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Abstract

Textile composites are made from textile fabrid a@sin. Depending on the weaving pattern,
composite reinforcements can be characterized into two groups: uniform fabric antethear
shape fabric. Uniform fabric can be treated as an assembly of its smegkesting patteralso
called a unit cell; théatter is a single component with complex structure. Due to advantages of
cost savings and inherent toughness, snetushape fabric has gained great success in composite
industries for applicationsuch as turbine blades

Mechanical properties of textileomposites are mainly determined by the geometry of the
composite reinforcements. Theudy of a composite needs a computational tool to link fabric
micro- and macregeometry withthe textile weaving process and composite manufacturing
process

A textile fabric consists of a number of yarns or tows, and each yarn is a bundle of fibers. In
this research, a fibdevel approach known as the digital element approach (DEA) is adopted to
model the micreand macregeometry of fabric and fabric reinforced compesi This approach
determines fabric geometry based on textile weaving mechanics. A solver with a dynamic
explicit algorithm is employed in the DEA.

In modeling a uniform fabric, the topology of the fabric unit cell is first established based on
the weawng pattern, followed by yarn discretization. An explicit algorithm with a periodic
boundary condition is then employed during the simulation. After its detailed geometry is
obtained, the unit cell is then assembled to yield a fabric rgeoonetry. Fabrienicro-geometry

can be expressed at both fiband yarnlevels.



In modeling a neanet shape fabric component, all theories used in simulating the uniform
fabric are kept except the periodic boundary condition. Since simulating the entire component at
thefiber-level requires a large amount tohe andmemory, parallel program is used during the
simulation.

In modeling a neshape composite, a dynamic molding process is simulated. Thaetear
shape fabric is modeled using the DEA. Mold surfaces are ntbbtglstandard meshes. Long
vertical elements that only take compressive forces are proposed. Finally; amndranacre

geometry of a fabric reinforced rgihape composite component is obtained.
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fabric are kept except the periodic boundary condition. Since simulating the entire component at
the fiberlevel requires a large amount tohe andmemory, parallel program is used during the
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Chapter 1 - Introduction

Textile fabrics andconposites have demonstrateadutstanding success both military and
civilian fields. In Boeing 787 Dreamlinemearly half of its materials are made by advanced
composites The light-weight constructionof using compositealso saves 20 percent fuel
compaed toother equivalentsin the past2-D laminatedcompositesvere commonly useah
aerospace industry, suchraanufactuing of airplane fuselageand wing. However, production
of 2-D laminated compositeequires laborious laminating worland haspoor impact resistance
and delamination strengthin order to overcome thes#eficiencies 3-D fabric manufacturing
technologies especiallynearnet shape fabric manufacturingave been develope® arious
complex 3D composite products havaccordingly arisen including airplane engine bladge
airplanedoor frams, rib structurs, biomedicaldevices and ballistic pansl In addition 3-D
fabrics havegained attentioffor creatng nextgeneratiorbody armor.

Characterizatiorof the mechanical behavioof textie fabrics and composites a growing
need because ofheir expanding application€Composite mechanical properties rely othne
structureof the fabric which isalso calleccomposite reinforcemenahich, in turn,is determined
by the textile weavingproeess.Compositedesign andinalysisrequires a computer toohot only
to link compositepropertiesto fabric micre and nmacregeomety, but also to link fabric micro
geometry to the weaving patteri©onsequently, in this dissertation, micrand macre
geonetriesof fabrics createdby the textile weaving procesand fabric reinforced composites
formed bythe composite manufacturing procem®studied.

At the outsebf composite design and analygitse hierarchy of a composite part is addressed

as shown irFigure1-1. A compositepartis madeby commingling textiléabric and matrix (e.qg.

1



resin) through a&pecificmanufacturingprocesssuch asesintransfermolding (RTM). A fabric
is typically createdon a weavingmachine To weavea fabrig repeated patterngre usually
adoptedand hencethe smallest structural repeat fabric, alsocalled unit cell can be foundA
unit cell consists od number ofyarnsor tows A yarnor atow is an &sembly of thousands of

fibers.

Composite part

Unit cell

Fiber

Figurel-1 Hierarchyof CompositePart

Micro-geometry of fabric or its unit cetlan be analyzedt the yarrievel orthe fiber level.
For yarnlevel analysisthe yarn micregeometry is definedby its axial path and crosection

shape For fiber-level analysisthe yarn pathis defined by the axial path of each fip#re yarn



crosssection shape is determined the arrangemenof circular crosssectionalfibers on the
yarn crosssection

Y arnlevel analyseshave predominatelybeen performed testimatefabric micregeometry
with theassumption o&regular yarn crosssection shapesuch asemicircular ended rectangle,
ellipse,or lenticil. The assumptionarerelatively effectivefor modelng simple structuressuch
as2-D woven structuresbut notfor structureswith complex yarn shape#lso, the numerical
assumptiorof yarn shapéased on experimental observation is ticoasuming.As well, it is
necessaryo developa robust methodble torepresentomplexyarn geometesand stand alone
from experimentainvestigatiors.

Since a fabric or its unit cell consistsronyyarns and each yarn is a bundle of fibers, fabric
micro-geometrycan be better reflected bg fiber-level analysis.As sud, a fiberlevel based

approach, known abedigital elementapproach (DEA)has arisen

Digital rod element Contact element
Frictionless pin
(a) Digital yarn (b) Digital fiber (c) Contact element

Figurel-2 Key Concepts oDigital Element Approachl]

The DEA wasdeveloped by V@ng and hecolleaguesat Kansas State University simulate
textile weaving and braidingrocesss and to determine fabric micrgeometry[2]-[4]. It is
based orthree key conceptgligital yarn digital fiber, and contact elemenas demonstrated in
Figurel-2. A digital yarnconsists of a numbef digital fibers. Each digital fiber is an assembly

of circular crosssectional rod elements connected by frictionless p#sfiber is fully

3



represented en the rod elemenéngth approaches zer@d\ contactelement is inserted when
interferenceoccursbetweentwo fibers. The fabricdeformswhen external forceare applied
Becausdahe DEA follows textile processg mechanicsit hasbecomea very promising method
for determining fabric micr@and macregeometies

The solver used ithe DEA hasundergoneseveral phase#cluding quasistatig static and
currentdynamicalgorithis [1]-[10]. The quasstaticalgorithmgenerates fabrimicro-geometry
by simulating the textile weaving or braiding process step by step, which consumes a large
amount of computeresource. The staticalgorithm solving the global matrix of a fabric using
an implicit algorithm, is more efficient than the qussiticalgorithm The dynamialgorithm
using an explicit algorithnmstead ofsolving the global matrixis more efficienthan the static
algorithm In thisresearchdynamic relaxation with periodic boundary conditievif be usedto
determine thedbric unit cell micregeometryUnit cells are then assembled to form a fabric.

As stated, advanced technologies have beerlojgedin orderto manufacture complex
compositeparts Nearnet shapeechnologyhas shown potentialin manufacturing composite
reinforcemets by savingcoss in surface processing and also guaranggemechanical
propertieof the netshape composité nearnet shape fabric oftemasa complex shagandhas
causedesearchermanydifficulties in modeling the weaving pattern and detailed yarn shapes
The DEA isa method based on weaving mechanics arabls tohandlecomplex fabris. It
models fabric miro-geometry at the fiber level amgteds a large amount of computer resairce
to modellarge scalefabrics. Hence,in this researchparallel computationwill be conductedo
accomplishthe full-field fabric simulation

A nearnet shapefabric is then typically formed into a netshape composite component

through a composite manufacturing process, such as resin tramsfdding. Although



manufacturingdetailsvary, common modeling issue@se consistersamongthe processesfabric
representatiomnold surfa@ representatiorand mold-to-fabric contact Because of fabric model
simplifications, &w research works werable topredicta precisefabric deformation processn
this researchthe DEA will demonstratés powerto simulate thenolding processand malel the

relative fabric reinforced composite

Research work ithis dissertationncludes

1 3-D Woven Fabric Unit Cell Mia-geomety

A dynamicDEA with periodic boundary conditiaris developedo modelthefabric unit cell
micro-geometry Numerical simulations are validated with experimental results.

1 3-D WovenNearNet Shape FabriConponent

A 3-D woven neanet shape fabric is modeled using dynamEA. Parallel processing is
employed forfull-field fabric simulation. Numerical simulations a@mparedvith experimental
results.

1 3-D Woven Netshape Composite aridolding Process

In addition tofabric representatiomisingthe DEA, mold surfaceand moldto-fabric conact
arealsomodeled A fabric reinforced composite is modeled and diggamic molding procedure

is alsoexplained.



Chapter 2 - Literature Review

Textile composite properties are determined by textile fabric rgemnetryand extile
fabric microgeometryis detemined by the textile weaving proce#s.weaving process with
repeated pattern yields aniform fabric with unit cell feature An increasing number of
advancedechnologiesincluding the rarnet shapdabric manufacturinghave beermeveloped
to manufature compositeeinforcementAfter its creationa fabricis generally processed into a
composite partFabric deforms accordinglyWNumerical simulations ofjeometries of fabric and
fabric reinforced compositplay an essential part in composite designdaanalysis.In this
chapterareview ofrelevantresearchs discussed in three sectioriy: Fabricgeometryanalysis,
2) Nearnet shape fabric manufacturing, and 3) Fabriceinforced composites andfabric

deformationprocess.

2.1 Fabric Geometry Analysis

Fabric geometry can be modeledthe macrescaleor the micro-scale At the macrescale
fabric isnormally treated as a continuum, modeled by finite shell or membrane elerfbigs
type of fabric representation is commonly used in fabric thermal condyctapid prototyjng,
andimpact analysis. At the macseale the fabric unit cell can beidentifiedif it is presentIn
this case, it is necessary to onfpdelthe micregeometryof the fabric unit cell and construct
spatially translated copies of ithe fabricunit cell microogeometry can be expressed at either
yarnlevel or fiberlevel. In this section, fabric geometiy studied at the micrgcale and both

yarnlevel and fibedevel modelsareaddressed



This sectiorcontainsthree parts: 1Fabric structures, 2) Fabristructuremodelingmethods,
and 3) Fabrienicro-geometrymodelingsoftware
2.1.1 Fabric Structures

Understandingcomposite/fabric structures essentialfor composite design and analysis
Varioustextile manufacturing processes creaféedent fabric structures, suchwasven,braided,
stitched, and knittedAmong tre structures the woven structureis most commonand is
highlightedin this researchWoven fabric can belassified into2-D woven and @ woven

structure.

2.1.1.1 2-D WovenStructure

In a 2D woven fabric, weft and warp interlage one layerypically at an angle of 99 as
seenin Figure2-1. Three types of - woven fabric structures are shownHigure 2-2: plain
weave, twill weave, and satin weave. In the plain weave structure, each weft passes over and
under each warp alternatively, dsmonstratedh Figure2-2a. In the twill weave structure, one
or more wefts pass over and under one or more warps alternatirglyre 2-2b illustratesthe
case whereverytwo wefts pass over and under evémpo warps alternativelyThis structure is
calleda 2X2 plain weave. Irthe satin weave, four or more wefts pass over a single warp, or vice
versa. The number of wefts passing over a single warp is ¢taééthrness numbeFEigure2-2c
shows a 4Harness g weave structureBlack dashedlines in the pictures mark the unit cell

domain. These three structures contain 16, 4, and 4 unit cells, respectively.
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(a) Plain weave (b) Twill weave (2X2) (c) Satin weavé4-Harness)

Figure2-2 Typical 2D WovenStructures(Top View)

2.1.1.2 3-D Woven Structure

A 3-D wovenfabric generally consists of multiple layersvedft yarns and a number of warp
yarnsintertwining weft yars. Three types 08-D woven fabrics argahown inFigure2-3, layer
to-layer, orthogonalandangle interlockThe top pictures ar®p views and the bottom pictures
are front viewsThe khyerto-layer fabricconsigs of multiple layers of fabric€ach layer has
individual sets of wefts and warps argdconnected with neighbiog layers by interlacing yarns.

The athogonal fabric consists of three types of wamveft, warpstuffer, and warp weaver.



Warp stufferis typically straight yarn andvarp weavers curw yarnin orderto bind the wefts.
In angle interlock weaves, warpravel through tle fabricand bind wefts togethefhe warp

traveling plane is anglethstead of perpendiculatio weft plane

weft
gwarp

Top view Top view Top view

weaver stuffer

N, WO Y
F OV OV @V, \
(o) U o) @

L O 1 e | Of O
VAT NAN YAeN/
@ W W @

Front view Front view

Front view
(a) Layerto-layer (b) Orthogonal (c) Angle interlock

Figure2-3 Typical 3-D WovenStructures

2.1.2 Fabric StructureModeling Methods

Modding methodsconductedon fabric micro-structurecan becategorized intahe tow- or
yarnlevel analysis andiber-level analysis For thetow- or yarn level analysisyarn geometry is
defined by yarn axial path and yarn crgsestion shapeFor the fiber-level analysis yarn

geometry is defined by fiber path and fiber arrangement on the yarrsesm.



2.1.2.1 Yarn-Level Analysis

Yarn axial path is determined by the weayipattern Yarn crosssection shapevaries
according to the weaving kinetiddased orthe yarn crosssection shapegjarnlevel analysesan

beelaboratednto two groups constant yarn crossection and variable yarn cressction.

2.1.2.1.1 Constantyarn crosssectionmodel

Constant yarn crossectionshape arecommonly assumedas circle, semicircular ended
rectangle, ellipse, and lenticas seemn Figure2-4. Applications of tle assumptions are heavily

dependent on weaving realities.

(a) Circle (b) Semicircular ended rectangle

N

(c) Ellipse (d) Lenticil

Figure2-4 CommonAssumptions of arnCrosssectionShapes

Characterizatiorof textile fabric geometryriginated in1930swhenPeirce[11] developed a
geometric model to desbe a plain weave fabridn his model,yarnswere treated aperfectly
flexible and inextensible cylinder¥arn pathwas expressed bg combination ofinear and

circular segmentsRefer toFigure 2-5. Mathemattal relations of geometric parametevsre

10



studied This modelwasapplicablein only alimited number ofstructure, such aghefabric with

loose density.

\
hyf2

R TN

hal2

P2

y

Figure2-5 Unit Cell with Circular Crossectonal Yarn[11][12]

In regardto yarn flattening,in the 1950Kemp [13] proposed a race trackodelbased on
Pei r c e 0As damomdtemted ifrigure 2-6, yarn crosssectionwas assumedsa rectangle
enclosed by two senuircular endsLength and widthof weft crosssectionwas denoted by,
andb,, respectivelyOthermodifications were theoorrespondinly applied Yarn flateningwas

implementedy changing the pick spacing, crimp heighth;, andyarndiameterb,.

az

b, i by
W
N3

. btk - *

L/ J

-

P2

P2

Figure2-6 RacetrackModel[12][13]

11



In the 190s,Hearle and Shanahdh4] concludedt h a t K e mpvassatisfactatym |
purely geometric modglbut not mechanical model They stated thak e mp 6 s mo d e |
bending energy because of high curvaduatthe semcircular ends.They proposed anodel
with lenticularcrosssection as seerin Figure2-7, and believedhe continuous length of lower
curvature wouldhot create aapidincrease of bending energy the contact regianThe cross
sectionshape wa formed by two arcs with equal radius on either .s@ter assumptions

followed whatPeircehadused.

P2

Figure2-7 Unit Cell with Lenticular Crossectional Yarrj12][14]

In the 1990sJto and Chou15] used singlesinusoidal functiorto define yarngeometryin
the plain weavestructure as seen irFigure 2-8. Axial path of the longitudinal yarn %) is
defined using a sine function curve ayatn thicknesshy) is assumed constarithus the upper
and lower bons (z andz,) of the longitudinal yarn and thosssectins of transverse yarns are
sine function curvesSimilar assumptions weralsoadoptedoy Naik et al [16] and McBride and

Chen[17].
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Figure2-8 Yarn Shapéefined bySinusodal Function[15]

As long as a regular or constant yarn cresstion shape is assumed, interference could exist
between yarns, especially in complex falstizicturesThe interferencevill causedifficulties in

further finite element analysis.

2.1.2.1.2 Variable yarn crosssectionmodel

In most casesyarn crosssection shapé notconstantbecause ofarnto-yarn interactions
Microscopic images hawdsodemonstrated that yarn cressction varies from section to section
[18].

In the 1990sKuhn and Charalambid¢$9] describedhe fabric unit cellasthree regionaind
assigred relatively different crosssection shapesithin thoseregiors. As shown inFigure2-9a,
these three regions ateeinterlaceregion, gap region, and bridge regioenotel by cghd hmnj
dhje respectivelyAs illustratedin Figure2-9b, yarn crosssectionis formed ty acombinationof
top and bottonsinusoidalcurveswith different amplitudesin the interlace regiqrthe portion

contactingthe adjacentyarnshas a lower amplitude than the opposipgrtion The crosssection

13



shapes in the interlace region remain canstand those in the bridge region are interpolated

from adjacent interlace regions.

cghd - interlace region

warp tow (#2 hmnj - gapregion
™ tow (#2) dhje - bridge region

(a) Unit cell divided into three regions (b) Crosssection variatiosalong a yarn

Figure2-9 Yarn with Variable Crossectons[19]

Similarly, in the 2000s,Hivet and Boisse[18][20][21] characterizedyarn using three
different zonesnd defined/arn geometryaccordindy. As demonstrated iRigure2-10a, curves
SIS, S84, andsys; as well asyys; denoteyarn crosssection shapes icontactfree zone, contact
zone,and lateral zong respectively.Yarn axial pathis formed by acombiration of a straight
segmenin the contact free zone aralconic curve inthe contact zongas seen ifrigure 2-10b.

A parametriadescription of yarn geometof a twill weave structures shown inFigure2-10c.
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(c) Parameterization of thenit celltransverse cut

Figure2-10 Yarn Shape Defined byarameterized Functigt8]

Assumptionof variable yarn crossectionhas the potential tgenerate moraccurateyarn
shape, but it is highly dependent on experimental or empirical results and is hardly applicable to

complex fabric structures.

2.1.2.2 Fiber-LevelAnalysis

Textile compositg especiallythose with complex weaving patteyreontainvarious yarn

crosssection shapedicroscopicpicturesof two 3-D woven composite structurese provided
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in Figure2-11. In the first sample, weavers show variable crgssion shapes along yarn paths.
In the second sample, all yarns present irregular @s$on shape£onsequentlyassumption

of constant or simplvariable yarn crossection isno longerapplicable

Weaver

(a) Sample 122] (b) Sample 423]

Figure2-11 ExperimentalObservations

Fabric iscommonly comprisedf yarns andyarn is an asembly of fibers.Yarn shapeds
affected bythe relative motion ofibers insidethe yarn Consequentlyfabric micregeometry
can beaccuratelyreflectedat the fiber level. For the fiberlevel analysis fiber crosssection
shape is assumed to be circudard the local yarmrosssection shape is determined by fiber

arrangemenin that yarn Onemethodof fiber-level analysis igalledfdigital element approach

2.1.2.2.1 Digital element approach

The digital element approadldEA) is a micreamechanics basesubyarn level approach
developed bywang and hecolleage[1]-[10]. Initially, the method wasisedto determine the
unit cell topology of 3 braided fabric$2][3]. In her model, ach yarrwas modeled as digital

rod element chairwith frictionless pinconnections as seen irFigure 2-12a. Yarnto-yarn

16



contactwas modeled bya contact elemenhserted bateen two contact nodeas seen ifrigure

2-12b. A quasistatic numerical procedumgas employedto simulate the -® braiding process

stepby-step.
digital rod-element
: Pin Connection

(a) Yarn digretization (b) 3-D contact element

Figure2-12 Single Digital ChainModel[3]

N Y

(a) 2-D weaving (b) 3-D braiding

Figure2-13 Multi-Digital ChainModel[4]

The DEA was later refined at the syérn levelto simulatethe 2D weaving process and the

3-D braidingprocesg4]. A yarnwasmodeled as a bundle of digital fibees seenn Figure

17



2-13. Yarn crosssection deforrad due to the relative motion of fibers inside the yarn during the
textile processg. Therefore both yarn paths and yarn cressction shapes cdre derived.

The major obscleof the quasistaticmethodis the great computer resource required by the
stepby-step simulation In order to resolve this issue, a static relaxation procedwn®
developed5]. In this procedure, fabritopology was established based uploatextile process
kinematics as seen ifrigure2-14a. Then, a tensiowas applied to each yarn. Naguilibrium
nodal forceswere calculated.Next, a global stiffness matrixwas assembled and nodal
displacementsvere calculatedFinal geometry is shown ifigure 2-14b. The static relaxation

procedure requirkless than 5% of computersairces used by the stepy-step simulation.

(a) Fabric topology (b) Fabricdetailedgeometry

Figure2-14 3-D WovenModelwith Multi-Fibers Per Yarfb]

The unit cell inDEA is a noncontinuum domain. Duringimulation, boundary changeand
interior area nodes may move to the boundary. A static algorithm for-aampimuum domain
with a periodic boundary condition would be complebence, a explicit dynamic relaxation
algorithm with a periodic boundary conditias proposed The explicit dynamic approacis

elaboratedn Chapter 3.

18



2.1.2.2.2 Other approaches

Based onthe DEA, Madhadik and Halletf24][25] modeledfabric micregeometry using
commercal software LSDYNA, as shown irFigure2-15. Eachyarnwas treated as an assembly
of 19 fibers and eachber was modeledusingfinite beam elementsA linear thermal loading
decrease was adoptedorderto modeltensile force applied on yarnsthus causin@ decrease

in fabric thickness

Beam bundle
configuration

Final mesh having achieved target thickness

Figure2-15 3-D WovenStructurewith Multi-Fibers Per Yarfi25]

Durville [26]-[28] modeledthe micregeometryof 2-D woven fabricsA yarnwas definedas
a bundle of fibers and eadiber was modeledusing 3-D finite strain beam elementall yarns
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were initially laid on the same plane with a superimposing qrdsrseen ifrigure2-16a. Yarns
andrelevantfibers were graduallyseparated anthoved bward targetpositionsset by normal
contact directbnsaccording tahe weaving patterrAn implicit solverwas employedduring the

simulation Running time oflieentireprocessvastwo to threedays.

Normal contact direction at
crossings hetween tows

(a) Initial geometry (b) Final geometry

Figure2-16 2-D WovenStructurewith Multi-Fibers Per Yarp28]

2.1.3 Fabric Micro-geometry Modeling Software

Since thel990s,an increasing number aflvancedextile compositediavearnsenin modern
industry. Computertools are desiredin orderto modelthose structuresin this section, three
composite/fabric structure modeling softwgrackagesare introducedWiseTex TexGen and

DFEMA.

2.1.3.1 WiseTex

WiseTex, developed at e Katholieke Universiteit Leuven, Belgiur29]-[33], is a
commercialsoftware packagasedto model textilefabric and textile compositélhis package is

able to model fabric micrgeometry (WiseTe LamTex, WeftKnitf FETexy, composite micre

20



geometry (TexComp), permeability of textile composites (FlowTary textile virtual reality
(VRTex).

In order b model fabric micrageometry WiseTexdefines fabric architectuneith assigned
fiber and yarn poperties.Unit cell topology is defined through matrix coding according to the
textile weaving pattern Input yarn properties includénear density, yarn dimensioryarn
compression, yartending rigidity and yarn transverse compressive stiffne&stn path is
expressed as a m@emeterized polynomial functiprand yarn crosssection is assumed to be
elliptical or lenticular.Polynomial coefficients andnajor and minor axes lengths of the yarn
crosssection are derived by minimizing the bending energlyalric micro-geometry is
consequenthgenerated. A -® woven fabric structure created by WiseTex is shawRigure

2-17.

Figure2-17 3-D WovenFabricCreated by WseTex[31]

2.1.3.2 TexGen

TexGenwas developed athe University of Nottingham UK [34]-[40] asan open source
code This software has experienced increassabe in recenteas.

In TexGenyarn axial paths describedy usinga set ofcontrol pointsSpline interpolations
areimplementedbetween those control poinits orderto obtain a smooth yarn pathhe yarn
crosssection shapés assignedased on experimental or empai results and ommon arn
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crosssectionshaps usedare ellipse, lenticil, or polygon. Detailed yarn shape is then created by
sweeping the assumed cregsctions along the yarn path.3-D woven fabric unit cell created

by TexGen is shown iRigure2-18.

Figure2-18 3-D WovenUnit Cell Created by TexGe[87]

The primary difference between WiseTex and TexGarnregard to creatindgabric micre
geometryis that WiseTexis a mechanical based computer taoid TexGenis a geometrical
based computer todBoth software programbighly depend on empirical or experimental results
to define yarn crossection.Constant crossection shapeassigned to yarns are inaccurate and

may also create yaito-yarn interferencavhich causedlifficulties for finite element analysis.

2.1.3.3 DFMA

Digital Fabric Mechanics AnalyzedDFMA, is developed at Kansas State University.
Mechanical theory in this softnausesDEA developed by Wang et dl1]-[10]. The DEAIs
able to modethe textile weaving process, textile fabric mig@ometry, and fabric deformation

process
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(a) Fiber level

(b) Yarn level

Figure2-19 3-D WovenUnit Cell Created by DFMA1]

DFMA generatedabric microgeometryby following textile weaving mechanics.abric

topologyis defined based on the textileeaving pattern. Input data of yarn properties include:
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yarn crosssection area, fiber longitudinal and transverse moduli, and fiber density. Yarn is
represented by hundle of digital fibers and eacldigital fiber is a digital element chaif\n
explicit dynamic relaxation approach is employ&adbric micregeometrycan be expressed at
both fiber and yarn levels. A-B woven fabric unit cell created by DFM#sr both yarnlevel

and fiberlevel isshown inFigure 2-19. The simulation procedure and corresponding thearies

detailedin Chapter 3.

2.2 Near-net Shape Fabric Manufacturing

Nearnet shape technology prodsgca product thatresemblesthe shape of the néinal
productas closely as possibl@herefore,the final product can then benadewith minimum
cuttingor surface finishindpased on the nearet shape product

In the composite industrymanytextile fabrics can be manufactured through neat shape
technology.Various textile processes, such as weavingidimg, andknitting, haveadopted this
technology Those processes cgield a neamet shapdabric that guaranteetoughnesswithin
the productwithout additional reinforcement treatmeint. this sectionprocesses ofveaving,

braiding, and knittingand the relative neamet shape produgtareintroduced.

2.2.1 Weaving

In a typical weaving procesghree primary actionsccur. weft insertion, beating up, and
warp weaving8], as demonstratad Figure2-20. In a weft insertionaction the shuttle takes a
weft yarn and moves across the weaving loona beating up action, the reed beats the inserted
weft against thenewly formedfabric. In theensuingweaving action, warps move eitherwgrd

or downward to create fabric withspecific patternA fabric is thus created

24



i

L 1 1 Y ININN

5

T\ \ N~

%)

Shuttle
(WeftInsertion

.

Figure2-20 Schematics oDynamicWeaving[8]

Figure2-21 shows &3-D wovennearnet shape fabriandnet shape composjtproduced by
Albany Engineered Compositea,leadingorganization in composite design and manufacturing
[41]-[44]. The nearnet shape fabrits a single componemtovenby the Jacquard weavingnd
then processed into the final product by resin transfer molding.figure indicateswo shapes

are so similathat surface tailoring or polishingrarelyneedd.

Figure2-21 NearnetShapeFabric(Left) andNet ShapeComposite(Right) [42]
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2.2.2 Braiding

Braided Preform

Yarn Carriers

Machine Bed

Figure2-22 Schematics of-® RectangulaBraiding[45]

Braiding isdefined aghe intertwining of three or more yarns diagonally so that each yarn
passes over and under other yarns alternativieilyure 2-22 shows a illustration of 3D
rectangulabraiding[45]. Yarn carriers take the yarns ammdvel inx and ydirectiors alternately
on the machine bed by following a specific pattern. After several cyckesastan step (e.g.4-
step) movement, yarns interwine with each other and the specimen is cred&dpastrateth
the top portion of théigure.

Figure2-23 shows twa3-D fabricsbraided at Kansas State Universitgmposites Lab. The

left picture and the right picture are L shape Srghape, respectively.
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B L

Top view Section view
(a) L shape
Top view Section veiw
(b) S shape

Figure2-23 3-D BraidedFabrics

Recently,Ko et al.[46]-[48] hasdevelopedhe 3D-hexagonal braidingechnologycapable of
manufacturing complex thresimensional braided structuréhe relaive computer tool has also
beendeveloged A selection of hexagonal braiding patterns is showirigure 2-24. These
patterns range from straight line to triangle, diamond, and star shé&pds.inside the patterns

arehexagonal shapeshit novel techologyis applicable inthebiomedical industry.
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Triangle Line Star

Figure2-24 HexagonaBraidingPatterng46]

2.2.3 Khnitting

Knitting is defined aghe inter-looping of one yarn system intwrizontal rows andertical
columns of loops The corresponding loops aoalled coursesand wales respectively.Two
primary typesof knitting include weft knitting and warp knittingln weft knitting, yarns(weft
threads)meanderalong the course directioby adding stitches to each wale in sequenas,
shownin Figure 2-25a. The entire fabrican be manufactured using ona mutiple yarrs. In
warp knitting, yarns (warp threadsjeandeialong the wale direction, bgimultaneousladding
stitches to each wakbroughthe warp guidesas shownn Figure2-25b. In this case, the entire

fabric should be manufactured using a number of yarns.
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- Watt thread

(a) Wetft knitting (b) Warp knitting

Figure2-25 Schematics oKnitting [49]

Figure 2-26 shows two fabrics produced by biaxial weft knittif@]. The left picture is a
nearly spherical shapand the righpictureis aspirally circular disk.

Nearnet shape fabric manufacturing technology has potefarathe composite industry.
However, numerical simulations nEarnet shap fabricarerarely seenpossiblybecause fabric
patterns aréoo complexto numerically formulag by simply identifying and assembling unit
cells. For neanet shape fabric without unit cell feature, a full field modelingésessary

Details of modelig nearnet shape fabric adiscussed in Chapter 4.
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(a) Sphericalshape (b) Spirally circular disk

Figure2-26 Biaxial Weft Knitted Fabrics[50]

2.3 Fabric Reinforced Composites and-abric Deformation Process

After a fabric iscreated it is processed into a targeted prodwsich adabric reinforced
composite Fabric deforms accordingly. Figure 2-27 shows three typical fabric deformation
processesdraping, stampingor deep drawing)andmolding In the draping process, typically
soft fabric naturallyfalls onto a specific bodye.g, a sphere)due togravity, as seernn Figure
2-27a. In the stampng processa fabric, generally a fabric prepregs laid on the dieandthen
pushed intadhedie by apunch as seelin Figure2-27b. Typically, the punchs an elastic body,
such assilicon rubber. The holdeeduces boundaryirregulariies during the stamping process
In the molding processa fabric is placedon the bottom mold, and then the top mold nsove
downwards slowly as illustrated in Figure 2-27c. The fabric corforms to the cavityshape
createdby both moldsMeanwhile, resin is injected from the top mold to consolidate the fabric
into a composite partAlthough details differ, commonrsimulation issuesexist among the

processessuch atow torepresent théabric andtherigid or elastic bodyandhow to modethe
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contacts between fabric and bodjorrect nodeling of these behaviorgeads toan accurate
prediction ofthe fabric deformabilityand micre and macre geometry of fabric reinforced

composite

Resin
Fobic ey AR
I older
= abri
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Fabrlcﬁ T E: P
Sphere Die~s, 2
w»  ™

(a) Draping (b) Stamping (c) Molding

v

Figure2-27 CommonFabricDeformationProcesses

Researchfocusingon the simulationof the fabric deformation processan becategorized
into two primary groups[51]: geometricand mechanical modelBoth models are discusséd

this section

2.3.1 GeometricModel

The ggometricmode| also calledhefishnet model, describes tlfegric by straight segments
connected with pin joinfsas seen irkigure 2-28. The rigid body is tscretized into threeor
four-node elements. Nodes of fabric are geometrically mappedodes of the rigid body

accordingly.
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Pinjoint  Straight segment

Figure2-28 FabricGeometricModel

Basicmappingsteps can be summarizedfakkows [52][53]:

1) Discretize the fabric into pi#oonnectedstraight segmentand discretize thdody
surface into threeor four-node elements

2) Choosanitial points on both fabric and body surface;

3) Choose tw@erpendiculaconstrainedines passingheinitial point onthe fabric and
mapthem ono thebodysurface

4) Map all other points on fabric tothe body surfaceaccordingto geometric relations
with constrained lines

A deformedfabric after the mapping processillustrated inFigure2-29.

Figure2-29 FabricGeometricallyMapped to aSphere

32



The geometricmodelwas introduced by Mack and Taylf@4] in the 1960s. In their model,
woven clothwas assumedo bean assemblyf inextensible yars) and theyarn crossingwas
simulated as pivoting joint where no slippage occur¥arn segment between the joiniss a
straightline. The squarenit cell was deformed into a rhombusder the shedorce, as seein
Figure2-30.

This geometric model @as later tested and adopted by Pd8éi in thelate 1970s, and/as

also employed by Robertson et[&6] in the 1980s.

Figure2-30 RhombusModelof DeformedUnit Cell [54]

In the 1990sVanWest et al[52] used the geometric model predictfabric wrinklingand
bridging as seen irFigure 2-31. Two perpendicularconstrained yarnserved as mapping
referencesWrinkling was defined as an excess of fabric to coveribay surface Bridging was
defined asa situationin which fabric cannot deform dficiently to the surfaceconcavity Both

phenomeaoccurredwhensheardeformatiorwas higher thanhelocking limit.
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Figure2-31 DrapingModelwith Bridging and Wrinklg52]

The geometric model predictabric deformabilityin a fast and fairly efficient wagndhas
been adopted byome commercial software codes, such as F@iNtkForm[57] and FiberSIM
[58]. However, thismodelis purely geometric and cannot reflect the mechanical belsavior

during the forming process

2.3.2 MechanicalModel

The nmechanical modeldefines the fabric usindinite elementsand solves thefabric
deformation process using implicitexplicit finite element methods Based on fabric
representationmechanical model can hdassified into threemajor models continuais, bi-
component, andliscretemodels as seen irFigure 2-32. The continous model consides the
entirefabric asa homogenized materjaisually expressed Hinite shell or membrane elements
The bi-componenmodel describes the fabric using two types of elemestiell/membrane and
trusgbeam.The discrete modeatonsides the fabricto be heterogenized and models each yarn

individually using finite spring, truss, shell, or solid element.
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Truss element
Shell/membrane element Yarn
Shell/membrane element

Figure2-32 FabricMechanicaModels:Continuous Bi-component, an®iscrete

2.3.2.1 Fabric in Continuous Model

The continuous approach descsliee fabricasa continuumusing finiteshellor membrane

elements.

Figure2-33 Finite-elementMesh of @a AnnulusFabric [59]

In the early 1990sCollier et al [59] used the founode shell element with orthotropic
properties to model fabric ithe draping procesdrigure 2-33 shows an annulus shape fabric in
the xy plane.All nodes on the inner ring are fixed and all other nodes are free to move. External

force was provided bgravity of the fabric. Effects of tensile modulus, shear nutws and
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Poissoms ratio weranvestigatedA nontlinear finite element methoa@oupledwith orthotropic
propertieswas employed to predict fabric draping behavior.

In the mid1990s,Eischen et al[60] develgpeda computer tool to simulate differemodes
of fabric deformationFabricwas modeled byhe finite shell elemenby addressindpoth linear
and nonlinear elastic isotropic matenmbperties. ©ntact between fabric and rigid surfages
modeled bythe spring elementAs demonstratedn Figure 2-34, numerical simulations of
variousfabric deformationbehavios were conducteddraping over a block, hanging over a rod

diagonally,andfolding diagonally

(a) Draping over a block  (b) Hanging over a rodiagonally (c) Folding diagonally

Figure2-34 Simulation ofDifferent Fabric DeformationBehaviorg60]

In 2000, Lekakou et al.[61] modeled fabric using four-node shell elemenwith linear
elastic anisotropic propertiaa the stamping process. Theumerical model showmiFigure
2-35 includes a rigid punch, a holder, a fabric, and a dle punch, holderand diewere
modekd using3-D rigid surface elements. A parameter stwhg conducted tevaluateeffects
of friction confident,punch speed, mesh size, time step, tensilesaedr moduliand holding
force. Updatednaterialbehavior law with consideration of fiber direction evolutieas also

studied[62].
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Figure2-35 Finite ElementModelfor StampingSimulation[61]

2.3.2.2 Fabric in Bi-componentModel

In abi-componenmodel two types of finite elements atgpically adopted: shell/membrane
and truss/beam element

In 2001,Cherouat et a[63] developed di-componenmodel to simulate the deformation of
fabric prepreg. Thenembraneslement represents the resin watssignedsotropic viscoelastic
property and thdruss elementepresentdghe yarns with assignedisotropic elastic nonlinear
property. Weft and warp yarnsere coupledkinematically with resin and henceno sliding
occured at the connecting pointas shown irFigure 2-36. Three types of fabrideformatiors
were simulated layeringup shaping, draping, and deep drawing shaping processes. Forming
parameters examined inclulaitial shape of fabric, fiber orientation, and resin viscosity. An
adaptive remeshing technique with localinementand coarseningrasalsoemployed in order

to incorporate large deformation of fibgég}].
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Not polvmerized resin

Truss finite ¢lements

BEFORE

Warp fibre
Weft fibre

Membrane finite element

Figure2-36 Schematics ofabricPrepreg[64]

In 2001, Averill et al. [65] developed a btomponent model that incorpordtenter-yarn
sliding and interyarn jamming. The truss element maetklyarns and the shell element
represerdd a fictional transition mediuniThe deckboard modebf a + 45° plain weave fabric
was studied As seen inFigure 2-37a, the unit cellwas compris@ of four fournode shell
elements andbour two-node truss elementélo andfill 0 denote two types of sutegions of the
checkboardThe faur truss elementsere independent of each other and ot share any node
Connectivitywasformedonly by the shell elementnd hencearn slidingwas accountedrwo

types of yarrto-shell element connectivitwere thus formed for thentire fabric, & seen in

Figure2-37b.
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Truss element | <— Shell eement
for yarn
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Figure2-37 CheckboaraModel: (a)Unit Cell; (b) ElementConnectiviies[65]

Otherresearch works on fabric deformation usthg bi-component model can be found in

literatureg66]-[68].

Shear
J/ element

o5 = (&)

Tow
element

Figure2-38 Unit Cell Bi-componeniModel[69]

Other researctworks using one kind offinite element but with two different properties
assignectan be found ititeratures[69]-[71]. One example ishown inFigure2-38. In this unit
cell, the four outer elementgpreserdd towskarns and theliagonalelements model shear

effect E. denotesyarn longitudinal modulusand,, s defines shear stresghich is a function of
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shear straire. Both tow and shealemens were implemented with the truss elemdntt with

differentassignedtiffness

2.3.2.3 Fabric in Discrete M odel

Primary disadvantage of continuous and bzomponent model#nclude their inability to
model yarnto-yarn interaction, whichis significantin the fabric deformation processn the
discretemode| eachindividual yarn is identifiedand modeledy finite element representation.
External forces are applied to each yarn and-yayarninteractions can be moael.

Boisseet al [51][75] developed a dcrete moddbased on their previous sediscrete model
[72]-[74]. Figure 2-39a shows the unit cell model oihaundeformed plain weave fabric. Each
yarnwas modeled by a set of finite shell elemerasd tasile force carbe directly appied to
eachyarn. Yarnto-yarn contact and yato-yarn sliding were also taken into accourit this
case, iAplane shear behavioras naturallyreflected Figure2-39 shows the simulation result of

a quarter othedeformed fabric undehe stamping process

(a) Undeformed unit cell (b) A guarter ofthedeformed fabric

Figure2-39 DiscreteModel(Shell Elementjor Stamping[51]
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(a) unit cell and yarnmodels

Blank Holder Hele Radius: 15mm

Die Cavity Radius: 13mm

) h Die Fillet Radius: 2mm

unc Punch Radius: 12mm

Blank (Laver)

Die fillet Die Blank Holder

(b) Initial settings of stampipprocess

Figure2-40 Finite ElementModel forStamping[76]

Most recently,Tavanaet al.[76] described fabric and yarn modelssbd on experimental
investigationsn order to simulate the damping procdaigure2-40a showsmicroscopic images
and numerical models of unit cell and yalarn was expressed byinear eightnode brick
elementsand linear six-node triangular prism elements withassignedtransversely isotropic

elasticproperties.Figure 2-40b demonstrateshe initial finite element modefor the stamping
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processOnly a quarter othe fabric wasmodeled. All forming toolsincluding the punch, die
and blank holdemweredescribed as rigid surfaces.

Wang et al.[1]-[10] developeda subyarn approactto modelfabric micro-geometry as
introduced inSection2.1.2.2.1 Figure 2-41 showsa plain weave fabricjn which a yarnis
represented b$9 digital fibers. It is feasible tosimulate thedeformationprocess of fibelevel

fabric with moderncomputer power. Detailsreexplainedn Chapters.

Figure2-41 Fiber-level Fabric

2.4 Remarks

This chapter provides an overview simulating micre and macregeometry of fabricand
fabric reinforced composite, includingabric microgeometry nearnet shape fabric
manufacturingandfabric deformation process

In simulaion of fabric micreageometry,woven structuresre highlighted Fabric structure
modeling methods are therattd byboth yarnlevel and fibeflevel analyss. At the yardevel

analysis, yarn crossectiondefinition is highly dependent ampirical research axperimental
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observationA constant yarn crossection assumption may creataryto-yarninterferenceand
a variable yarn crossectionshapewould be hardly retrieved from actual structurdsthe fiber
level analysis, yarn shape is defined by fiber paths and fiber arrangeonethie yarn cross
section.The fiber-level DEA has successfulldemonstratedts capabiliy for estimatingfabric
micro-geometry. It models yarn as an assembly difjital fibers andeach fiber as a frictionless
pin-jointed digital chainRelatedtheoriesarefurther discusseth Chapter3.

3-D nearnet shapananufacturinghas beome an attractiveechnologyin making complex
composite past This technologysaves labor costfor surfacing trimmingand also guarantee
mechanical properties dhe composite productHowever, numerical simulatisnof neamnet
shape marfacturing andrelevantfabric micreageometryrarely occur The ability of DEA in
simulatingnearnet shape fabrits discussed in Chaptdr

Existing researchn regard toestimating fabric reinforced composite ahé corresponding
fabric deformation processan beclassified into two groups: geometmeodeland mechanical
model The geometricmodel describesfabric using the pigointed fishnet model and
geometricallymapsthe fabricto anelastic/rigid bodysurface.This modelis efficient butignores
mechanical behaiors. The mechanicalmodel describesfabric using finite elementsand
mechanicallysimulates the fabric deformation procesthe mechanicakontinuous modelises
finite shell or membrane element to represent fabhe mechanicabi-component modeaises a
combination of finite shelinembrane element and trdssam elemento model fabric The
mechanicaldiscrete modeincorporateghe textile weaving pattern andescribs each yarn or
fiber individually. In the discrete model yarnto-yarn interactionsand even fiberto-fiber

interactions can be gracefully reflectddiodeling fabricdeformabilityat the fiberlevel produces
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the most accurate ressilThe DEA are adopted anbe relative theoriearedetailedin Chapter

5.
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Chapter 3 - 3-D Woven Fabric Unit Cell Micr o-geometry

Fabric micregeometry is determined by textieeaving mechanicsA dynamicDEA with
periodic boundary conditionss developedto determine @ woven fabric unit cell micro-
geoméry.

Previously, two numerical procedures using DEA simulation wereloped to determine
textile fabric geometry. In one procedure, the textile process is simulatellysségp as a quasi
static processthus consuming great amount of computer resowda the other procedure,
fabric microgeometry is derived throthiga static relaxation process. In static simulation, the
global stiffness matrixnust be solvedh each simulation step. Fibers and yarns are so flexible
that the global stiffness matrix is either singular oicdhditioned. Special treatment must be
addel to impove the matrixcondition thusslowing convergent rates. During simulatiomew
contact elements are created and some old contact elearemtsmoved.Thus, connectivity
must bere-establisled between nodes during the simulati®uilding a perialic boundary zone
into quasistatic simulationwould be a tedious procedurié would be at bestdifficult to use a
desktop PC to generate a compleR 8nit-cell with a fine mesh.

The dynamic relaxation process does not require the establishment oba gfiffness
matrix, thussavung a vast amount of computer memory spaoed avoiding the problem ofl -
conditiored stiffness matrix. Introduction of the periodic boundary condition reduces the
necessary material domain to a single unit cell plus awwuding boundary zone. This approach

generates high quality fibeand yarnlevel micreageometries.
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This chaptercontainsfour sections: 1) Unitell andyarntopologies 2) Dynamicrelaxation
with periodic boundary conditions 3) Yarnlevel micro-geometry and 4) Numericalresults

validation.Corresponding research work has been published in refergrif&[9].

3.1 Unit Cell and Yarn Topologies

3.1.1 Unit Cell Topology

Fabric mcro-geometry is determined by textile process kinematics and kinKfiesmatics
definesfabric topology andkinetics produces fabriadetailed micregeometry Fabric topology
relates toan essentialveavingpatternin afabric. Detailed micregeometryconcernsyarn paths
andyarn crosssection shapes, as wellféser arrangementsithin yarns.

In a uniform fabric,the unit cell can bedefined. A 3D layerto-layer fabric is shown in
Figure 3-1a, including three repeated unit dg] each with two columns of wefts. Warps are
located on two planes called wasgctions. Two weaving diagramshown inFigure 3-1b,
represent warp pattesonthesetwo warpsectiors, respectivelyThe unit cell topology othis 3-
D woven fabric is characterized bye weft pattern matrixdenoted byV,, andthe warp pattern
matrices, denoted bya.

The dimension ofV, is determined by the total numberwéft layersandthe total number
of weft columns. As shown ifrigure 3-1a, weft yarns are arranged 10 layers and? columns.
As such, there ar&é0 rows and2 columns in weft pattern matri¥Ve. Each numeral inWV,

represents the yarn type ID of a weft yarn in the corresponding locations. If no wefts yarn

present in a | ocation, A00 is fill epresented o t he
exampl e, al | wefts are made of the same type
components in the matr i x earnatrixddefinas the deftgasn 1 0 .

46



location and the weft yarn type ID. Yarn properties are defined in each yarn type: yarn cross

section area, fiber longitudinal and transverse moduodfiber density.

W, (o]

7]
=
h-

3
%

Weft’

Warp section 2

Unit cell 3 Warp on 1 Warp section1l Warp section 2

(a) 3-D layerto-layer woven fabric (b) Weaving diagrams

Figure3-1 WeavingPattern of a 3D WovenFabric
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(a) Weft pattern matrix
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T Warp p‘:ﬁ:lp;l Yan War :I;: Yarn
107 ;'6‘\ o matrix type i miatix type
*1m\elx m M [s|10] 2 m |10|s]| 2
#1m\o/ey m w2 |79 2 w2 |9 [7] 2
7] #3\9)/:,\ 43 #3 |e|[ 8| 2 #3 | 8 |s| 2
6 #4\9/2\ s # |s]| 7] 2 # | 7 |s] 2
5 - #5\9;/;\ s = [ i Ja[s] 2 # | 6 |4a] 2
47 #6\9)(‘2\ 46 #6 [3] 5] 2 % | 5 |3| 2
37 #7\9)(23 7 w7 [2]a] 2 w | a[2] 2
27 #8\9)():3\ #8 we |13 2 g | 3 [1] 2
19 #9\0 \o! #9 a9 Jo[ 2] 2 a0 | 2 [o] 2

0 I ; - Warp section 1 Warp section 2

(b) Warp pattern matrices

Figure3-2 Weft PatternMatrix andWarp PatternMatrices

Definition of the warp pattern matriw, is shown inFigure 3-2b. The picture on the left
shows warp patterns. Warps 8ection 1 are represented by solid black ljreesd warps in
Section 2 are represented by @a@khedines In each section, each warp yarmssigned local
warp ID. Warp ID numbers dbection 1 are in black and warp ID numbersSettion 2 are in
red. The two tables on the right are the warp pattern matrices and yarn type ID vectors for
Section 1 and Section 2, respectively. The dimension of the warp pattern maix is
determined by the totalumber of warps ithat sectionandthe total number of weft columns in
the unit cell Nine warpsare present for each waggction andwo weft columnsare presenin
the unit cell. As such, both warp pattern matrices have nine rows and two columns. Each
numeral in the matrix represents the interlacing location of the corresponding warp in the

corresponding column. Because the warp pattern matrix does not inclugartheéype ID
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number, an additional yarn type ID vector is used to store the yarn type ID of each warp in the
section.

Interlacing locations of warps are defined by integers. Refer to the picture on the left of
Figure3-2b. In wap Section1, warp #1 is above thé"&veft layer and below the™weft layer
in the first weft column. The corresponding i
the second weft column, warp #1 is above thBw6ft layer thereforethe nterlacing location is
d ef i n e dlInterlacingildcations of warp #1 are filled in the first row of warp pattern matrix
W,. As suchW, (1, 1) = 8 andNV, (1, 2) = 10 as shown in the first table &igure3-2. Similarly,
intedl acing |locations of warps #2," 3236 Broas#f9 ar e
W,. The warp pattern matrix fdsectionl is thus generatedlikewise e warp section matrix
for Section2 is defined. Key points of warp yarns can be derive@dagpon the warp pattern

matrix.

Figure3-3 Unit Cell TopologyGenerated by DFMA
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Unit cell topology can then be generatedDfyMA based upon information provided by the
weft pattern matrix and warp fparn matrices. The unit cell topology of this example fabric is
shown inFigure3-3.

3.1.2 Yarn/tow Structure andDigital ElementMesh

The digital elementmesh iscreatedthrough two processes: yarn discretizataomd fiber
discretization In yarn discretizationgachyarn is split intomultiple digital fibers. In fiber
discretizationeachdigital fiber is divided into many rod elements.

Two types of yarn micrstructuresinclude plain and twisted. A tow consists of ledr a
single yarn or multiple yarns. A muliarn tow istypically formed through a twisting process.
Yarn/tow structure is created through the digital element meshing process in which each tow is

split into yarn(s) and each yarn is split into multipleitdigfibers.

3.1.2.1 Yarn discretization

If a plain yarn is discretized into multiple digital fibers, all fibers within the yaenparallel
to each other and parallel to the original yarn centroid pathtwisted yarn igliscretized all
fibersrotate alongheoriginal yarn patlwith a defined twist rate

Oneprocedureusedto determine fiber pathsithin a yarn is shown ifrigure3-4 andFigure
3-5.

In the first step of th procedure, the yarn path is divided intolessogth segments connected
by nodes as shown iRigure 3-4. For simplicity, only four segments are shown in the picture.
The yarn path is represented by an approxirbabi&en lineC,C,C3Cy4. S;, S,, S3, and S, are
yarn crosssections perpendicular to the yarn path. These w®d$ons are assumed to be
circular initially and will deform during the relaxation procdsst,, t3, andt, are uni tangential

vectors of the yarn path at nodes C,, C3, andC,.
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The second stepf the procedures to define coordinates on each crgsstion.First, an
arbitrary point, denoted a¢;, is locatedat the circumference of crossectionS;. Then, a linas
drawn parallel toC,C, from pointN;. The line intersect$, at a point denoted ds,. N{N, is
parallel to #,#.. Similarly, No,N3 andN3N,4 can be drawnwhich are parallel t&€,C; andC3Cy,
respetively. Thus, a broken linBl;N>N3;N,4, which is parallel t&€C;C,C3C,, is generated. The
distance betweelN;N,N;N, to the yarn path C;C,C;C, is equal to yarn radiuRR. Let
coordinate vectors b@ andv; on each crossection. The first coordinate vectaris defined by
a vector thastarts fromC; and ends al; as shown irlFigure3-4. The second coordinate vector
vi should be perpendicular to both the firstordinate vecton; and the yarn path tangential

vectort;. v; is defined by the cross producttpéndu;, i.e.,v; =t X u;.

Figure3-4 DetermineCoordinateDirections onY arnCrosssections

The tird step is to determine the fiber arrangement on each yarnasacissn.

If a tow consists 0bnly a single plain yarn, fiber arrangements on all cg®gions of the
yarnareidentical in their respective coordinate systefrs.example is presented gure3-5a.
For simplicity, only three crossectionsS;, S;, andS;, are shown and the yarn is discretized into
only threefibers. Fiber crossection areas are represented by red, gr@ah blue circlesAs
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demonstratedthe fiber arrangement on cressctionsS,;, S, andS; are identical in shape and
orientation. The center of each circle is identified as the intersection point of the corresponding
fiber axial path and the yarn cressction.Intersection paits of a fiber with crossectionsS;, S,

S$3é are used as keypoints to generate the fib
within the plain yarn are parallel to each other and parallel to the original yarn path
C,C,Cqé e .

If the tow consists obnly a twist yarn, fiber arrangement rotates around the original
yarn/tow path with a specified twist rat&n example is shown ifrigure 3-5b. The fiber
arrangement rotates aroundthe crosssection center from crosgctionS; to crosssectionS,,
androtates an additional from crosssection S, to crosssectionSs. is derived bythe
product of the twist rate and the yarn segment length, i.e. T x DL, whereT denotes the
twist rate andL denoteghe distance between two cressctions.

If the tow consists of multiple yarns formed through a twist process, the tow is split into
yarns first. Yarn arrangement within a tow can be ascertained with the same emeghoykdto
establish fiber arrangement within a twisted yarn, as described in the previous paragraph. Each
yarn is then discretized into digital fibers.

Two principles are adopteduring yarn/tow discretization: 1) the total cr@sestion area of
fibers d a yarn/tow equals the original yarn cresstion area; and 2) all fibers are arranged
inside the circumference of the original circular yarn/tow eeestion. As such, interference
between fibers is inevitable immediately after discretization. Thesgerences are eliminated

through numerical relaxatiodjscussed in théollowing section.
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(b) Twisted yarn

Figure3-5 FiberArrangement a¥ arnCrosssections

Figure 3-6 displaystypical patternsof initial yarn discretizatiorused in DEA The yarn
discretizationprocess iseplicable which meansone yarn can be split into a specific number of
fibers which can be further splitvhatever the splitting process, th@em of crossection areas of
all fibers within one yarn equals the cresstion area of that yarn.

Figure 3-7 showsthree different yarn structureplain yarn, twisted yarn, and twisted tow

composed ofwo plan yarrs.
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Figure3-6 DifferentYarnDiscretizationPatterns

(a) A plain yarn (b) A twisted yarn (c) A twisted tow

Figure3-7 DifferentYarnStructures

3.1.2.2 Fiber discretization

In order to avoid fibeto-fiber interaction,each fibermust be discretized into a digital
element chairfter a yarn is discretized into multiple digital fibers. The element length is always
shorter than the original fiber segments. gk@wn in Figure 3-8, the greerdashedine is the
fiber path prior to discretizatiorwith the segment length &f& The blue solid line is the fiber
path subsequent to discretizatiomth the element length df. The suggested element length
ranges from 0.3 to 0.7 timdke fiber diameter.The newfiber pathis obtained by a linear

interpolation along the original fiber pato
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a a a (3.1)
wherel; andl, are two segment lengths alotige original fiber path Element lengths along the
new fiber path are slightly differefrtom each otheafterelement disretizaton, but they will be

quickly unified in the simulation proces&lement lengthadjustmentis discussedn Section

3.2.5

Figure3-8 ElementDiscretization

Figure 3-9 displays a fibeishapebefore and after a new element discretization. In the left
picture, the ratio of element length) {o fiber diameter®) is 1. In the right picture, the ratio is

0.5.

(a) A fiber with /D = 1 (b) A fiber with /D = 0.5

Figure3-9 FiberBefore andAfter ElementDiscretization
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3.2 Dynamic Relaxationwith Periodic Boundary Conditions

As discussed in Sectidh1.2.2.1 the solver othe DEA has employed quastatic and static
proceduresMajor obstacles of these proceduneslude computer resourseand computation
speed. In this section, the dynamic relaxation process with periodic boundary conditions is
explained
3.2.1 NodalForceCalculation

Four types offorce are applied to each nodeensioninduced force fiber-to-fiber contact
induced force damping force and bending induced forceThe first two forces have been
introduced in previous literatur¢3]-[5] andarereprisal in this sectiorfor an integral view of
DEA. The damping force isadded to thelynamicrelaxationin order to remove fabric kinetic
energy during theimulationprocessBecause yarn Ipeling stiffness is much smaller than either
axial stiffness or contact stiffness, the bending induced nodal force is much smaller than the
tension induced nodal force or iridver contact induced nodal force. For this reason, bending
induced force doesom affect the final results of numerical simulation. In most numerical
simulations, the bending induced nodal force is neglected. However, the bending moment

induced nodal forcaeeds to be calculatédstiffer metal wires are embedded in the fabric.

3.2.1.1 Tension induced nodal force

o et 1o f,

7

F
L

Figure3-10 TensioninducedNodalForce
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Referring toFigure 3-10, nodei is adjacent to two rod elementementm and elemenn.

The tersions of these two elements are

(3.2)

whereO is the digitalfiber longitudinalmodulus A is thefiber crosssection areax and & are
lengtrs of dementm and elemenh at the simulation ste@he tension induced force applied to
nodei is

9 P 0 (3.3)

3.2.1.2 Fiber contact induced nodal force

(a) Contact force (b) Contact area

Figure3-11 FiberContactinducedNodalForce

Contact force calculation is describedRigure 3-11. Hertz contact theory77] is adopted

and a elastic contact is assumétbntact force at eadime step isdefined as
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e Qop (34

wherel is the penetration displacement dgds the contact stiffnesswhichis definedas

.. OO0 O o

0 —— = (35)
o} a

where Er is the digital fiber transverse modujuend A¢ is the contact areand is defined in

Figure3-11b, in which2a andl, denotewidth and length of the contact area, respectively

Confact width2a is calculatedrom

o i 1 17 i1 ] Tre Wi (3.6)
wherer denotes fiberadius This equationis derived with the consideration thatis much
smaller tharr.

Using Equation(3.6), Equation(3.5) is thenrewritten as

- O Wi o
0 G ‘ 1
o

(3.7)

Integrating both sides dEquation(3.4) with Equation(3.7) substitutedthe contact forces

thenexpressedtby

. cCO Wi & Toma .
"® 0'0P : ‘0P d Di 3.8

Q 3 Q = ] (3.8
The nominal ontact forcds then described as

‘® 1O Ofcd, cricoao 10

(3.9)
O o0 od (@)

3.2.1.3 Damping induced nodal forces

Thedamping force applied to each node can be expressed as
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® @b (310
wherec is the damping coefficient anglis the nodal velocity. The critical damping coefficient

of the rod elemer78] is

(3.12)

wherem s the nodal mass. A natimensional damping ratidis used as the input parametér. |

is definedas

w

- (312

The recommended damping ratio rang@ is 270 O 1

The initial fabric geometry could be quite different from the minimum potential energy state
fabric geometry. Adamping ratio near 1 is required to remove kinetic energy quickly and
prevent nodal vibrations at the start of the relaxation process. The damping ratio should
subsequently be reduced gradually as the stability condition imprblesstability conditions
controlled by nodal forces, nodal velocities, aothl potential energyall of which should
approach minimums during the simulatidrhe damping ratio iqutomaticallyadjustedin the
DFMA code throughout the relaxation proceBse adjustment procetriis as follows

1) Calculate E-norm of nodal velocities as

A) A 0 0 v (3.13
2) Find the maximuni.?-norm of nodal velocities, denoted & 8

3) If AA is larger than base velocity which is defined as@% decrease the

damping by 10%; otherwise, increase the damping by 10%.
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3.2.1.4 Bending induced force

A i

Figure3-12 Transversé&odalForce andNodalMomentRelations

Refer toFigure3-12. In order to incorporate the bending moment in the numerical simulation,
nodei is modeled as a torsional spring instead of a frictionlesQpirvature of thdiber at node

i can be calculated as

— 14

5 (314
Assume thatVi; is the moment applied to the two adjacent eleméfts. relation of the

momentM; and angleg is determined by the bending rigidity of the digital fibereThending

rigidity of a yarn is related to the moment of inertia of the digital fiber, which can be calculated

as

(3.15)

C:| C:

0 l_
wherer is the radius of digital fibemMNy is the umber of digital fibers per yarn, aid, is the
number of actual fibers per yarn. Typically; is much larger thamNy. An actual yarn often
consists of tens of thousands fibers. In numerical simulation, a yaypicslly split into less
than 100 digitafibers.

The M; -q relation carthenbe derived as
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0 O - 3.16
0 oD 5 (3.16)
Nodal forces at nodecan be deriveds
- 0 06~
v = (317)
a o

3.2.2 Explicit Algorithm

A centratdifference explicit numerical algorithni79] is utilized to calculate nodal
accelerations, nodal velocitieand nodal displacements in the numerical simulations It

described as

o (3.19)

wherei denotes the nodal numberthe step numbeandx the time stepk;, m, &, Vi, U; denote
the nodal force, the nodal mass, the nodal acceleration, the nddeityyeand the nodal
displacement, respectively. In the explicit simulation, the time Stepust be smédr than the
critical time st@ Q.

Frequencies of contact elements are always lowerttizeof digital elements. As such, the
critical time step for the digital element is used to calculate the critical time step for the
numerical process, which can be expressed as

o a a
Yo - —
l OJ”

(3.19)

wheresis the propagation speed along a digital elenard/ is thefiber density
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The magnitude of critical time stef., is related to the fi&r axial modulugk,. The greater
the fiber axial modulug,, the smaller the critical time stef., and he smaller the.,, the
slower the numerical simulatiom generalthe fiber axial modulus has an insignificant effect on
the equilibrated fabricinit cell micregeometry. Therefore, it is recommended that a modulus,
which is much smaller than the actual fiber modulsgjsed in the relaxation process. Fiber
modulus used in simulation ranges 1% of that of actual fiber.
3.2.3 PeriodicBoundary Conditons

A periodic boundary condition is employedthre DEA dynamic relaxation. The fabric unit
cell is a norcontinuum domain. During numerical relaxation, interior nodes within the unit cell
may move to the boundary and boundary nodes may move to therinkarrthemore the
boundary of the unit cell may change shape, as showigire 3-13a. The two pictures on the
left side represent the initial micgeometry of an orthogonal woven fabric unit cell and the two
pictures on theight side represent the micgeometry after relaxation. The top two pictures are
isometric views and the bottom two pictures are side viBashedectangles in the side views
represent the initial unit cell boundar$ide viewsshow that subsequent tcelaxation some
fibers move outside the left boundary. These views also show empty spaces inside the right side
of the boundary, which should be filled by fibers from neighboring cells. In order to calculate
nodal force in the vicinity of the boundary,da locations from the neighboring unit cells must
be known. As such, an external boundary zone must be added based upon the periodic principle,
as shown irFigure 3-13b. The top picture is the side view of the unit cell only #relbottom
picture is the side view of the unit cell with the periodic boundary zone. Two internal boundary

regions are defined in the top pictutg,on the left andR, on the right. Two external boundary

regions are added to the unit cell in the botfwature,L6 &Réd These are Li mages
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andR, respectively. Regiohé f i t s RandoegianRdg ifoint s L.rRegonLbegi on
belongs to the neighboring unit cell on the right side and re@ion bel ongs t o t he

unit cell on thdeft side.

Initial geometry Geometry after relaxation

=

Isometric view

Side view

(a) Geometry change under dynamic relaxation
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Warp
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External boundary zone
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External boundary

(b) Side view (c) Top view

Figure3-13 PeriodicBoundaryCondition

The top view of the mapping process is showRigure3-13c. The green region is the unit
cell and the brown region is the added periodic boundary. The boundary of the unit cell is
divided into eight blocks: A, B, C, D, E, F, @&1d H. During the relaxation process, the renewed
nodal locations inside the umeéll are calculated. Then a mapping process is adopted to
determine the renewed nodal locations in the surrounding periodic boundary zone, i.e., the nodal
positions in the brown area. The surroundin
blocks,3 B0 bl ocks, 3 CO0 Dbl ogaknsd, H306 [bdl obclkosc.k sFi baenrd
geometry in bl ocks,aMmdéd, HBE06,i sCa,demd,i cead, tFobd ,b | &boc
and H, respectively.

The mappingrocess is conducted ¢me x-y planeby following
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(3.20)

where x @ndy @enotenodal coordinates in external boundary zomeandy denotenodal
coordinates in internal boundary zorend L and W denote unit cell length and wild
respectively.The mapping length and mapping widttenoted byDW and L in Figure 3-13c,
respectivelyare defined aspproximatelythe distance between weft columns and the distance
between warp sections, respectively.
3.2.4 Contect Search

In DEA simulation, 8890% of computing time is used to search contacts between nodes. In
order to reduce computing time, it is critical to establish an effialkgorithm for contact search.

The search includes two procesdasthe first proces, the material domain is divided into
many cubes as shown Figure3-14aa The si ze of thea® icrubtlke pient
ranges from 1.2 to 1.5 timeke fiber diameter As such, it is only possible farach node to
contact nodes in the same cube and nodes in the adpgcembes as shown iRigure 3-14b. If
the distance between two nodges arh@nsideraddslaer t h
contact pairexpressed a®{, ). imo0i s c al | e dn ofidceoomidaredt ¢cfmilgl ed @ c oni
n o d Eagh contact would be searched twice,msrg) and (i, ), if the search for contacted
nodes were conducted in &Y cubes To avoid double couirtg, a forwad search algorithm is
applied For contacting nodein cubeA, t he pai rmeod efso atheastsitiechde
13c ubes maar ksiddcub@A as shown irFigure 3-14b. Therefore, the search is first
conducted in thd3c ub es ma Therg the sidrch continues inside cdbfor which a

forward search algorithm is also design@dsume that both nodeand nodg belong to cube\
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andj > i. The contact pairi(j) is accepted and the contact pair)is rejectedIn addition, the

contacting node and the contacteatle must belong to two different fibers
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Figure3-14 Contact Search

The contact search is a time consuming prodassrder tofurtherimprove code efficiency,
the search for contacts tigpically conducted every 5000 simulation stepdNodes in a contact

pair are not necessarily contact at the step thatettsearch is conducted, but they mightirbe
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contact in the next 5000 simulation stepfRefer toFigure3-14c. The green curve represents a
fiber. For nodel, all paired contactedodes are located inside the datircle with node as the
center The radius of the solid circlg @s equal to the cubic siz i.e.,R & a. A dashectircleis
locatedinside the solid circland he radius of thelashedcircle R is equal to the digital fiber
diameter Nodes insideghe dashectcircle arein contactwith nodei at the step that the search is
conductedTherefore, the area surrounded by dashectircle is defined as the contact zone of
nodei. Nodes between theéashectircle and the solid circle are niot contact bynodei at the
step the search is conducted, tuauld be in contactin the ensuing simulation stepAs such,
the area between tldashedcircle and the solid circle is defined as the potential contact zone
Each node has a contact zone and a potentighcionone In general 2 to 10 contacteehodes
arelocated inside the contact or potential contact zones for a specific amdbown irFigure
3-14d.

The second process of the search is conducted in every sanudgep This process checks
the distance from every node to any other node located within its contact and potential contact
zones If the distance is smaller than the fiber diameter, contact acthes contact force is
calculated as described $ection 3.2.1.2
3.2.5 ElementLength Adjustment

An initial tension is appliedn each yarnto deform the fabricYarn tensions gradually
decrease or even vanish during the relaxation. Simulation becomes less efficieeh ctap.
Therefore, a proper yarn tension must be maintained. During the simulation, the assumed
original element length within a yarn must be adjusted to maintain the assumed yarn tension,
which is thus named At ar get eedadjustmenhprotedunescano n o

be divided into the following subteps:
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1) Determine the average stress of each yarn. The avmagstresss calculated as

B o% 621
0
whereNc is the total number of elements within the yarn.
2) Yarn tension can thdre calculatedas
0 0o, (3.22)

whereAy is the yarn crossection area
3) If yarn tensionF, differs from the targeted yarn tensibp, the original element length will

be modified.The adjusted element strain is

. 2 O 3.23
80 (3.23

Theoriginal elemat length should be modified as
dee a p VY- (3.24)

The adjusted original elemeniength will be used inthe ensuing simulation step By
adjusting the original element length, the yarn tension approximates the target tension in the
entire relaxation process.

3.2.6 Numerical Procedure

The rumerical procedure of the dynamic relaxation is showirigure 3-15. Input data
includesyarn properties, unit cell dimension, weft pattern maand warp pattern matriceShe
unit cell topologyis determinedbased upon the input datBigital element meshs then
generatedy two processes: yamiscretization and fiber discretizatiohhe following step is to
define targeted yarn tensions, size of the periodic boundary zone, and simulation parameters,
such as time step, damping coefficient, and so Mummerical simulation then start&ach

simulaion step includefour actions 1) searclcontacts between fiberg8) calculate nodal forces
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3) calculate nodal accelerations, velociti@sddisplacements within the unit ceddnd 4) renew
nodaldisplacementsside the external boundary zone throagimapping process based upon a
periodic principle Numerical simulation continues until nodal forces vanish, i.e., potential

energy approaches a minimum state

Read input data

v

Create ittial unit cell topology

v

Generate digital element mesh

v

Define targeted yarn tension, boundary
conditions & smulation parameters

¥

Search contacts between fibers

'Jf Iiap node locations to the
Calculate nodal forces periodic boundary

\l’ A
Calculate nodal accelerations,
velooities, displacements

Potential energy reaches mim mum?

Firush

Figure3-15 Flowchart ofthe NumericalProcedure
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3.2.7 Multi-levelDynamic Relaxation

3D woven topology

-
A
e

64 fibers per yarn 16 fibers per yarn 4 fibers per yafn

Figure3-16 Multi-stepSimulation

Accuracy of the unit cell mickgeometry is related to the digital element mesh used in the
numerical simulation. The finer the sie the more accurate the resAltmulti-step, multilevel
digital element mesh relaxation procesased An example ofmulti-step,multi-level simulation
is shown inFigure 3-16. The first picture is the unit cell topology. & fiirst stepof relaxation is
performed with each yarn consisting of one digital fiber. The simulation result is shown in the
second picture. Subsequently, each yarn is split into two finer fibers. The ssisgnof

relaxation is then conducted and theuleis shown in the third picture. The process continues
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and each yarn is split into more and more digital fibers with the total fibeuaot@angedThe
derived micregeometry becomescreasinglyaccurate. In the final step of discretization, each
yarn consists of64 digital fibers. A high quality micrgeometry is obtained. Significant
computing time is saved by using m#éiel relaxation compared to singkvel relaxation with

a fine element mesh.

3.3 Yarn-levelMicro-geometry

DEA simulations generatdigital fiberlevel micrcgeometries, which can be used for fabric
mechanics analysis. However, most textile composite FEM analyses are based ugeweyarn
micro-geometry. For this reason,i#t necessary to transfer fibkvel geometry into yartevd
geometry

The first step to derive a yatavel micregeometry is to determine the yarn axis and the yarn
crosssection planes with coordinate vectors. The yarn axis is determined by the geometric center
of all fiber axes of the yarn. Yarn cressctionplanes are thedefinedand these planeare
perpendicular to the yarn axis. Using an approach similar to one descriBection3.1.2.1 the
coordinate system of each cresction can be defined. The netdsis to generate a yarn cross
section profile with a smooth perimeter.

Oneexample of fiber distribution on a yarn cresection is shown ifkigure3-17. Small blue
circles represent fibers. The yarn crssstion profile perimeter is determined through two sub
steps. During the first subt e p , a fAroughness rollerdo froll s
section, as shown iRigure 3-17a. The locus of the center of theughness roller is the closed
green curve. During the second sibp, the roughness roller rolls on the inner side of the green
curve, as shown ikigure3-17b. The locus of the center of the roughness roller centde red
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curve, which is defined as the yarn crssstion profile perimetein general the radius of the

roller should be5 to 20 times larger than the fiber radius. The size of the roller affects the

smoothness of the generated profile perimeter. As u ¢ h, It 1 s namé&he

larger the roughness roller, the smoother the yarn-sexsson profile perimeter.

v
} - Roughness roller
{ ) 4=k -
vl d)
\\f“-‘xi' ‘i Yooy, oy ""‘i;' ~
\\__:_\,(’ 4:7{- 23?54,\% // Yarn cross-section

(&) Substep 1

(b) Substep 2

Figure3-17 Generater arnCrosssectionProfile Perimeter

The vy ar-sett®n peofilois the outer envelope of its fibdrs.order to creatgarn
surface corresponding points on thgeiimeters of two neighboringgarn crosssectiors are
connected Refer toFigure 3-18. u;-v; and ui+1-vi+1 denote two neighboring yarn cressction
planes. @and Q. are centers of the two neighboring crgsstions, respectivel; ; andP; j+1
are twoadjacentpoints on plane-vi, andPi; 1, j+1 andPi+1,j are twoadjacentpoints on plane

Ui+1-Vi+1. By connecting these pointa four-nodeelementP; j-P; j+ 1-Pi+1,j+1-Pi+1,j Or two three

72

as



node elements,P; j-P; j+1- Pi+1,; and P; j+1-Pi+1, j+1-Pi+1,j can be createdn most cases, two
neighboring yarn crossections are ngbarallelto each otherso nodes of a founode element

are not on the same planvehichwill cause problems in creation tife solid yarn modelHence,

threenode element®of yarn surfaceare recommendedn addition, because the fiber area

fraction withinayarncrossect i on coul d vary al onsgctianlarea y ar n¢

mayvary slightly.

Ui

Figure3-18 Yarn SurfaceDescription

In the fiberlevel micio-geometry generated by DEA simulatiomo interferenceoccurs
between fibersElements ofyarn surfaceare numericallycreated based ditber arrangements
within that yarn only.Intersection could occur betwednese elements from two interlacing
yarns.In order to eliminate interferenedetweertheseyarns thefiber-to-fiber contact element
length is increased by a factor, defined as the gap factor, if the two fibers in contact belong to

different yarns. As a consequence, a gap is produced betweerighbaring yarns in the fiber
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level micregeometryas shown irFigure3-19a. The suggested gap factor ranges from 0.2 to 0.5.

As such, interferences between yarnsedirainated, as shown iRigure3-19b.

\/

(a) Fiberlevelview (b) Yarn-levelview

Figure3-19 GapBetweenTwo ContactingY arns

Figure 3-20 shows a yartevel micrageomety of a 3D orthogonal woven fabrianit cell.
The yarnlevel geometry created by DFM@an beread by commercial FEM codesuch as

ANSYS, SolidWorks and MSC Man@3].

Figure3-20 Yarn-level Geometry ofFabricUnit Cell

3.4 Numerical Results \alidation

Numerical results are compared with experimental reBultsgard to fabric thicknessfiber

volume fractionand fabricmicro-geomety.
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Thickness is measured using digitdipers or gaugse on dry fabrics Several locations are
normaly choserand an average fabric thickness is reached.
Fiber volume fraction is defined as
w or

0 -—
W LwO

(3.25)

where Vg definesthe totalvolume of fibes and V¢ the volume of composite Total volume of
fibers is defined by thdivision of thetotal weight of fibes Wk to fiber densityr. Theshape of a
compositeunit cell is assumed aa culwid and thevolume isdefinedby the multiplicatiors of
lengthL, width W, and heighH of the unit cell.

In oder toinvestigate the fabric micrstructurethe surfacef thedry fabric or the composite
is firstobserved using a microscope. Then, ¢cbepositespecimernis sliced and interior micro
structuresare observed.
3.4.1 Two Samples ofFabrics

Two samples are seledtéor numerical and experimental results comparis@I® woven
angle interlock fabric and-B woven orthogonal fabric with twisted yarrBoth samples are
provided byMaterials Research & Design, INdR&D) [22].

Thefirst sampleis wovenfrom Nicalon CG yara Thecorrespondinggam denier number is
1800g/9000m Thefiber density is 2550 kg/f The second sample is woven frongkass yarns.
Wefts and warp stuffers are made of 2501&s yarns and warp weavers arade of1250 S
glass yarns. The yarn denier numbarbothglass yansare 17874/9000mand3575g/9000m
respectively The fiber density is 2460 kgi>. However, it was found thahe actual yarn denier
number was greater than that defined in the datasheet. The reason for this discrepancy probably
relates to the sizingrpo c e s s . The yarnés denier number affe
section area, which, in turn, affects fabric thickness in numerical simulation. Therefore, the first
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step of the experimental research was to measure the actual denier nundanusnalytical
balance. The measured yarn denier nusiterNicalon CG yarn250 Sglass yarn, and 1250 S
glass yarn ard988,18926, and 369¢/9000mrespectively The measured denier numbere
used to calculate the yarn cresesctionarea in numeridaimulation.

Figure3-21a shows the weaving pattern of éd3angleinterlocking fabric The solid ellipses
and broken lines represent wefts and weavers, respectively. The unit cell has 68 weft Zarns
columns and 4 layergind9 weaver yarnsabric micro-geometryafter simulations displayed
in Figure 3-21b, where each weft yarn and warp yarn respectively consists of 24 and 12 digital

fibers. The blackdashedines on the fabric surface mark the wetl domain.

(a) Weaving pattern

(b) Detailed geometry

Figure3-21 Sample 13-D WovenAnglelnterlockFabric
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Figure 3-22a depicts the weaving pattern of @3woven orthognal fabric. Solid ellipses,
straight lines, and broken lines describe the wefts, warp studfeisvarp weavers, respectively.
The pcture on the left depicts the weaving pattern at wegtionsl and 2, andhe picture on
the right depicts the weavirgattern at warp sections 3 andWarp stuffers and warp stuffers
are in different sectiondVarp stuffers are in sections 2 and 4, and warp weavers are in warp
sections 1 and 3. Each unit cell contains 14 wefts (2 columns and 7 layers), 12 warp anhdfers,

6 warp weavers. In DEA simulation, a twist yar® represented byl9 digital fibers
Corresponding fabric mickgeometry is shown iigure3-22b. Black dashedines on the fabric

surface markthe unit cell domain.

Warp weaver

_—7
Warp stuffer _{ « - -
- - L -
-1T- 1=
- I - - -
Warp sections 1 and 2 Warp sections 3 and 4

(a) Weaving pattern
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(b) Detailed geometry

Figure3-22 Sample 23-D WovenOrthognalFabricwith TwistedY arns

3.4.2 Comparison with ExperimentalResults

Microscopic pctures of the first sample are provided by MR&D and the experiments of the
second sample are conducted at Kansas State University Composites Lab.

Comparisonof fabric thicknesss are listed inTable 3-1. For thefirst sample thickness
obtained fromthe numerical simulation is nearly 10% smaller th#ricknessfrom the
experimental measuremeithis isbecauseheactualfabric micregeometry is affected hypany
effects, such athe weaving speed, beap speedand yarn tensionHence, he micregeometry
of the actual fabric may not be the one that reaches the minimum potential en¢egF@tdhe
secondsample fabric thicknessderived from numerical simulation is only slightly (1.71%)
thinner than that of thactual fabric.This is becausenist rate plays a more important role than
weaving kinetics to determine fabric thickne¥bus the crosssection deformation of twisted

yarn ismore restigtive than that of plain yarn.
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Table3-1 Comparisorof FabricThicknesgss

Experimental results

Numerical results

Discrepancy

(m) (m)
Samplel 0.00310 0.00274 -11.61%
Sample 2 0.00879 0.00%4 -1.71%

Comparisonf fiber volume fractios are listed inTable 3-2. It shows that the simulation
result is 5~10%argerthan the experimental measurement. This mlgecausehickness from
the numerical simulationis smaller thanthat of the experimentameasurementwhile other

parametes are correspondingly equdRefer to the calculation of fiber volume fraction in

Equation(3.25).
Table3-2 Comparisorof Fiber VolumeFractiors
Experimental results Numerical results Discrepanc
(%) (%) baney
Samplel 39.12 42.15 1.73%
Sample 2 48.04 51.9 8.03%

Micro-structures ofnumerical resultsare also compared withmicroscopic imagesas

displayed inFigure3-23 andFigure 3-24.
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(a) Fabric surface pattern comparison

(b) Warp section comparison (c) Weft section comparison

Figure3-23 FabricMicro-structureComparison ofSample 1
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