchical structural levels: macro, meso, and
micro levels [31]. The macro-level consists of the overall geometry of the TBC material. The
global condition at the macro-scale refers to the complete loading condition of the TBC. The

micro-scale deals with the arrangement of the fibers in the impregnated yarn. Local properties on
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a micro-scale refer to the actual properties of fiber and matrix. The size and mechanical properties
of the mesoscale are between the macro-scale and micro-scale. In other words, the local properties
on mesoscales refer to global properties on a micro-scale. Also, global properties on a mesoscale
refer to local properties on a macro scale [31]. A sample of micro-scale, mesoscale and macro-
scale models of a TBC is shown in Figure 6-9. For the FEM of the TBC, it is assumed that the

fibers are perfectly bonded to the matrix [40].

Figure 6-9 a) micro-scale, b) mesoscale, and c) macro-scale models of tubular braided composite clockwise (red) and
counterclockwise (blue)

For generating the FEM, a geometrical model of an open-mesh Diamond TBC with 18 yarns, 30°
braid angle, 24.71 mm inner diameter (diameter of the mandrel), 1.51 mm strand diameter, and 30
mm length is designed. The matrix is added to the designed geometry. The thickness of the matrix
is intended to be more than the fibers to prevent zero thickness when generating the geometrical
model and meshing step. As a result, the inner diameter of the matrix is 24 mm. The macro-scale
and mesoscale (40° cross-section of the complete model, 2 /n) models are shown in Figure 6-9
a) and Figure 6-9 b), respectively. The designed model is imported into the FEM software package

(COMSOL Multiphysics 5.5, Stockholm, Sweden) for analysis.

6.2.5.1 Periodic Boundary Conditions
Geometric periodicity in structures is an important feature that can be used to reduce the size of

the structure under analysis by introducing a unit cell. In some research, the rectangular coordinate
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system is used, while in others, the coordinates are updated to consider similar conditions for

cylindrical frames [41]. In this research, the cylindrical coordinates are used.
Periodic Boundary Condition (PBC) is a set of boundary conditions used for evaluating a large
component only by solving a small part of the problem (unit cell). Assuming the unit cell is

characterized by a transition vector (E) as shown in Figure 6-10 c), the translation equation would

be as Equation 6-1.

Equation 6-1

Figure 6-10 The geometrical designed model with 18 yarns, 30° braid angle, 24.71 mm inner diameter, 1.51 mm strand diameter,
and 30 mm length. a) macro-scale model, b) mesoscale model

In COMSOL, the boundary condition expressed in Equation 6-1 can be applied by choosing cyclic
symmetry under the periodic boundary condition. A critical point for using PBC is keeping the
meshes consistent, and COMSOL automatically considers this point. One method for manually
controlling the consistency of the meshing is copying the nodes from one side of the unit cell to
the other side and then meshing the area between these two surfaces. In this case, the meshes on

both sides of the unit cells are identical [31].

The imported model into COMSOL software under the tensile test is shown in Figure 6-11. The
yarn material is assumed to be Kevlar 49 fiber, and for the matrix Epon825/Ancamine 1482 resin.

The properties of both materials are tabulated in Table 6-2.
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Figure 6-11 Imported mesoscale geometrical model into COMSOL software after meshing, under tensile test, and after applying

PBC
Table 6-2 Properties of the material used in FEM [42]
Kevlar 49 fiber Epon825/Ancamine 1482 resin
{E1, Ey E3} {130,7.3,7.3} (GPa) E 3.5 (GPa)
{G12, Go3, G5} {2.86,6.89,2.86} (GPa) v 0.3
{v12, V23, 13} {0.35,0.35,0.35} o 1100 (Kg/m?3)
p 1800 (Kg/m?3)

Figure 6-12 a) and Figure 6-12 b) show the local coordination of a single yarn and the global
coordination of a TBC, respectively. In the local coordination, direction 1 is alongside the yarn.
Directions 3 and 2 are perpendicular to direction 1, and direction 3 is perpendicular to the image
shown in this figure. The yarn properties are assigned based on local coordination, and the

procedure explained in [43] can be followed to transfer these properties to global coordination.

Figure 6-12 Coordination system for tubular braided composites. a) local coordination of a yarn where 1 is alongside the yarn, b)
global coordination of the TBC
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A free tetrahedral mesh (with four nodes, six elements, and three faces) is used to analyze the
model, as shown in Figure 6-11. However, a mesh study is required to find the optimum size of
the mesh. Therefore, nine mesh categories are used to analyze the mesoscale model represented in
Figure 6-11. The mesh categories start from coarse to fine. The number of elements (NO _e),
maximum element size (max_e), minimum element size (min_e), maximum element growth rate
(growR), curvature factor (ResCurv), and resolution of narrow regions (ResNar) are parameters of

each category which are tabulated in Table 6-3.

Table 6-3 Parameters of each mesh category used for the mesh study

Mesh E)ét;ﬁ:r;gly Extra Coarser Coarse  Normal Fine (6) Finer Extra fine Ethrfanew
Category 1) course (2) (3) 4) (5) (7 (8) )
NO_e 2313 3013 4552 10284 29519 65008 182757 388722 942064
max_e 10.7 6.39 4.05 3.2 2.13 1.7 1.17 0.746 0.426
min_e 1.49 1.15 0.852 0.597 0.384 0.213 0.0852 0.032 0.00426
growR 2 1.85 1.7 1.6 15 1.45 14 1.35 1.3
ResCurv 1 0.9 0.8 0.7 0.6 0.5 0.4 0.3 0.2
ResNar 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.85 1

Three outputs are captured at the mesh study point using each mesh category shown in Figure
6-11: the von Mises stress, the first principal stress, and the displacement. VVon-misses stress is
equivalent to yield point stress. The stress value at the plastic or yield point stages can be
determined using the von Mises stress. The yield point refers to the starting point of plastic
deformation. When the von Mises stress reaches a specific value, referred to as yield strength, the
material is considered to have begun to yield. The von Misses stress is used to predict the yielding

of materials under complex loading from the result of a uniaxial tensile test [43].

A 1.6 KN force is applied to the upper side of the model alongside the TBC. The recorded values
of each mesh category and their relevant percentage differences are plotted separately and shown
in Figure 6-13. The percentage difference is calculated as (the value of mesh size (2) — the value

of the mesh size (1)) / the value of mesh size (1).
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a) Mesh Study for the Von Misses Stress b) Mesh Study for the First Principal Stress C) Mesh Study for the Displacement
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Figure 6-13 Mesh study on a mesoscale model at one point under tensile test. a) mesh study result for von Misses stress, b) mesh
study result for first principle stress, ¢) mesh study result for displacement, d) percentage difference between Von Misses results
in different mesh sizes, €) percentage difference between First Principal stress results in different mesh sizes, f) percentage
difference between Displacement results in different mesh sizes.

After category 4 (coarse mesh), the stress value does not change significantly for Von Misses
stress; the difference is below 1%. The stress values converge after mesh category 4 (coarse mesh)
for the first principal stress, and the percentage difference is below 2%. Finally, the percentage
difference in all the mesh categories is below 0.25% for the displacement. As a result, category
mesh 4 (coarse mesh) will provide enough accurate results for this study, and finer mesh will refine

the results by less than 2%. At the same time, it would be more computationally expensive.

6.3 Results

6.3.1 Geometrical Model

A TBC solid geometrical model sample from each TBC pattern (Diamond, Regular, and Hercules)
with similar geometrical parameters is generated using TBC-Gen and SolidWorks. The inputted
parameters are the Number of yarns = 32, Yarn radius = 0.5 mm, Mandrel radius = 10 mm,

Braid angle = 45°, and length of TBC = 50 mm. The generated solid models are shown in Figure

6-14.
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Figure 6-14 3-D solid model of a TBC, red: counterclockwise, blue: clockwise a) Diamond pattern, b) Regular pattern, and c)
Hercules pattern

For validation of the developed geometrical model in this paper, a Regular TBC with Number of
yarns = 16, Braid angle = 35°, Mandrel radius = 10 mm, Yarn radius = 0.5 mm, and length of the
TBC =98.7 mm is designed in both the TBC-Gen and a commercial software package, TexMind
Braided software [44]. The output results of the two software are shown in Figure 6-15. The visual

comparison between the two models shows a good agreement between them.

b)

Figure 6-15 Comparing the result of the generated geometrical TBC model designed by the algorithm
developed in this paper a), with the results of the same TBC designed in TexMind Braided software
commercial software b). (N = 16, « = 35° R =10.5 mm, r = 0.5 mm, and the length of the TBC = 98.7 mm)
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The TBC-Gen can generate yarn paths as X, Y, and Z coordination points. Then, this yarn path
will be imported into SolidWorks software to add a cross-section. This cross-section can be in
various shapes, while in the TexMind software, the only cross-section is circular. Also, in the TBC-
Gen, the composite material can be modelled in SolidWorks software by adding a matrix to the

designed TBC.

6.3.2 Micro-Computed Tomography (uCT)

The cross-sectional images shown in Figure 6-8 demonstrate the process for detecting the yarn
cross-sections and obtaining other data of a TBC. Some valuable data from the yarns can be
extracted by analyzing all the cross-sectional images and detecting yarn cross-section boundaries.
The average value of major diameter for all the single yarn cross-sections is 1.078 + 0.222 mm.
Also, the average value of 10 measurements of the actual TBC using a camera and ImageJ software
reveals the major diameter of 0.887 + 0.146 mm. The measured major diameters and the relevant
SD are shown in Figure 6-16. However, the uCT measured the major diameter of yarns, which
shows a bigger value than the measured major diameter using the camera. One reason for this
difference is the curvature of the TBC. Since the camera measurements are based on a single image
taken in the longitudinal direction of the TBC, the measured values will be smaller than the actual
diameter. However, the uCT measurements are based on the TBC's cross-sectional images, which

also consider curvature.

Additionally, the camera measurements are the mean of 10 measurement samples. However, the
uCT measurements represent the average value of all the single cross-sectional yarns, making them

more accurate.
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Figure 6-16 Major diameter of a TBC measuring by a camera and uCT

The average value of the cross-section area of the scanned TBC is 0.2803 + 0.0386 mm?. The
relevant radius resulting in the same area with a circular cross-section is 0.3 mm to achieve an
equivalent cross-sectional area. This radius can be used in TBC-Gen to generate the solid
geometrical model that can be used for FEM analysis. The average value of the minor diameter of

the scanned TBC was 0.3631 + 0.0523 mm.

By visually comparing the virtual simulated model with the uCT model in Figure 6-7, the
assumptions made for developing the simulation model are apparent. As one can see, the yarns in
actual open-mesh TBC are not located in their ideal location, and some are significantly distorted.
Additionally, the cross-section of yarns in the simulated model is assumed to be incompressible
and circular, which is not entirely similar to the uCT results. However, the overall shape of both
models is identical. For better comparison, a quantitative comparison between the two models
must be done in further studies. To make this quantitative comparison, all the cross-section images
of the selected yarn should be scanned. After extracting the data of boundary, centre points, and
the area of the yarn cross-section, they can be compared against the geometrical yarn path

generated by TBC-Gen.
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6.3.3 Finite Element Modelling

6.3.3.1 The Effect of Braid Angle on Displacement

This section will evaluate seven models with similar geometries and mechanical properties but
different braid angles. The displacement of each model will be recorded and compared against
each other. The braid angles range from 30° to 60° with a five-degree incremental step. The
mechanical properties of the fiber and matrix are according to Table 6-2, and the applied force is
12.5 KN in the Z direction. Other geometrical variables of the TBC are similar to the TBC shown

in Figure 6-11. Three FEM results (6 = 30°, 8 = 40°, 8 = 60°) out of seven cases are shown in

Figure 6-17.
a) 8 mm C) 8 mm
| 0 0
\
max: 5.19068 max: 5.22506
140 40
mm mm
20 20
| \
0 : 0
12 12
mm mm

Figure 6-17 Displacement of Diamond tubular braided composite with N = 18, R = 12.35 mm, r = 0.75 mm with braid angles
between 30° to 60° under 12.5 KN tensile load. a) 6 = 30°, b) 8 = 45°,¢) 6 = 60

The displacement value of all seven cases and the trending line is shown in Figure 6-18. As one
can see, by increasing the braid angle, the longitudinal strength of the braid decreases, and as a

result, the displacement of the TBC increases.
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Figure 6-18 The effect of changing the braid angle on the displacement of the TBC.

6.3.3.2 The Effect of Yarn Pattern on Displacement

Three geometrical models with similar geometrical variables but different yarn patterns, as shown
in Figure 6-14, are imported into COMSOL. A tensile test is designed for braid patterns, PBC, and
a 12.5 KN longitudinal force is applied. The fiber material is assumed to be Carbon fiber, and the
matrix is Epson 825/Ancamine 1482 resin. The mechanical properties of fiber and matrix are

tabulated in Table 6-4. Roller boundaries constrain the lower part of the TBC.

Table 6-4 Properties of fiber and matrix used for the experimental test, analytical model, and FEM [42]
Ef11(GPa) Ef22(GPa) Gf11(GPa) vr11(GPa)

Kevlar 49 fibers 130 7.3 2.86 0.35
Carbon fiber 220 13.8 9.0 0.2
S2-glass 96.5 96.5 39.2 0.23
E., (GPa) G, (GPa) vy (GPa)
Epson 825/Ancamine 1482 resin 3.5 13 0.3

The displacement in the Z direction of each braid pattern is calculated and shown in Figure 6-19.
The figure shows that Diamond's maximum displacement in the Z direction is 0.8118 mm, Regular
0.8104 mm, and Hercules = 0.8098 mm. Also, the maximum displacement is located on the top
surface of the TBC. Thus, diamond patterns show maximum displacement compared to the two
other patterns. It is because of the one-by-one woven structure of the Diamond that it causes less

longitudinal stiffness.
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Figure 6-19 Tensile test of three carbon fiber TBC’s with different yarn patterns under 625 N longitudinal force. a)
Diamond, b) Regular, and c) Hercules

6.3.4 Validation

For Validation, the longitudinal modulus (E,, ) of three TBCs with different geometry and material
properties are calculated by the FEM and compared against the tensile experiment and analytical
results reported in [42]. The material of three fibers is Kevlar 49 fibers, Carbon fibers, and S2-

glass fibers. The matrix is also Epson 825/Ancamine 1482 resin.

Five samples of Kevlar and Carbon fibers and four samples of S2-glass were prepared for the

experimental test. The average dimensions of the samples are tabulated in Table 6-5.

Table 6-5 Average geometry of the three used TBCs [42]
Number of Yarn (Ny  Diameter of Mandrel (mm)  Braid angle (deg)  Diameter of yarn (mm)

Kevlar 49 fibers 18 24.71 £0.28 44,19 +1.63 1.51 +£0.15
Carbon fiber 18 2454 +0.19 41.80 +£0.11 1.58 +0.09
S2-glass 18 2453 +0.47 46.00 +1.30 1.48 +0.04
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The experimental longitudinal modulus was measured from a tensile test. The curved model based
on Classical Laminate Plate Theory (CLPT) was used to predict the analytical results for each case.
In modelling the FEM, a predefined displacement was applied to the TBC model. Then, the
relevant stress and strain were calculated accordingly. The mandrel and yarn diameters were
considered constant for each sample, and the reported average value was used. However, the three
braid angles (the nominal braid angle, the maximum braid angle, and the minimum braid angle as
tabulated in Table 6-5.) were used for generating solid models and estimating the value and
standard deviation of the E,,.. Since n =9, 1/9 (2m/9 = 40°) of the complete TBC was used to
model the FEM, and the PBC was applied to that partial model. E,., was calculated by dividing

the stress values by strain.

In the experimental test, the E,, was also calculated as the slope of the stress-strain curve, and the
test was repeated for all the samples. For Kevlar 49 TBC, the average value of the experimental
E,, was 2.85 + 0.49 GPa, and for the curved model, it was 4.15 + 0.67 GPa. Therefore, the
difference between the experimental and analytical models is 46%. The FEM reported E,.,, = 3.19
+ 0.19 GPA, which resulted in an 18% difference compared to the experimental results. A T-test
is applied to each comparison for further comparison of the obtained values, and the Probability

Value (P-value) of each comparison is reported in Table 6-6.

The t-test is a statistical method used to determine whether there is a significant difference between
the means of two groups. It is commonly employed when the sample sizes are small and the data

is assumed to follow a normal distribution.

The t-test operates under the null hypothesis, which shows that there is no significant difference

between the means of the two groups being compared. It calculates the probability that the
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observed difference in sample means could have occurred under the null hypothesis. The resulting
t-value is then compared against a critical t-value from the t-distribution, determined by the degrees
of freedom and the chosen significance level (commonly 0.05) [45]. Then, a P-value is calculated

using Equation 6-2.

p —p0

7 = m Equation 6-2
p —p
n

Where p is the sample proportion, p0 is the assumed population proportion in the null hypothesis,

and n is the sample size.

If the P-value is greater than 0.05, the null hypothesis is not rejected, and there is no significant
difference between the data points. If the P-value is smaller than 0.05, the null hypothesis is

rejected, meaning there is a significant difference between the data sets.

The P-value between Experimental and FEM results for Kevlar 49 TBC is about 14%. As a result,
it does not reject the null hypothesis, which means there is not a significant difference between

FEM and Experimental results.

Table 6-6 P-Value of the estimated E,.,

Material of the TBC Type of the test FEM Experiment
. Experiment 0.1415
Kevlar 49 fiber Curved Model 0.1376 0.0565
. Experiment 0.2582
Carbon fiber Curved Model 0.0024 0.0027
S2-glass Experiment 0.0013
g Curved Model 0.0154 0.0005

The estimated values of the Curved model for E,., of Carbon fiber is 8.88 +1.35 GPa, and the
reported experimental value is 3.03 +0.77 GPa. The error between analytical and experimental
values for Carbon TBC is 193%. The FEM E,, value for Carbon fiber TBC is 3.61 plus or minus

0.015 GPa which shows a 19% error compared to the value of the experimental test for Carbon
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fiber. Also, the T-test P-value between Experimental and FEM values is 26%, not rejecting the

null hypothesis. Therefore, there is no significant difference between the two values.

Finally, the reported experimental value for E,, of S2-glass fiber is 1.44 +0.11 GPa, and the
analytical Curved model result is 6.41 +0.82 GPa. The error between the curved model and the
experimental result is 345%. However, the FEM reported 4.11 +0.56 GPa for E,., which results
in a 185% error. The T-test P-value between Experimental and FEM values is almost 0%, and it
rejects the null hypothesis. Therefore, there is a significant difference between FEM and
Experimental results. This significant difference might be because of the assumed mechanical
properties of S2-glass, which is to be isotropic. Also, the reported mechanical properties might not

be accurate.

As a result, there is no significant difference between FEM and experiment results for Kevlar 49
fiber and Carbon fiber material. For the S2-glass material, the result of FEM shows a minor error
than the curved model’s result. The bar chart of tests for the three materials with their error bars is

shown in Figure 6-20.

. 12
= 10 8.88
S~ 6.41
=g ¢ |
e = 4.15 3.61 4.11
35 4 285 3.35 3.03
e | BN | B
s [1]

kevlar 49 Carbon S2-glass

OExperiment ®WFEM @ Curved Model (CLPT)

Figure 6-20 Comparing the results of experimental tensile tests for Kevlar 49 fiber, Carbon fiber, and S2-glass fiber with the
relevant results of FEM and Curved-model
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There might be several different sources contributing to an error in the FEM. One of the reasons
might be the geometrical models used for the analysis. The geometrical model is made based on
assumptions. For example, in actual open-mesh TBCs, the yarns are usually distorted from their
location, as shown in Figure 6-7, while in the geometrical model, they are assumed to be in their
ideal shape. Also, the cross-section of the yarns changes throughout the yarn path in the actual
model, while they are constant in the geometrical model. These assumptions add error to the model,

and they can be reduced by using the actual geometrical model created by the uCT method.

6.4 Conclusion

In this paper, the geometrical models for TBC patterns were introduced. Also, the process for
generating these models using the TBC-Gen program developed in the MATLAB software
package was explained. Finally, the generated yarn paths were imported into SolidWorks for
adding cross-section and creating a solid model, which can be used for further analysis in FEM

software packages.

Micro-computed tomography (uCT) was also used to obtain an accurate model of a TBC sample.
Using the TBC-Gen, a geometrical model with the same geometrical variables of the uCT scanned
TBC was generated and visually compared with the resulting 3-D model of mu cap C cap T. Also,

the uCT measured yarn cross-section area can create an equivalent area for the geometrical model.

A FEM was developed under tensile testing, and the effect of braid angle on the displacement was
studied. It was seen that as the braid angle increases, the displacement increases respectively. Also,
the effect of the braid pattern on displacement was studied, and the Diamond pattern showed the
maximum displacement compared to the other patterns. A mesh study was carried out to choose

the appropriate mesh size. Finally, the FEM tensile tests were simulated for three different

148



materials. The resulting longitudinal modulus was compared against the experimental and
analytical models by running a T-test. The FEM results were estimating the longitudinal modulus
values more accurately than the analytical Curved model. The FEM model estimated the

longitudinal modulus of Kevlar 49 fiber and Carbon fiber with 18% and 19% error, respectively.

The methodology represented in this manuscript will help to quickly design and analyze TBCs
with different yarn patterns and geometrical variables for the desired application. Also, the
represented uCT results show this method's potential and accuracy for obtaining valuable
geometrical variables. However, for having a quantitative comparison between uCT model and the
geometrical model, more studies are required. It is expected that using uCT models for FEM will

provide more accurate results.
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6.8 Supplementary Material

TBC-Gen program is available at the following address: https://github.com/aligholamiYork/TBC-

Gen
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Chapter 7. Conclusions and Future Work

7.1 Summary and Conclusions
In summary, this PhD thesis comprehensively explored the design, characterization, and

simulation of 2D Tubular Braided Composites (TBCs).

In Chapter 3, a program named TBC-Gen was created for designing different patterns of 2D TBCs
with different geometrical models. The results of this program were exported as a yarn path into
SolidWorks Software to add the cross-section and create the 3D models. TBC-Gen did not require
the user to have an in-depth knowledge of the equations of the TBC models, and it was user-
friendly software. Different models with different patterns and shapes were designed and shown

in this chapter.

Chapter 4 showed the results of the uCT scanned TBCs and used different image processing
techniques to segment out the yarns and extract parameters of the model. Also, an algorithm for
separating two overlapping yarns was developed. The separating algorithm was first applied to
models created by TBC-Gen, and a tracing algorithm was introduced to find the relevant yarn in
the following image. Then, the algorithm was used to uCT images. The results of this algorithm

showed the possibility of automating the entire yarn segmentation process.

In Chapter 5, the equations used for developing the geometrical models of different patterns of
TBCs were updated. The updated equations helped model the TBCs with better accuracy, matching
the pattern of the manufactured TBCs. A uCT scan was done on a cured TBC, and its 3D and 2D
images were produced. Then, the image processing and segmentation algorithms were applied to
prepare the images for segmentation. Two yarns in different directions were selected and

segmented out manually. Then, the properties of the segmented yarns were extracted
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automatically, and using the extracted center points, the yarn path for each yarn was generated.
Other parameters of the yarn paths, like the braid angle and diameter of the mandrel, were extracted
using different techniques. Finally, using the updated modelling equations and some of the
extracted parameters, two yarn paths were generated and fitted to the uCT yarn paths. To increase
the fit to the uCT model, a new parameter was introduced and optimized using Particle Swarm
Optimization (PSO) algorithms. Finally, the Mean Square Error (MSE) between the uCT yarn path

and the simulated yarn path was calculated to be less than 1%.

In Chapter 6, different Finite Element Modeling (FEM) are developed, and the TBC-Gen is used
for generating the solid models of these simulations. A mesh analysis is developed, and the
optimum mesh size is obtained. Also, the Periodic Boundary Condition (PBC) is used for reducing
the computational expenses of the FEM. Seven TBCs with similar sizes and patterns but different
braid angles are analyzed in a simulated tensile test, and the effect of braid angle on displacement
is shown. Three other TBCs with similar sizes but different patterns were designed and simulated,
too. The impact of the pattern on displacement is demonstrated in this chapter. Finally, the results

of this chapter were compared against experimental and analytical results for validation.

Generally, the developed study proposed valuable results in modelling TBCs. It provides the tools
for generating and analyzing the TBC models. More importantly, it reported for the first time how
accurate these models are and how much error is incorporated into the geometrical models of
TBCs. Using the results of this study, researchers can better understand the reliability of the
geometrical model. It will let the researchers decide if the geometrical models are adequate for
their analysis or if they want to choose more expensive and more accurate models. Also, the open-
source TBC-Gen program will facilitate the work of designers and researchers to create models

faster and more convenient.
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Additionally, the results of the FEM show a good agreement with the experimental results. The
effect of the geometrical variables will help the designers and researchers to make wiser decisions.
These simulations' results are valuable initial research to expand the study for more in-depth

analysis.

7.2 Recommendation for Future Work

Based on the results of this study, future work is recommended to bridge the gap in the literature.

- This research initiated the segmentation of the yarns from the uCT images. However, other
methods, like machine learning algorithms, can be employed to fully automate the uCT
image yarn segmentation process and extract the braids' geometrical parameters.

- Because of the similarity in the shapes and forms, the methodology presented in this work
can be extended to other types of textile materials, 3D-printed structures, ropes, cables,
cardiac stents, and similar products.

- The effect of braid angle and pattern type on the TBC’s displacements was analyzed in this
research. The effect of other geometrical variables can be studied to analyze their
behaviour.

- The Mean Square Error (MSE) between a Regular pattern yarn path was compared against
its geometrical model contour yarn. However, the other two patterns (Diamond and
Hercules) can also be studied. Also, by increasing the number of analyzed yarns, the
accuracy of the reported MSE will be improved.

- Toincrease the accuracy of the FEM simulation, the geometrical models generated by uCT
can be used. The uCT models include less error and will provide more reliable results
compared to FEM based on a simulated geometrical model. Also, a comparison between

MCT based FEM and simulated geometrical model-based FEM can be carried out.
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In this research, only a tensile test was used for FEM simulation. Tension and Torsion tests
can be used to analyze the TBC's performance. Also, the combination of these forces can

be modelled.

Different mechanical experimental tests can be carried out, and the FEM simulations can

compare their results.

TBC-Gen program can be improved and incorporate better visualization tools to create the

3D models independent of other solid modeling software (Solidworks).
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Chapter 8. Appendix 1

8.1 Mathematical Model of the Tubular Braided Composites

Depending on the pattern of the braided composite (Diamond, Regular, and Hercules),
there would be different equations to model them. However, all of them follow a helical
path around the mandrel. As a result, they would have similar helical equations and curve
with different undulation paths. Furthermore, there are two sets of yarns in braided
composites, one counterclockwise (right-hand) and one clockwise (left-hand). Therefore,
there would be two separate sets of equations with m phase shift difference between them
for these models. For all the equations, X and Y represent the cross-section plane of the

TBC. Also, Z represents the longitudinal axis of it (as shown in A- Figure 1).

The counterclockwise (right-hand) and clockwise (left-hand) helix’s general equations for a

yarn path around a cylindrical mandrel are shown in (A-1) and (A-2), respectively.

Xcew = R cosp

Y.ew = R sing (A-1)
Zeew = R@cotf

Xew = R cosep

Y., = —R sing (A-2)
Z.w = Rpcotf

where X...,, Yeew, and Z..,, are coordinate of points for a counterclockwise helix in X, Y,
and Z directions accordingly, and X, Y., and Z.,, are coordinate of points for a
clockwise helix. R is the radius of the helix, ¢ is the winding angle, and 6 is the helix angle
(braid angle). The only difference between (A-1) and (A-2) is the m phase difference in Y
coordinate which is shown by a negative sign in (A-2) (sin(¢ + m) = —sin(¢g)). A set of

clockwise and counterclockwise helix paths with R =15 mm, 0 < ¢ < 2w, and 6 = 30°
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are shown in A- Figure 1. A- Figure 1 a) shows the 3D model of two helix paths — one
clockwise (red) and one counterclockwise (blue), A- Figure 1b) shows the top view (X-Y)
of the helix paths, which would be relevant to the cross-section view of the mandrel used
for the TBC, and A- Figure 1 c) shows the right plane (X-Z) of the helix path where the

helix angle is relevant to the braid angle.

) -0

a) b) ©)

A- Figure 1 A counterclockwise (right-hand) (blue) and a clockwise (left-hand) (red) helix path with R = 15 mm
and 6 = 30° for one period (0 < ¢ < 2m). a) the 3D view, b) the top view, and c) right (x-z) view

On the other hand, each yarn path follows a sinusoidal path based on its braiding pattern.
The equation relating the number of yarns, the radius of the strand, and the winding angle

to the sinusoidal yarn path is shown in (A-3) [11].

N

S(p) = rsin (Tfp) (A-3)

Where r is the radius of the yarn and N is the total number of yarns. One of the undulation
paths of a set of a sinusoidal path with r = 0.7 mm, N =4, and 0 < ¢ < 2m is shown in A-

Figure 2.

162



0.7 -

S(¢)
o
T

0 pi/2 pi
Winding Angle (rad)

A- Figure 2 General sinusoidal paths of a yarn path withr = 0.7 mm, N = 4,and 0 < ¢ < 27

For having the complete yarn path of braided composite, with helix shape and including the

undulations, equations (A-1) and (A-2) should be mixed with equation (A-3). By doing so,

equations (A-4) and (A-5) are created for counterclockwise and clockwise yarn paths,

respectively.

X; = (R +5,(p)) cos(p + (i — Dw) i=12..
Y; = (R+ S1(¢)) sin(p + (i — Dw) i=12..
Z; = Rptanf i=12..
X; = (R + S2(9)) cos(p + (i — Dw) i=12..
Y; = —(R + S,(9)) sin(p + (i — Dw) i=12..
Zi = Rptanf i=12.

S

n
n

.n

(A-4)

(A-5)

Where n is the number of the braiding yarns revolving in the same direction (i.e., n =

N /2), i is the counter defining the actual braiding yarn revolving in the same direction, and

w is the shift angle which is calculated as the angle between every two strands (i.e., w

=21/n). These equations are the same for all patterns of TBC. The only factor making the

difference for each yarn pattern is S; (¢) and S, (¢) which will be discussed in the

following sections.
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8.1.1 Diamond Pattern

The Diamond pattern is the most straightforward pattern of the TBC because the whole
path is sinusoidal, and no flat section is incorporated into the path. The S;(¢) and S, (¢),

representing the counterclockwise and clockwise sinusoidal paths respectively are as

follows:
S:(¢) = rsin (NZ—('O + %) (A-6)
S,(p) = —rsin (Nz_(p + %) (A-T)

A sample of the sinusoidal path of Diamond pattern with r = 0.7 mm, N = 2,and 0 <

¢ < 2m is shown in A- Figure 3.

0.7 peua,, JRSTLLLT TN JeTtLL
3 o , |
[75]

20.7 keet L S L P

| 1 1
0 pi/l2 pi 3*pil2 2*pi

Winding Angle (rad)
A- Figure 3 Counterclockwise (blue) and clockwise (red) undulation path of Diamond pattern

By adding equations (A-6) and (A-7) to (A-4) and (A-5), the equations for the 3-D path of

the Diamond pattern will be generated. A sample of Diamond TBC yarn path

(counterclockwise and clockwise) with N =32, R =10 mm,r = 0.5 mm, and 6 = 45° is

shown in A- Figure 4 (only one of the yarn at each direction is shown for more clarity). The

radius of the mandrel is (R,, = R — 2r).
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A- Figure 4 Clockwise (red) and counterclockwise (blue) yarn path of Diamond patterns with N = 32, R = 15 mum, r=0.7
mm, and 0=30° (only one set of yarns are shown)

8.1.2 Regular Pattern

The shape of the Regular pattern is based on the Diamond pattern. Each yarn passes over
two yarns moving in the other direction and under two others in the Regular pattern.
Because of that, the Regular pattern involves a flat section for the distance between yarns.
However, the transient area-going from the top of two yarns to the under the two next and
vice versa- is still covered by the sinusoidal equations shown in the previous section. A

sample of Regular undulation paths with r = 0.7 mm, N = 4, and 0 < ¢ < 2m is shown in

A- Figure 5.
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A- Figure 5 Counterclockwise (blue) and clockwise (red) undulation path of Regular pattern with r = 0.7 mm, N = 4,
and0 < ¢ <27
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For generating the Regular yarn path, a set of piecewise equations as shown in equations
(A-8) to (A-11) should be used. In addition, to make the ridges parallel to the axis of the
TBC, two more piecewise equations, compared to the Diamond pattern, with 7= degree
phase difference should be added. Therefore, there would be two sets of equations for
counterclockwise undulation (A-8 and A-9) and two sets of equations for clockwise

undulations (A-10 and A-11).

Np; =
rsin(%+i) ;0<¢;<0/2
-r ;0/2< ;<6
Sla((pj) = No;, = g (A-8)
—rsin(T]+E) ,9S(p1<30/2
r ;30/2 < ¢@; <26
—rsin(—N;pj+%) 0<¢;<06/2
r ;0/2< ;<6
Slb((/’j) = Ny, = g (A-9)
TSiI’l(T]-FE) ,9S(p1<30/2
-r ;30/2 < ¢@; <26
—r ;0<¢;<0/2
No; =
rsin(%+§> ;0/2<¢@; <0
Saa(j) = |, 0 <0, <36)2 (A-10)
No:
—rsin(%+g) ;30/2 < ¢ <20
r ;0<¢;<08/2
No; =
—rsin(%+§) ;0/2<¢; <0
S )= A-11
w(e) =, 10 < @ <36/2 (AL
No:
rsin(%+%) ;30/2 <@ <26

Where j = 0,1,2, ... length (o).

By combining equations (A-8) and (A-9) with equations (A-4) and equations (A-10) and
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(A-11) with equation (A-5), the yarn path of the Regular pattern will be achieved.
Equations (A-4 and A-5 should be adopted based on the two new sets of equations as well).
A sample of braid yarn with a Regular pattern, with N = 32, « = 60°, R = 11.4 mm, and
r = 0.7 mm is shown in A- Figure 6 (only one of the yarn at each direction is shown for

more clarity).

Y (mm) ) B X (mm) ) B X (mm)

A- Figure 6 Clockwise (red) and counterclockwise (blue) yarn path of Regular pattern with N = 32, R = 114 mm, r =
0.7 mm, and 6 = 60° (only one set of yarns are shown)

8.1.3 Hercules Pattern

Hercules pattern is similar to Regular and Diamond patterns in terms of the sinusoidal and
flat section. However, since in the Hercules pattern, a yarn passes above three yarns and
then goes under the next three yarns, the flat section is two times longer than the Regular
pattern. A sample of counterclockwise and clockwise undulation path of Hercules pattern
withr = 0.7 mm, N = 8,and 0 < ¢ < 2m is shown in A- Figure 7. As one can see, the
flat sections are twice longer than the Regular pattern. The sinusoidal undulations are the

same as for Regular and Diamond patterns.
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A- Figure 7 Counterclockwise (blue) and clockwise (red) undulation path of Hercules pattern with r = 0.7 mm, N = 8,
and 0 < ¢ < 4rm

The counterclockwise and clockwise equations for the Hercules pattern’s undulation path

are shown in (A-12) and (A-13), respectively.

r ;0< ¢ <w/2
r ;w/2< @i <w
Np;, =
rsin(%+i) ;0w <@; <3w/2
Sien) =, 13w/2 < ¢ < 2w (A-12)
-r ;20 < @ < Sw/2
No:
rsin<%+g) ;5w/2 < ¢; < 3w
-r ;0< ¢ <w/2
—7r sw/2<gi<w
N s
—TSID(T-FE) ;C‘)S(pj<3(‘)/2
SZ((pj) I ;3w/2 < @; < 2w (A-13)
r ;20 < @ < Sw/2
No:
—rsin(%+%) ;ow/2 < ¢; < 3w

Similar to Diamond and Regular pattern equations, by combining equations (A-12) and (A-

13) by equations (A-4) and (A-5), the equations for the Hercules pattern will be achieved.
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A sample of Hercules pattern with N = 32,y = 60°, R = 12 mm, and r = 0.7 mm is

shown in A- Figure 8 (only one of the yarn at each direction is shown for more clarity).

3
Y (mm)

X (mm)

A- Figure 8 Clockwise (red) and counterclockwise (blue) yarn path of Hercules pattern with N=32, R=12 mm, r=0.7 mm,
and y=60° (only one set of yarns are shown
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