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Abstract

Threedimensional3D) braiding is commonly considered an advantageous method for producingenear
composites thaprovide improved transverse properties relative to -fimensional (2D) braiding.
Modeling of 3D braids is an evegrowing field of research particularly the us of subunit cell models.

The production of complex braid shapes and pattearsd the modeling of the sarmeerves to allow 3D
braids to be used more widely, suzh various mechanical, infrastructure, or medical applicatidms.
research focusedhproving the functionality of a purpodmuilt braiding machine andn the improvement

of subunit cell modelsused for predictive modelindhroughan expansion of modely capabilities and
through validationln this researchhe braiding machirie maximumcapacity was upgraded from 9 to 49
motors, 24 to 161 yarns, and 3 to 50 motor drivers. The control andpadiestems were also dramatically
improved by the additionf 112 new I/O connections and the ability to vary or pause theualspeed
respective). Through these improvements, many new braid shapes were pdssibleding three braid
shapes novel to this work: isosceles triangle, right triangle, and curvexapption. The modeling
application was expanded to match the capabilities of the bgardachine. In doing so, predictions of
stiffness for various orthogonal braid shapes were made possible and several naveél salts were
identified. The novel diunit cells included the isosceles triangle edge, upper corner, and lower corner and
theright 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 righgte larger again) that the longitudinal stiffness

of the triangular shapes would belueed relative to orthogonal shapes, but that transverse properties would
be improved. The interior braid angle and braid pitch predicted by the model were valgiated mnicre
computel tomography(micro-CT) analysis.The relative errors between the neb@redictions andhicro-

CT results for interior braid angle and braid pitch were found to be 13.00% and 6.16% respectively. It was
suggested that additional measurateg¢o normalize the model data could further reduce these errors in

the future.
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Chapter 1introduction

1.1.1 Motivation

Threedimensional (3D) braids can be looselgfined as intertwined yarns with a 3D cross
sectional shapeas opposed to a rope or ffabric[1]. These braids are often usesipreforms for
composite structurel?]. Recently,3D braids havestarted to bestudiedmoredue to some key
advantagesver twadimensional (2D) braidsThese advantages inclushereasedielamination

resistanceimprovednearnet shape capability amdcreased oubf-plane strengtfi3].

Though 3D braids are commonly stated to be advantageous for applications sectspace,
automotive, or medical, they have failed to be implemented indus{ddllyhis failure isin part

due to the relativelJow speed of manufacture, the difficulty of accurately modeling mechanical
properties, and thimited possible braid sip@s and pattern.he low manufacturing speed of
braids limits the feasibility of using 3D braids in le@soduced products such ag@uotive or
construction components. This speed can be addressed both by increasing the throughput of the
machine and byetreasing théuman effortrequired to design, model, and test the braite
modeling of braids is diffiglt partially dueto the excessiveundulations of the yarns and the
variable braiding angle throughout the crgsstiors. A method of modeling is tpiired that
allows both fast and accurate results for highly tailorable braids. It is also requiredttoctams
braiding nachine that can produce the tailorable braids. The ability to produce ptagossd
braids will greatly increase the number o&id shapes and patterns that are possible, thus the
number of potential applications is similarly improvethis work was mivated by these

limitations.



The longtermgoalfor this project ig2o provide a predictive modeling method for arbitrary braid
materials, patterns, and shap&hrough the research of braids, it has become evident that the
advantagesfa3D braiding liemainly in the many possibilities for customization. As subls t
fully customizable modeling method will allow 3D braiding teclogyl to be used to its fullest

capacity.

1.2 Thesis Scope

In previous workit was shown thafiast and accuratmodeling was fesdble for square braidby
using a combination of sulnit cells and finite element analysjS]. These braids were
manufacturedising a twestep rotary 3D braiding machine. This themiwis to improvehe 3D
braiding manufacturing process and capabilitly the braiding machine, as well & expand
modeling capability. Specifically, the physical, electrical, and electronic upgi@ades braiding
machine to enable full control of braid shapes and pattesiesindertagn Similarly, the specific
changedo thepreviously developed modeling applicati@} to allow modeling of these newly
possible shapes and patterns will be descti Further, the implications of these braid shapes and
patterns on braid angle and atHactors related to the mechanigabperties of the braided

composites will be explored.

1.3 Thesis Outline

This thesis is divided into six chaptefihe second chapteontainsbackground on existing 3D

braiding machines and processes, previous modeliagpts, and suggested applications3D

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

design changes to the comstted braiding machine. Similarly, previously explored modeling



methods are explainedh& potential applications for 3D liia and 3D braided composites are

presented to further reinforce design changes as well as to provide motivation for futureoexpansi

The third chapter focuses on the braiding machine itself. The design of the braathme in
previous work is preserde along with its inherent disadvantages. Then, the updated braiding
machine is explained. The physical updates to the braidingingasuch as increased capacity and
improved tolerance are described. Electrical andtreleic updates to facilitate the imgved
functionality of the machine are listed. Finally, the updates made to the braiding process are

explored.

The fourth chapteiocuses on the braiding software, including the modeling and control software.
Like chapter three, this chapter describespttewious modeling and control software and provides
in-depth explanations for all updates. These updates mchahges to the rdeling GUI, control

GUI, and microcontroller firmware.

The fifth chapter provides a comparison of the presented modelimgsefvith micreCT results.
Within this chapter, the methods of the mi€® process are discussed as well @gested causes

for error.

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

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

The appendices are divided as followgppendix A containsdatasheets for majamachine
componentsAppendix B contains articles related to the physical construction of the braiding
machine such as CADralwings. AppendixC contains articles related to the electrical and

electronic components including datasheeis schematics. Appelix D contains all computer



code used in this body of worlppendix E contains additional documentation related to the

modds developed in this work.



Chapter 2Background

2.1 Introduction to Three-dimensional Braids

Composite structures are beingreasingly studig due to theihigh specificstrength and stiffness
propertieg[6], [7]. Braiding is one method of manufacturing preforras domposite structures
consisting of icont i n[6]okugher, bradingeis disindtoreather f i ber
textile methods such as weaving or knitting. Weaving results from orthogonally interlacing yarns

and knitting requires intdooping yarns, whereas braiding necessitates neither loops nor
orthogonal yarn$l]. Note that in some literature,gh wor ds &@bdafideagobdongo ar
interchangeably. This literature review focused on works that used the aforementioned description

of abraid (i.e. lacking orthogonal yarns) regardless i e | abel of fAbrai dingbo

Two-dimensional(2D) braids have been tadied extensivelyin literature.3D braids can be
differentiated simply from 2D in that 2D braid describes either a braidsinglelayer sheet or
thin-walled tubeand a 3D braid involves further braiding in the thitidhension i.e. through
thickness dnension[1]. As described extensively [d], this simple definition is lacking when
two or more singldayer sheets areraided together in a shape suchas a T, L, C, I, or box. The

definition used throughout thigork will be the same as [i]. The definition is as follows:

fi3D braided fabric is a fully integrated assembly of two or more yarn layers, in which
each layr comprising two or three sets of yarns having different directions is intertwined

with at least one adjacent layer by a 3D brangj process|[1].

This means that the Abranchesodo of a shape (su

thick 1 and these layers must be interconnected through the braiding process (i.e. not stitched or



glued together) in order for theselgmpes to be considered a 3D braid. This distinction is important
because a 3D braiding machine (or 3D braider)alaa prodae 2D braids but this work will
focus only on thosehait match the description of a 3D bra&imilarly, this literature review

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

2.2 Applications of Three-dimensional Braids

Compositematerials, and specifically threkmensional braided composites have been proposed
for many applications. Some of these applaagi include aerospacpl], automotivés],
infrastructure and prosthetic®], ballistics [3], [4], and smartstructues [2]i[4]. These
applications will be discussed more thoroughly in the following sections. Braiding has limitations
in preform wdth and manufacturing speg2li [4]. However, braiding is still proposed for many
different applications becaugés vely versatile. Specifically, the ability to create many different

crosssectional shapes in neaet preforms is frequently referemcas an advantag#0].

2.2.1 TransportatiorApplications

Transportation applicationsuch asthose foundin the aerospce, autmotive, 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
crosssectional siz¢l]. The cros-sectional size of a 3D braid is limited by the size of the braiding
machine baseplate, the number of carriers, and the yarrr.déaah of these limitations can be
individually rectified, but at the cost of creating other limitations. By ireingpthebaseplate size,

the maximum crossectional shape inherently increases. This has been achieved previously
through using modular biding machine designs such[a$ [11], [12]. The immediately obvious
downsides to such a solution are increagette regirements and cost. Additionally, the increased

distance from the outer carriers to the braiding point can cause issue withagtherch slack or
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too much tension in the yarfi3]. As mentionedurtherin Section2.3.2 thenumber of carriers
can be increased by such methods as hexagonal horngears or switching me¢8hritwsver,
more densely pked carriers require smaller bobbins to avoid jangntie machine. As a result,
there is a tradeff in maximum braid lengtlachievable with these types of machines. There is a
similar tradeoff in length when the yarn denier is increased. These factake fih simple to
conclude that with current 3D brandj technology it is not feasible to produce large area braids

economicdly T as suggested 3], [4].

On the other hand, for specific smaller cresstion applications, 3D braiding has been shawvn t

be useful. For example, [@3]i [15] it was statd that 3D braids were very useful for applications
where flexibility anddamage tolerance were needed such as wing stiffening elements or curved
fuselage frames. Further, the ability for complexly shapedrnet preforms has been identified

as a unique dénefit of the 3D braiding proce$$6]. The complexity of braided shap has an
inverse relationship with the speed of production. This is due to longer braid paths and the need
for more complex contftomechanisms. As a result, 3D braiding is not yet suitable for-mass
produced components fony of thetransportatiorapplicaions discussed herein. However, for
applications Were high complexity, high specific stiffness, and high damage tolerance desinee

3D braids are still worth investigat.

2.2.2 Infrastructure Applications

The goal of usingD braided composites in infrastture would primarily be to replace existing
building products with stronger and lighter alternatives. One potential applicatiold be to
replace existing steel beams. The most common-sexggnal shapes of steel beaare tee (T),
channel (C), beang pile (H), angle (L),dbeam (1), pipe, or hollow (boX3#]. Many of these shapes

have been previously attempted using ott@nposite manufacturing methods such as layup of



fiber mats. However, as evidenced by theemtion of the deltoid noodle sa in [16], this

method often leaves gaps between the assembled mats. As a result, it is considered beneficial to
be able to marfacture these shapes in a continuous cross section eneleshapdl17]i[21].

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

the existing shapes has not been studMediitionally, the method for creiag deltoid noodles as

shown in[22], [23] requires cutting a notch in a prepreg mat. Iswansidered 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 generalche applications benefit predominantly from the ability to produce
variable shapes and patterns. Other medical applications sumtaided scaffold$24]i[30],

orthopedicg17], and stent$18]i [20] will be discussedurther in this section.

3D brads have been reportedly used to produce scaffolds for repairing articular cd@ilhge
ligament or tendon repdit8], [19], and bone repajl9]. For some instances of ligament or tendon
repair, the reported 3D &ids appeared closer to what bagn defined in this thesis as 1D braids
[20]. In fact, in the case @¢i.7], the braids were manufactured completely manualiger than
using a braiding machine. However, where 3D braiding (as defined in this thasigsed, it was
stated to be beeficial due to the ability to tailor the mechanical propertied. The ability to
tailor the mechanical properties of the laag composite was also stated as an advantage for the
repair of articular cartilaggL7]. In the case of21], a circuér 4step braiding machine was used.
As a result, the parameters that were varied were limited to the braid angle (based anepates

in a step), yarn density, and the number of layers of braided [g##h423]. A 4-step braiding



process was also ed for the proposed method of bone refa®]. The use of 4tep braiding
machines limits the ability to tailor the mechanicedperties of a braid asill be discussed in

Section2.3.1

Contrary to scaffold brds, which are typically intended to be biodegraded and replaced with
natural tissue, the orthopedic braids covered in this literature revaesvimiended to be peament
fixtures[23]. As identified in[25]i [30], it is critical for the stiffnessf 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 mechacal properties of theraid in such situations is even more crucial than for soft
tissue replacement. I[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 fanthlant to better appximate

the stresses that would be normally experienced by the natural tissue and sogravemdli

The use of braids to manufacture stents is a more established practice than either scaffolds or
orthopedics. However, stents areqominantly designed usy 2D braiding processes and shape
memory alloys (i.e. metal fibers). Iraided stents wit diverging tubes have also been proposed

in [11]. Regardless, it is commonly regarded that the use of FEA is useful to predict the behaviou
of the stents insidéhe body[28]. These finite element processekke many early 3D braiding
modelsi often neglect the effect of fiber undulation. Instead, the areas where fibers overlap are
constrained to act almost as a single node, with thepton that rotationanovement is not
constrained. In one case, the stent was manufactured to allow differidimidpeangles at the ends

[29]. This allowed for the stent to achieve both the appropriate radial stiffness to prevent collapse,
while also imiting the extensionfdhe stent. Both of theggmrameterbad been previously shown

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

by modifying the braid after producti¢®9]. To further validate t use of 3D braiding nchines



for the purpose of manufacturing stents, one group usestep4circular 3D braideto produce
their stent$30]. They were able to produce mtlliyer intertwined stents and vary the braid angle.
It was also noted that bdaangle had the largesnpact on the function of the sterjfsl]. This
group later produced shape memory pdadyraraids as wellll], and were able to show that by

manipulating braid parameters the polymer braids could be equally effective to #he met

2.3 Three-dimensional Braiding Machines and Methods

Threedimensional braiding machines (3D braiders) are conlyrategorized as either reand

column or rotanf1]. The invention of Bluck31] in 1969 has been suggested as the first instance

of both row-andcolumn and rotary 3D braidinld]. However, it is interesting to note that the

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

yarns each together in order to produce brake linings. This saggesth at t he benef it

di mensional 0 braiding have been saradphsgsuch.f t er |

2.3.1 Row-andcolumn Braiding Machines

In the early study of 3D braiding, the primary style of machine wasarmkcolumn[1]. Braiders

within this category, such as the invention of Floreni## in 1980,were originallydesigned in

either rectangular orcircular configurations and braid by shifting an entire row or column. This
method is further described |B4]. Althoughor i gi nal 'y r ef er r[@pthet o as
invention[33] would be better categorized as-atép rectagular 3D braid[1]. The 4 steps of

such a braidein a rectangular configuration as described if35] 7 are as follows. First,
alternaing actuation of carriers in the column directidmis means alternating actuators move
entire c ol wnvnmSecindafieonatiogractuatibn in the row directiddimilarly, this

means alternating actuat or s .m®hiudeandefoutth, these r ows
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motions are repeated with directions oaovever se:l

Afdwn, 0 actuators that moved Arighto now move
these same steps apply except thatelemovement is replaced by ring movemi&4]. In both
configurations, the primary variables with which to efféhe braid pattern are the number of
spaces of movement in the column (radial) or row (ring) directj8d$ For a rectangular
configuraton a designation of a 2 x 1 pattern would equate to 2 spaces of movement in the row
direction and 1 space of mawent n the column directiof85]. The same 2 x 1 designation for a
circular configuration would equate to 2 spaces of movement in thé dad@tion and 1 space of
movement in the ring directid®5]. Similar machines have been designed to manufacishg

two or six steps and have been described extensivEgjinwWhile early rowandcolumn braiders

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

with complex braid patterns. As a resufilti-step braiding was explored.

Beyond 4, 2, or &tep rowandc ol umn br ai di ng, anot hesrt epmea
braiding. Multistep baiding was introduced by Kostar and Chou in 1888], [37]. Multi-step

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

7

[35]1[37]. The primary advantage of mutit ep br ai di ng was t hié | ar ge

c y c I[36]shat were Bwly possible Note that braid cycles as reference(3i®] are referred to
as brad patterns throughout the rest of this wokkulti-step braiding allowed for significant
improvementn braid pattern complexity versus tradital ronrandcolumn braiding, but it still
required an entire row, column, or ring to be moved in a step.ré&sult, 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 previdngbj, is a rotary braideRotary 3D
braiders are a natural extension of Maypole or lace braidindhirdedimensiongl]. An overview

of Maypole and lace braiding is presentedilihand a detailed explanation [88]. As such, this
section vl be reserved for the description of 3D rotary braiding. However, it is worth noting that
the primary differencebetween the two is th&tlaypole braiding is a continuous process, while
lace braiding is discretd. follows that he braider developed ihis workis more closely tied to

lace braiding than to Maypole.

The modern rotary braider was developedraal@rnative to the 4tep rowandcolumn braider

[39]. This braiderused r ot or so0 (hereinafter referecasas t o
to hold fiber carrierd39]. Although 4 recesses were used in all figures of the patent, it was
suggeted hat any number of recesses could be used. lthieryould be realized in the hexagonal
braider presented if11]. Each horngeain [39] was attached to an individual drive systdrat
allowed each to rotate i desired anglen either direction Thestated benefit of the individual
drive systems was the ability to braid uneven ceesgions. The braiding mechanism of the
invention [39] was to have two groups of horngears rotate in opposite directions in alternating
steps.As such, this inventionauld be considered astep rotary braiding machin&he 2step
method is further explored in a follow up inventjd®]. The difference pnaded in this updated
invention was the ability to vary the braiding angle by haltingréit&tion of specific hargears

while the other continue in thes2ep patterj40]. This abilitywasproposedo be beneficial for
applications where the load thighout the braided structure vari®y. introducing steps where

the horngears follow a dérent patterri such adhalting brieflyi this expansion to the original

invention could be classified as a mudtep rotary braider in a similar fashion as the si#p
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row-andcolumn braiders abovédowever, even with mulstep braiders the horngeawere
typically driven n 2 groups turning in opposite directioAstotary braiding machine has not been

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

The evolution to hexagonal horngeft$], as well as switching mechanisnas described ifi],

[11], [12], are intended to increaske yarn density in the rotary 3D braider design. Switching
mechanisms also inasee the ability for a braider to quickly move a carrier to a desired position
and allow br bifurcated structure® be more easily producgtil], [12]. The design of the 3D
braider described herein does not include switching mechanisms at presemeybubald be a

valuable addition in future work.

2.4 Three-dimensional Braid Modeling and Aralysis

The history ofandytical 3D braid modeling extending to classical laminate plate theory has been
well documentedh [41] and inprevious worl{5]. As suchpnly the most pertinent models to this
work will be explored hereirThese include th&abric geometry modefiber inclination model

and subkunit cell modelsThese will be discussed in the sections belewite Element Analysis
(FEA) is often used inconjunction with sukunit cell models for prediction of mechanical
propertiesi as was done in previous wojk], [42]. This thesis did not focus on improving the

FEA portion of the model, therefore discussion on FEA models was not includeaéinctress.

2.4.1 Fabric Geometry Model

The Fabric Geometry Mod€FGM) T first described irf43] and later updated 4] i was a
model that treated the combination of fibers and matrix as individual composites rods. It was

determined that these rodaud have Jossible orientations, which depended heavily on the braid
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shape and pattefd3]. By using braiding parametessich as the number of spaces a carrier was
moved, it could be determined how many yarns were in each orientation. Fronstresgh
couldbe determined using simple geometric equations for force acting on an angled fiber and the
rule of mixtures. The pdate to the FGM served mainly to solve two drawbacks of the original
model. These drawbacks were that the original model failestnidate tansverse isotropy and

that some fiber orientations would result in undefined valudise equation§44]. Thisupdated

model also demonstrated two methods for determining the composite stiffness matrix; one is
termed fisti ff usesavametrieavaage ohtlge indivadoatirod stiffness matrices,
whil e the other I s t er me @vesitieecsame Igoahusicgethe aod e r a g
compliance matrices instead. It was shown that stiffness averaging generally overpredicts the
stiffness ofhe composite while compliance averaging generally underpredimtgever, stiffness
averaging was shown to achieweich better results when compared to experimental[ddja

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

as a quick method to predict the elastic behavior of braided composites. It was useld @s s

provide a baseline in the development of the model used in this[Bjork

2.4.2 Fiber Inclination Model

The Fiber Inclination Model (FIMyvas one of the earlier attempts at an analytical model for 3D
braids[45]. FIM was based on modifications to €tcal Laminated Plate Theory (CLPT) as
explored in[46]. It used a unit cell similar to the one recredtefligure2-1. As with all unit cell
models, this cell could be repeated as needed to fully describe the full compuasitarest
(hereinafter the composite structurdlvibe assumed to be a 3D braid, though that is not a
requirement of the mode}6]. The modewas formed based on the following concepts. First, it

was assumed thaffter matrix impregnatioall parallel r@presentative fibers within the same
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layer cauld be treated as a singfelined 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 céli.e. interlocking or bending) were not takkimto account. Third, the unit cell

was assumed to be a combination of 4 equal thickness kamittano intersection. The unit cell

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

ZLY
X

Figure 2-1: Representation of a 3D braid unit cell as describefi6]

This model was reported te a reasonable approximation for predigglastic properties when
compared to experimental data at the t{#&]. However, it isapparent that the assumptions of

fibers following linear paths with no interactions are an oversimplification of thgéametry of

a braid. Additionally, this moddails to account for the difference in yarn paths internal versus
external to the braid. These, along with the

estimation46], lead to the study of the mddeliscussed below.

2.4.3 SubUnit Cell Models

The deficiency presented in the FIM of not being ablmodel the diffeing yarn paths internal or
external to the braid eve-cel-luiak d ys U b4, whioh tt three ss¢
will be referred to as suhnit cells througbut this work. In47], 3 subunit cells were identified:

interior, surface, i@d corner. These sulmit cells could be combined to generate the larger unit
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cell. It is worth noting that it was demonstrated that theusitcell structure depended entyre

on the braiding method. Notably, the shape of the braided preform was sdggesine of the
characterizing parametejé7]. Since[47], many other works have included the concept of sub
unit cells.A sample of hese works and their achievemente aummarized ifable2-1 below. It

is clear fromTable2-1 that this area of research has almost exclusively been performed-with 4
Step rowandcolumn braiding machines dmvith the assumption of linear yarn segmefitsther,

the shapes covered irese papers are almost entirely gierectangles, with onlsgome expanding

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

explored.

Table2-1: Sample of liteature on Sukunit cell models

Number
of Sub- Contribution
Unit Cells

Reference Braiding Machine

Yea Number Type

Model determines the sified
topology of yarns is fully
Row-andcolumn, characterized by braiding angle an
4-Step pitch. Uses mixedrolume averaging
of stiffness and compliance. Lineat
yarns are assumed
Model uses different unit cells than
Row-andcolumn, previous work. Centeunit cell is
4-Step equivalent to FIM. Linear yarns are
assumed
Model uses mulfihase finite
element model to analyse 3 sub ur
3 cells. Surface and corner were foul
to be stiffer than interior. Linear
yarn segments werssumed
Model defines finite elements for
yarns and uses these to simul&ie t
braiding process. It was observed
that yarns curved through the
3 interior of the braid as well as on tF
exterior. However, the yarn
propertes were not preserved so
mechanical properties calihot be
predicted

1995 [50]

1996 [51]

Row-and-column,

1999 [52] 4 Step

Row-and-column,

2001 [53] 4 Step
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2007

2008

2009

2010

2011

2012

2013

2014

2016

[48]

[49]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

Row-and-column,
4-Step

Row-and-column,
4-Step

Row-and-column,
4-Step

Row-and-column,
4-Step

Row-and-column,
4-Step

Row-and-column,
4-Step

Row-and-column,
4-Step

Row-and-column,
4-Step

Row-and-column,
4-Step

17

Modd determines the microstructul
of braid with complex rectangular
shapes. Some curved yarn segmel
are used

Model provides a method for
calculating fiber volume fraction of
complex rectangular shapes using
subunit cells

Model provides stiffness and
strength analysis of 3D braids
including axial yarns using 3 sub
unit cells. Linear yarrsegments
were assumed

Model uses 4 suhnit cells ofthe
interior cell rather than different
cells on the surface or at the corne
Parametric finite element analysis |
performed and a hexagorwbss
section of thegyarn is used. Linear
yarn segments were assumed
Modelis a followup to the method
that uses 4 subnit cells of the
interior cell. Again parametric finite
element analysis is performed, but
thistime with axialyarns included.
Linear yarn segments were assum
Model piovides an analytical
method for determining mechanica
properties of braid. A distinction in
made between exterior and interiot
surface cellsExteriorsurface cells
contain curved yarn segments,
others remain linear

Model provides finite element
analysis of all 3 suloinit cells.
Surface and corner cells were foun
to be stiffer than interior. Linear
yarn £gments wee assumed

Model presents 5 sub unit cells to
describe the micraaucture of the
braid namely: interior, interior and
exterior surface, and interior and
exterior corner. Linear yarn
segments were assumed

Model is a followup to the method
that uses 5 subnit cells. In this
case aranalytical method is
presented to predict mechanical
properties. Exterior corner and
surface cells are shown to have



higher stiffnessLinearyarn
segments are assumed

Model provides sunit cells for

2016 [61] g_usr;‘:cecore, 3 new surfacecorebraiding
P technique. Linear yarns are assum
Rowand-column Model uses 3 subnit cells to
2017 [62] ’ 3 analyse higlvelocity impat. Linear

4-Step
yarn segments are assumed

Model allows for undulation in
2017 [42] Rotary, 2Step 3 yarns allowingunit cells to closely
approximate true braid paths

2.5 Conclusion

Through this literature review, some gaps in existing 3D braid manufactunthgnadeling
processes were establish&dr manufacturingit was found that current braiding machines lack
the alility to create complex shapes and braid patterns due to tlexiility of the existing
horngear control. Similarly, the ability to varyethraid angle within a single braid through take
up or braid pattern manipulation has not been satisfactorily nstnaded. For modeling, it was
found that current modetgenerdy oversimplify the paths of the yarns throughout the braid. As a
result, sore important effects such as undulatiohare often missed:urther, the previous work
for this project did not vide validation to ensure the modeled yarn paths m#telpahs
produced with the braiding machingherefore, the goals of this thesis weass follows (1) to
produce a 3D braiding machine with the ability to create complex new braid shapestams pat
through the addition of granular controltbe horngears andkeup mechanism(2) to improve
the modelto allow for complex braid shapesd patterrisand(3) to provide validation of the

modeled yarn paths through a mi€€d analysis bthe braids.
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Chapter 3Design of a Multi-step, Variable Takeup 3D Braiding

Machine to Produce Complex Braid Shapes and Patterns

3.1 Introduction

Previously, a rotgr 3D braiding machine was designed with the capacity to prodistep?
rectangular braids with aa®imum yarn count of 2f6]. For this thesis, and later work with this
research group, this capacity needed to be expaBgedifically, the first goal othis thesisis to
produce a 3D braiding machine with the ability to create complex new braidssirag@atterns.
This chapter is divided into two main sectiagiging an overview of the machine design and

features and discussing thepraved capacity athe machine respectively.

3.2 Overview of the 3D Braiding Machine Design
The first section of this ch#gr serves to provide an overview of the 3D braiding machine design

and functionality.

The braiding machine developed in thigrk was alirect continuatiomf previous work5], using
many of the same components. As the design considerations focomegenents were not made
during the course of this thesis, only a brief summary of these components is incld@éxdein

3-1. More nformation on these components can be fourj@liandAppendix A
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Table3-1: Specifications for Prexisting Components

Component

Specific Product
Information

Baseplate

Frame

Yarn spool/
Tensioning
device

Motor

Motor Driver

Microcontroller

1/2" Thick Aluminum
Sheet, Max. Capacity: 49
Motors

Standard £hannel FSlot
Aluminum

Standard Metal Sewing
Machine Bobbin

17HS191684SPG19,
Nema 17 Stepper Motor
with gear box, Rato:
19.203:1

12x RB-Dfr-727 TB6600
Stepper MotoDriver

Arduino Mega 2560

This 3D braidigy machine contains four subsystems, which will be discussed further in the
subsections below. These ssystems are: the braiding subsystem, which consistthe
horngearscarriers, motors and drivers and serves to move the yarns thheudétérminedraid

paths; the takep subsystem, which consists of the talgp motors and collection mechanism and
serves to apply tension to the yarns; the control stiesy which consists of the microcontroller
andl/O expanders and serves to sendinegl informaton to the braiding and take subsystems;

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

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

subsystemsan be foundn Table3-2.
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Table3-2: Comparison of Previous and Redesigned Braiding MachineyStdiss

Subsystem  Component Previous Redesigned
Braiding Horngears 9 49
Braiding Carrigs 24 112 (+ 49 Axial)
Braiding Motors 9 49
Braiding Drivers 3 50
Takeup Motors 2 No change
Takeup E)A(;I(I:i(.:tlon In air Collection Rirg
. Arduino Mega
Control Microcontroller 2560 No change
Control I/O Expanders None ! (Add't'l?gal .112
pins)
Capacity for 6
Power Power Bus None Circuits at 50A
each
Power Power Supplies 2 5

3.2.1 Braiding Subsystem

The braiding subsystem msists of the horngears, carriers, motors, and motor drivers. This
subsystem is responsible for thaiding of yarns by moving the carriers to new locations based
on a usedetermined braid path. The motor drivers receive infaondtom the control systm

that determines whether a motor is to be enabled, the direction in which the motor shouyld rotate
and the angle through which the motor should rotate. This information is passed to the motors,
which in turn rotate the horngeatach horngear is surroded by four carriers, which are then

moved into position by the rotation of the horngears.

In theredesign of the braiding machine, some changes were made to the design of the horngears.
These changes can be seefigure3-1. Most notably, the rectangular slots added to the horngears
allow for them to be aligned at the staftbraiding and allow for an axial yarn bobkm be
mounted directlyo the horngear
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New Mounting Hole

U e [

L]

Figure 3-1: Redegyned horngear including mounting holes for axial yarn bobbin

3.2.2 Takeup Subsystem

The takeup subsyem consists of the takg motors and collection mechanism. This subsystem
is responsible for applying tension to tharns to allow the braid to form. Likiae braiding
subsystem, the takgp mechanism is operated by the motors recgiuniormation fromthe
control system after interpretation from a motor driver. Previously, theugakeotors would only
receive direction information from the motor driverthey were always enabled while the braiding
machine was operating. However tive redesigned biding machine it was considered valuable
to allow the takaup system to be disabled for certain stapd to allow the takep speed to be
varied This variaility allows for more control over the braid angle within the braid as will be

discussed furthemni Section3.3.4

23



3.2.3 Control Subsystem

The control subsystem consists of the microcontroller and 1/0O expanders. This subsystem is
regponsible forinterpreting information sent by a user into binary information for the braiding and
takeup subsystemsT he gener al fl ow of i nformati on [
microcontroller, then to the I/O expanders, and finally to the moieerdt The motor divers used

in this work require 3 pieces of information to operate. They haeeponfor each of enable,
direction, and clock. Enable turns the motor on (binary 0) or off (binary 1), direction determines
clockwise (0) orcounter clockwse (1) rotation, ad clock pulses 1 and O at a frequency that
determines the speed of operationth@ redesigned braiding machine, there is a clock line for the
takeup subsystem and 7 clock lines are used to run the other motor drivetls each line
servicing 7 motorsThis allows for the tak@p 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/ixg). Therefore, n/O expanders were necessary.
However, even with the common clock lines for braiding motors 108 I/O pins were required
with 50 drivers.In order to facilitate this, it was decided to use 1/0O expan&scifically, the
expanders atsen were 16 port/® expanders (MCP2304H/SP, Adafruit) that use the&Q
protocol to communicat&ith the microcontrollerl/O expanders were chosen for several reasons.
Up to 8 I/0 expanders can be connected to a single Arduino Mega usir@ thesithough the
current eéésign only uses. With 7 16bit I/O expanders, the maximum capacity for I/Osas112.

The current setup uses 100 of these pte other 8 pins are used directly from the
microcontroller) which allows for some expansion at a ladate. Additionally,I/O expanders

were in part due to the simultaneous sending of dad. I/O expanders areconnected to a
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communal clock linesono information is sent out until they are all updated. This happens on the

order of milliseconds and enssrihat no motors Wibe outof-sync.

In order to connect the I/O expanders to the Arduino Megagithuit boards shown frigure3-2

were manufactured manually usipgrfboard.Manually manufacturing was chosen over having
board 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 1/0O expanders are
connected to the Arduindega FC bus with pulup resistors. This means thhe default state of
thePC pins is pulled to fAhi gho ewavedcontamindbinanar y .
data are not attenuated over long distances due to wire impedance. The pogreuadduses

of the I/0O expander boards were cocted to an external 5V power source that allows for a total
current draw of 2A. The use of an exiak power source lowers the risk of damaging the
microcontroller chip if there are any issues with the gogvaw of the motor drivers. The complete
electrornics schematic of the control system, including all connections to the I/O expander boards

is incluced inAppendix C
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Figure 3-2: Schematic diagram of I/O custom expander circontainted on perfboard
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3.2.4 Power Subsystem

The power subsystem consists of the power bus and poweresufiis system is responsible
for supplyng DC power to all other subsystems. Pofl@ws through this subsystem from the
wall outlet to the power suppligthen to the power bus. The power bus is used to distribute power

to the motor drivers, while aNang for future changes.

In the previous mezhine configuration, the motors were arranged in series to reduce the current
needed in the power supply. Howevetien many motors are arranged in series, there is the
possibility of them engaging in a cascadfaghion due to each motor receiving powee @t a

time. As such, it was decided to change the power configuration to a parallel arrangement. As a
result, sgnificantly lower voltage is requirédlimited to the max voltage of the motor drivers (12

V) 1 but significantly higher current is requirexs a tradeff. To lower the potential current
through the wires, the 50 motor drivers and motors were dividediseparate circuits. Even so,

each circuit had the potential to draw ug80636A. Detailedcalculations for this value are shown

in Appendix C The power supplies selected (6&80-12, Mean Well USA Inc., purchased from

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

Thepower buswvas builtto allow for the connection of multiple motor drivers in parallel without
welding them together. This allows the drivers to be moved around irctatégurations. The
power bususessteel barsas the connection point to ensure that the eldgtfilow through the
connection does not cause excess.hBa¢ wires used for power connection were intentionally

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

3.3 Production of Complex Shapes and Patterns

This section intnduces the nely available braid shapes and patterns resulting from the redesign

of the braiding machine discussed in the previous section. Both shapedtanasghat have been
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previously produced with other braiding machines in literaturetlaose thawerenovelwill be

discussed.

3.3.1 Capaity to Include Axial Yarns

Axial yarns are one of the most common ways to increase the longitudinal stiffness of albsaid
is useful for applications where the applied load is in the longitudinal direction. Somelega
of this T as discussed in Sectiah2 i are wing stiffening elements, beams, or ligament
replacementsAs such, it was cleathat the capability to include axial yarns watal for the

braiding machine.

The capability tonclude axial yarns was added with a modification to the horngears. As shown in
Figure 3-1, the newly addedectangular holes allofor easy mounting of the axial yarn bobbin

holders.

3.3.2 Capaity to Produce Shapes for Infrastructure

The braiding machine previously used a maximum 3 x 3 configuration of horfigedree 3 x 3
configuration wadimited both by thenaximum overall size adhe braids that could be produced
and by the shapes and patterns that could be produced as @®D be definition of a 3D braid
(as presented in Secti@nl) states that there must be a minimum of two layers intertwinggin
braid shape in order for it to be considered a 3D QididAs suchsteel beam replacemestiapes
such ad, C, H, L, I, orbox produced with a 3 x 3 setup coulat be considered 3D braids as they

would only have a single laydfigure3-3 shows this limitation.

Therefore, in order to align with the goal to create cempkaid shapes and patterns a logical step
was to expand the capacity of the braiding machine Béé. updated braiding machine

incorporates a maximum 7 xhbrngear setup, which allows for 112 ars or 161 maximum
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yarns if axial yarns are include®Vith the expanded capacity, the shapes for steel beam
replacement can be produced as 3D braids. This allows for the study of possible infrastructure

applicatians as introduced in Secti@®.2Additionally, these shapes can be created in many sizes

and configurations as shown for thesfiape irFigure3-4.

X7\ \_g_,»r)uﬁwuf A
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, Which is not typically considered a 3D braid.

Figure 3-3: Singlelayer T-shapeorthogonal braidmodeledwith 3 x 3 hongear setupWith the
Units are in mm.
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Figure 3-4: Examples of various sizes anahéigurations of the Bhape 3D braid made possible
by the expansion of the braiding machine.d@dl uses 4 horngears in each major direction and

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

2 for the thickness
horngears ineach major direction and 3 for the thickness
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the T, with 2 horngears for the thickness @tdor ngearle

horngears forthe thicknessUnits are in mm

3.3.3 Capaity to Produce NoirthogonalShapes

Although the capabilities to produoethogonakhapes for infrastructure and to include axial yarns

Ashe goal was

they have been previously achieved by many otlearchers

were important
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to produce new and complex shapesias important tolao producenon-orthogonakhapes that
have not been previously demonstrated. In order to dmstor drivers were added so that each
motor has an assigned motor driver. Tieviouscorfiguration of the braid machine with even
and odd motor groups waslgrcapable oforthogonalshapes with the same braid pattern. The
addition of individual motor drivers for each motor allowed for motors to be enabled or disabled
at any tima as well aproviding a method for changing the direction of an individual madtuis

change was critical for the development of trianghtaid shapes.

The most exciting new shape that was now possible wasabeeledriangular crossection. As
discussed in S#ion 2.2.2 a triangular crossection ould be used as a noodle to reinforced |
beams made with fiber layup procesds. Triangular shapes coule approximated witB-step
rotary braiding, but as shown iRigure 3-5 there are disconnects along the hypotenuse ef th
triangle where the yarns do not intertwiitevas suspected that thedisconnectsvould result in
lower transverse mechanical propertiesh@syarns were no longer intertwined witiher layers.

As transverse properties are one of the key advantag&d tbraids, this was considered
unacceptable. However jthv multi-step rotary braiding, thesksconnectgan be braided together
by swappinghie yarnsFigure 3-6 shows the end result of this method, diatble 3-3 shows the
steps required for this shape to be m&jedoing so, the yarns were then intertwined throughout,

thus theoretically improving the function of the braid.
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Figure 3-5: Isosceles trianglenodeled using a trational 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 mstip (7 steps)rhiding method on 8 x 3
braiding machine bed. Units are in mm. Note that there are no disconnects in the yarn paths
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Table3-3: The 7 dstinct steps required to braid the isosceles triangle shoviaigare 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
19 25 31 33 Take-up
1 Direc. Angle Direc. Angle Direc. Angle Direc. Angle Sped
CCW 90° CCW 90° CCwW 90° CCW 90° 1 mm/min
26 32 Take-up
2 Direc. Angle Direc. Angle Speed
Cw  90° Cw  90° 1 mm/min
18 24 Take-up
3  Direc. Angle Direc. Angle Speed
Cw  180° Cw  180° 0 mm/min
17 Take-up
4  Direc. Angle Speed
CCW 180° 0 mm/min
18 24 Take-up
5 Direc. Angle Direc. Angle Speed
CCWwW 180° CCWwW 180° 0 mm/min
17 Take-up
6 Direc. Angle Speed
Cw  180° 0 mm/min
18 24 Take-up
7 Direc. Angle Direc. Angle Speed
CCwW 90° Cw  90° 0 mm/min

Other rightangle trangular crossections can be made using a similar procedure. The result is
shown inFigure3-7. Again, this shape could be approximated wit&obraiding, ba this would
result in larger sections of the braid not intertwinifigh e r e f or e, itéds reasona
right-angle triangle shape could not be sufficiently produced without the use oktepltoraiding.

In addition to the benefiaf improved tansverse properties, one of the biggest advantages of 3D

braids is he ability to produce nearet shapes. Nearet shapes allow for composites to be
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produced without joining procedures such as gluing or stitching. This ability is an advantag
because thmint is often the first point of failure in a composite. As suhbb,dbility 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 coulgdientially brading wingflapsfor aircraft

Further, this switching procedure fortertwining loose corners can be extrapolated to make a
rough approximation of a curve. For examplepabination of the 45° angle from tisosceles
triangle and the moracute angle rbm the general rigkingle triangle could be used to
approximatea curved shape as shown Figure3-8. Where before curved shapes were often made
by overbraiding a 2D braid over a curved mandrel, rgtircurved shapes could gdsy be made
directly with 3D braids. This possibility could @ 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: Rightangle triangle modeled using a mestep (11 steps) brding method.
Requires a minimum braiding machine bed size of &Jrits are in mm.
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Figure 3-8: Rough approximation of a curve modeled gsainmultistep (9 step) braiding
method. Formetly combining ga) 1-1 switch,(b) 2-1 switch, andc) 3-1 switch. Minimum
machine bed size is 7 x 6. Units are in mm.

3.3.4 Capacity tdVlanipulate Braid Angle

As the braid angle is widely accepted as one of tmeirkting factors affecting the mechanical
properties of the braid, s evident that the ability tonanipulatethe braid angle is highly
beneficial.Contrary to 2D braids, which generally have onedeaigle throughout, 3D braids
typically have differingoraid angles between the exterior of the braid and the interiaioBséy,
the equations for internal and external braid angle for a 3-st8®2braid have been defined as

follows [5]:

— a1 “ (3.1)

— 0 WE (3.2
In these equations,represents the radius of the yazmepresents the pitch of the braid, &8l

represents a spacifagctor. The spacing factor is determined as follfys
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“v'O

- (3.3
In the case where the radius of the yarn isiBggmtly smaller than the pitch of the braid (as is the

case thoughout this work) the spacing factor can be approximatedlagtese equations, only

the transverse;¢ici Z "Y' and axial #/2, zrespectiely) distances travelled by the yarn afféuwt t
braid angle Therefore,any methods for manipulating braid patn should result in a change of

either the transverse or axial distance travelled.

The transverse distance travelled will generally stay cemisvithin a given braiding subsystem
setupHowever, the controlling the take speed will inherently afféthe axial distance travelled.
In the redesigned braiding machine, it is possible to change theipageeed at the step level.
That means thaany given braiding step can have a differbrdaid angle than the lastvhen
combined with the ability to chge the braid pattern at any point, the ability to control-igie
becomes a massively effective tool for creating highly tailorable braids. Eiesed braids could
be effective in nicherospecializedransportation applicatioras discussed in Sect®A.2.1and

2.2.3

3.4 Conclusions

Through the redesign of the braiding machiaemultistep, variable takep machine was
produced. Thisedesigned braiding machinedsagnificantly improved capacityraid shapes and
pattens when compared to the previous design. The additional capacities of axial yarns and larger
rectangular shapes allowed this braiding machine to be comparable witiatttenes that exist

in literature. Most notably, the conversita multistep braithg machine and the ability to vary

the takeup speed have allowed this braiding machine to produce complex braid shapes and

patterns and to be able to vary the braiglamvithin those shapes. These new capabilities make
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this braidirg machine a far bettarandidate 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 Sukunit Cell M odels for 3D Braids

using an Integrated Modeling and Control Appication

4.1 Introduction

Accurate geometric models of 3D braisve been a pursuit of many research groups since 3D
braids have been produced. Some, such as the geometric model used iretHackitation
Model, were highly simplified by assuming yarnsraestraight within a nit cell, ignoring
interactions between yarnasnd using a single unit cell throughout the braid stru¢6sk Later,

it was realized that the yarn paths are diffiétgetween the yarns in the center of the braid and
those on theurface or corners. Thus, the 3 aubt cell model was developd80]. This model
included separate unit cells for the center, sfand corner of the braid. However, these unit
cells gill assumed that the yarns travelled in straight paths witl@nuthit cell and ignored
interactions between yarns. Many further models usingusiticells were exploref2], [51]i

[55], [57]i[62], [64]. Some of these models incorporated curved yatimspfar select unit cells
[48], [57], however iduiterecantyrith@attthe unit tellslweregenerated using code to
allow for the inclusion of undulatiorid2]. This chapter is a contiation of that model to allow

for the generation of nerectangular shapes and braids with variable braid patterns.

4.2 ModelDevelopment

The model presented in this work was developed as a continuation of the work presgsijted in
[42]. Theredesigned apptationwas created in MATLAB® (MATLAB 2019b, Mathwork#c.).
This application operates on the concept of machine ¢wwnudiachine 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 ir tileveloped software is as follows.
First, the application is udeto create and store information about each step of the braid. This
information is stored in two forms: the position of each yarnredicaiding is stored in a standard
array and all otheinformation is stored in a structure array. Next, both arraysieisas some
userinput data such as the yarn denier, are sent to a braid generation function built in MATLAB®.
This function then c# subfunctions for determining the locations of eadrryin every step
(machine emulation sutunction) and for genetimg 3D plot points with which to model the braid
(path plotting sudunction). These functions are described in more detail below, tlaad

MATLAB® scripts can be found idppendix D

4.2.1.1 Function of the Application

The applicate has four tabs: ACarrier Setupo, AnBr ai
Control o and the workfl ow generally proceeds
of carriers © be loaded with yarn. The chosen selection of ygopulates 45 x 15 matrix

denoting the positions of each yaFigure4-1 shows two examples of this (a) showing a 3 x 3

braid setup without axial yarns and (b) shogva 3 x Jraid setup with axial yarns.

o] 4 0 11 a 18 0 0 4 0 14 0 24 0
1 Q it 15 0 22 1 5 11 15 21 25 31
0 5 a 1z 9] 13 a a & 16 a 26 a
2 0 4 0 1s6 o] 23 2 7 1z 17 22 27 32
0 & Q 13 0 20 Q Q it it Q 28

3 a 10 a 17 0 24 3 9 13 13 23 29 33
o] 7 0 14 a 21 0 0 10 0 20 0 30 0

(@) (b)

Figure 4-1: Examples of yarn matrix populated using the MAT®ABodeling application. (a)
shows the yarns in a 3 x 3 setup without axial yarns and (b) shows the same segxpaivith
yarns Matrices are cropped to the areas of interest.

The Braid Pattern Setup tab is used to create and save individual braidingostepsdeling or
control purposes. The Braid Pattern Setup tab is shovagure 4-2. The parameters that are

stored in each step are the state of eaclomi{ehabled/diabled) and the direction and angle of
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rotation, plus the speed and state of the-tgkenechanism. This information is stored in a structure
array for easy reference throughakik modeling process. The format of the structure array is

shownin Figure4-4.

Carrier Setup | Braid Pattern Setup  Modeling | Braid Control

Motor 1 Motor 2 Motor 3 Motor 4 Motor 5 Motor & Motor 7 Master Angle Control |80 |
Master Direction Control | CCW | ﬁ
Take-up Control

Take-up Speed (mm/s) Preses | None v| [ Create Full Fatn |

Saved Steps | None v| (SR (N v

Angle © Angle o0 © Angle 2 B Angle © Angle 20 © Angle © Angle 2

Motor & Motor 9 Motor 10 Motor 11 Motor 12 Motor 13 Motor 14

|| Reverse Take-up Direction Repeat Steps
- :

Repeat Steps times

Angle © Angle © - Angle © - Angle © Angle 0 © Angle © Angle ©

Motor 15 Motor 16 Meotor 17 Motor 18 Motor 19 Motor 20 Motor 21

Angle © Angle 0 © Angle © - Angle © Angle ©°0 © Angle © Angle ©

Motor 22 Motor 23 Mator 24 Motor 25 Motor 26 Motor 27 Mator 28

b
b
b

Angle © Angle 90 *  Angle 20 * | Angle Angle 90 Angle © Angle ©

Motor 29 Motor 30 Motor 31 Motor 32 Motor 33 Motor 34 Mator 35

b
b
b

Angle © Angle 90 *  Angle 20 * | Angle Angle 90 Angle © Angle ©

Motor 36 Motor 37 Motor 38 Motor 39 Motor 40 Motor 41 Motor 42

Angle 90 < |Angle 90 < | Angle 20 “ | Angle “ |Angle 20 < | Angle 20 *  Angle ©

Motor 43 Motor 44 Motor 45 Motor 46 Motor 47 Motor 48 Motor 49

Angle © Angle 90 *  Angle 20 < | Angle Angle 90 = Angle © Angle ©

Figure 4-2: Braid Pattern Setup Tab in the developed MATLAB® modeling application. This tab
allowsfor granular control all parameters necessary to define the bi@ichation 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 seleatd the number of knots in the splines

for approximating thearn 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 pdates 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 represéoidthe
possible positions of fibers. The main advantage of thihoades 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 bifaadirdaries if needed during a switching step.

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

described herein.

The horngear centers wedescribed byrow, column) vectorsThis allowed for flexibilityin

motor directionality and the inclusion of axial yarng/hile the previos modeling method could

add axial yarns, but only as an dall or nothi
axial yarns could be selected or deselected as needed to furthmretherflexibility of modeling.

An example st with axial yarnonly populatedn the corners o 3 x 3 setup is shown kFigure

4-3. Patterns such as this could be usedurther tailor the properties a braid. In this exani,

it could be expected that the corners of the braid woulditber slue to the axial yarns, but the

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

popuated.
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o 4 0 13 o 20 0
1 @ 10 @ 17 @ 26
o 6 0 12 o 72 0
2 @ u @ 1 27
o 7 0 15 o 23 0
3 ® 12 @ 1s 28
o 5 0 16 o 25 0

Figure 4-3: Examples of yarn matrix populated using the MATLAB®RI@ting application.
Axial yarns are only populated in the corner horngear positiodesignated with red circles.
The emptyxial yarn positions are circled in black. Matrix cropped to &nea of interest.

The format of the structure array that contailhslata for the braid steps is as follows. The highest
level of the step structure is designagtdp This container holdfields for each step that was
created using the GUI. Ea@&tepfield holds two sustructures: one designatatbtor and one
desigratedTakeUp Themotorsubstructure has 49 fields (one for each motor), which each further
contain the field€Enable Direction, andRotation The Enable Direction, and Rotationfields
correspond to the enable, direction, and angle buttons in theTBeTakeUpsubstructure has
one field, which containgnable and Speedfields. The Enablefield here corresponds to the
activepaused takeip button, and th8peedield correspondsitthe sped fillable box in the GUI.
Figure 4-4 shows a schematic of the entire structure arrangement. One Ipeajefit of using a
structure array is readability. To determine if motor 35 in step 7 was enabled, the query
Step(7).motor(35Enablecan be used. This greatly improves the ability for futir@nges to be
made to the code. The use of the structure foaisat allows for simple creation of pset braid
steps. These can be manually written into the code to allow for easy acadsseatdate. This

allows for reducedime consumptionvhen prodicing commoror repeatedraids.

41



Step

.Enable
.Direction
.Rotation
.TakeUp
.Enable
.Direction
.Speed

Figure 4-4: A graphical representation of the structure format used to store braid parameters

4.2.1.3 Machine Emution

In the new method of machine emulation, the centers dicatigears are predefined as (row,
column) vectors. The proce®f machine emulation is then performed roughly as described in
previous worlf5]. A 3D array is produced where eaclayer epresents the resting place of each

yarn after each step. The kéifference here is that rather than all odd or even motang betated

in a set direction on alternating steps, the rotation is now dependent on which motors are enabled,
the direction thg are specified to turn, and the angle through which they ao¢eti@. This process

provides a framework for the plotting thfe approximated yarn paths.

The next step of the machine emulation is to plot the approximated yarn paths. This is done by
addirg interim points betweenlayers in the 3D array mentioned aboVveeapplicationallows

the user to enter the number of imepoints. The x and y locations of these interim points are
generated relative to the start and end positions of the yarn biasig the rotation of a point in

a 90° circular arc centered thie center of the horngedrhe simulated rotation is perfoad in
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two stepsas shown irFigure 4-5. First, the quarter circle is drawn using the desired number of
interim points at regular intervals. This staprelates to theath of the yarn and carrier through

the braiding step. Second, the quarter circle is converted into a chord using the same intervals. This
step correlate® the path of the yarn after teosiis appliedThe z locations of the interim points

are deterrmed based on the takg speed. This is an additional feature that was not previously
available. As described in prior work, the yarn paths aregrosessed by running a zepbase

filter [5]. The filter serves to smooth the yarn paths to convert tifagglst lines previously
generated into the undulating paths in the final modet choice of azerophase filter ensures
that the yarn paths ar en6t essrTheifdatureofiadudingthe hi f t
takeup speed also allows farodelling of braids where the takg is pausedlhe ability for take

up to be paused allows for switching yarns without creating loose braids. The downside of this
method is that when braidse switched, no interim points are created. Thus, the yamrigir
intersect with one another as showrrigure4-6. The method developed for avoiding this issue

is discussed in the following section.

Horngear

X,V
(X1 ¥1) Center
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Figure 4-5: Example of simulated yarn gain a single braiding step before the application of
the zerephase filter Shown here using 3 interim points.

Figure 4-6: Model representabn 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 created5inwas that is was able to account for the
undulation of yarns through the braid, thus avoiding artificial intersesti As such, it was vital

to avoid new modeling parameters resulting in intersecting yame parameter that could easily
result in interseting yarns was the ability to pause take durng certain steps. This parameter
was required for producing braidvhere it was necessary to switch yarns from one braid path to
another. Switching was used to produce novel braids such as the trianglehla@ed discussed

further in Sectior.3.2

To avoid switching causingrtificially intersecting yarng secondary smoothing step was added.
This step finds any locans in the braid where yarns have switched and adjusts the (X, vy, z)
coordinates before and after the intet&m: point.Figure4-7 shows the resuitg model, which

now lacks the intersecting yarfisis is done in a similar manner to the plotting of the approximate
yarn paths described abovdowever, the start and end points of the asre determined
differently. In the typical proedure, the staeind 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 changebraid angle at the exact point of the prergiintersectionTo

avoid this, the secondary smoothing step chooses the start and end points to be halfway to the
previous and subsequent steps respectifélig procedureensures that the change in braigjle

is less localized and allows for the motereflect the ral-world influences of the braid angles
before and after the switchigure4-8 shows that the application of the secondary smoothing step
allowed the mdel toclosdy resemble visually what happens naturally with a real braidh&ur

characterization is needed to fully support this method.

Figure 4-7: Model representation of the newly proposed isosdabasgle braid shape after
secondary smoothing step applied to avoid intensggtarns. Locations where yarns were
previously intersecting are circled in red. Units are in mm.

45



Figure 4-8: Fabricated isoseles trianglebraid using a 3 x 3 braid setup at a takeup speed of 1
mm/min. Nee 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. Inapdhicuotary
braiding machinegdentified in [1], [11], [12] which useswitching mechanismseem 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, anthat shapesTypically, the use of subinit cell models has been used for
square or rectangular shapéslditionally, the previously developeohethod for sukunit cell
analysis involving undulations was only used forst&p, square, 3 x 3 braid shdpg [42]. To

further test the efficacgf this modeling method it was necessary to expand the moaléwofor
othershapesMany other shapes can now be modeled with the application developed in this work,

which will be discusseth the sections following.
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4.3.1 2-StepOrthogonalShapes

Most of he common shapes in literature can be realized with simglepbraid 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 referertbed &Ddoraiding work

and due to these shapes being the mostlyideed for beamin infrastructure. These shapes, as

generated using the modeling application developed hareishownn Figure4-9. Due to the

simplicity of themodeling applicatin, the models shown Figure4-9 can be produced in under

aminute.
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-Btep braids desiged as possible replacements for existing

9: Figures of orthogonal
steel beams. All shapase made within a 6 x 6 horngear setup with 2 horngears for the

Figure 4-

thickness. Units are in mm

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

hereinafter referred to

These sulunit cells are shown iRigure4-10. With these three untellsi

step braids can be model&ieviously, these

and middlany solidorthogonaPl
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as corner,
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analysis (FEA). The subnit cells were then approximated as springs with the deterifimed n g 6 s
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Moduli and combined to form the complete brditle eqution used forhese predictions asas

follows:

O A - (4.1
In this equation the subscripts c, e, and m, represent the calger,aead middle suhnit cells
respectively ana represents the number of said unit cell present in the braid. This equation was
derived by approximating the behaviour of the-suli cells as a system of parallel sprifigls In
literature, it has beefound that the corner and edge utdit cells generally have higher stiffness
than the middI¢52], [60], [65]. As such, it can be predicted tlzabraid with a larger proportion
of edge and cornersubni t cel |l s woul d generdlusithan ahbeand e a
with predominantly middle unit cells. Using this informatidhe predictiveranking shown in

Table4-1 was generatedsigures depicting the distribution of subit cells within these braid

shapes can be founa Appendix E

Table4-1: Predictive Stiffness Ranking for Various Braid Shapes

Dimensions 0 ,
Shape (TL) XWX eoMe M vidde 32?[1%25
L 6x6x2 5 14 1 5% 1
C 6x6x2 6 18 2 8% 2
T 6x6x2 6 12 2 10% 3
Box 6x6x2 4 24 4 13% 4
I 6x6x2 8 16 4 14% 5
H 6x6x2 8 16 4 14% 5
Square 6 X6 4 16 16 44% 7
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(@) (b) (©)

Figure 4-10: Render of CAD models of suinit cells as developed previous work [5]. (a)
represents the corner suit cell, (b) represents the edge autit cell, and (c) represents the
middle subunit cell.

4.3.2 Novel Multi-StepBraid Shapes

The most promising possibilities of the braiding machine described herein aemtisdapes such

as the isosceles or righhgle triangle The isosceles triangle was originally investigated as a
solution to the issue in traditional kayp l-beams The layup process leaves a gap at the bottom,
which is typically filled with a cylindria | A n [A6&]. dheeydindrical shape still leaves gaps
due to the more triangular shape of the hole. Therefore, the possibility to directly provide a
triangulamoodle would be useful in this scenario. The Hghgle triangle similarly provides more
possibilities for the use of 3D braiding machines industrially. One potential example would be
flaps or aileron®sn an airplane wing. Though braiding is still lintit# cross sectional area by the
size of the braiding machine bed, it is an exciting pd#gito be able to potentially provide better

nearnet shapes. In a larger braiding machine, the combination of various angle triangles could be
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combined to approriate curved profiles. An example of this is showRigure3-8. 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 reldtivé is also worth notig that the approximation

of curves s not possible at all with a simpstepbraid pattern.

As these multstep, angled braids have not been previously studied, it was required to generate
new subunit cells in order for them tbe modeled. While simita the subunit 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 themBgjues.

4-11 shows the ITE and RTE suhnit cells.

(@) (b)

Figure 4-11: Novel Isosceles Triangle Edge (a) and Right Triangle Edgesiblunit cells
developed in this work

Due to the sviching steps, the nearby corner gquit cells of both triangular braids were also
affected. Where previously the corner subt cells could be rotated as needed to match the braid

paths for each corneihe corners for each triangle were unique. Theegfiurther sukunit cells

were developed. These were desiTgnat éid ofweppers oi
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triangl eT&)o,r nieurpop e(rL Ir i d UIRTICh i, armqlde idomgreer & d g h

(LRTC). Figure4-12 shows these unit cells.

1 o=
(a) (b)
. j’
(©) (d)

Figure 4-12: Novel Upper Isosceles Triangle Corner (a), Lower Isosceles Triabgteer (b),
Upper Right Triangle Corner (c), and Lower Rightaingle Corner (d) suoinit cells developed
in this work

Equations for the approximate braid angles for the surface yarns in the ITE and Rt selis
were developed based &aguatiors (3.1) and (3.2) For the ITE sukunit cell, the transversand

axid distance travelled for the exterior yarn is the same distance travelled by an interiorgarn
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typical 2step braid. As such, theguation forexternal braid angléor the ITE subunit cel was
equivalent taequation (). On the other hand, the extarangle for the RTE subnit cell was
significantly different due to the mughcreased transverse travel. The equation for the exterior

braid angle of the RTE sumit cell is as follows:

— 0 WEg — (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 bothlarger than thatfahe edge swonit cell,
with the RTE exterior angle being larger again than the ITE. As a smaller braid angle is associated
with a highelongitudinalstiffness, it can be extrapolated ttia triangular braids will likely have
lower longitudinalstiffness than similarly sized orthogonal brai@s. 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 loedgher, the methodf 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 adiohg beneficial trangerse stiffness on the exterior of the braid.

4.4 Conclusions and Future Work

Through this chapter, an improved method of facilitatingwuibcell modeling for 3D braids has
been presented. It was demonstrated that the improved metbhad &iir the modelling of all
orthogonal, 2step braid shapes that could be used as replacefioerxisting industrial beams.
Further, the relative stiffness rankings of the orthogonate@ shapes were predicted using
existing knowledge of the stiffne®of subunit cells. Two new, multistep, triangular braids were

also demonstrated. These bralthpes have not been previously shown in literature and required
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the development of new sulnit 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. Additignaligation of the braid
pathsin the new braid shapés required to support the assuimps 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

Threedimensional (3D) braiding is a method of producing textile preforms for composite
materials. It is a contiration of twedimensional (2D) braiding. A 3D braid differs from a 2D
braid in that a 2D braits 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 intertwitredne
another with a 3D braiding procegd. This differentiates 3D braiding from othewulti-layer

textile preforms such as stitched or woven fabrics.

These braids have been proposed for mapplications. The most commonly suggested
applications ee replacement for existing composite structures iradrespac@t] or automotive

[8] industries, replacement of existing support structures in infrastryéjund replacement for
various medical structures such as braided scaff@uls[30], orthopedic§17], or stentd18]i

[20]. For all of these applicams 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 metrodf modeling 3D braids is sumit cell modeling47]. 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 thewwuibcell model, many modifications to the
model have been explordd?2], [51]i [55], [57]i [62], [64]. In these moels yarns are typically
approximated as following straight paths within a-sult cell, although some have incorporated
curved yarns into the corner or edge -smiit cells[48], [57]. Recently, it was proposed that
incorporating the undulation of therpa into all sukunit cells would result in more accurate

predictions of swtunit cell stiffnesg42]. In this recent suloinit cell model, a method of machine
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emulation was used togmuce solid models of the suinit cells, which were then processedgsi
finite element analysis to predict the stiffness propefd@% However, the machine emulated
model was not validated. As the undulations of the yarns were lauded as the pdusariage of

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

Micro-computed tomography (Micr@T) has been used for validation of a variety of braid
properties in literature. It has been shown to be effeétivexaminingvoid contenf66]i [68],
damage mechanisnj§9], [70], scaffold structurg¢l?7], and yarn path§/1], [72]. When using
Micro-CT for braid paths, typically the tracing yarn was a different material than the remainder of
the braid (i.eglass fiber tracing yarn in a carbon fiber braid). This was donerease the contrast

between the tracing yarn and the biaa$ed on the differing densities of the materials.

5.2 Methods

5.2.1 Braid Preparation

Two square, X 3 braid samples were prepared@tows. 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 basstep braiding pattern was selected as it
was desired to valate theanalysis 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 E&LK (Lindau Chemicalsnic., Soth Carolina, USA).

This mixture was chosen to maintain consistency with 2D braids examined in previoy33york

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

from 3D braid testing.
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The mixturas maden 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.

Curingis perbrmed 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\ekach 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® y&igure5-1 shows the wrapped tracyarn.

Figure 5-1: Copperwrapped Kevlar® Tracer Yarn for miciG@T imaging

The decision to use copperapped Kevlar®Dupont, Delaware, USAas thetracing yarni
rather than a glass or similar fidewas madeo 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
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with a substantially different stiffness wWld unintentionally affect the braiding process, thus

affecing the applicability to the model.

5.2.2 Model Preparation

The model of a single yarn path through thstép, 3 x 3 square braid was produced using the
modeling application developed in previous wfik This application uses a method of machine
emuhtion to produce a CAD model of the yarns within the braid. This method provides (X, y)
coordinates of the yarn at a giverheight based on the emulation of the movement of the
horngears. The x andgpordinates are scaled using the radius of the yarraamhcing factor,

which is determined based &guation 3. As the radius of the yarn was significantly smaller
than the braid pitch, the spacing factor was approximated as equal to 1 for thisTieidy.
coordinates are scaled relative to a measureth por a braid formed with 1 mm/min take

speed. Th pitchwas measured as the distance from the base of one yarn to the beginning of the
next along the -axis. It was measured in four locations and averageediace the discrepancy
caused by the indlily to exactly select the start and end points of the meamnelines Figure

5-2 shows the measurements used for this calculatioTahb5-1 contains the results of these
measurement3.he image waprocessed using ImageJ, which is an epaurce image processing
software that is widely used for similar applicatiohbe ImageJ software uses the defined scale

to measure the drawn lines bdsmn the length of these lines in pixelfie measured pitchas

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.
Measirements of more braids and over a longer section of bramtaded to determine the overall

error in this measurement.
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Figure 5-2: ImageJ measurement of braid pitch at 4 different locat{ce lines).This braid
was manufactured using thelouse braiding machewith a 3 x 3 horngear configuration at 1
mm/min takeup speed.

Table5-1: Pitch measurements froRigure 5-2 and average and standard deviation information

Pitch
(mm)
1.272
1.174
1.222
1.203

Ave. 1.218
Std. Dev. 0.041

A OWNPE

5.2.3 Micro-CT Analysis

Micro-CT Analysis was performed by Ali Gholami under the supervision of Dr. Garrett Melenka
at York University.Table5-2 shows the braid parametersedfor themicro-CT analysisThetest

parameters used for the mie@ imaging are shown ihable5-3.
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Table5-2: Micro-CT inputparameters

Predicted

Parameter Value
Braid Width 1.3 mm
Geometry Square
Angle 14-23°
Number of Yarns 24
Number of Tracing
Yarns 1
Denier 200

Specific
Material Gravity
Yarn 1.44
Tracing Yarn (copper) 8.96
Matrix 1.16

Table5-3: Micro-CT machine testing pameters

Parameter Value

Source Voltage (kV) 50

Source Curre 200
| mage Pi xel 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 purpdesigned apparatus as showirigure5-3.
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Figure 5-3: Apparatus for holthg braid during micreCT imaging

5.2.4 Numerical Comparisonf 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-Blicimages. Interior braidngle was
chosen because for larger square braidsintterior braid angle has been shown to be the dominant
angle affecting the braid stiffnefs]. The braid pitch was chosen because it is directly related to

both interior and exterior braid anglest®wn inEquations (3.1) and (3.2).

The micreCT dat originally included 3015 data points while the model only included 145. This
was a result of the micyr@T taking images at ~0.5 mm increments. To enable more direct
comparison of the two datasets, thiero-CT data was edited to only include points wheez
coordinate of a micr&T point corresponded with thecbordinate of a point in the modeled data.
The angles of the two datasetsaatcoordinate Pointi) were estimated by taking the average of
the angleof the Point (i+1) and thePoint (i-1) meaured relative to the-axis. Figure5-4 shows

this procedure witlan exanple point.
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7 Axis

' Point 1+1

Angle 1+1

~

Point 1

Angle i-1

Point 1-1 \ Average

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 péat relative to the distance along thexis 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 thd modele
data shown irigure5-5. To estimate the interior braid angles using this plotatbas of the braid

where the angle remains a&lely constant were grouped. Tiis&s done by grouping points
together if the angle of either point (i+5) or poirbfiwas within3°. The grouped sections can be

seen inFigure 5-6. It was decided to compare with poirt§ zsteps away because this was

equivalent of half of a braiding step in the modelwas assumed that if the angle remained
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relatively constant through half of a braiding step, then the amgilel be consideredonstant.
The allowable difference of up ®° was similarly chosen based on the moaelhis was the
maximum difference between local maxima and minima in the coretghd sections of the
modeled dataUsing this method, the average estimated braid asfgtee two constaringle
sections was 18.169The estimated value usiriEguation 3.1was 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 predictihg interior braid angle.
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Figure5-5: The change in braid angle as the yarn path travels along-thész Note that the long,
constantangle sections in the modeled data correspond to the inters&id angle.
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Figure 5-6: Modeled data with constafaingle sections groupéddr pitch and internal braid
angle approximationSections were grouped if points (i+5) o5 were within 3°The length
used fo the braid pitch estimation is shown at the estirdatgernal angle.

Each stepn the braiding processas assumed tiake half of the braid pitch to complatethe

model.However, it was difficult to distinguish the start and end points of an indivgtap from

the braid angle graph. Instead, theatse between the centers of the consaagle 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 exawsilhh the measured pitch of 1.218. This result

affirmed that the method of measuring the pitch from the centers of the cemsfgaisections

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
andthe 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 regedse of the internal braid angle,
therefore it was considered a better option for this study aaqgirooncept. With the success of

this first attempt using this method, the square path in the second sample will be analysed in future
work. The predtcted braid path for the first sample is showirigure5-7. Figure5-7a showshe
crosssectional path as the coordinate data output from the modeling applicatior-iyies-7b

shows the CAD model generated from said data. When overlaidheit@AD model from the
micro-CT analsisin Figure5-8, it can be seen that the model achieves reasonablyagoeeiment

with the real braidHowever, it is worth notinghat as the micr€T results travel in the axial
direction, the discrepancy to the modeled mpferallyincreases. 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 @lection ring and inconsistency in the tensioning mechanisms of the bobbins. These

issues will beectified for later tests.

25

@ .| )

05

Figure 5-7: Predicted diagonal path of yarn through?-step,3 x 3 square braid(a) shows the
model coordinate output from the top view. (b) shows the model CAD outpwrfieometric
view
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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 Sectmf.4above was fltowed for numerical comparison between

the model and the acquired miggd data. The general trend of the mi€®d braid angle
compared with the expected trend from the model is showigure5-9. Generally, the micro

CT data ftlows a similar trend to the modeled data. Two relatively constagke sections are
visible in both datasets as well as lower braid angles in between tlotiemseHowever, the
constardangle sections in the miciOT data are constant over significgrgmaller 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 interrsdction. Another discrepancy was that wherentoelel data
showed large variation in the braidgde between the constaamtgle sections, the mic©T data
showed a more consistent trendincluding some additional constaamgle sections. These

additionalconstardangle sections correspond to the corner braid angle.
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Figure 5-9: Comparison of the trend in braid angle with respect to th&ig of the braid. Both
model and actual yarns were produced in a3btaid setup with a 1 mmin takeup speed.

For the model, the difference between local maxamd minima in the constaangle sections
was found to be approximately 3°. For the mi€® data, this difference was approximately 1°
instead. Therefore, tocate the constar@ingle sections in the mici@T data, points were included

if points (i+5) or(i-5) were within 1°Figure5-10 shows the results of this grouping.€eTtata
points recognized as part of the two, peak, constagke sections were averaged to determine the
interior braid angle of the micsfGT data. The avege for the first section was 15.312° and the
average for the second was 16.303°, thus the owmlage internal braid angle was estimated as
15.807°. When compared with the estimated angle of the model (18.169°) theOTidaia had

a relative error 013.00%.As this result is determined from only two constangle sections, it is
difficult to determine whether this error is truly representat®eefurtherpotential source of this
error is that currently the model is defined relative to the meagitad of 1.218 mmAs this

pitch was measured from a single braid over a relatively small sexdtitve braid, it is possible
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that this measured pitch could be an anomEie braid pitch and angle are intrinsically linked,

so an error in one will inhendly propagate error to the other.
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Figure 5-10: Modeled data with constafaingle sections groupddr pitch and internal braid
angle approximationSections were grouped if points (i+5) o5 were witlin 1°. The length
used for the braid pitch estimation is shown at the estimated internal angle.

The pitch of the micCT data was analysed by measuring the distance between the average
centers of the two constaahgle sections and dividing by 4 as déseul previously.The resulting

length is shown ifrigure5-10 at the estimated internal braid andlsing this methd, the pitch

was estimated to be 1.293 mm. When compauigid the modeled pitch (1.218 mm), the relative
error wadound to be 6.16%. As mentioned previously, this error is likely caused toéhtasing

a single braid for reference in the model and only acquiring a single pitch measurement from the

results.
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5.4 Conclusiors and Future Work

Micro-CT analysis of braidsybusing thin copper wrapped around the yarn was preseht2ad.

step, 3 x 3 braid was analysed using this methaglas shown to be effective at improving the
contrast between the tracing yarn angl st of the braid. Micr€T results were compared with
machine emulated modelBhe producedCAD models showed promising results to confirm the
trajectory of the yarn through the braldowever, the paths were increasingly dissimilar as the
distance intte zdirection of the braid increased. It was suggestatthis 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 sectioasbofid. To aid in this

endeavour, a new collection ringechanism and curing rack have been designed.

Analysis of thanternalbraid angledetermined that the modeled and mi€'d data differed by a
relative error of 13.00%&Gimilarly, analysis of theraid pitch determined a relative error of 6.16%
between he micreCT 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 ana single pitch in the micr€T data. That these errorsutd be achieved
under such conditions shows that thisthod of analysis has the potential to be beneficial for
determining braid pitch and internal andtefuture tests, the pitch of many braidsder the same
conditions should be measured and the ayetsed as the reference for the model. Additionally,

it would be beneficial to analyse more braids in the m&fd’ and a longer length of eatho
determine a better approximation of the interbedid angle.Further, a sensitivity studyo
determine hie effect of an error in pitch measurement on the prediction of braid iangtal 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 braidiaghme with the ability to create complex

new braid shapes and pattertssimprove the method of modeling to allow for the modeling of
thesecomplex braid shapes and patterasdto provide validation of the modeled yarn paths

through a micreCT analysif 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 thickersamgms and complex switching
mechanisms. The additional motor drivers allfs& 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 fonnderature, as well as some shapes that have not yet
been presented eilsheresuch as unique triangles aadrve approximationsrhe changes to the
braiding process and takg mechanism were suggested as improvements to the consistency in

the final brids.

The modeling software for the machine was updated to allow for thelimgdf 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 througbetectable angle in either direction, and the ability

to halt takeup for mae advanced switching procedures. The modeling procedure was modified to
allow for switching procedures while minimizing yarn intersectibne subunit cell modeling

procedure wasnproved to allow for the modeling of more and more complex braiding shagdes
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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 micreCT analysis provided pnoising results for comparison of CAD models developed with
the microCT dataand developed with the modeling application. However, confirmation of the
crosssectional braid path and interior braid angle were inconcluSggestions were made for
improving these comparisons in the futufée ability to accurately predict the ygpaths 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
Subunit cell models were produced for a variety of new braid shapes and thguerstiffnesses
were predicted. However, this thesis did not provide experimentaiiter elementvalidation of

the stiffness valuedue to restrictions cauddy the COVID19 pandemic

This section will discuss some limitations of the current braidiaghine and modeling software.

As discussed in SectioBrror! Reference source not found5.3 the micreCT result were
promising but there were errors potentially caused by the twist in the braidbkads can be
produced consistently, it will be difficult to fully determine the effectiveness of the nmdueb-

CT resultswere also limited to only one braid sample as a proof of concept. In order to get a more
statistically significant confirmatioof the yarn paths throughout the braid, many samples should

be analysed.

As discussed in SectioA.3.2 the smoothing of intersecting yarns for triangle shapes was

performed by matching the model visually to braids. While tieéshod is effective in reducing
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intersection of yarns, more work 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 onimalmfa

the models in multiple ways. Predicted stiffness valugbehewly developed triangular shapes
should be tested using finite element software. Overall predictions of the mechanical properties of
the braid predicted using the modeling applicatieed to be verified using experimental data.
Braid pitch and estimted braid angles should be further explored using r@idraanalysis.
Particularly, future micr&CT analysis should include further focus on minimizing twist in the
braid during productiorgbtaining more measurements of pitch with which to normalize tuem

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 twistthe future, a @&xis maneuverable collection ring design has

been developed-igure6-1 shows the CAD prototype of thedXis collection ring. This design

uses materials that are already widely used in the braiding machinas3ustotted aluminum to

increase ease of use through familiarity. It also features a T@floallection ring to reduce

twisting caused by friction with the ring. The benefitof havirng i s maneuver abi |l it
and 6yo6 mot i on toddcenered ardura ithe iddalecollectiom gpint for any braid
shape, while the 6z6 motion al | o-wsspekds.rThiss he r |
collection ring was intended twe implemented in the current braiding machine design but had to

be celayeddue to lab closures.
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Figure 6-1: CAD model of a propsed 3axis 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 ComponentDatasheets

A.1 Nema 17 Stepper Motor with gear box

. 42.3MAX N 2041 35REF i 48REF N
i 15:05 _
—
[ 7:0.25
3 2
o3 2
§ 8
g
| 2850
'
' 2
©28:0.15
L 50010 i
CONNECTION
BIPOLAR
SFEECIFICATION TYPE OF CONNECTION
(EXTERN) MOTOR
AMPS/PHASE 1.68
RESISTANCE/PHASE(Ohms)@25°C 1.80£10% PIN NO BIPOLAR LEADS WINDING
INDUCTANCE/PHASE(mH)@1KHz 3.20£20%
1 —
HOLDING TORQUE w/o GEARBOX(Nm)[Ib-in] 0.52[4.60] A BLK A i
GEAR RATIO 198 2 A — GRN A
EFFICIENCY 81.00% 3 B — RED B
STEP ANGLE w/o GEARBOX(*) 1.80 . o 50 & i
BACKLASH@NO-LOAD <=1°
MAX.PERMISSIBLE TORQUE(Nm) 3.00 FULL STEP 2 PHASEEx.. BLK
MOMENT PERMISSIBLE TORQUE(Nm) 5.00 WHEN FACING MOUNTING END (X)
SHAFT MAXIMUM AXIAL LOAD(N 50.00
(N) STEF| A | B | A | B oW
SHAFT MAXIMUM RADIAL LOAD(N) 100.00 T -1 oM
WEIGHT(Kg)(lb] 0.60[1.32) 2 |- [+ +- l T
TEMPERATURE RISE:MAX.80°C (MOTOR STANDSTILL;FOR 2PHASE ENERGIZED ) s |- - +1+
AMBIENT TEMPERATURE -10°C~50°C[14°F~122°F] 4 + - - + ow RED BLU
INSULATION CLASS B 130°C[266°F]
APVD 8.18.2018
® STEPPER MOTOR
STEPPE=RONLINE
— 1:1 DRN
SCALE SIGNATURE DATE 17HS19-1684S-PG19
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PULL OUT TORQUE(N.m)

17HS19-1684S-PG19(1.68A, 24V Half Step)

MAX. Permissible Torque: 3Nm

500 1000 1500 2000 2500 3000 3500 4000 4500 5000
FREQUENCE(PPS)
4 8 12 16 2 23 27 31 % 39
SPEED(RPM)
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A.2 TB6600 Stepper Motor Driver
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TOSHIBA TB6600HG

TOSHIBA BiCD Integrated Circuit  Silicon Monolithic

TB6600HG

PWM Chopper-Type bipolar
Stepping Motor Driver IC

The TB6600HG is a PWM chopper-type single-chip bipolar sinusoidal

micro-step stepping motor driver. TBB600HG

Forward and reverse rotation control is available with 2-phase,

1-2-phase, W1-2-phase, 2W1-2-phase, and 4W1-2-phase excitation

modes.

2-phase bipolar-type stepping motor can be driven by only clock signal

with low vibration and high efficiency.

Features

e Single-chip bipolar sinusoidal micro-step stepping motor driver HZIP25-P-1.00F
¢ Ron (upper + lower) = 0.4 Q (typ.) Weight:

e Forward and reverse rotation control available HZIP25-P-1.00F: 7.7g (typ.)

Selectable phase drive (1/1, 1/2, 1/4, 1/8, and 1/16 step)

Output withstand voltage: Vee = 50 V

Output current: IQUT = 5.0 A (absolute maximum ratings, peak)
ToUT = 4.5 A (operating range, maximal value)

Packages: HZIP25-P-1.00F

Built-in input pull-down resistance: 100 kQ (typ.), (only TQ terminal: 70 k Q (typ.)

Output monitor pins (ALERT): Maximum of IALERT = 1 mA

Output monitor pins (MO): Maximum of IMO = 1 mA

Equipped with reset and enable pins

Stand by function

Single power supply

Built-in thermal shutdown (TSD) circuit

Built-in under voltage lock out (UVLO) circuit

Built-in over-current detection (ISD) circuit

1 2016-06-10
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Pin Functions
Pin No. 110 Symbol Functional Description Remark
1 Output ALERT TSD / I1SD monitor pin Pull-up by external resistance
2 — SGND Signal ground
3 Input TQ Torque (output current) setting input pin
4 Input Latch/Auto Select a return type for TSD. L: Latch, H: Automatic return
5 Input Vref Voltage input for 100% current level
6 Input Vee Power supply
7 Input M1 Excitation mode setting input pin
8 Input M2 Excitation mode setting input pin
9 Input M3 Excitation mode setting input pin
10 Output ouT2B B channel output 2
1" — NFB B channel output current detection pin
12 Output ouT1B B channel output 1
13 — PGNDB Power ground
14 Output OUT2A A channel output 2
15 —_ NFA A channel output current detection pin
16 Output OUT1A A channel output 1
17 —_ PGNDA Power ground
18 Input ENABLE Enable signal input pin H: Enable, L: All outputs off
19 Input RESET Reset signal input pin L: Initial mode
20 Input Vce Power supply
21 Input CLK CLK pulse input pin
22 Input Cw/CCw Forward/reverse control pin L: CW, H:CCW
23 - 0SsC Resistor connection pin for internal oscillation setting
24 Output Vreg Control side connection pin for power capacitor gonnectmg capacitor to
25 Output MO Electrical angle monitor pin Pull-up by external resistance
<Terminal circuits>

Input pins Input pins

(M1, M2, M3,CLK, CW/CCW, (TQ)

ENABLE, RESET, Latch/Auto)

10kQ 10kQ
100kQ 70k
2 2016-06-10
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TB6600HG

TOSHIBA

Pin Assignment

(Top View)

Seup

MOD/MO

LEYN

379VN3

viLno

vZLino

g1Lno

gz1no

4}

20/

o1ny /yole

aNDS

12 14 16 18 20 22 24

10

13 15 17 19 21 23 25

11

OW

0S80

) ulo]

13s3d

VYANOd

viN

gdNDd

gdN

EN

IN

384A

ol

1d3v

2016-06-10
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TOSHIBA TB6600HG

Block Diagram

Vreg MO  ALERT Vee
(2a) (25) (1) (6,20 )

H OUT1A
w1 (73— Reg(5V) J I —

C : Pre H-Bridge
M2(_8 | 3! -drive driver A

el OUT2A

cwrcew ( 22— TSD /1SD/UVLO - Nea
Input
circuit
AL i Current selector
circuit A
3

RESET( 19 }— —|
OouT1B

ENABLE (18 }— _

Pre H-Bridge
| | driverB
Latch/Auto (4 }— »| -drive

4

ouT2B

osc (23 osc |
. Current selector | - B
circuit B

Vref ( 5 : 13 100%/30%

SGND  PGNDA PGNDB

9

Setting of Vref
Input
Voltage ratio
TQ
30%
H 100%

N

2016-06-10
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TOSHIBA

TB6600HG

Description of Functions

1. Excitation Settings

The excitation mode can be selected from the following eight modes using the M1, M2 and M3 inputs. New
excitation mode starts from the initial mode when M1, M2, or M3 inputs are shifted during motor operation.
In this case, output current waveform may not continue.

Input Mode
M1 M2 M3 (Excitation)
Standby mode
L L L
(Operation of the internal circuit is almost turned off.)
L L H 1/1 (2-phase excitation, full-step)
L H L 1/2A type (1-2 phase excitation A type)
(0%, 71%, 100% )
1/2B type (1-2 phase excitation B type)
L H H
(0%, 100% )
L L 1/4 (W1-2 phase excitation)
L H 1/8 (2W1-2 phase excitation)
H 1/16 (4W1-2 phase excitation)
Standby mode
H H H
(Operation of the internal circuit is almost turned off.)

Note: To change the exciting mode by changing M1, M2, and M3, make sure not to set M1 =M2=M3 =L or M1 = M2 =
M3 =H.

Standby mode

The operation mode moves to the standby mode under the condition M1 =M2=M3 =L or M1 =M2 =M3

=H.

The power consumption is minimized by turning off all the operations except protecting operation.
In standby mode, output terminal MO is HZ.
Standby mode is released by changing the state of M1=M2=M3=L and M1=M2=M3=H to other state.

Input signal is not accepted for about 200 us after releasing the standby mode.

93
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TOSHIBA

TB6600HG

2. Function
(1)To turn on the output, configure the ENABLE pin high. To turn off the output, configure the ENABLE
pin low.
(2) The output changes to the Initial mode shown in the table below when the ENABLE signal goes High
level and the RESET signal goes Low level. (In this mode, the status of the CLK and CW/CCW pins are
irrelevant.)
(3) As shown in the below figure of Example 1, when the ENABLE signal goes Low level, it sets an OFF on
the output. In this mode, the output changes to the initial mode when the RESET signal goes Low level.
Under this condition, the initial mode is output by setting the ENABLE signal High level. And the motor
operates from the initial mode by setting the RESET signal High level.
(Example 1)
oLK Uy L
RESET
ENABLE ;
1
| |
I [l
Internal current set : :
I ]
v v —
(*)
Output current
(phase A)
(*: Output current starts rising at the timing of PWM frequency just after ENABLE pin outputs high.)
Input Command of the standby has a higher priority
ok Towicow | Reser | EnaBLe Output mode than ENABLE. Standby mode can be turned on
and off regardless of the state of ENABLE.
£ L H H cw X: Don’t Care
o H H H CowW
X X L H Initial mode
X X X L 4
6 2016-06-10
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TOSHIBA TB6600HG
3. Initial Mode
When RESET is used, the phase currents are as follows.
Excitation Mode Phase A Current Phase B Current
11 (2-phase excitation, full-step) 100% -100%

1/2A type (1-2 phase excitation A type) (0%, 71%, 100%) 100% 0%

1/2B type (1-2 phase excitation B type) (0%, 100%) 100% 0%

1/4 (W1-2 phase excitation) 100% 0%

1/8 (2W1-2 phase excitation) 100% 0%

1/16 (4W1-2 phase excitation) 100% 0%

current direction is defined as follows.
OUT1A — OUT2A: Forward direction
OUT1B — OUT2B: Forward direction

100% current settings (Current value)

100% current value is determined by Vref inputted from external part and the external resistance for
detecting output current. Vref is doubled 1/3 inside IC.

To (100%) = (1/3 x Vref) ~ RNF

The average current is lower than the calculated value because this IC has the method of peak current
detection.

Pleas use the IC under the conditions as follows;

0.11Q < RNF < 0.5Q, 0.3V < Vref < 1.95V

0osc

Triangle wave is generated internally by CR oscillation by connecting external resistor to OSC terminal.
Rose should be from 30kQ to 120kQ. The relation of Rosc and fchop is shown in below table and figure. The
values of fchop of the below table are design guarantee values. They are not tested for pre-shipment.

Rosc(kQ) fchop(kHz)
Min Typ. Max
30 - 60 -
51 - 40 -
120 - 20 -
70
60 \
> \
N 40
B \
2 30
= T
£ 20
& v
10
0
20 40 60 80 100 120
Rose (kQ)
7 2016-06-10
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TOSHIBA TB6600HG

6. Decay Mode
It takes approximately five OSCM cycles for charging-discharging a current in PWM mode. The 40% fast
decay mode is created by inducing decay during the last two cycles in Fast Decay mode.
The ratio 40% of the fast decay mode is always fixed.
The relation between the master clock frequency fMCLK), the OSCM frequency (fOSCM) and the PWM
frequency (fchop) is shown as follows:
fOSCM = 1/20 xXfMCLK
fchop = 1/100 XfMCLK

When Rosc=51k Q, the master clock=4MHz, O0SCM=200kHz, the frequency of PWM(fchop)=40kHz.

6-1. Current Waveform and Mixed Decay Mode settings
The period of PWM operation is equal to five periods of OSCM.
The ratio 40% of the fast decay mode is always fixed.
The “NF” refers to the point at which the output current reaches its predefined current level.

MDT means the point of MDT (MIXED DECAY TIMMING) in the below diagram.

fchv:)p
OSCM
Internal | | | I | I I | I |
Waveform

| Predefined Current Level |

it
40% 1 \

fast

Decay \
Mode MDT

Charge mode — NF: Predefined current level — Slow mode —
MDT(Mixed decay timing) — Fast mode — Current monitoring —
(When predefined current level > Output current) Charge mode

8 2016-06-10
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TOSHIBA TB6600HG

6-2. Effect of Decay Mode

¢ Increasing the current (sine wave)

Predefined Slow Slow
Current Level

Fast
Charge

Predefined Slow
Current Level

Fast
Charge

e Decreasing the current (In case the current is decreased to the predefined value in a short time because
it decays quickly.)

Predefined Slow Slow
Current Level
Fast Fast
Charge Charge
Slow
Predefined N Slow
Current Level | Fast Fast
\ as asl
\ Charge
\
A
' Charge

Even if the output current rises above the predefined current at the RNF point, the
current control mode is briefly switched to Charge mode for current sensing.

o Decreasing the current (In case it takes a long time to decrease the current to the predefined value

because the current decays slowly.)

Predefined Slow Slow
Current Level Fast Fast
|
Charge N Slow ast
AN Slow
Predefined : D fast
Current Level \‘ \
\
\‘ ‘\
Ch‘arge Charge

Even if the output current rises above the predefined current at the RNF point, the
current control mode is briefly switched to Charge mode for current sensing.

During Mixed Decay and Fast Decay modes, if the predefined current level is less than the output current at
the RNF (current monitoring point), the Charge mode in the next chopping cycle will disappear (though the
current control mode is briefly switched to Charge mode in actual operations for current sensing) and the
current is controlled in Slow and Fast Decay modes (mode switching from Slow Decay mode to Fast Decay
mode at the MDT point).
Note: The above figures are rough illustration of the output current. In actual current waveforms, transient response
curves can be observed.

9 2016-06-10
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