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Abstract 

Three-dimensional (3D) braiding is commonly considered an advantageous method for producing near-net 

composites that provide improved transverse properties relative to two-dimensional (2D) braiding. 

Modeling of 3D braids is an ever-growing field of research ï particularly the use of sub-unit cell models. 

The production of complex braid shapes and patterns ï and the modeling of the same ï serves to allow 3D 

braids to be used more widely, such as various mechanical, infrastructure, or medical applications. This 

research focused improving the functionality of a purpose-built braiding machine and on the improvement 

of sub-unit cell models used for predictive modeling through an expansion of modeling capabilities and 

through validation. In this research, the braiding machineôs maximum capacity was upgraded from 9 to 49 

motors, 24 to 161 yarns, and 3 to 50 motor drivers. The control and take-up systems were also dramatically 

improved by the addition of 112 new I/O connections and the ability to vary or pause the take-up speed 

respectively. Through these improvements, many new braid shapes were possible ï including three braid 

shapes novel to this work: isosceles triangle, right triangle, and curve approximation. The modeling 

application was expanded to match the capabilities of the braiding machine. In doing so, predictions of 

stiffness for various orthogonal braid shapes were made possible and several novel sub-unit cells were 

identified. The novel sub-unit cells included the isosceles triangle edge, upper corner, and lower corner and 

the right triangle edge, upper corner, and lower corner. It was predicted that as the isosceles triangle had a 

larger braid angle than orthogonal shapes (and the right triangle larger again) that the longitudinal stiffness 

of the triangular shapes would be reduced relative to orthogonal shapes, but that transverse properties would 

be improved. The interior braid angle and braid pitch predicted by the model were validated using a micro-

computed tomography (micro-CT) analysis. The relative errors between the model predictions and micro-

CT results for interior braid angle and braid pitch were found to be 13.00% and 6.16% respectively. It was 

suggested that additional measurements to normalize the model data could further reduce these errors in 

the future. 
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Chapter 1 Introduction  

 

1.1.1 Motivation 

Three-dimensional (3D) braids can be loosely defined as intertwined yarns with a 3D cross-

sectional shape, as opposed to a rope or flat fabric [1]. These braids are often used as preforms for 

composite structures [2]. Recently, 3D braids have started to be studied more due to some key 

advantages over two-dimensional (2D) braids. These advantages include increased delamination 

resistance, improved near-net shape capability and increased out-of-plane strength [3].  

Though 3D braids are commonly stated to be advantageous for applications such as aerospace, 

automotive, or medical, they have failed to be implemented industrially [4]. This failure is in part 

due to the relatively low speed of manufacture, the difficulty of accurately modeling mechanical 

properties, and the limited possible braid shapes and patterns. The low manufacturing speed of 

braids limits the feasibility of using 3D braids in mass-produced products such as automotive or 

construction components. This speed can be addressed both by increasing the throughput of the 

machine and by decreasing the human effort required to design, model, and test the braids. The 

modeling of braids is difficult partially due to the excessive undulations of the yarns and the 

variable braiding angle throughout the cross-sections. A method of modeling is required that 

allows both fast and accurate results for highly tailorable braids. It is also required to construct a 

braiding machine that can produce the tailorable braids. The ability to produce purpose-tailored 

braids will greatly increase the number of braid shapes and patterns that are possible, thus the 

number of potential applications is similarly improved. This work was motivated by these 

limitations.  
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The long-term goal for this project is to provide a predictive modeling method for arbitrary braid 

materials, patterns, and shapes. Through the research of braids, it has become evident that the 

advantages of 3D braiding lie mainly in the many possibilities for customization. As such, this 

fully customizable modeling method will allow 3D braiding technology to be used to its fullest 

capacity.  

 

1.2 Thesis Scope 

In previous work, it was shown that fast and accurate modeling was feasible for square braids by 

using a combination of sub-unit cells and finite element analysis [5]. These braids were 

manufactured using a two-step rotary 3D braiding machine. This thesis aims to improve the 3D 

braiding manufacturing process and capability of the braiding machine, as well as to expand 

modeling capability. Specifically, the physical, electrical, and electronic upgrades to the braiding 

machine to enable full control of braid shapes and patterns was undertaken. Similarly, the specific 

changes to the previously developed modeling application [5] to allow modeling of these newly 

possible shapes and patterns will be described. Further, the implications of these braid shapes and 

patterns on braid angle and other factors related to the mechanical properties of the braided 

composites will be explored. 

1.3 Thesis Outline 

This thesis is divided into six chapters. The second chapter contains background on existing 3D 

braiding machines and processes, previous modeling attempts, and suggested applications for 3D 

braids. The advantages and disadvantages of various braiding technologies are discussed to support 

design changes to the constructed braiding machine. Similarly, previously explored modeling 
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methods are explained. The potential applications for 3D braids and 3D braided composites are 

presented to further reinforce design changes as well as to provide motivation for future expansion. 

The third chapter focuses on the braiding machine itself. The design of the braiding machine in 

previous work is presented, along with its inherent disadvantages. Then, the updated braiding 

machine is explained. The physical updates to the braiding machine such as increased capacity and 

improved tolerance are described. Electrical and electronic updates to facilitate the improved 

functionality of the machine are listed. Finally, the updates made to the braiding process are 

explored.  

The fourth chapter focuses on the braiding software, including the modeling and control software. 

Like chapter three, this chapter describes the previous modeling and control software and provides 

in-depth explanations for all updates. These updates include changes to the modeling GUI, control 

GUI, and microcontroller firmware. 

The fifth chapter provides a comparison of the presented modeling software with micro-CT results. 

Within this chapter, the methods of the micro-CT process are discussed as well as suggested causes 

for error.  

Finally, the sixth chapter presents the conclusions that were drawn from this thesis. Also, the 

limitations of this work are discussed as well as suggested future work.  

The appendices are divided as follows. Appendix A contains datasheets for major machine 

components. Appendix B contains articles related to the physical construction of the braiding 

machine such as CAD drawings. Appendix C contains articles related to the electrical and 

electronic components including datasheets and schematics. Appendix D contains all computer 
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code used in this body of work. Appendix E contains additional documentation related to the 

models developed in this work. 
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Chapter 2 Background 

 

2.1 Introduction to Three-dimensional Braids 

Composite structures are being increasingly studied due to their high specific strength and stiffness 

properties [6], [7]. Braiding is one method of manufacturing preforms for composite structures 

consisting of ñcontinuous, intertwined, fiber towsò [6]. Further, braiding is distinct from other 

textile methods such as weaving or knitting. Weaving results from orthogonally interlacing yarns 

and knitting requires inter-looping yarns, whereas braiding necessitates neither loops nor 

orthogonal yarns [1]. Note that in some literature, the words ñbraidingò and ñweavingò are used 

interchangeably. This literature review focused on works that used the aforementioned description 

of a braid (i.e. lacking orthogonal yarns) regardless of the label of ñbraidingò or ñweaving.ò  

Two-dimensional (2D) braids have been studied extensively in literature. 3D braids can be 

differentiated simply from 2D in that a 2D braid describes either a braided single-layer sheet or 

thin-walled tube and a 3D braid involves further braiding in the third dimension, i.e. through 

thickness dimension, [1]. As described extensively in [1], this simple definition is lacking when 

two or more single-layer sheets are braided together in a shape such as a T, L, C, I, or box. The 

definition used throughout this work will be the same as in [1]. The definition is as follows: 

 ñ3D braided fabric is a fully integrated assembly of two or more yarn layers, in which 

each layer comprising two or three sets of yarns having different directions is intertwined 

with at least one adjacent layer by a 3D braiding processò [1]. 

 This means that the ñbranchesò of a shape (such as a T, L, C, I, or box) must be at least 2 layers 

thick ï and these layers must be interconnected through the braiding process (i.e. not stitched or 
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glued together) ï in order for these shapes to be considered a 3D braid. This distinction is important 

because a 3D braiding machine (or 3D braider) can also produce 2D braids, but this work will 

focus only on those that match the description of a 3D braid. Similarly, this literature review 

focused only on machines, methods, and applications that included 3D braids. 

2.2 Applications of Three-dimensional Braids 

Composite materials, and specifically three-dimensional braided composites have been proposed 

for many applications. Some of these applications include aerospace [4], automotive[8], 

infrastructure and prosthetics [9], ballistics [3], [4], and smart structures [2]ï[4]. These 

applications will be discussed more thoroughly in the following sections. Braiding has limitations 

in preform width and manufacturing speed [2]ï[4]. However, braiding is still proposed for many 

different applications because it is very versatile. Specifically, the ability to create many different 

cross-sectional shapes in near-net preforms is frequently referenced as an advantage [10].  

2.2.1 Transportation Applications 

Transportation applications such as those found in the aerospace, automotive, and nautical 

industries are grouped together here due to their similar requirements. The most commonly listed 

limitations for such applications are the relatively slow braiding speed and the limitations of braid 

cross-sectional size [1]. The cross-sectional size of a 3D braid is limited by the size of the braiding 

machine baseplate, the number of carriers, and the yarn denier. Each of these limitations can be 

individually rectified, but at the cost of creating other limitations. By increasing the baseplate size, 

the maximum cross-sectional shape inherently increases. This has been achieved previously 

through using modular braiding machine designs such as [1], [11], [12]. The immediately obvious 

downsides to such a solution are increased space requirements and cost. Additionally, the increased 

distance from the outer carriers to the braiding point can cause issue with either too much slack or 
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too much tension in the yarns [3]. As mentioned further in Section 2.3.2, the number of carriers 

can be increased by such methods as hexagonal horngears or switching mechanisms [3]. However, 

more densely packed carriers require smaller bobbins to avoid jamming the machine. As a result, 

there is a trade-off in maximum braid length achievable with these types of machines. There is a 

similar trade-off in length when the yarn denier is increased. These factors make it simple to 

conclude that with current 3D braiding technology it is not feasible to produce large area braids 

economically ï as suggested in [3], [4].   

On the other hand, for specific smaller cross-section applications, 3D braiding has been shown to 

be useful. For example, in [13]ï[15] it was stated that 3D braids were very useful for applications 

where flexibility and damage tolerance were needed such as wing stiffening elements or curved 

fuselage frames. Further, the ability for complexly shaped, near-net preforms has been identified 

as a unique benefit of the 3D braiding process [16]. The complexity of braided shapes has an 

inverse relationship with the speed of production. This is due to longer braid paths and the need 

for more complex control mechanisms. As a result, 3D braiding is not yet suitable for mass-

produced components for any of the transportation applications discussed herein. However, for 

applications where high complexity, high specific stiffness, and high damage tolerance are needed, 

3D braids are still worth investigating.  

2.2.2 Infrastructure Applications 

The goal of using 3D braided composites in infrastructure would primarily be to replace existing 

building products with stronger and lighter alternatives. One potential application would be to 

replace existing steel beams. The most common cross-sectional shapes of steel beams are tee (T), 

channel (C), bearing pile (H), angle (L), I-beam (I), pipe, or hollow (box) [4]. Many of these shapes 

have been previously attempted using other composite manufacturing methods such as layup of 
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fiber mats. However, as evidenced by the invention of the deltoid noodle shown in [16], this 

method often leaves gaps between the assembled mats. As a result, it is considered beneficial to 

be able to manufacture these shapes in a continuous cross section or near-net shape [17]ï[21]. 

Although these shapes have been achieved previously, the effect of variable braid patterns within 

the existing shapes has not been studied. Additionally, the method for creating deltoid noodles as 

shown in [22], [23] requires cutting a notch in a prepreg mat. It was considered advantageous for 

this thesis to explore the possibility of creating similar shapes without necessitating cutting of the 

fibers. 

2.2.3 Niche Applications 

Niche applications include the aforementioned applications such as prosthetics, ballistics, and 

smart structures. In general, niche applications benefit predominantly from the ability to produce 

variable shapes and patterns. Other medical applications such as braided scaffolds [24]ï[30], 

orthopedics [17], and stents [18]ï[20] will be discussed further in this section.  

3D braids have been reportedly used to produce scaffolds for repairing articular cartilage [21], 

ligament or tendon repair [18], [19], and bone repair [19]. For some instances of ligament or tendon 

repair, the reported 3D braids appeared closer to what has been defined in this thesis as 1D braids 

[20]. In fact, in the case of [17], the braids were manufactured completely manually rather than 

using a braiding machine. However, where 3D braiding (as defined in this thesis) was used, it was 

stated to be beneficial due to the ability to tailor the mechanical properties [17]. The ability to 

tailor the mechanical properties of the resulting composite was also stated as an advantage for the 

repair of articular cartilage [17]. In the case of [21], a circular 4-step braiding machine was used. 

As a result, the parameters that were varied were limited to the braid angle (based on spaces moved 

in a step), yarn density, and the number of layers of braided yarns [22], [23]. A 4-step braiding 
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process was also used for the proposed method of bone repair [22]. The use of 4-step braiding 

machines limits the ability to tailor the mechanical properties of a braid as will be discussed in 

Section 2.3.1.  

Contrary to scaffold braids, which are typically intended to be biodegraded and replaced with 

natural tissue, the orthopedic braids covered in this literature review were intended to be permanent 

fixtures [23]. As identified in [25]ï[30], it is critical for the stiffness of a permanent fixture in the 

human body to closely match the tissue it is replacing (i.e. bone). This means that the ability to 

control the mechanical properties of the braid in such situations is even more crucial than for soft-

tissue replacement. In [28], it was identified that it is also important to match the shape of the 

implant to the tissue it is replacing. Matching the shape allows for the implant to better approximate 

the stresses that would be normally experienced by the natural tissue and surrounding area.  

The use of braids to manufacture stents is a more established practice than either scaffolds or 

orthopedics. However, stents are predominantly designed using 2D braiding processes and shape 

memory alloys (i.e. metal fibers). 3D Braided stents with diverging tubes have also been proposed 

in [11]. Regardless, it is commonly regarded that the use of FEA is useful to predict the behaviour 

of the stents inside the body [28]. These finite element processes ï like many early 3D braiding 

models ï often neglect the effect of fiber undulation. Instead, the areas where fibers overlap are 

constrained to act almost as a single node, with the exception that rotational movement is not 

constrained. In one case, the stent was manufactured to allow different braiding angles at the ends 

[29]. This allowed for the stent to achieve both the appropriate radial stiffness to prevent collapse, 

while also limiting the extension of the stent. Both of these parameters had been previously shown 

to cause issues when stents were implanted. In this case, the different braid angles were achieved 

by modifying the braid after production [29]. To further validate the use of 3D braiding machines 
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for the purpose of manufacturing stents, one group used a 4-step circular 3D braider to produce 

their stents [30]. They were able to produce multi-layer intertwined stents and vary the braid angle. 

It was also noted that braid angle had the largest impact on the function of the stents [11]. This 

group later produced shape memory polymer braids as well [11], and were able to show that by 

manipulating braid parameters the polymer braids could be equally effective to the metal.  

 

2.3 Three-dimensional Braiding Machines and Methods 

Three-dimensional braiding machines (3D braiders) are commonly categorized as either row-and-

column or rotary [1]. The invention of Bluck [31] in 1969 has been suggested as the first instance 

of both row-and-column and rotary 3D braiding [1]. However, it is interesting to note that the 

invention of Blaisdell [32] in 1930 described a method to intertwine two separate layers of two 

yarns each together in order to produce brake linings. This suggests that the benefits of ñthree-

dimensionalò braiding have been sought after for a long time, even if it was not referred to as such.  

2.3.1 Row-and-column Braiding Machines 

In the early study of 3D braiding, the primary style of machine was row-and-column [1]. Braiders 

within this category, such as the invention of Florentine [33] in 1980, were originally designed in 

either rectangular or circular configurations and braid by shifting an entire row or column. This 

method is further described in [34]. Although originally referred to as ñMagnaweaveò [34] the 

invention [33] would be better categorized as a 4-step rectangular 3D braid [1].  The 4 steps of 

such a braider in a rectangular configuration ï as described in [35] ï are as follows. First, 

alternating actuation of carriers in the column direction. This means alternating actuators move 

entire columns ñupò or ñdown.ò Second, alternating actuation in the row direction. Similarly, this 

means alternating actuators move entire rows either ñrightò or ñleft.ò Third and fourth, these 
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motions are repeated with directions reversed. That is, actuators that moved ñupò now move 

ñdown,ò actuators that moved ñrightò now move ñleftò and vice versa. For a circular configuration, 

these same steps apply except that the row movement is replaced by ring movement [35]. In both 

configurations, the primary variables with which to affect the braid pattern are the number of 

spaces of movement in the column (radial) or row (ring) directions [34]. For a rectangular 

configuration a designation of a 2 x 1 pattern would equate to 2 spaces of movement in the row 

direction and 1 space of movement in the column direction [35]. The same 2 x 1 designation for a 

circular configuration would equate to 2 spaces of movement in the radial direction and 1 space of 

movement in the ring direction [35]. Similar machines have been designed to manufacture using 

two or six steps and have been described extensively in [35]. While early row-and-column braiders 

could often produce simple braids relatively quickly, they lacked the ability to manufacture braids 

with complex braid patterns. As a result, multi-step braiding was explored. 

Beyond 4, 2, or 6-step row-and-column braiding, another area of interest was ñmulti-stepò 

braiding. Multi-step braiding was introduced by Kostar and Chou in 1994 [36], [37]. Multi-step 

braiding allowed for the movement of individual rows or columns a variable number of spaces 

[35]ï[37]. The primary advantage of multi-step braiding was the large number of new ñbraid 

cyclesò [36] that were newly possible. Note that braid cycles as referenced in [36] are referred to 

as braid patterns throughout the rest of this work. Multi -step braiding allowed for significant 

improvement in braid pattern complexity versus traditional row-and-column braiding, but it still 

required an entire row, column, or ring to be moved in a step. As a result, control of an individual 

carrier was still limited. 
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2.3.2 Rotary Braiding Machines 

The braiding machine developed in this work, and previously in [5], is a rotary braider. Rotary 3D 

braiders are a natural extension of Maypole or lace braiding into three dimensions [1]. An overview 

of Maypole and lace braiding is presented in [1] and a detailed explanation in [38]. As such, this 

section will be reserved for the description of 3D rotary braiding. However, it is worth noting that 

the primary difference between the two is that Maypole braiding is a continuous process, while 

lace braiding is discrete. It follows that the braider developed in this work is more closely tied to 

lace braiding than to Maypole.  

The modern rotary braider was developed as an alternative to the 4-step row-and-column braider 

[39]. This braider used ñrotorsò (hereinafter referred to as horngears) with 4 orthogonal recesses 

to hold fiber carriers [39]. Although 4 recesses were used in all figures of the patent, it was 

suggested that any number of recesses could be used. Later, this would be realized in the hexagonal 

braider presented in [11]. Each horngear in [39] was attached to an individual drive system that 

allowed each to rotate in a desired angle in either direction. The stated benefit of the individual 

drive systems was the ability to braid uneven cross-sections. The braiding mechanism of the 

invention [39] was to have two groups of horngears rotate in opposite directions in alternating 

steps. As such, this invention could be considered a 2-step rotary braiding machine. The 2-step 

method is further explored in a follow up invention [40]. The difference provided in this updated 

invention was the ability to vary the braiding angle by halting the rotation of specific horngears 

while the other continue in the 2-step pattern [40]. This ability was proposed to be beneficial for 

applications where the load throughout the braided structure varies. By introducing steps where 

the horngears follow a different pattern ï such as halting briefly ï this expansion to the original 

invention could be classified as a multi-step rotary braider in a similar fashion as the multi-step 
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row-and-column braiders above. However, even with multi-step braiders the horngears were 

typically driven in 2 groups turning in opposite directions. A rotary braiding machine has not been 

shown to have each horngear have individual control for direction and rotation in any given step. 

The evolution to hexagonal horngears [11], as well as switching mechanisms as described in [1], 

[11], [12], are intended to increase the yarn density in the rotary 3D braider design. Switching 

mechanisms also increase the ability for a braider to quickly move a carrier to a desired position 

and allow for bifurcated structures to be more easily produced [11], [12]. The design of the 3D 

braider described herein does not include switching mechanisms at present, but they would be a 

valuable addition in future work. 

 

2.4 Three-dimensional Braid Modeling and Analysis 

The history of analytical 3D braid modeling extending to classical laminate plate theory has been 

well documented in [41] and in previous work [5]. As such, only the most pertinent models to this 

work will be explored herein. These include the fabric geometry model, fiber inclination model, 

and sub-unit cell models. These will be discussed in the sections below. Finite Element Analysis 

(FEA) is often used in conjunction with sub-unit cell models for prediction of mechanical 

properties ï as was done in previous work [5], [42]. This thesis did not focus on improving the 

FEA portion of the model, therefore discussion on FEA models was not included for succinctness. 

2.4.1 Fabric Geometry Model 

The Fabric Geometry Model (FGM) ï first described in [43] and later updated in [44] ï was a 

model that treated the combination of fibers and matrix as individual composites rods. It was 

determined that these rods could have 3 possible orientations, which depended heavily on the braid 
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shape and pattern [43]. By using braiding parameters such as the number of spaces a carrier was 

moved, it could be determined how many yarns were in each orientation. From there, strength 

could be determined using simple geometric equations for force acting on an angled fiber and the 

rule of mixtures. The update to the FGM served mainly to solve two drawbacks of the original 

model. These drawbacks were that the original model failed to emulate transverse isotropy and 

that some fiber orientations would result in undefined values in the equations [44]. This updated 

model also demonstrated two methods for determining the composite stiffness matrix; one is 

termed ñstiffness averagingò and uses a volumetric average of the individual rod stiffness matrices, 

while the other is termed ñcompliance averagingò and achieves the same goal using the rod 

compliance matrices instead. It was shown that stiffness averaging generally overpredicts the 

stiffness of the composite while compliance averaging generally underpredicts. However, stiffness 

averaging was shown to achieve much better results when compared to experimental data [44]. 

The FGM idealises fibers as straight rods, and does not account for undulation, but it is still useful 

as a quick method to predict the elastic behavior of braided composites. It was used as such to 

provide a baseline in the development of the model used in this work [5].  

2.4.2 Fiber Inclination Model 

The Fiber Inclination Model (FIM) was one of the earlier attempts at an analytical model for 3D 

braids [45]. FIM was based on modifications to Classical Laminated Plate Theory (CLPT) as 

explored in [46]. It used a unit cell similar to the one recreated in Figure 2-1. As with all unit cell 

models, this cell could be repeated as needed to fully describe the full composite structure 

(hereinafter the composite structure will be assumed to be a 3D braid, though that is not a 

requirement of the model) [46]. The model was formed based on the following concepts. First, it 

was assumed that after matrix impregnation all parallel representative fibers within the same z-
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layer could be treated as a single inclined lamina. Second, fibers were assumed to be straight and 

unidirectional within the aforementioned lamina and factors caused by a change in direction at the 

corner of a unit cell (i.e. interlocking or bending) were not taken into account. Third, the unit cell 

was assumed to be a combination of 4 equal thickness laminae with no intersection. The unit cell 

fiber volume fraction was thus assumed equal to that of the braid.  

 

Figure 2-1: Representation of a 3D braid unit cell as described in [46] 

This model was reported to be a reasonable approximation for predicting elastic properties when 

compared to experimental data at the time [46]. However, it is apparent that the assumptions of 

fibers following linear paths with no interactions are an oversimplification of the true geometry of 

a braid. Additionally, this model fails to account for the difference in yarn paths internal versus 

external to the braid. These, along with the reported deficiency of inaccurate Poissonôs Ratio 

estimation [46], lead to the study of the models discussed below. 

2.4.3 Sub-Unit Cell Models 

The deficiency presented in the FIM of not being able to model the differing yarn paths internal or 

external to the braid eventually led to the study of small ñunit-cell-like substructuresò [47], which 

will be referred to as sub-unit cells throughout this work. In [47], 3 sub-unit cells were identified: 

interior, surface, and corner. These sub-unit cells could be combined to generate the larger unit 
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cell. It is worth noting that it was demonstrated that the sub-unit cell structure depended entirely 

on the braiding method. Notably, the shape of the braided preform was suggested as one of the 

characterizing parameters [47]. Since [47], many other works have included the concept of sub-

unit cells. A sample of these works and their achievements are summarized in Table 2-1 below. It 

is clear from Table 2-1 that this area of research has almost exclusively been performed with 4-

Step row-and-column braiding machines and with the assumption of linear yarn segments. Further, 

the shapes covered in these papers are almost entirely simple rectangles, with only some expanding 

into other orthogonal braid shapes [48], [49]. Even in these studies, only L shape braids were 

explored. 

Table 2-1: Sample of literature on Sub-unit cell models 

Year  
Reference 

Number 

Braiding Machine 

Type 

Number 

of Sub-

Unit Cells 

Contribution  

1995 [50] 
Row-and-column,  

4-Step 
3 

Model determines the simplif ied 

topology of yarns is fully 

characterized by braiding angle and 

pitch. Uses mixed-volume averaging 

of stiffness and compliance. Linear 

yarns are assumed 

1996 [51] 
Row-and-column,  

4-Step 
3 

Model uses different unit cells than 

previous work. Center unit cell is 

equivalent to FIM. Linear yarns are 

assumed 

1999 [52] 
Row-and-column,  

4-Step 
3 

Model uses multiphase finite 

element model to analyse 3 sub unit 

cells. Surface and corner were found 

to be stiffer than interior. Linear 

yarn segments were assumed 

2001 [53] 
Row-and-column,  

4-Step 
3 

Model defines finite elements for 

yarns and uses these to simulate the 

braiding process. It was observed 

that yarns curved through the 

interior of the braid as well as on the 

exterior. However, the yarn 

properties were not preserved so 

mechanical properties could not be 

predicted 
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2007 [48] 
Row-and-column,  

4-Step 
6 

Model determines the microstructure 

of braid with complex rectangular 

shapes. Some curved yarn segments 

are used 

2008 [49] 
Row-and-column,  

4-Step 
6 

Model provides a method for 

calculating fiber volume fraction of 

complex rectangular shapes using 6 

sub-unit cells 

2009 [54] 
Row-and-column,  

4-Step 
3 

Model provides stiffness and 

strength analysis of 3D braids 

including axial yarns using 3 sub-

unit cells. Linear yarn segments 

were assumed 

2010 [55] 
Row-and-column,  

4-Step 
4 

Model uses 4 sub-unit cells of the 

interior cell rather than different 

cells on the surface or at the corner. 

Parametric finite element analysis is 

performed and a hexagonal cross 

section of the yarn is used. Linear 

yarn segments were assumed 

2011 [56] 
Row-and-column,  

4-Step 
4 

Model is a follow-up to the method 

that uses 4 sub-unit cells of the 

interior cell. Again parametric finite 

element analysis is performed, but 

this time with axial yarns included. 

Linear yarn segments were assumed 

2012 [57] 
Row-and-column,  

4-Step 
4 

Model provides an analytical 

method for determining mechanical 

properties of braid. A distinction in 

made between exterior and interior 

surface cells. Exterior surface cells 

contain curved yarn segments, 

others remain linear 

2013 [58] 
Row-and-column,  

4-Step 
3 

Model provides finite element 

analysis of all 3 sub-unit cells. 

Surface and corner cells were found 

to be stiffer than interior. Linear 

yarn segments were assumed 

2014 [59] 
Row-and-column,  

4-Step 
5 

Model presents 5 sub unit cells to 

describe the microstructure of the 

braid namely: interior, interior and 

exterior surface, and interior and 

exterior corner. Linear yarn 

segments were assumed 

2016 [60] 
Row-and-column,  

4-Step 
5 

Model is a follow-up to the method 

that uses 5 sub-unit cells. In this 

case an analytical method is 

presented to predict mechanical 

properties. Exterior corner and 

surface cells are shown to have 
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higher stiffness. Linear yarn 

segments are assumed 

2016 [61] 
Surface-core,  

2-Step 
3 

Model provides sub-unit cells for 

new surface-core braiding 

technique. Linear yarns are assumed 

2017 [62] 
Row-and-column,  

4-Step 
3 

Model uses 3 sub-unit cells to 

analyse high velocity impact. Linear 

yarn segments are assumed 

2017  [42] Rotary, 2-Step 3 

Model allows for undulation in 

yarns allowing unit cells to closely 

approximate true braid paths 

 

2.5 Conclusion 

Through this literature review, some gaps in existing 3D braid manufacturing and modeling 

processes were established. For manufacturing, it was found that current braiding machines lack 

the ability to create complex shapes and braid patterns due to the inflexibility of the existing 

horngear control. Similarly, the ability to vary the braid angle within a single braid through take-

up or braid pattern manipulation has not been satisfactorily demonstrated.  For modeling, it was 

found that current models generally oversimplify the paths of the yarns throughout the braid. As a 

result, some important effects ï such as undulation ï are often missed. Further, the previous work 

for this project did not provide validation to ensure the modeled yarn paths match the paths 

produced with the braiding machine. Therefore, the goals of this thesis were as follows: (1) to 

produce a 3D braiding machine with the ability to create complex new braid shapes and patterns 

through the addition of granular control of the horngears and take-up mechanism; (2) to improve 

the model to allow for complex braid shapes and patterns; and (3) to provide validation of the 

modeled yarn paths through a micro-CT analysis of the braids. 
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Chapter 3 Design of a Multi-step, Variable Take-up 3D Braiding 

Machine to Produce Complex Braid Shapes and Patterns 

 

3.1 Introduction  

Previously, a rotary 3D braiding machine was designed with the capacity to produce 2-step, 

rectangular braids with a maximum yarn count of 24 [5]. For this thesis, and later work with this 

research group, this capacity needed to be expanded. Specifically, the first goal of this thesis is to 

produce a 3D braiding machine with the ability to create complex new braid shapes and patterns. 

This chapter is divided into two main sections giving an overview of the machine design and 

features and discussing the improved capacity of the machine respectively. 

3.2 Overview of the 3D Braiding Machine Design 

The first section of this chapter serves to provide an overview of the 3D braiding machine design 

and functionality.  

The braiding machine developed in this work was a direct continuation of previous work [5], using 

many of the same components. As the design considerations for these components were not made 

during the course of this thesis, only a brief summary of these components is included in Table 

3-1. More information on these components can be found in [5] and Appendix A.  
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Table 3-1:  Specifications for Pre-existing Components 

Component   
Specific Product 

Information  

Baseplate  
1/2" Thick Aluminum 

Sheet, Max. Capacity: 49 

Motors 

Frame  Standard 4-channel T-Slot 

Aluminum 

Yarn spool/ 

Tensioning 

device 

 Standard Metal Sewing 

Machine Bobbin 

Motor  

17HS19-1684S-PG19, 

Nema 17 Stepper Motor 

with gear box, Rato: 

19.203:1 

Motor Driver  12x RB-Dfr-727 TB6600 

Stepper Motor Driver 

Microcontroller   Arduino Mega 2560 

 

This 3D braiding machine contains four subsystems, which will be discussed further in the 

subsections below. These sub-systems are: the braiding subsystem, which consists of the 

horngears, carriers, motors and drivers and serves to move the yarns through the determined braid 

paths; the take-up sub-system, which consists of the take-up motors and collection mechanism and 

serves to apply tension to the yarns; the control subsystem, which consists of the microcontroller 

and I/O expanders and serves to send required information to the braiding and take-up subsystems; 

and the power subsystem, which consists of the power bus and power supplies and serves to 

distribute power to all of the other subsystems. A comparison between the previous and redesigned 

subsystems can be found in Table 3-2. 
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Table 3-2: Comparison of Previous and Redesigned Braiding Machine Subsystems 

Subsystem   Component   Previous   Redesigned 

Braiding  Horngears  9  49 

Braiding  Carriers  24  112 (+ 49 Axial) 

Braiding  Motors  9  49 

Braiding  Drivers  3  50 

Take-up  Motors  2  No change 

Take-up  Collection 

Mech. 
 In air  Collection Ring 

Control  Microcontroller  Arduino Mega 

2560 
 No change 

Control  I/O Expanders  None  7 (Additional 112 

I/O pins) 

Power  Power Bus  None  
Capacity for 6 

Circuits at 50A 

each 

Power   Power Supplies   2   5 

 

3.2.1 Braiding Subsystem 

The braiding subsystem consists of the horngears, carriers, motors, and motor drivers. This 

subsystem is responsible for the braiding of yarns by moving the carriers to new locations based 

on a user-determined braid path. The motor drivers receive information from the control system 

that determines whether a motor is to be enabled, the direction in which the motor should rotate, 

and the angle through which the motor should rotate. This information is passed to the motors, 

which in turn rotate the horngears. Each horngear is surrounded by four carriers, which are then 

moved into position by the rotation of the horngears.  

In the redesign of the braiding machine, some changes were made to the design of the horngears. 

These changes can be seen in Figure 3-1. Most notably, the rectangular slots added to the horngears 

allow for them to be aligned at the start of braiding and allow for an axial yarn bobbin to be 

mounted directly to the horngear.  
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Figure 3-1: Redesigned horngear including mounting holes for axial yarn bobbin 

 

3.2.2 Take-up Subsystem 

The take-up subsystem consists of the take-up motors and collection mechanism. This subsystem 

is responsible for applying tension to the yarns to allow the braid to form. Like the braiding 

subsystem, the take-up mechanism is operated by the motors receiving information from the 

control system after interpretation from a motor driver. Previously, the take-up motors would only 

receive direction information from the motor driver as they were always enabled while the braiding 

machine was operating. However, in the redesigned braiding machine it was considered valuable 

to allow the take-up system to be disabled for certain steps and to allow the take-up speed to be 

varied. This variability allows for more control over the braid angle within the braid as will be 

discussed further in Section 3.3.4. 

New Mounting Hole 
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3.2.3 Control Subsystem 

The control subsystem consists of the microcontroller and I/O expanders. This subsystem is 

responsible for interpreting information sent by a user into binary information for the braiding and 

take-up subsystems. The general flow of information is from the userôs computer to the 

microcontroller, then to the I/O expanders, and finally to the motor drivers. The motor drivers used 

in this work require 3 pieces of information to operate. They have one pin for each of enable, 

direction, and clock. Enable turns the motor on (binary 0) or off (binary 1), direction determines 

clockwise (0) or counter clockwise (1) rotation, and clock pulses 1 and 0 at a frequency that 

determines the speed of operation. In the redesigned braiding machine, there is a clock line for the 

take-up subsystem and 7 clock lines are used to run the other motor drivers ï with each line 

servicing 7 motors. This allows for the take-up motors to be operated at a different speed than the 

braiding motors. 

The previous braiding machine only used 2 motor drivers, so only 6 I/O pins were used on the 

microcontroller (the Arduino Mega has 50 I/O pins). Therefore, no I/O expanders were necessary. 

However, even with the common clock lines for the braiding motors 108 I/O pins were required 

with 50 drivers. In order to facilitate this, it was decided to use I/O expanders. Specifically, the 

expanders chosen were 16 port I/O expanders (MCP23017-E/SP, Adafruit) that use the I2C 

protocol to communicate with the microcontroller. I/O expanders were chosen for several reasons. 

Up to 8 I/O expanders can be connected to a single Arduino Mega using the I2C bus, though the 

current design only uses 7. With 7 16-bit I/O expanders, the maximum capacity for I/O pins is 112. 

The current setup uses 100 of these pins (the other 8 pins are used directly from the 

microcontroller), which allows for some expansion at a later date. Additionally, I/O expanders 

were in part due to the simultaneous sending of data. All  I/O expanders are connected to a 
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communal clock line, so no information is sent out until they are all updated. This happens on the 

order of milliseconds and ensures that no motors will be out-of-sync. 

In order to connect the I/O expanders to the Arduino Mega, the circuit boards shown in Figure 3-2 

were manufactured manually using perfboard. Manually manufacturing was chosen over having 

boards manufactured due to the ability to rapidly change parameters if needed. Wires for the 

control of the motor drivers were soldered directly to the perfboard. The I/O expanders are 

connected to the Arduino Mega I2C bus with pull-up resistors. This means that the default state of 

the I2C pins is pulled to ñhighò or 1 in binary. This ensures that the square waves containing binary 

data are not attenuated over long distances due to wire impedance. The power and ground buses 

of the I/O expander boards were connected to an external 5V power source that allows for a total 

current draw of 2A. The use of an external power source lowers the risk of damaging the 

microcontroller chip if there are any issues with the power draw of the motor drivers. The complete 

electronics schematic of the control system, including all connections to the I/O expander boards 

is included in Appendix C. 

 

Figure 3-2: Schematic diagram of I/O custom expander circuits mounted on perfboard 
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3.2.4 Power Subsystem 

The power subsystem consists of the power bus and power supplies. This system is responsible 

for supplying DC power to all other subsystems. Power flows through this subsystem from the 

wall outlet to the power supplies, then to the power bus. The power bus is used to distribute power 

to the motor drivers, while allowing for future changes. 

In the previous machine configuration, the motors were arranged in series to reduce the current 

needed in the power supply. However, when many motors are arranged in series, there is the 

possibility of them engaging in a cascading fashion due to each motor receiving power one at a 

time. As such, it was decided to change the power configuration to a parallel arrangement. As a 

result, significantly lower voltage is required ï limited to the max voltage of the motor drivers (12 

V) ï but significantly higher current is required as a trade-off. To lower the potential current 

through the wires, the 50 motor drivers and motors were divided into 5 separate circuits. Even so, 

each circuit had the potential to draw up to 43.636 A. Detailed calculations for this value are shown 

in Appendix C. The power supplies selected (SE-600-12, Mean Well USA Inc., purchased from 

Digi-Key Canada) were sized accordingly. Each power supply can supply up to 50A at 12V.  

The power bus was built to allow for the connection of multiple motor drivers in parallel without 

welding them together. This allows the drivers to be moved around in later configurations. The 

power bus uses steel bars as the connection point to ensure that the electricity flow through the 

connection does not cause excess heat. The wires used for power connection were intentionally 

oversized at 14 gauge to further improve safety and reduce heat being generated.  

3.3 Production of Complex Shapes and Patterns 

This section introduces the newly available braid shapes and patterns resulting from the redesign 

of the braiding machine discussed in the previous section. Both shapes and patterns that have been 
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previously produced with other braiding machines in literature and those that were novel will be 

discussed. 

3.3.1 Capacity to Include Axial Yarns 

Axial yarns are one of the most common ways to increase the longitudinal stiffness of a braid. This 

is useful for applications where the applied load is in the longitudinal direction. Some examples 

of this ï as discussed in Section 2.2 ï are wing stiffening elements, beams, or ligament 

replacements. As such, it was clear that the capability to include axial yarns was vital for the 

braiding machine. 

The capability to include axial yarns was added with a modification to the horngears. As shown in 

Figure 3-1, the newly added rectangular holes allow for easy mounting of the axial yarn bobbin 

holders. 

3.3.2 Capacity to Produce Shapes for Infrastructure 

The braiding machine previously used a maximum 3 x 3 configuration of horngears [5]. The 3 x 3 

configuration was limited both by the maximum overall size of the braids that could be produced 

and by the shapes and patterns that could be produced as a 3D braid. The definition of a 3D braid 

(as presented in Section 2.1) states that there must be a minimum of two layers intertwined in the 

braid shape in order for it to be considered a 3D braid [1]. As such, steel beam replacement shapes 

such as T, C, H, L, I, or box produced with a 3 x 3 setup could not be considered 3D braids as they 

would only have a single layer. Figure 3-3 shows this limitation. 

Therefore, in order to align with the goal to create complex braid shapes and patterns a logical step 

was to expand the capacity of the braiding machine bed. The updated braiding machine 

incorporates a maximum 7 x 7 horngear setup, which allows for 112 carriers or 161 maximum 
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yarns if axial yarns are included. With the expanded capacity, the shapes for steel beam 

replacement can be produced as 3D braids. This allows for the study of possible infrastructure 

applications as introduced in Section 2.2.2 Additionally, these shapes can be created in many sizes 

and configurations as shown for the T-shape in Figure 3-4.  

 

Figure 3-3: Single-layer T-shape orthogonal braid modeled with 3 x 3 horngear setup. With the 

3 x 3 setup, only a single layer can be produced, which is not typically considered a 3D braid. 

Units are in mm. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

 

Figure 3-4: Examples of various sizes and configurations of the T-shape 3D braid made possible 

by the expansion of the braiding machine bed. (a) uses 4 horngears in each major direction and 

2 for the thickness, (b) uses 6 horngears in each major direction and 2 for the thickness, (c) 7 

horngears in each major direction and 3 for the thickness, and (d) 5 horngears for the ñtopò of 

the T, with 2 horngears for the thickness and 7 horngears for the ñlegò of the T, with 3 

horngears for the thickness. Units are in mm. 

3.3.3 Capacity to Produce Non-orthogonal Shapes 

Although the capabilities to produce orthogonal shapes for infrastructure and to include axial yarns 

were important, they have been previously achieved by many other researchers. As the goal was 
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to produce new and complex shapes, it was important to also produce non-orthogonal shapes that 

have not been previously demonstrated. In order to do so, motor drivers were added so that each 

motor has an assigned motor driver. The previous configuration of the braid machine with even 

and odd motor groups was only capable of orthogonal shapes with the same braid pattern. The 

addition of individual motor drivers for each motor allowed for motors to be enabled or disabled 

at any time ï as well as providing a method for changing the direction of an individual motor. This 

change was critical for the development of triangular braid shapes.  

The most exciting new shape that was now possible was the isosceles triangular cross-section. As 

discussed in Section 2.2.2, a triangular cross-section could be used as a noodle to reinforced I-

beams made with fiber layup processes [16]. Triangular shapes could be approximated with 2-step 

rotary braiding, but as shown in Figure 3-5 there are disconnects along the hypotenuse of the 

triangle where the yarns do not intertwine. It was suspected that these disconnects would result in 

lower transverse mechanical properties as the yarns were no longer intertwined with other layers. 

As transverse properties are one of the key advantages to 3D braids, this was considered 

unacceptable. However, with multi-step rotary braiding, these disconnects can be braided together 

by swapping the yarns. Figure 3-6 shows the end result of this method, and Table 3-3 shows the 

steps required for this shape to be made. By doing so, the yarns were then intertwined throughout, 

thus theoretically improving the function of the braid. 
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Figure 3-5: Isosceles triangle modeled using a traditional 2-step braiding method on a 3 x 3 

braiding machine bed. Units are in mm. Note the disconnects circled in red 

 

Figure 3-6: Isosceles triangle modeled using a multi-step (7 steps) braiding method on a 3 x 3 

braiding machine bed. Units are in mm. Note that there are no disconnects in the yarn paths 
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Table 3-3: The 7 distinct steps required to braid the isosceles triangle shown in Figure 3-6. Note 

that the motor numbers correspond to the middle 3 x 3 square in the 7 x 7 braiding machine 

Step Enabled Motors      
              

1 

19  25  31  33  Take-up 

Direc. Angle  Direc. Angle  Direc. Angle  Direc. Angle  Speed 

CCW 90°  CCW 90°  CCW 90°  CCW 90°  1 mm/min 
              

2 

26  32        Take-up 

Direc. Angle  Direc. Angle        Speed 

CW 90°  CW 90°        1 mm/min 
              

3 

18  24        Take-up 

Direc. Angle  Direc. Angle        Speed 

CW 180°  CW 180°        0 mm/min 
              

4 

17           Take-up 

Direc. Angle           Speed 

CCW 180°           0 mm/min 
              

5 

18  24        Take-up 

Direc. Angle  Direc. Angle        Speed 

CCW 180°  CCW 180°        0 mm/min 
              

6 

17           Take-up 

Direc. Angle           Speed 

CW 180°           0 mm/min 
              

7 

18  24        Take-up 

Direc. Angle  Direc. Angle        Speed 

CCW 90°  CW 90°        0 mm/min 

                            

 

 

Other right-angle triangular cross-sections can be made using a similar procedure. The result is 

shown in Figure 3-7. Again, this shape could be approximated with 2-step braiding, but this would 

result in larger sections of the braid not intertwining. Therefore, itôs reasonable to say that this 

right-angle triangle shape could not be sufficiently produced without the use of multi-step braiding. 

In addition to the benefit of improved transverse properties, one of the biggest advantages of 3D 

braids is the ability to produce near-net shapes. Near-net shapes allow for composites to be 
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produced without joining procedures such as gluing or stitching. This ability is an advantage 

because the joint is often the first point of failure in a composite. As such, the ability to produce a 

right-angle triangle near net shape with this braiding machine allows for 3D braids to be used in 

more applications. One such application could be potentially braiding wing-flaps for aircraft.  

Further, this switching procedure for intertwining loose corners can be extrapolated to make a 

rough approximation of a curve. For example, a combination of the 45° angle from the isosceles 

triangle and the more acute angle from the general right-angle triangle could be used to 

approximate a curved shape as shown in Figure 3-8. Where before curved shapes were often made 

by over-braiding a 2D braid over a curved mandrel, near-net curved shapes could possibly be made 

directly with 3D braids. This possibility could allow the advantages of 3D braids to be brought 

into fields such as orthopedic braids, where the braids must conform to organic shapes. 

 

Figure 3-7: Right-angle triangle modeled using a multi-step (11 steps) braiding method. 

Requires a minimum braiding machine bed size of 5 x 4 Units are in mm. 
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Figure 3-8: Rough approximation of a curve modeled using a multi-step (9 step) braiding 

method. Formed by combining a (a) 1-1 switch, (b) 2-1 switch, and (c) 3-1 switch. Minimum 

machine bed size is 7 x 6. Units are in mm. 

3.3.4 Capacity to Manipulate Braid Angle 

As the braid angle is widely accepted as one of the dominating factors affecting the mechanical 

properties of the braid, it is evident that the ability to manipulate the braid angle is highly 

beneficial. Contrary to 2D braids, which generally have one braid angle throughout, 3D braids 

typically have differing braid angles between the exterior of the braid and the interior. Previously, 

the equations for internal and external braid angle for a 3 x 3 2-step braid have been defined as 

follows [5]: 

— ÔÁÎ
Ѝ

      ( 3.1) 

— ὸὥὲ
Ѝ

      ( 3.2) 

In these equations, r represents the radius of the yarn, z represents the pitch of the braid, and SF 

represents a spacing factor. The spacing factor is determined as follows [5]: 

(a) 

(b) 

(c) 
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ὛὊ
Ѝ

      ( 3.3) 

In the case where the radius of the yarn is significantly smaller than the pitch of the braid (as is the 

case throughout this work) the spacing factor can be approximated as 1. In these equations, only 

the transverse (ςЍςὶz ὛὊ) and axial (z/2, z respectively) distances travelled by the yarn affect the 

braid angle. Therefore, any methods for manipulating braid pattern should result in a change of 

either the transverse or axial distance travelled.  

The transverse distance travelled will generally stay consistent within a given braiding subsystem 

setup. However, the controlling the take-up speed will inherently affect the axial distance travelled. 

In the redesigned braiding machine, it is possible to change the take-up speed at the step level. 

That means that any given braiding step can have a different braid angle than the last. When 

combined with the ability to change the braid pattern at any point, the ability to control take-up 

becomes a massively effective tool for creating highly tailorable braids. These tailored braids could 

be effective in niche or specialized transportation applications as discussed in Sections 2.2.1 and 

2.2.3.  

3.4 Conclusions 

Through the redesign of the braiding machine, a multi-step, variable take-up machine was 

produced. This redesigned braiding machine has significantly improved capacity braid shapes and 

patterns when compared to the previous design. The additional capacities of axial yarns and larger 

rectangular shapes allowed this braiding machine to be comparable with other machines that exist 

in literature. Most notably, the conversion to a multi-step braiding machine and the ability to vary 

the take-up speed have allowed this braiding machine to produce complex braid shapes and 

patterns and to be able to vary the braid angle within those shapes. These new capabilities make 
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this braiding machine a far better candidate for the research and production of braids for niche 

applications that require very specific braid properties and shapes. 
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Chapter 4 Development of Novel Sub-unit Cell M odels for 3D Braids 

using an Integrated Modeling and Control Application  

 

4.1 Introduction  

Accurate geometric models of 3D braids have been a pursuit of many research groups since 3D 

braids have been produced. Some, such as the geometric model used in the Fiber Inclination 

Model, were highly simplified by assuming yarns were straight within a unit cell, ignoring 

interactions between yarns, and using a single unit cell throughout the braid structure [63]. Later, 

it was realized that the yarn paths are different between the yarns in the center of the braid and 

those on the surface or corners. Thus, the 3 sub-unit cell model was developed [50]. This model 

included separate unit cells for the center, surface, and corner of the braid. However, these unit 

cells still assumed that the yarns travelled in straight paths within the unit cell and ignored 

interactions between yarns. Many further models using sub-unit cells were explored [42], [51]ï

[55], [57]ï[62], [64]. Some of these models incorporated curved yarn paths for select unit cells 

[48], [57], however it wasnôt until quite recently that the unit cells were generated using code to 

allow for the inclusion of undulations [42]. This chapter is a continuation of that model to allow 

for the generation of non-rectangular shapes and braids with variable braid patterns.  

4.2 Model Development 

The model presented in this work was developed as a continuation of the work presented in [5], 

[42]. The redesigned application was created in MATLAB® (MATLAB 2019b, Mathworks, Inc.). 

This application operates on the concept of machine emulation. Machine emulation is a process 

with which a computer can approximate the motion of the yarns throughout the braiding process. 
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The general flow of information for machine emulation in the developed software is as follows. 

First, the application is used to create and store information about each step of the braid. This 

information is stored in two forms: the position of each yarn before braiding is stored in a standard 

array and all other information is stored in a structure array. Next, both arrays, as well as some 

user-input data such as the yarn denier, are sent to a braid generation function built in MATLAB®. 

This function then calls sub-functions for determining the locations of each yarn in every step 

(machine emulation sub-function) and for generating 3D plot points with which to model the braid 

(path plotting sub-function). These functions are described in more detail below, and the 

MATLAB® scripts can be found in Appendix D. 

4.2.1.1 Function of the Application  

The application has four tabs: ñCarrier Setupò, ñBraid Pattern Setupò, ñModelingò, and ñBraid 

Controlò and the workflow generally proceeds thus. The Carrier setup tab allows for the selection 

of carriers to be loaded with yarn. The chosen selection of yarns populates a 15 x 15 matrix 

denoting the positions of each yarn. Figure 4-1 shows two examples of this (a) showing a 3 x 3 

braid setup without axial yarns and (b) showing a 3 x 3 braid setup with axial yarns.  

Figure 4-1: Examples of yarn matrix populated using the MATLAB® modeling application. (a) 

shows the yarns in a 3 x 3 setup without axial yarns and (b) shows the same setup with axial 

yarns. Matrices are cropped to the areas of interest. 

The Braid Pattern Setup tab is used to create and save individual braiding steps for modeling or 

control purposes. The Braid Pattern Setup tab is shown in Figure 4-2. The parameters that are 

stored in each step are the state of each motor (enabled/disabled) and the direction and angle of 

(a) (b) 
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rotation, plus the speed and state of the take-up mechanism. This information is stored in a structure 

array for easy reference throughout the modeling process. The format of the structure array is 

shown in Figure 4-4.  

 

Figure 4-2: Braid Pattern Setup Tab in the developed MATLAB® modeling application. This tab 

allows for granular control all parameters necessary to define the braid formation for modeling 

or control purposes 

The Modeling tab allows for the manipulation of various modeling parameters. Notably, the 

material properties of the matrix and yarn can be selected, and the number of knots in the splines 

for approximating the yarn paths can be entered. 

The Control tab is used simply to connect to the microcontroller for the braiding machine. 
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4.2.1.2 Yarn Array and Step Structure Arrays 

The yarn selection tool directly populates the yarn array with a 1 wherever a yarn is selected in the 

Carrier Setup tab. These ones are later replaced with integers from 1 to the total number of yarns 

to allow the tracking of each individual yarn. The array is always 15 x 15 to represent the total 

possible positions of fibers. The main advantage of this method is that the possible yarn motions 

are limited by the physical size of the braiding machine rather than the size of the desired braid. 

This allows for yarns to move far outside the braid boundaries if needed during a switching step. 

This change was crucial for allowing the many new braid shapes and patterns that have been 

described herein.  

The horngear centers were described by (row, column) vectors. This allowed for flexibility in 

motor directionality and the inclusion of axial yarns. While the previous modeling method could 

add axial yarns, but only as an ñall or nothingò addition. This new method meant that individual 

axial yarns could be selected or deselected as needed to further improve the flexibility of modeling. 

An example step with axial yarns only populated in the corners of a 3 x 3 setup is shown in Figure 

4-3. Patterns such as this could be used to further tailor the properties of a braid. In this example, 

it could be expected that the corners of the braid would be stiffer due to the axial yarns, but the 

braid would have a lower overall density when compared with a braid with all axial yarns 

populated.  
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Figure 4-3: Examples of yarn matrix populated using the MATLAB® modeling application. 

Axial yarns are only populated in the corner horngear positions ï designated with red circles. 

The empty axial yarn positions are circled in black. Matrix cropped to the area of interest. 

The format of the structure array that contains all data for the braid steps is as follows. The highest 

level of the step structure is designated Step. This container holds fields for each step that was 

created using the GUI. Each Step field holds two sub-structures: one designated motor and one 

designated TakeUp. The motor sub-structure has 49 fields (one for each motor), which each further 

contain the fields Enable, Direction, and Rotation. The Enable, Direction, and Rotation fields 

correspond to the enable, direction, and angle buttons in the GUI. The TakeUp sub-structure has 

one field, which contains Enable and Speed fields. The Enable field here corresponds to the 

active/paused take-up button, and the Speed field corresponds to the speed fillable box in the GUI. 

Figure 4-4 shows a schematic of the entire structure arrangement. One major benefit of using a 

structure array is readability. To determine if motor 35 in step 7 was enabled, the query 

Step(7).motor(35).Enable can be used. This greatly improves the ability for future changes to be 

made to the code. The use of the structure format also allows for simple creation of pre-set braid 

steps. These can be manually written into the code to allow for easy access at a later date. This 

allows for reduced time consumption when producing common or repeated braids.  
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Figure 4-4: A graphical representation of the structure format used to store braid parameters 

 

4.2.1.3 Machine Emulation  

In the new method of machine emulation, the centers of all horngears are predefined as (row, 

column) vectors. The process of machine emulation is then performed roughly as described in 

previous work [5]. A 3D array is produced where each z-layer represents the resting place of each 

yarn after each step. The key difference here is that rather than all odd or even motors being rotated 

in a set direction on alternating steps, the rotation is now dependent on which motors are enabled, 

the direction they are specified to turn, and the angle through which they are to rotate. This process 

provides a framework for the plotting of the approximated yarn paths. 

The next step of the machine emulation is to plot the approximated yarn paths. This is done by 

adding interim points between z-layers in the 3D array mentioned above. The application allows 

the user to enter the number of interim points. The x and y locations of these interim points are 

generated relative to the start and end positions of the yarn by simulating the rotation of a point in 

a 90° circular arc centered at the center of the horngear. The simulated rotation is performed in 
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two steps, as shown in Figure 4-5. First, the quarter circle is drawn using the desired number of 

interim points at regular intervals. This step correlates to the path of the yarn and carrier through 

the braiding step. Second, the quarter circle is converted into a chord using the same intervals. This 

step correlates to the path of the yarn after tension is applied. The z locations of the interim points 

are determined based on the take-up speed. This is an additional feature that was not previously 

available. As described in prior work, the yarn paths are post-processed by running a zero-phase 

filter [5]. The filter serves to smooth the yarn paths to convert the straight lines previously 

generated into the undulating paths in the final model. The choice of a zero-phase filter ensures 

that the yarn paths arenôt artificially shifted in the smoothing process. The feature of including the 

take-up speed also allows for modelling of braids where the take-up is paused. The ability for take-

up to be paused allows for switching yarns without creating loose braids. The downside of this 

method is that when braids are switched, no interim points are created. Thus, the yarns directly 

intersect with one another as shown in Figure 4-6. The method developed for avoiding this issue 

is discussed in the following section. 
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Figure 4-5: Example of simulated yarn path in a single braiding step before the application of 

the zero-phase filter. Shown here using 3 interim points. 

 

Figure 4-6: Model representation of the newly proposed isosceles triangle braid shape. 

Intersecting yarns are circled in red. Units are in mm. 

4.2.1.4 Intersecting Yarns in Advanced Braids 

One of the main benefits of the model created in [5] was that is was able to account for the 

undulation of yarns through the braid, thus avoiding artificial intersections. As such, it was vital 

to avoid new modeling parameters resulting in intersecting yarns. One parameter that could easily 

result in intersecting yarns was the ability to pause take-up during certain steps. This parameter 

was required for producing braids where it was necessary to switch yarns from one braid path to 

another. Switching was used to produce novel braids such as the triangle braid shapes discussed 

further in Section 4.3.2. 

To avoid switching causing artificially intersecting yarns, a secondary smoothing step was added. 

This step finds any locations in the braid where yarns have switched and adjusts the (x, y, z) 

coordinates before and after the intersection point. Figure 4-7 shows the resulting model, which 

now lacks the intersecting yarns. This is done in a similar manner to the plotting of the approximate 

yarn paths described above. However, the start and end points of the arc were determined 

differently. In the typical procedure, the start and end points were taken to be the location of the 

yarn in the previous and current step respectively. If this was done for the switching steps, it would 
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result in a highly localized change in braid angle at the exact point of the previous intersection. To 

avoid this, the secondary smoothing step chooses the start and end points to be halfway to the 

previous and subsequent steps respectively. This procedure ensures that the change in braid angle 

is less localized and allows for the model to reflect the real-world influences of the braid angles 

before and after the switch. Figure 4-8 shows that the application of the secondary smoothing step 

allowed the model to closely resemble visually what happens naturally with a real braid. Further 

characterization is needed to fully support this method.  

 

Figure 4-7: Model representation of the newly proposed isosceles triangle braid shape after 

secondary smoothing step applied to avoid intersecting yarns. Locations where yarns were 

previously intersecting are circled in red. Units are in mm. 
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Figure 4-8: Fabricated isosceles triangle braid using a 3 x 3 braid setup at a takeup speed of 1 

mm/min. Note the paths of the yarns at the switching location as circled in red. 

4.3 Results and Discussion 

A great many braid shapes and patterns have been realized in literature. In particular the rotary 

braiding machines identified in [1], [11], [12] which use switching mechanisms seem to be the 

most flexible in terms of braid shapes. The most common braid shapes mentioned in literature are 

the I, T, L, C, box, and hat shapes. Typically, the use of sub-unit cell models has been used for 

square or rectangular shapes. Additionally, the previously developed method for sub-unit cell 

analysis involving undulations was only used for a 2-step, square, 3 x 3 braid shape [5], [42]. To 

further test the efficacy of this modeling method it was necessary to expand the model to allow for 

other shapes. Many other shapes can now be modeled with the application developed in this work, 

which will be discussed in the sections following. 
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4.3.1 2-Step Orthogonal Shapes 

Most of the common shapes in literature can be realized with simple 2-step braid modeling. For 

this work the most important shapes to model considered to be the I, T, L, C, H, and box shapes. 

This decision was made due to these shapes being commonly referenced in other 3D braiding work 

and due to these shapes being the most widely used for beams in infrastructure. These shapes, as 

generated using the modeling application developed herein are shown in Figure 4-9. Due to the 

simplicity of the modeling application, the models shown in Figure 4-9 can be produced in under 

a minute.  

 

(a) 

 

(b) 
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(c) 

 

(d) 

 

(e) 

 

(f) 

 

Figure 4-9: Figures of orthogonal, 2-step braids designed as possible replacements for existing 

steel beams. All shapes are made within a 6 x 6 horngear setup with 2 horngears for the 

thickness. Units are in mm 

Previously, three sub-unit cells were used to model the 3D braids manufactured with this machine. 

These sub-unit cells are shown in Figure 4-10. With these three unit-cells ï hereinafter referred to 

as corner, edge, and middle ï any solid orthogonal 2-step braids can be modeled. Previously, these 

sub-unit cells were used to predict the axial Youngôs Modulus of a 2-step, square braids of various 

sizes [5]. To do so, the Youngôs Modulus of each sub-unit cell was estimated using finite element 

analysis (FEA). The sub-unit cells were then approximated as springs with the determined Youngôs 



49 

 

Moduli and combined to form the complete braid. The equation used for these predictions was as 

follows: 

Ὁ ȟ
ȟ

     ( 4.1) 

In this equation the subscripts c, e, and m, represent the corner, edge, and middle sub-unit cells 

respectively and n represents the number of said unit cell present in the braid. This equation was 

derived by approximating the behaviour of the sub-unit cells as a system of parallel springs [5]. In 

literature, it has been found that the corner and edge sub-unit cells generally have higher stiffness 

than the middle [52], [60], [65]. As such, it can be predicted that a braid with a larger proportion 

of edge and corner sub-unit cells would generally have a higher Youngôs Modulus than a braid 

with predominantly middle unit cells. Using this information, the predictive ranking shown in 

Table 4-1 was generated. Figures depicting the distribution of sub-unit cells within these braid 

shapes can be found in Appendix E. 

 

Table 4-1: Predictive Stiffness Ranking for Various Braid Shapes 

Shape   

Dimensions 

(L x W x 

T) 

  nc   ne   nm   
% 

Middle 
  

Stiffness 

Ranking 

L  6 x 6 x 2  5  14  1  5%  1 

C  6 x 6 x 2  6  18  2  8%  2 

T  6 x 6 x 2  6  12  2  10%  3 

Box  6 x 6 x 2  4  24  4  13%  4 

I  6 x 6 x 2  8  16  4  14%  5 

H  6 x 6 x 2  8  16  4  14%  5 

Square   6 x 6   4   16   16   44%   7 
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(a) (b) (c) 

 

Figure 4-10: Render of CAD models of sub-unit cells as developed in previous work [5]. (a) 

represents the corner sub-unit cell, (b) represents the edge sub-unit cell, and (c) represents the 

middle sub-unit cell. 

4.3.2 Novel Multi-Step Braid Shapes 

The most promising possibilities of the braiding machine described herein are the new shapes such 

as the isosceles or right-angle triangle. The isosceles triangle was originally investigated as a 

solution to the issue in traditional lay-up I-beams. The lay-up process leaves a gap at the bottom, 

which is typically filled with a cylindrical ñnoodleò [16]. The cylindrical shape still leaves gaps 

due to the more triangular shape of the hole. Therefore, the possibility to directly provide a 

triangular noodle would be useful in this scenario. The right-angle triangle similarly provides more 

possibilities for the use of 3D braiding machines industrially. One potential example would be 

flaps or ailerons on an airplane wing. Though braiding is still limited in cross sectional area by the 

size of the braiding machine bed, it is an exciting possibility to be able to potentially provide better 

near-net shapes. In a larger braiding machine, the combination of various angle triangles could be 
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combined to approximate curved profiles. An example of this is shown in Figure 3-8. In a machine 

of this size the approximation of curves is still quite rough, but as the size of the braiding machine 

increases this approximation with improve relatively. It is also worth noting that the approximation 

of curves is not possible at all with a simple 2-step braid pattern. 

As these multi-step, angled braids have not been previously studied, it was required to generate 

new sub-unit cells in order for them to be modeled. While similar, the sub-unit cells for the 

isosceles triangle edge (ITE) and for the right triangle edge (RTE) differ because the angle of the 

yarn motion is inherently different due to the difference in angle of the edges themselves. Figure 

4-11 shows the ITE and RTE sub-unit cells.  

  

(a) (b) 

 

Figure 4-11: Novel Isosceles Triangle Edge (a) and Right Triangle Edge (b) sub-unit cells 

developed in this work 

Due to the switching steps, the nearby corner sub-unit cells of both triangular braids were also 

affected. Where previously the corner sub-unit cells could be rotated as needed to match the braid 

paths for each corner, the corners for each triangle were unique. Therefore, further sub-unit cells 

were developed. These were designated ñupper isosceles triangle cornerò (UITC), ñlower isosceles 
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triangle cornerò (LITC), ñupper right triangle cornerò (URTC), and ñlower right triangle cornerò 

(LRTC). Figure 4-12 shows these unit cells. 

  

(a) (b) 

  

(c) (d) 

 

Figure 4-12: Novel Upper Isosceles Triangle Corner (a), Lower Isosceles Triangle Corner (b), 

Upper Right Triangle Corner (c), and Lower Right Triangle Corner (d)  sub-unit cells developed 

in this work 

Equations for the approximate braid angles for the surface yarns in the ITE and RTE sub-unit cells 

were developed based on Equations (3.1) and (3.2). For the ITE sub-unit cell, the transverse and 

axial distance travelled for the exterior yarn is the same distance travelled by an interior yarn in a 
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typical 2-step braid. As such, the equation for external braid angle for the ITE sub-unit cell was 

equivalent to Equation (3.2). On the other hand, the exterior angle for the RTE sub-unit cell was 

significantly different due to the much-increased transverse travel. The equation for the exterior 

braid angle of the RTE sub-unit cell is as follows: 

— ὸὥὲ
Ѝ

      ( 4.2) 

Using this information, it can be stated that for the same yarn radius, spacing factor, and braid 

pitch, both the ITE and RTE braid angles will both be larger than that of the edge sub-unit cell, 

with the RTE exterior angle being larger again than the ITE. As a smaller braid angle is associated 

with a higher longitudinal stiffness, it can be extrapolated that the triangular braids will likely have 

lower longitudinal stiffness than similarly sized orthogonal braids. On the other hand, larger braid 

angles equate to higher transverse stiffness. Therefore, triangular braids could prove to be useful 

in circumstances where the braid is facing multiaxial loads. Further, the method of switching used 

for triangular braids in this work could be incorporated into come orthogonal shapes. This would 

allow the orthogonal braids to maintain the higher longitudinal stiffness provided by the internal 

unit cells, while adding beneficial transverse stiffness on the exterior of the braid. 

4.4 Conclusions and Future Work 

Through this chapter, an improved method of facilitating sub-unit cell modeling for 3D braids has 

been presented. It was demonstrated that the improved method allows for the modelling of all 

orthogonal, 2-step braid shapes that could be used as replacements for existing industrial beams. 

Further, the relative stiffness rankings of the orthogonal, 2-step shapes were predicted using 

existing knowledge of the stiffness of sub-unit cells. Two new, multistep, triangular braids were 

also demonstrated. These braid shapes have not been previously shown in literature and required 
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the development of new sub-unit cells. Using the estimated braid angles for these new shapes, it 

was predicted that they would have lower stiffness than orthogonal braids of similar size. 

Experimental validation of these predictions has yet to occur. Additionally, validation of the braid 

paths in the new braid shapes is required to support the assumptions made in the associated extra 

smoothing steps to prevent intersecting yarns. 
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Chapter 5  Micro -CT Analysis of Yarn Paths in 3D Braids 

5.1 Introduction  

Three-dimensional (3D) braiding is a method of producing textile preforms for composite 

materials. It is a continuation of two-dimensional (2D) braiding. A 3D braid differs from a 2D 

braid in that a 2D braid is composed of a single layer of intertwined yarns, whereas a 3D braid 

contains multiple. Further, the multiple layers of a 3D braid must be directly intertwined with one 

another with a 3D braiding process [1]. This differentiates 3D braiding from other multi-layer 

textile preforms such as stitched or woven fabrics.  

These braids have been proposed for many applications. The most commonly suggested 

applications are replacement for existing composite structures in the aerospace [4] or automotive 

[8] industries, replacement of existing support structures in infrastructure [9], and replacement for 

various medical structures such as braided scaffolds [24]ï[30], orthopedics [17], or stents [18]ï

[20]. For all of these applications it is critical that the mechanical properties of the braids can be 

accurately predicted. To do so, many attempts have been made to model 3D braids.  

One of the most promising methods of modeling 3D braids is sub-unit cell modeling [47]. Sub-

unit cell modeling recognizes that 3D braids have distinct yarn paths in the corner, edge, and 

middle of the braid. Since the development of the sub-unit cell model, many modifications to the 

model have been explored [42], [51]ï[55], [57]ï[62], [64]. In these models yarns are typically 

approximated as following straight paths within a sub-unit cell, although some have incorporated 

curved yarns into the corner or edge sub-unit cells [48], [57]. Recently, it was proposed that 

incorporating the undulation of the yarns into all sub-unit cells would result in more accurate 

predictions of sub-unit cell stiffness [42]. In this recent sub-unit cell model, a method of machine 



56 

 

emulation was used to produce solid models of the sub-unit cells, which were then processed using 

finite element analysis to predict the stiffness properties [42]. However, the machine emulated 

model was not validated. As the undulations of the yarns were lauded as the primary advantage of 

this model, it was vital to provide validation for the paths of the yarns throughout the braid. 

Micro-computed tomography (Micro-CT) has been used for validation of a variety of braid 

properties in literature. It has been shown to be effective for examining void content [66]ï[68], 

damage mechanisms [69], [70], scaffold structure [17], and yarn paths [71], [72]. When using 

Micro-CT for braid paths, typically the tracing yarn was a different material than the remainder of 

the braid (i.e. glass fiber tracing yarn in a carbon fiber braid). This was done to increase the contrast 

between the tracing yarn and the braid based on the differing densities of the materials.  

5.2 Methods 

5.2.1 Braid Preparation 

Two square, 3 x 3 braid samples were prepared as follows. The braid preforms were made using 

the braiding machine and application discussed throughout this work. The 3 x 3 horngear setup 

was fully populated with 24 yarns and carriers. A basic 2-step braiding pattern was selected as it 

was desired to validate the analysis process with a simple braid before continuing with more 

complex shapes and patterns.  

The resin mixture used to impregnate the finished braid preforms was composed of Epon 826 

(Hexion Inc., Ohio, USA) and Lindau LS-81K (Lindau Chemicals Inc., South Carolina, USA). 

This mixture was chosen to maintain consistency with 2D braids examined in previous work [73], 

[74]. This will allow knowledge from 2D braid experiments to be directly contrasted with results 

from 3D braid testing.  
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The mixture is made in a 1:1 ratio by weight in small quantities. Care is taken at this point to ensure 

that the braids are not unduly twisted. The resin mixture is massaged into the braids by hand along 

the full length of the braids in a consistent direction. 

Curing is performed in an oven in 3 steps. Step one is 1.5 hours long and the oven temperature is 

set to 66°, step two is one hour long and the oven temperature is 85, and step three is three hours 

long and the oven temperature is 150°. This cycle is taken exactly from the datasheet provided for 

the mixture [75].  

 For a tracing yarn, it was decided to use extremely thin copper wire (approximately 28 gauge) 

wrapped loosely around the usual Kevlar® yarn. Figure 5-1 shows the wrapped tracer yarn.  

 

 

Figure 5-1: Copper-wrapped Kevlar® Tracer Yarn for micro-CT imaging 

The decision to use copper-wrapped Kevlar® (Dupont, Delaware, USA) as the tracing yarn ï 

rather than a glass or similar fiber ï was made to facilitate viewing of the yarn in with the micro-

CT machine while minimally changing the braiding process. It was assumed that the use of a fiber 



58 

 

with a substantially different stiffness could unintentionally affect the braiding process, thus 

affecting the applicability to the model.  

5.2.2 Model Preparation 

The model of a single yarn path through the 2-step, 3 x 3 square braid was produced using the 

modeling application developed in previous work [5]. This application uses a method of machine 

emulation to produce a CAD model of the yarns within the braid. This method provides (x, y) 

coordinates of the yarn at a given z-height based on the emulation of the movement of the 

horngears. The x and y-coordinates are scaled using the radius of the yarn and a spacing factor, 

which is determined based on Equation 3.3. As the radius of the yarn was significantly smaller 

than the braid pitch, the spacing factor was approximated as equal to 1 for this study. The z-

coordinates are scaled relative to a measured pitch for a braid formed with 1 mm/min take-up 

speed. The pitch was measured as the distance from the base of one yarn to the beginning of the 

next along the z-axis. It was measured in four locations and averaged to reduce the discrepancy 

caused by the inability to exactly select the start and end points of the measurement lines. Figure 

5-2 shows the measurements used for this calculation and Table 5-1 contains the results of these 

measurements. The image was processed using ImageJ, which is an open-source image processing 

software that is widely used for similar applications. The ImageJ software uses the defined scale 

to measure the drawn lines based on the length of these lines in pixels. The measured pitch was 

thus 1.218 mm with a standard deviation of 0.041 mm, which corresponds to a relative error of 

3.67%. The low error from this method of measurement shows that it is internally consistent. 

Measurements of more braids and over a longer section of braid are needed to determine the overall 

error in this measurement. 
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Figure 5-2: ImageJ measurement of braid pitch at 4 different locations (red lines). This braid 

was manufactured using the in-house braiding machine with a 3 x 3 horngear configuration at 1 

mm/min take-up speed. 

Table 5-1: Pitch measurements from Figure 5-2 and average and standard deviation information 

  

Pitch 

(mm) 

1 1.272 

2 1.174 

3 1.222 

4 1.203 

Ave. 1.218 

Std. Dev. 0.041 

 

5.2.3 Micro-CT Analysis 

Micro-CT Analysis was performed by Ali Gholami under the supervision of Dr. Garrett Melenka 

at York University. Table 5-2 shows the braid parameters used for the micro-CT analysis. The test 

parameters used for the micro-CT imaging are shown in Table 5-3. 
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Table 5-2: Micro-CT input parameters 

Parameter 

Predicted 

Value 

Braid Width 1.3 mm 

Geometry Square 

Angle 14-23° 

Number of Yarns 24 

Number of Tracing 

Yarns 1 

Denier 200 

  

Material  

Specific 

Gravity  

Yarn 1.44 

Tracing Yarn (copper) 8.96 

Matrix 1.16 

 

Table 5-3: Micro-CT machine testing parameters  

Parameter Value 

Source Voltage (kV) 50 

Source Current (ɛA) 200 

Image Pixel Size (ɛm) 4.999994 

Result Image Width 

(pixels) 696 

Result Image Height 

(pixels) 696 

Exposure (ms) 798 

Rotation Step (deg) 0.100 

Frame Averaging ON (5) 

Flat Field Correction ON 

Filter No Filter 

Scan Duration 3h:13m:00s 

 

The braid was held in place using a purpose-designed apparatus as shown in Figure 5-3.  
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Figure 5-3: Apparatus for holding braid during micro-CT imaging 

5.2.4 Numerical Comparison of Micro-CT Data and Model 

The braid pitch and interior braid angle were chosen for numerical comparison between the 

modeled yarn path and the path as analysed using the Micro-CT images. Interior braid angle was 

chosen because for larger square braids, the interior braid angle has been shown to be the dominant 

angle affecting the braid stiffness [5]. The braid pitch was chosen because it is directly related to 

both interior and exterior braid angle as shown in Equations (3.1) and (3.2).  

The micro-CT data originally included 3015 data points while the model only included 145. This 

was a result of the micro-CT taking images at ~0.5 mm increments. To enable more direct 

comparison of the two datasets, the micro-CT data was edited to only include points where the z-

coordinate of a micro-CT point corresponded with the z-coordinate of a point in the modeled data. 

The angles of the two datasets at a z-coordinate (Point i) were estimated by taking the average of 

the angle of the Point (i+1) and the Point (i-1) measured relative to the z-axis. Figure 5-4 shows 

this procedure with an example point.  
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Figure 5-4: Representation of average angle approximation. Difference in angle is exaggerated 

to provide easier visibility. Shown in two dimensions for simplicity. 

 

The average angles were plotted relative to the distance along the z-axis to give a visual 

representation of the change in angle throughout the yarn path. The interior braid angle should 

correspond with a long, relatively constant angle. These sections were quite clear for the modeled 

data shown in Figure 5-5. To estimate the interior braid angles using this plot, the areas of the braid 

where the angle remains relatively constant were grouped. This was done by grouping points 

together if the angle of either point (i+5) or point (i-5) was within 3°. The grouped sections can be 

seen in Figure 5-6. It was decided to compare with points ±5 z-steps away because this was 

equivalent of half of a braiding step in the model. It was assumed that if the angle remained 
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relatively constant through half of a braiding step, then the angle could be considered constant. 

The allowable difference of up to 3° was similarly chosen based on the model as this was the 

maximum difference between local maxima and minima in the constant-angle sections of the 

modeled data. Using this method, the average estimated braid angle of the two constant-angle 

sections was 18.169°. The estimated value using Equation 3.1 was 18.034°. This resulted in a 

relative error between the graphical solution and the predicted of 0.75%, therefore this method was 

considered acceptable for predicting the interior braid angle. 

 

Figure 5-5: The change in braid angle as the yarn path travels along the z-axis. Note that the long, 

constant-angle sections in the modeled data correspond to the interior braid angle. 
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Figure 5-6: Modeled data with constant-angle sections grouped for pitch and internal braid 

angle approximation. Sections were grouped if points (i+5) or (i-5) were within 3°. The length 

used for the braid pitch estimation is shown at the estimated internal angle. 

 

Each step in the braiding process was assumed to take half of the braid pitch to complete in the 

model. However, it was difficult to distinguish the start and end points of an individual step from 

the braid angle graph. Instead, the distance between the centers of the constant-angle sections was 

measured. This length involved 8 steps in the 3 x 3 model setup. Therefore, by dividing by 4 the 

pitch was estimated and found to match exactly with the measured pitch of 1.218. This result 

affirmed that the method of measuring the pitch from the centers of the constant-angle sections 

could be used for further analysis. 
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5.3 Results and Discussion 

The yarn paths for the first sample were validated based on two parameters: the interior braid angle 

and the braid pitch. The yarn paths for the second sample have yet to be validated. The diagonal 

path in the first sample was considered to be more representative of the internal braid angle, 

therefore it was considered a better option for this study as a proof of concept. With the success of 

this first attempt using this method, the square path in the second sample will be analysed in future 

work. The predicted braid path for the first sample is shown in Figure 5-7. Figure 5-7a shows the 

cross-sectional path as the coordinate data output from the modeling application, while Figure 5-7b 

shows the CAD model generated from said data. When overlaid with the CAD model from the 

micro-CT analysis in Figure 5-8, it can be seen that the model achieves reasonably good agreement 

with the real braid. However, it is worth noting that as the micro-CT results travel in the axial 

direction, the discrepancy to the modeled path generally increases. It is suspected that this is due 

to a twist that was observed during braid formation. The twist in the braid was caused by an 

inadequate collection ring and inconsistency in the tensioning mechanisms of the bobbins. These 

issues will be rectified for later tests.  

 

Figure 5-7: Predicted diagonal path of yarn through a 2-step, 3 x 3 square braid. (a) shows the 

model coordinate output from the top view. (b) shows the model CAD output from an isometric 

view 

(a) (b) 
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Figure 5-8: Model of single yarn along diagonal path in a 3 x 3 square braid overlaid with 

micro-CT results 

The procedure described in Section 5.2.4 above was followed for numerical comparison between 

the model and the acquired micro-CT data. The general trend of the micro-CT braid angle 

compared with the expected trend from the model is shown in Figure 5-9. Generally, the micro-

CT data follows a similar trend to the modeled data. Two relatively constant-angle sections are 

visible in both datasets as well as lower braid angles in between these sections. However, the 

constant-angle sections in the micro-CT data are constant over significantly smaller portions of the 

z-axis travel. This was expected as a real yarn is influenced by the external sections of the yarn 

both before and after the internal section. Another discrepancy was that where the model data 

showed large variation in the braid angle between the constant-angle sections, the micro-CT data 

showed a more consistent trend ï including some additional constant-angle sections. These 

additional constant-angle sections correspond to the corner braid angle.  
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Figure 5-9: Comparison of the trend in braid angle with respect to the z-axis of the braid. Both 

model and actual yarns were produced in a 3 x 3 braid setup with a 1 mm/min take-up speed. 

For the model, the difference between local maxima and minima in the constant-angle sections 

was found to be approximately 3°. For the micro-CT data, this difference was approximately 1° 

instead. Therefore, to locate the constant-angle sections in the micro-CT data, points were included 

if points (i+5) or (i-5) were within 1°. Figure 5-10 shows the results of this grouping. The data 

points recognized as part of the two, peak, constant-angle sections were averaged to determine the 

interior braid angle of the micro-CT data. The average for the first section was 15.312° and the 

average for the second was 16.303°, thus the overall average internal braid angle was estimated as 

15.807°. When compared with the estimated angle of the model (18.169°) the micro-CT data had 

a relative error of 13.00%. As this result is determined from only two constant-angle sections, it is 

difficult to determine whether this error is truly representative. One further potential source of this 

error is that currently the model is defined relative to the measured pitch of 1.218 mm. As this 

pitch was measured from a single braid over a relatively small section of the braid, it is possible 
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that this measured pitch could be an anomaly. The braid pitch and angle are intrinsically linked, 

so an error in one will inherently propagate error to the other.   

 

Figure 5-10: Modeled data with constant-angle sections grouped for pitch and internal braid 

angle approximation. Sections were grouped if points (i+5) or (i-5) were within 1°. The length 

used for the braid pitch estimation is shown at the estimated internal angle. 

 

The pitch of the micro-CT data was analysed by measuring the distance between the average 

centers of the two constant-angle sections and dividing by 4 as described previously. The resulting 

length is shown in Figure 5-10 at the estimated internal braid angle. Using this method, the pitch 

was estimated to be 1.293 mm. When compared with the modeled pitch (1.218 mm), the relative 

error was found to be 6.16%. As mentioned previously, this error is likely caused due to both using 

a single braid for reference in the model and only acquiring a single pitch measurement from the 

results.  
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5.4 Conclusions and Future Work 

Micro-CT analysis of braids by using thin copper wrapped around the yarn was presented. A 2-

step, 3 x 3 braid was analysed using this method. It was shown to be effective at improving the 

contrast between the tracing yarn and the rest of the braid. Micro-CT results were compared with 

machine emulated models. The produced CAD models showed promising results to confirm the 

trajectory of the yarn through the braid. However, the paths were increasingly dissimilar as the 

distance in the z-direction of the braid increased. It was suggested that this was due to an applied 

twist during the manufacturing process. For future braids, twist in the braid needs to be minimized 

to ensure comparison with the model is possible for long sections of a braid. To aid in this 

endeavour, a new collection ring mechanism and curing rack have been designed. 

 Analysis of the internal braid angle determined that the modeled and micro-CT data differed by a 

relative error of 13.00%. Similarly, analysis of the braid pitch determined a relative error of 6.16% 

between the micro-CT data and the model. These errors were posited as resulting from a 

combination of using a single measured braid pitch for reference in the model and measuring only 

two internal angles and a single pitch in the micro-CT data. That these errors could be achieved 

under such conditions shows that this method of analysis has the potential to be beneficial for 

determining braid pitch and internal angle. In future tests, the pitch of many braids under the same 

conditions should be measured and the average used as the reference for the model. Additionally, 

it would be beneficial to analyse more braids in the micro-CT ï and a longer length of each ï to 

determine a better approximation of the internal braid angle. Further, a sensitivity study to 

determine the effect of an error in pitch measurement on the prediction of braid angle is vital to 

determine the acceptable level of error in the model.   
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Chapter 6 Conclusions, Limitations, and Future Work 

 

6.1 Conclusions 

The goals of this thesis were to produce a 3D braiding machine with the ability to create complex 

new braid shapes and patterns, to improve the method of modeling to allow for the modeling of 

these complex braid shapes and patterns, and to provide validation of the modeled yarn paths 

through a micro-CT analysis of the braids. 

The braiding machine was shown to have greatly improved the ability for producing braid shapes 

and patterns. The increased bed size allows for both thicker cross-sections and complex switching 

mechanisms. The additional motor drivers allow for more direct control over individual fiber 

carriers to produce many new braid shapes and patterns. The braiding machine can produce all 

braid shapes and patterns that were found in literature, as well as some shapes that have not yet 

been presented elsewhere such as unique triangles and curve approximations. The changes to the 

braiding process and take-up mechanism were suggested as improvements to the consistency in 

the final braids. 

The modeling software for the machine was updated to allow for the modeling of all newly possible 

braiding shapes and patterns. This included the ability to select individual yarns to load, the ability 

to enable individual motors to rotate through a selectable angle in either direction, and the ability 

to halt take-up for more advanced switching procedures. The modeling procedure was modified to 

allow for switching procedures while minimizing yarn intersection. The sub-unit cell modeling 

procedure was improved to allow for the modeling of more and more complex braiding shapes and 
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patterns. Additionally, it was shown that the prediction of various braid angles as a result of new 

braiding patterns could be accomplished. 

The micro-CT analysis provided promising results for comparison of CAD models developed with 

the micro-CT data and developed with the modeling application. However, confirmation of the 

cross-sectional braid path and interior braid angle were inconclusive. Suggestions were made for 

improving these comparisons in the future. The ability to accurately predict the yarn paths within 

the braid will serve to improve finite element models and feasibility for highly tailored braids for 

uses such as the medical field or aerospace.  

6.2 Limitations  

Sub-unit cell models were produced for a variety of new braid shapes and their relative stiffnesses 

were predicted. However, this thesis did not provide experimental or finite element validation of 

the stiffness values due to restrictions caused by the COVID-19 pandemic. 

This section will discuss some limitations of the current braiding machine and modeling software. 

As discussed in Section Error! Reference source not found.5.3, the micro-CT result were 

promising but there were errors potentially caused by the twist in the braid. Until braids can be 

produced consistently, it will be difficult to fully determine the effectiveness of the model. Micro-

CT results were also limited to only one braid sample as a proof of concept. In order to get a more 

statistically significant confirmation of the yarn paths throughout the braid, many samples should 

be analysed. 

As discussed in Section 4.3.2, the smoothing of intersecting yarns for triangle shapes was 

performed by matching the model visually to braids. While this method is effective in reducing 
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intersection of yarns, more work is needed to ensure that the smoothed path truly represents the 

reality of the final braids. 

6.3 Future Work  

Future work with the developed braiding machine and application should focus on validation of 

the models in multiple ways. Predicted stiffness values of the newly developed triangular shapes 

should be tested using finite element software. Overall predictions of the mechanical properties of 

the braid predicted using the modeling application need to be verified using experimental data. 

Braid pitch and estimated braid angles should be further explored using micro-CT analysis. 

Particularly, future micro-CT analysis should include further focus on minimizing twist in the 

braid during production, obtaining more measurements of pitch with which to normalize the model 

data, and a sensitivity study to determine the relative effect of an error in estimated braid angle on 

the resulting error in mechanical properties. 

To mitigate the issue of braid twist in the future, a 3-axis maneuverable collection ring design has 

been developed. Figure 6-1 shows the CAD prototype of the 3-axis collection ring. This design 

uses materials that are already widely used in the braiding machine such as T-slotted aluminum to 

increase ease of use through familiarity. It also features a Teflon ® collection ring to reduce 

twisting caused by friction with the ring. The benefit of having 3-axis maneuverability is the óxô 

and óyô motion allows for the ring to be centered around the ideal collection point for any braid 

shape, while the ózô motion allows for the ring to be moved for different take-up speeds. This 

collection ring was intended to be implemented in the current braiding machine design but had to 

be delayed due to lab closures. 
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Figure 6-1: CAD model of a proposed 3-axis collection ring mechanism to allow for collection 

to occur at any location or height within the braiding machine build volume 
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Appendix A Machine Component Datasheets 

A.1 Nema 17 Stepper Motor with gear box 
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A.2 TB6600 Stepper Motor Driver 
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