ABSTRACT

NUNNO-GORBACHEV, ALEXANDRA SOPHIA Material Evaluation and StructuRroperty
Relationships for Direeto-Textile 3D Printing(Under the directioof Dr. Behnam

Pourdeyhim).

Additive manufacturinga layerwise process for tiegeation of threelimensional objectss

widely adopted across many fields fapid prototypingand manufacturing purposesn
extensively used method of additive manufacturing is 3D printing, wiastthe potentidab
significantly benefit the textile apparel supply ch#émough increased functional capabilities,
improvements in manufacturing efficiency, and decreased material. Wadiet extrusion, a

form of 3D printingsuitable for the development of apparel products, utilizes a heated screw
extrucer which controls polymer flow to build a layerwise structiieevaluatehe breadth of
material capabilities fathis process, thermoplastic block copolymers were chasdnese
polymers exhibit avide range of material propertiéehrough material evaluation it was
determined that mechanical interlocking plays a large role in adhesion of 3D printed parts to
fabric. Similarly, tensile properties vary greatly among commercially available polyheisg
structureproperty investigatiorthe ability to nodulate the stresstrain curve in both the X and
Y directions was realized using 3D print geomefnptotype analysisonsisted of quantitative
pressure measurements and a qualitative wear test saltlegying forthe efficacy of Directo-
Textile 3D printingto bemeasured using a mixed methods appro@bbse exemplars show the
capability ofDirect-to-Textile 3D printing for design possibilitiegcluding highly functional,

mass customized, and sustainable apparel products
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Chapter 1: Introduction

3D printing is arautomated process where thdimensional objects are created in multiple

layers from 3D models, allowinfgr the construction of geometrically complex structuogs

rapid prototyping and manufacturifij. A 3D computer aided design (CAD) model is initially
developed using software or other methods. 3D scanning technology often used in the apparel
industry to directly obtain body measurement data can be used to automatically generate a 3D
model. The CAD mdel is exported as a Standard Triangle Language (STL) file, which generates
triangular topography on the surface of the object. The STL file is then converted to GCODE
format through a slicing software, responsible for the division of the model intoranege

structurg[2]. Lastly, the GCODE file is read into the printeigurel).

Creation of CAD Export to STL . Export to GCODE )
model " Slicing Print model

Figurel: 3D print model generation process

1.1  Application Scope of 3D Printing

Various industries utilize 3D printing capabilities for prototyping and manufacturing in the

technology, healthcare, and government sectors.

Researchers from the Israel Institute of Technology have developed 3D printed prosthetic limbs

to impart ease of manufacturability and customizability at reduced[8sts

In the field of tissue engineering, 3D printed materials provide customization advantages highly

engineered to patient needs. For instance, a 2017 partnership between 3D SysterBOdNTE S



resulted in the first FDAapproved titanium implant to treat sacroiliac (Sl) jagsfunction
(Figure2). The device developed using the Arcam Electron Beam Melting machine for metals

promotes bone regrowth between the sacrum and ilium bones of the[felvis

3D printing provides a method for manufacture of pharmaceuticals exhibiting controlled drug
delivery, dose personalization, and mulitug combination§s] [6]. The first pharmaceutical 3D
printer developed in 2020 by biotechnology company FabRx uses an exstydeprint

method to manufacture personalized medic{fégure2) [7].

In construction, additive manufacturing has been used to create structures using concrete thus
eliminating the need for concrete forms, increasing design capabilities, allowing for decreased
waste through topological optimization, and shortening construtithe frames. In 2017 the

U.S. Marine Corps used this manufacturing process to create barracks, decreasing construction

time by 40% compared to traditional meth¢glls

In the aerospace sector, 3D printing has been applied for both research and industrial use.
Developed by Boeing in 2019, the AMOS 17 is the first satellite containing 3D printed antenna,
effectively reducing the weight of the part and the time to manuagtigure?2). In 2018
Airbusinstalled the first titanium 3fprinted part for a serial production aircraft, which proved
successful, further developing the Airbus A350 XWB, currently featuring over 1,000 3D printed
parts. A recent partnership between The National Aeronautics and Ajracgstration and

Made in Space aims to develop 3D printed spacecraft assembled in orbit, allowing for the launch

of smaller, lighter satellites with the capability to repair or reconfigure over{@ime



Figure2: Examples of 3D printingn industry a.) First 3d printed titanium implant for the sacroiliac j¢#ijt b.)
M3DIMAKER pharmaceutical 3D printd#]; c.) 3D Printed Concrete Barraf$]; d.) First 3D
printed satellite antenna f&oeing[9]



Chapter 2: Literature Review

2.1  Methods of 3D Printing

3D printing is widely adopted across many fields of manufacturing and design; however, the
technology is not commonly used in the apparel industry. This literature review describes how
3D printing is currently applied to apparel industry processes, stescandontemporary
research. Methods of 3D printipgesentlyused to create apparel products include
stereolithography, polymer printing, laser sintering, fused layer modeling, polymer binder

printing, and nonwoven methods.

2.1.1Stereolithography

StereolithographySLA) involves the solidification of a liquid photosensitive polymer onto a
build platform sequentially lowered by a single layer height and selectively cured using a UV
laser(Figure3) [10]. Invented in 1984 by the additive manufacturing company 3D Sys&ims,

is the most detailed method of 3D printjirdiowing for the creation of complex models with
internal hollow spacgl1] [1]. Microstereolithography allows for print resolutions in the range of
0.1-5 d12). However,SLA is limited to photosensitive materialdich can betoxic to

humanstherefore limitingapplications for apparel produdtd [13].
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Figure3: Diagram of an SLA printel4]

Stereolithography has been used to create apparel products in the luxury designer range;
however the technology has ngetbeenimplemented in mass manufacturing processes. Haute
couturedesigner Iris Van HerpeattiizedMat er i al i seds Mammoth a&stereol
2013 collectiorusing asemitransparent, flexible polymer which was then coated in silicone

[15]. The aesign firm Studio XO used the same machingeweelopthe Parametric Sculpture

Dress, built for Lady Gaga to launch ansrowwith pop culture artisieff Koons(Figure4)

[16].



b.)

Figure4: Examples of stereolithographic 3D printing in apparel. a.) Dress consthyctad Van Herpen using the
Materialise Mammoth stereolithographic prinfgs];b. ) Lady Gagads P arcraatedbyr i c
design firm Studio X(Q16].

2.1.2Polymer Printing

Pol ymer printingjeal poiknowgoasrimPlol yJet
application and solidification of a monomer material using print heawigininguV lamps
(Figureb) [17]. First developed in 2000 by Objet Geometries (now Stratgsylg)ner printing
presentseveral advantages such as a fgghlity surface finish and the ability create parts

from multiple materials within a single laygr7] [18]. Photosensitive resins suitable for polymer
printing must exhibit sufficiently low viscosity at the temperature of the print ISxduhidt et.

al. recommends the use of resins with viscosities from 10 toPl&at temperatures from 70 to

90 [19].

Scul j

pri
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Figureb: Diagram of a polymer print¢i4]

Iris Van Herpen utilized this technolo@yr a 2013 collectiomsing the Objet500 Connex 3D
printer to create a cagndskirt-piece constructed from both rigid and flexible materials,

imparting a unique drape and fit to the pi¢€mgure6) [20] [17].

Figure6:Cape constructed using polymer printipR@ for 1lris

2.1.3Selectivel aser Sintering

Selective |l aser sintering (SmMm8thg ocoali s ok vewnt &

layerwise application of polymer particles using a roller and subsequent selective sintering by



8
means of daser(Figure7) [1] [21]. Advantages of SLS printing include material breadth and

design flexibility. Accuracy of the SLS procescatrolled byparticle diameter and laser beam

width [1] [17].

Apprd imhl e
Sitered bject— l

4 Powd eed materia

Bu i llatl fmo

Figure7: Diagram of a laser sintering machifie]

British designer Richard Hoptroff used the EOS PreciousM 080 SLS machine to develop an

atomic pocket watch for the United States Department of Defense. Created by laser sintering
gold dust, i1t is the worl doés faccusatewadcheveni ¢ t i m
produced?22]. Laser sintering waalsoused to create the first commercially available 3D

printed garmentthe Cotinuum N12 bikini,constructed usingylon 12 (Figure8) [23].



Figure8: Examples of 8lective Laser Sintering. alhe Hoptroff No. 10 Atomic Pocket, the mastcurate
timepieceever producedb.) Design and link structuief the first commercially available 3printedgarmentthe
Continuum N12 bikini released in 2012

2.1.4Fused Layer Modeling

Fused Layer Modeling (FLM), alé&oi knwolwnesa st liid u
layerwise extrusion of polymer in a filament fo(Figure9) [1] [18]. FLM presents several

advantages such as relatively high print speeds, generally little waste production, and the

possibility forprinting of colored partgl7] [18]. Extrusion width is determined by nozzle size,
throughput, and polymer properties. Parts printed with FLM exhibit anisotropic behavior due to

the layerwise structur@ndconsequentlylelamination is commoji8] [17].
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Figure9: Diagram of a Fused Layer Modeling 3D prinfe4]

FLM has been used to create soft, texike fabrics. The design firm Fabricate, a subsidiary of
3D Systems, uses a Cubify desktop 3D printer to create faDrjarint composites to increase
aesthetic appeal of a garm¢2B]. Israelidesigner Danit PelegppliedFLM printing toa

graduate research projechich resulted irthe first line of commercigt available3D printed
garmentgFigurel0) [24]. Researchers at MIT were able to create a guasen textile using a
precise extrusion and retraction method, allowing for textiles with varying properties along their

length(Figurell). [25]
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Figurel0: Danit Pelegbs graduate thesis project, a

Figurell: Defextiles MIT research proje8D print structureesemblinga quasiwoven fabric

2.1.5Powder binder printing

Powder binder printinga | s o0k n o wdimems®naliptintinpe ¢ nvol ves t he sel
application of a binder to layers of powd2t]. Powder binder printing is typically used for
demonstration purposes only due to low mechanical strength of finishef8hri&merican

outdoor retaileTimberland implemented the 3D Systems Spectrum Z510 folupto

developmentresulting in a prototyping savings of over $1,000 per. (26§
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2.1.6Nonwoven processes

Nonwoven methods are used to create garments in three dimensions directly from polymer or
fibers.Nonwoven manufacturer TamiCare developed CosyFlex, a proprietary technology in
which fibers are electrostatically flocked onto a patterned base[pfadté\ 2013 startup
ElectroLoom also utilized electrospinning technology to spray fibers onto arptage shape of

the intended garmef27]. These methods may allow for the integration of sensors into materials

rather than through direct attachm§g8g].



Tablel: Comparison of 3D printing methods

Technique

Stereolithography | Polymer Printing | SelectiveLaser

Fused Layer

13

Powder Binder

(SLA) Sintering (SLS) Modeling (FLM) | Printing
Year Invented 1984 2000 1984 1989 1993
Method Curing of liquid Monomer applied | Fusing of powder | Application of Bonding of
photosensitive by print heads anc particles using a | extruded plasticd | granules using
polymerinavat | cured by UV light | lasef liquid binder
Material Photosensitive Photosensitive Any thermoplastic| Any thermoplastic’ Any material
Requirements materialg materials with low| material material available in
viscosity at powder fornt
temperature of
print head
Common Acrylates, epoxies | Acrylates PA, PS, TPE, ABS, PLA, PS PLA, ceramics
Polymers Used PAEK (supports)
Supports Yes Yes No* Yes No*
Needed
Typical Surface | 5001 0 0 € m 25¢em 5001 00 e m 1001 50¢em 1001 50¢em
Resolution (microstereolithog
raphy 0.15 € m)
Surface Finish | Smooth SmootH Granula? Layered Can be granular o
seamlines visible | smooth
Color Options Limited* Many* One color One color at a Full color
time unlimited

Note This table is a compilation of references. The majority of the information came from

(Ligon et. al., 2017) unless otherwise noted in a footnote.

! (Gebhardt, Kessler, & Thurn, 2019)
2(Greguril,

3 (Schmit et. al., 2008)

4 (Vanderploeg, Lee, & Mamp, 2017

2019)
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2.2 3D printed structures and considerations

In a review paper, Grain introduces six categories of 3D printed structures: linked, meso, hinged,
flexible, generative, and hybr{gigurel2). Linked structures are composed of interlinked

chains. The first 3D printed garment, created by Jiri Evenhuis and Janne Kyttanen in 2000, was
constructed in this wayesostructures exhibit two main properties, synclastic and auxetic.
Synclastic behavior allows materials to curve around a sphere with no folds or,cndesess

auxetic behavior refers to materials which expand when stretthede properties enald®

printed garments to fit the body and allow for movement. Hinged designs aresznop

foldable moduleso facilitate bendingwhereasflexible designs rely on material propertasthe
substrateGenerative designs are made with parametric modalingrhic organic shapes.

Lastly, hybriddesigns represent prifabric composites which have been studied to augment the

aestheti@appeal or functionality of a garmef23]
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d.)

Figure12: 3D printed structures; a.) Linkg¢®9]; b.) Mesostructurg30]; c.) Flexible[31]; d.) Hinged[32]

Martens & Erhmann studied 3D printing for customization as an alternative torirappliqeés
and found thatwhen printing using the FLM methosifficientadhesion betweethetextile and
thesubstrate igritical [33]. Sabatina et al. explored the effect of 3D printing with the FLM
method on the tensile strength of fabpiint composites and found that PLA increased the
strength of the textile on which it was printed in both straight line and nef3djoSimilarly,
another papdny Kroger et al.which focused on printing onto fabric with soft PLA and TPE

filaments expressed the importance of textile surface energy to the adhesion of the printed part.
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Methods which increased the surface energy, such as desizing, finishing, or plasma treatment
resulted in increased adhesion between printed part and fabric. Mechanical adhesion can also

occur as a result of formocking connections such as in hairy yai8s).

2.3  The Product Development process

This section explores the effects of implementation of 3D printing production on the product
development process for firms in the apparel industry. The objectiegpafelproduct

development ardetailed, including accepted practices for achietiege objectives. These

current processes are compared to hypothetical scenarios in which 3D printing plays a role in the

design process and are analyzed in terms of capapildgess, anthaterial considerations

2.3.1Elements of product development

The current apparel product development process focuses on designing and planning for products
which meet the strategic goals of a firm and reflect consumer needs. This is a creative and
technical process which involves the production, distribution, aarthplg of good$36]. At the

center of this design process is the consumer, whobmay individual or a group of individuals

whom the firm expects to purchase the product. The product is then designed to meet the needs

of the end user

The resulting design criteria reflects the functional, expressive, or aesthetic aspects of the

gar ment . Functi onal criteria relate to the pr
of movement. Expressive critemiaferto communicative and symbolic aspects of dress which

share messages about the weakesthetic criteria describe the visual elements of the product

that positively resonate with consumeddgsigners utilize concepts such as line, form, color,
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texture, contrast, and proportion to achieve these aesthetic dBtgr[88]. Aesthetic design is a
critical componento apparel product developmeas consumertypically judge the

functionality and usefulness of a product based on visual aspects of the[@8kign

2.3.2Process stages

The apparel product design process acts as a critical framework which allows those involved in
development to operate in an efficient and productive manner. Many process models exist
currently which parallel engineering design process thig@j{38]. Labat & Sokolowski

analyzed design process theory and determined commonalities which show three major stages:
problem definition and researatreative exploration, and implementati@rable2). The

problem definition and research stage is characterized by understanding objectives and
requirements for the product. This includes initial topic explorat@lowed by a set list of
objectives.The majority of development time is allocated to this phase to fully characterize the

situational landscapeefore exploring possible solutiarjg0] [41]

Creative exploratiomvolves the generation of preliminary ideas and design refinement. The
design method is a creative problkswiving process which involves the optimization of several
constraints such as consumer needs, production capabilities, afdll¢d=tototype
developmentan iterative process involving systematic design adjustpastsoccurs in this
stagg[17]. Throughout this processesign software is regularly uséat project management
andpattern making. However, a recent push toward 3D design has allowed companies to
improve the efficiency of their prototyping process by virtually fitting garments onto avatars
within the softwareThe implementatiophasanvolves refinement of the final prototype

including calculaton offinal cost estimates and sales potential as well as manufacturing
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information such as production methods and ti&]. Technicapackage documents are also

specified defining each product through a set of visual and written instruciRsis



Table2: Textile product design process staffeq

1. Problem definition and
research

2. Creative exploration

3. Implementation

A. Initial problem definition
B. Research
a. User needs
I. Functional
ii. Expressive
iii. Aesthetic
iv. Economic
b. Market

i. Assess current
products

ii. Competitive
analysis

Economic
conditions

C. Working problem
definition

a. Defined by consumer
and design team

b. Designcriteria
established

A. Preliminary ideas
a. Expansive
b. Explore all
possibilities
. Design refinement
a. User constraints
i. Functional
ii. Economic
b. Production constraint
i. Cost to produce
ii. Time to produce

Method of
production

iil.
iv. Sales potential
Prototypedevelopment

a. Combine design
criteria and
constraints

b. Develop workable
ideas

Prototype evaluation

a. Preliminary
evaluation by design
team

b. Final evaluation by
client or customer

A. Production refinement
i. Cost to produce
ii. Time to produce
lii. Method ofproduction
iv. Sales potential
B. Immediate production

I. Changes in product or
production

ii. Can be accomplished
quickly or immediately

C. Production
refinement/improvement

D. Further development whic
may be delayed

19
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2.3.33D printing in apparel product development

The implementation of 3D printing in an apparel supply cigprojected tde seen through
changes in capability, shifts in material considerations, and adjustments in the design process and

role of the designer.

Capability changes

Largely, the Bapabilities of product developers will increase. The use of 3D modeling and the
nature of 3D printing will result in greater design freedom compared to traditional cut and sew
methods, increasing the aesthetic quality of garments and allowing for additimafacturing

of functional product§35]. Similarly, the efficiency and low cost of design changes lends to
possibilities for customization and personalization of prodd@ps Ease and efficiency of

design adjustments will also improve productivity of the prototyping process overall. Lastly, as
the 3D printer will only print the materials needed for the garment, a reduction in material waste

in the prototyping process will oec[35] [17].

Material considerations

A key advantage of 3[printedfabricaion of garments is the materials are largely low cost and
easily availablg¢17]. However, material options are limited based on the 3D printing method and
available polymers. For instance, it may be impossible to use SLS to print a certain elastomer if
it is not available in powder form. Similarly, FLMannot be used with a polymer which is not

thermoplastic.

Moreover, the same polymer can exhibit entirely different properties as a result of the production

process. For instance, nylon extruded as a fiber will exhibit significantly higher tensile strength
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than a 3D printed fiber from the same polymer due to the molecular chain orientation from
drawing. Additionally, the printing of certain polymers which cannot be extruded as fibers
allows for increased material options and therefore increased functipadlildées this may
includematerials with anisotropic properties and the decoration of a fabric surface without need

for adhesive$35].

Design process

As a result obperationabnd capability changes, the role of the designer in the product

development process will likely shift. For instance, it will be necessary for designers to

understand 3D computer aided design (CAD) software, likely coupled with 3D body scanning
technology[42]. This process would also reasonably accelerate word of mouth feedback,
increasing the relevance @l7][3%] hastlydntelecttpin er 6 s r o
property infringement may be more likely as firms may simply duplicate their competitors 3D

CAD files[42].

2.4  Preproduction

This section analyzes the effects of implementation of the 3D printing production method on
preproduction processeaacluding sourcing practices, ordering processes, and costing methods

for firms in the apparel industry. These current processes are compared to hypothetical scenarios
in which 3D printing plays a role in the preproduction process and is analyzed irotehas

sourcing complexity, overall cost, and manufacturing location flexibility.
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2.4.1Sourcing

Sourcing describes the business activities involved in acquiring parts or full privdocts

outside of the organization. This process is characterized by the optimization of many
interrelated variables including product, price, volume, market dynamics, business relationships,
and longterm growth(Table3) [43]. Proper sourcing helps businesses to reduce both material
and operating costs, improve quality, increase product availability, and respond quickly to

changing marketgi4] [45].

The companyods philosophy is the foundation on
sourcing philosophy may include values which restrict sourcing practices, supheésrance

for domestic, fair trade, or ecological manufacturing. Similarly, all firms seek to minimize costs

so sourcing decisions must be made to maximize quality for the lowest material, inventory, and

labor costs possiblé6]. Quality is a key consideration for massinufactured goods, so

sourcing decisions must reflect processes which result in produsiiffiofentquality for the

firm [47].

A key sourcing decision for any firm is whether the product will be manufaciitieieh its own

supply chain or purchased from an outside vendor. If the firm choosesiafacture the

product within its own supply chain, it is important to source materials suitable to the purpose of

the product. These materials should be available in the right conditions, the right qtiédy,

right time, and at the right presoureing all deter

philosophy [43]

The proposegroductsupply chairis a keyconsideationin sourcing decisionsncluding

identification ofhow, when, and where materials will be distribygecurement oéquipment
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required to produce the produahdacquisitionof skilled workers to operate the equipment. It is
important to ensure an uninterrupted flow of materials and services sotisatmers will
experience reliable inventan trustingrelationship between the vendor and buyerigial to
ensure compliance with the firm's quality and timing requirements. Reliable altsupalyg

sources arasedto ensure an uninterrupted flow in caseipéxpected issues.

Political and geographical criteria in the country must also be consjdecadlingtrade laws

and other regulations which may affect the cost or timing of producewographical location

affecs the shipping distance as well as the proximity to any p@ilspads, or other access

points[47]. The infrastructure of theountry must be able to support productiareas which are

prone to natural disasters are more unstable and may result in a loss of product or manufacturing
efficiency. Similarly,political instability can lead to unintentional disruption in the flow of

products



Table3 Sourcing considerations
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Company philosophy,

Product design and
quality

Supply chain and
manufacturing

Political and
geographical criteria

Companyo6s
philosophy and
mission

Whether the firm will
make or buy the
product?

How, when, and
where will materials
be distributed

Trade and other
governmental rules
and regulations

Minimize material,
inventory, and labor
costs as much as
possiblé

Source materials
suitable to the
purposé

Equipment and skills
requirements

Geographic location,
shipping distancegand
expectedurnaround
time

Quality How, when and Uninterrupted flow of| Infrastructure of the

assurance/contro where materials will | materialsand country to support

standards be purchased services production
Fabric/materials Trusting vendor Political and

quality and
availability

relationship

economic conditions
of the country

Labor requirements,
costs, and
productivity

Natural disasters

Reliable alternate
source of supply

Note: This table is a compilation of references. The majority of the information came from
(Burns, Mullet, &Bryant, 2011) unless otherwise noted in a footnote

! (Kathirvel, 2010)

2 (Ha-Brookshire, 2017)
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2.4.20rdering

After the sourcing procesgcurs, a purchase order is then developed for all necesaeyials

which includes the product identification, descriptions, quantity, price, and detisieiy 3].
Producing merchandise and delivaryresponse to individuardes would be farttoo resource
intensive. Insteadnanufacturing firms choose to produneadvance bretail orders, allowing
retailers to receive ordersak selling the.However, thigracticerequires manufacturets
anticipate future needkeading tohigh uncertainty about the upcoming selling season.
Manufacturers often produce in excess for fear of stockouts, resulting in large amounts of waste

at the end of the selling season.

It is critical thatall component$unction in combinatiorior the final productThis mayinclude
ensuing all pieces assembf@operly, are the correct size, match in color, anel available in
the correct quantitie€olor matching utilizes lab dips, strike offs, and other technitpueasure
trim, findings, and linings match the sample fabric. This process is especially difficult for
products with many componengsavailability may be limitedn thedesiredcolor

specifications[47]

2.4.3Costing

It is important to understand the product costs as early as poasi@eestimated average of
80% of productiortosts aresolidified during the first two stages of the new product
development proce$48]. Activity-BasedCosting (ABC) modelsssign overhead and indirect
costs tgoroducts thus providingvery precise product manufacturing cost estimates. Similarly,

FeatureBasedCosting(FBC), developed with theseof CAD/CAM models, correlatethe
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features of a product to its total cdSBC is comparatively simpler thaABC modelng and

helpsto illustratehow the features of productimpactits value.[49]

In the preproduction costing process, simple cost estimates include material, latineand
costs. Material cossncompasthe price of fabric including any interfacing, pocketingliming

as well as trims and findingsuch as elastic, zippers, and buttons. Labor costs are set using
process flow charfgheseestimate the amount of time it will take a person to perform each step
of the production proceswcluding cutting, fusing, sewing, and finishing. Additional costs
involve packing, handling, g tags, freight charges, and duty chafg&$. Lowson explored

the differences between nearshore and offshore manufagtooimgudingthatmany firms do

not account for additional costs such as airfreight, deilaf§exibility costs, and administrative

guality costs when using leaost offshore manufacturinfhO]

2.4.43D printing in the preproduction stage

The implementation of 3D printing will affect the preproduction process significantly by

simplifying the sourcing process apcbmotingnearshorig. Currently, a large number of

resources are used to accurately source products. For complex products, all components must be
able to work together properly and visually match. Often, it is not pogseibteurce these

components in the correct color, size, and mategallting in diminished quality giroduct

functionality anddesign.

For instance, anstruction of a brassiere includes many components of different materials and
functions. The fabric requiremerfts this product includsupporing the bodyof the wearer and
providing comfort to the weare@ther componenisuch as underwirénterfacing, lining, cups,

straps, closures, and trims must match visualigcontribute to the functionality of the garment.
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As a resultjmprovements ithe design omassmanufacturedbras are complex and mutti

faceted

3D printing presents an opportunity to manufacture complex geomgtyut the need to
sourceentirelynew components. With a 3D printéabric composite desigspecifications can
bedirectly printed onto theurface of théabric, thusreducing the need for separately sourced
components. As a result, design innovation@acurmorequickly, and consumers can receive

products which better meet their needs wadts.

Similarly, the 3D printing process may allow for a shift to local manufacturing atiditional
costs. This is because 3D printing results in an extremely reduced assembly presigss.
elements can be printed into the garment, resulting in a reduction of material hagelimgy,
and other labor costs. A shift to domestic manufacturing will result in reduced |leaahtime
therefore a more flexible supply chdbi]. Manufacturers will not need amticipate demand
months ahead of the selling season, therefore resulting in less excess westect astly, local
manufacturing facilities will be easier to reach, and firms will have great#rol over
intellectual property. The implementatiohadditive manufacturing is projectedreduce

expenseselated to materiadcquisition sourcing process and labor requirements.

2.5  Manufacturing

This section explores the effects of implementation of 3D printing production on the
manufacturing process for firms in the apparel industry. The objectives of manufacturing are
explained as well as the standard process to achieve these objectives. These current processes are

compared to hypothetical scenarios in which 3D printing plays a role in the manufacturing
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process and is analyzed in terms of the global supply chain, manufacturing facility, process

changes, and quality control.

2.5.10verview of manufacturing in the apparel industry

Manufacturing in the apparel and textile industrge$ines agihe construction process by
which cut material, fabric pieces, findings, and triame incorporated into a finished apparel

p r o d[47¢ These production sequences and manufacturing environwaptgreatlydue to
changes in manufacturirigchnology, price requirements, and geographic locatowever,
optimization of quality and cost essentialCurrently,manufacturing in the apparel and textile
industry is characterizetirough manual assembly processgimilarly, technological
advancementaremore prevalenin the preassembly stagesuch agutting, pattern making, and
market planningin theassembly stagelifficulty handlingand performing complex actions on

fabric limits automation[52]

2.5.2Production planning and control

Production planning and controbncernsrganiationand managment ofthe production
processThis includes two interconnected systems, the product planning sgstethe process
planning system. The product planning system includes all processes retateddgelopment

of a productjncluding acquisition of required material amouattslthe realization of consumer
market requirements. The process planning system instead focuses on theisysieatsin

the development of a produstuch as the technological requirements for manufacturing and the

process flow
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Production control withithe apparel industry focuses on many interrelated fadet®rial
delivery andlow must be considerealong withmanufacturing capacity, production schedules
and availability. Production quantity is anportant consideration to determine the
manufacturingorocess and delivery schedul&sne sensitive factors includiie dates,
schedules, and work allocation. Lastly, timglformation reports must be empiled, resulting in

corrective actionn the manufacturing procegs2]

The manufacturing environmentirdluencedby the company philosophy and type of product

assemblyThese may include magsoduction, fast fashion, and massstomization.

Basicproductsare typically constructed using mga®duction techniques. These include
consumer goodsuch as teshirts, jeans, or underwear. Thgseducts generally characterized
by predictable demand, presanbwer risk to produce in high quantiti@he aim of this
production system is ainly in-store replenishment giroducts solonger lead times are

acceptable

Fast fashiorseeks to replicate higlashion designs in large volumes which can quickly go out of
style and is thereforigased on shoxtycle production and mapiddeliveryschedule This
manufacturing system seeks to cut costs through desagsportationand salesAs such, Bort

leadtimes are crucial for thisnanufacturingnodel.

The aim of the rmsscustomization modek to producepartially or fully customzedconsumer
products at a large scaMasscustomization presents several marketing advantages, such as
strong customer relationships and brand loyalty. However, the utilization rate, a measure of
manufacturing productivity, is a key factor which typically takes on a low value for customized

production. To combat thisnasscustomization typically occurs after the product is fully or
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partially constructed. As a result of this customization method, excess inventory, return
frequency, and distribution costs are reduced. Consequentlycogtesnized elements

generally impart aesthetic, rather than functional, qualidé$

Within the manufacturing environmetite productiorsequence is based on construction
specificationdound in the Bill of Materials (BOMalong withequipment capabilities, labor
costs andlaboravailability. Often a process flow chart or value stream map is developed to

visualize actions required to bring a product through main flows

The effectiveness of the manufacturing system is typically assessed througjuansty,
delivery, speed, and flexibility measurements
time requiredto producea singlefinished garment and are used for assessing the efficiency of

manufacturing speed and cdsi3]

2.5.3Manufacturing systems

The most commonly used manufacturing system for apparel is the progressivesyateite

[52]. In this system, pieces for a specifiratmber of garments, usually one to three dozen, are
bundled together and transported betwsmming operators. Each operator, who sits at a single
machine, opens the bundle, performs onvorconstruction steps, and rebundles for the next
operator. Thisnanufacturing system is highly efficient; however, results in high levels of work

in progresgWIP) and thushighermanufacturing asts.

The modular manufacturing system, however, represerdmparativelyflexible method for
clothing production in that operators are croaed in many different aspects of garment

construction. Whereas in the progressive bundle sysparators perfon a single¢askon a
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single machine, in the modular system each operatobm#ained on manyachinesin

addition to combining operations, it can be wu
shapes so that workers can operate multiple machines from one location, increasing efficiency

and flexibility. The work environment igenerally characterized by increased collaboration and
productivity compared tthe progressivbundle systemA benefit of using this production

system is that it is easier to shift betwéeaproduction ofgoodsfrom different product

categories. This manufacturing systgemerally results in reducegsembly timend WIP.

The unit production system is typicallyut not exclusivelyused for mass customizpdoducts
and is characterized by a computerized overhead transport system, which reduces operator
handling time. Operators are cross trained on vatesks which also allows thprocess to be

very productive[47]

Within these manufacturing systems variations drisspecificgarmens or garment categas

Similarly, combinations of systems are also possible along or withprditeiction line.

Lean manufacturing

Lean manufacturing is a production philosophy focused on creating the shortest pys#ible
time by eliminating waste. This is derived mostly frima Toyota Production System (TPS)
which identified seven wastes in manufacturiogerproduction, excess inventory, waiting,
transportation, unnecessary motion, overprocessing, and defects. Overproduction is the
manufacture of an item before actually required. It prohibits a smooth flow of materials and
reduces quality and productivitixcess inventory cansalt inincreasegroductiontimes

reducedproductive floor spacealiminishedcommunication, andecreased frequency of problem
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identification. Most of ainitdé production timehas been found to ke waiting for the next

operation. This waste is typically causedsibipoptimaldesign of material and information flow.

Generally, practices that add cost but do not add value should be minimized, such as
transportation, excessive movement, and unnecessary handling. Exoesgimeent and
handling caralsocause damage to the product or packaging and therefore opdalite.
Overprocessing idefined asising more expensive resources than are needsttiorg
unnecessary design features. This practice not only adds cost but also enaxaquyeduction
to recover high costs. Lastly, defects result in many associatedsaobtascrap, rework,

reinspection, rescheduling, and capacity |6%8]

Lean manufacturing details helpful production processes to increase effiddeocgss flow
diagrams are often developed to identify all operations and pinpoint probldroglenecks. If
possibleit is beneficial to order inventory whialkequires minimal processing and may allow for
the combination of multipleroductionsteps Optimization andautomation of material flous
encouraged teupplement or perform repetitive tasksdreducechangeover time.

Consequently, the implementation e&h thinkingcanresult inimprovedmanufacturig

capability with fewer input requiremenf{d7] [54]

Automation

Automationin manufacturingpresents several advantages such as increasedfacturing

productivity, inventory turnover, angroductquality.

Automation may improve working conditions by replaciegetitive and monotonous work and

performing jobs beyonduman capabilityHowever, machines are typically programmed to be
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taskoriented, whereas human workers are able to exhibit flexible and creative psuieng

approaches.

Along with this, automation may also results in decreased variability and defects and thus
increased product quality. However high initial costs, maintenance costs, and lack of flexibility

can keep firms from investing in automated technologies.

Similarly, fabric material properties limdevelopment of machines and processes to automate
apparel manufacturing. Humans are able to respoundpredictable fabric characteristics using
reasoninghowever robots areftendesigned to perforimited motiors repetitively.Reduction

of the material handling step has been the focus of many research efforts, as it has been estimated
that an average of 72% of time and 80% of total labor cost is spent in thiStstapse of pins,

pinching, friction, electrstaticforces suction, adhesiweandfreezing has been applieddolve

the issue opicking and handling fabric. Optical, mechanicalpoeumatic detection has also

been developed to distinguish edges or changes in the febedapanese Ministry of Trade and
Industry (MTI) developed an automatic production system for clothing which was able to
produce a waaweverfis mdithodacaud ngt be implemeniadnass production

due to lack ofechnologies, high investment costs, aack of blerance requiremen[ss].

2.5.43D printing implementation in the manufacturing stage

The implementation of 3D printing in an apparel supply chain has the potersiighifacantly
alterthe manufacturing process. This technology may affect the global supply chain, the

manufacturing facility, th@roductionprocess, anthe quality control mechanisms.

Global supply chain



34
It has been projected thas@nificanteffectof 3D printing on the global apparel supply chain

will be a shift tolocalized manufacturing. A recent survey shows that more tharo50%

American manufacturing executives were at least considering shifting manufacturing back to the
United State$51]. Localized manufacturing can benefit companies due to shorter lead times and
greater control over inventory. Whaszurrently the textile and appara@idustrygenerally is
constrained to build facilities where labor costs are Rivprinting can allow firms toely on
automationtherefore reducing geographical limitatiobsder the implementation 8D

printing, the competitive advantage will reside both in designs which are simple to manufacture

and designghat are highly customizable and complex.

Manufacturing facility

The manufacturing facility itself will also change significantly with the implementati@b
printing. First, it may reduce matergilipply risksas less materials need to be externally
sourced in this process. Similarly supply chain network complexitifotal inventory costare
reduced56]. Since 3D printing machinery caffectively decreaséhe number of steps needed
to produce a product, warehouse spaue fixed capital costsill be reduced57]. Overall, the
manufacturing process will change to be less labor intensive but rather more knowledge and

capital intensive[51]

Manufacturing process

3D printing can help to eliminate cgduce product assembly processes dueaeduction in
subassembl{b6] [51] [58]. Similarly, theprocess can reduce waste and energy consumption.
The USDepartment of Energy estimated tB& printing manufacturing can reduce energy

consumption by 50% compared to traditiosabtractive method®9]. It is likely that the
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manufacturingorocesaitilizing 3D printingwill be highly reliant on computer aided design
(CAD). 3D printing can also helmanufacturing be more flexible as it is possible to manufacture
new or complex designs withotlite need for tooling. Currently design is limited by
manufacturing capabilities. Withraanufacturing operation based in 3D printing, design and

production may be more closely relatfsil]

Quiality control

Standards and measurements for quality control must be clearly defined for pript8iy
production processincespecific quality control measurements will vary by machinmay be
useful to equip a printer with sensors to detect abnormal conditions which require early
termination of the 3D printing process. Similarly, it will be importarftdaee an understanding
of which elements of the process contribute to qualitgh as polymerharacteristics, particle
size, or layer heights. Designs shouldabeclose as possible to the CAiddel or scamandhigh-

guality CAD models will increase the quality of the final pr[68]
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Chapter 3: Objectives and Approach

Based on the literature review in the previous section, three objectives were developed

Objective 1: To develop a better understanding of dhteetextile 3D printing

Objective 2: To investigate 3D printing polymers, structures, and prototypes

Objective 3: To study interaction between 3D printed parts and fabric

These objectives were realized through a tfioésk approach beginning with material selection

and testing, followed by structure investigation, and prototype analysis. The material evaluation
stage focused amssessinghe inherent tensile properties of polymers as wedixgdoring their
adhesion to fabric. The structural investigation stage assessed methods for moduisitieg t
properties using 3D printing techniques. Lastly, the prototype analysis stage examined the effect
of 3D printed polymers on ¢hfit and comfort of a garmensing both quantitative and

gualitative methods.

These objectives are accompanied by the following deliverables:

1 Establish a method for Diretd-Textile 3D printing

1 Identify how thermoplastic polymers adhere to fabric

9 Discover the effect of printing techniques on fabric properties

1 Develop designs using 3D printing

1 Identify a prototype with ideal fit constructed using this technique
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Chapter 4: Establishing a Method for Direct-to-Textile 3D Printing

Literatureindicatesno mechanism for 3D printing of apparel produstsvidely adoptedA

successful mechanism must print highly stretchable and conformable elastomers which exhibit
sufficient adhesion to fabric. The use of thermoplastic materials is beneficial, as these materials
can be repeatedly heated and cooled, allowing for laminetamiques to be usetio make use

of this property pellet extrusion was proposedths 3D printing methodo be examinedFigure

13). In this mechanisnthermoplastic polymer pellets are melted using a heated siogdey

extruder which controlpolymerflow. The extruder is mounted on a garttmgt is able to move

in three dimensions to build the layerwise structure.

/ Polymer

Extruder

\

E 4 +—Nozzle

Build platform +——Printed part

\'I J

Figure13: Pellet extrusion 3D printing method

Benefits of this method include a wide range of material inputs, low cost of operation, and
relatively high print speeds. Print propertege determined by throughput, d@collector

distance, nozzle size, extrusion temperature, extruder speed, and polymer type.
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Throughput This parameterefers to theate at which polymeitows through the extruder

Increased throughput results in increased thickness, width, and weight of a printed line.

Die-to-Collector-Distance(DCD): DCD represents the length between shiefaceof the

substraten which printing occurand the nozzlép. Adjustments toltis distance cammpactthe
print propertiesA very low DCD results in the nozzle tip pushing the polymer further into the
substrate, creating a wide and thin bead with possible greater adhesion to fabric. A high DCD
results in a polymer bead which is not disrupted by the nozzlis tipunded in shapandis thin

in comparisoro the bead created atow DCD, with possibly lower adhesion to fahric

Nozzle sizeThis parameterepresents thdiameterof the nozzleopeningwhich extrudeshe 3D

printed polymerincreasing nozzle size results in increased print thickness and width.

Extrusion temperatut€erl his parameteis determinedy the melting temperature of the polymer
used in the systems taken from the DSEowever, as polymer melt flow ratecreases with
temperature, this parameter can be adjusted slightly to vary the print characemidtcthesion

to the substrate.

Extruder speedThis parameterefers to the lineaspeedf the gantry containing thextruder.
Extruder speeds inversely related to print widtiyeight,and thicknes and can be used in

conjunction with throughput to reduce print time.

Polymer typeProperties inherent to an individual polymer, such as melting temperature, melt
flow rate, and tackiness, contqmiint propertiesThe polymer type can be adjustedneet

product parameter requirements.
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Chapter 5: Material Selection

5.1 Introduction to thermoplastic melting

All polymers arecategorizeds eithethermosetting othermoplasticThermosetting materials
crosslink and thus exhibit irreversible hardening, wheteasrtoplastic materials can be melted
with heat and cooled to a solid repeate&8iyice plymer pellets areecurrentlyheated and
cooled through thpellet extrusiorDT 3D printing methogthermoplastic polymers are the only

materials suitable for this experimentation.

Along with thermosets and thermoplastics, polymers are also characterized as either
semicrystalline or amorphouSemicrystalline polymers are composed of crystalline and
amorphous regiondgigure14). Crystalline regions are highly ordered and closely packed
whereasamorphous regions do not exhitsie same level of lorgangeorder. These amorphous
regions, although generally unordered, can exhibit partial orientation, which can result in

isotropic properties and impact melting behavior.

In addition to these structural differences between the two region types, there are also variations
in their state change characteristi&morphous regions begin ftow at a lower energy

threshold, known as the glass transition tempergiy)eAs temperature increases, crystalline
regions begin télow, known as the melting temperature(®x,). Melting and flow behavior can

be measured using Differential Scanning Calorimetry, which records the difference in the

amount of heat required to increase #maperature of a sample compared to a reference.
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~, Crystalline
f—————\

Amorphous

Figure14: Crystalline and amorphous regions of a polymer

5.2  Adhesion

Adhesion refers to the chemical or physical bond betweeontact surfaces of twoaterials

and can be measured by the force requiredtsecomplete separatide0]. The ASTM defines
adhesion as, fithe condition in which two surf
mechani cal anchor iAlthgpugb therehsynot bre tigneed upog theoty or . 0
describe adhesion, the phenomenan generally be explained by three mechanisms: interfacial

adhesion, interdiffusion, and mechanical interlocking.

5.2.1Wetting

These adhesive mechanisms occur under the assumption of sufficient wetting, or the ability of a
liquid to maintain contact with a solid surfdéd.]. For an adhesive to wet a solid surface, the

adhesive should have a lower surface tension than that of the solid so that it flows into the pores
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of the substrate. If the adhesive bridges over these pores, a reduction in the overall contact area

occurs resulting in interfacial defects and reduced bond strEgg]jth

5.2.2Interfacial adhesion

Interfacial adhesion referstothec h e mi ¢ al 0 baorowdnterfage batweerotises
adhesive and the adherent. This can include chemical crosslinking, contact charging, dipole

dipole interaction, and hydrogen bridging bo(@igurel15). [62]

The mechanism of interfacial adhesion is typically achieved througmical bondingwhich
can be classified intfour types of interactions: covalent bonding, hydrogen bonding;esd

interactions, and Lifshitz Van der Waals for¢€able4).

Covalent bonding is the strongest and most durable typenaf yetrequires mutually reactive
chemical groups to exist. Therefore, surface treatments such as plasma, alkaline, mercerization,
and silane treatment are often used to modify adherent surface propéitiBspole-dipole

forces refer to the tendency of polar molecules to align themselves so that the positive end of one

molecule is near the negative end of another molecule.

Hydrogen bonding is a type of dipedigpole interactionn whicha hydrogen atom that is bonded

to a small negative atom is attracted to the lone electron pair of another molecule.

Inacidbase theory, fAan acid is a substance which
base is a substance whj[63. AWccarding to this, adhdsien resuits e | e c t

from the polar attraction of Lewis acids and bases.
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These three bonding mechanisms exhibit sufficient strength to produce adhesive effects between
surfaces. Howevelan der Waals forces are generally considered too small to account for

adhesive bond strength in most cases.

In addition to these chemical bonding mechanisms, electrostatic effects can also lead to
interfacial adhesionIn theelectrostatigcontact charging) theory, attraction occurs when

electron transfer takes place between an adhesive and adherend as a result of electronic band
structures; however, this has me&en showio be a large contribution in nonmetallic systems

[62]
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Figure15: Examples of interfacial bonding mechanisms; a.) chemical-irdgsg; b.) dipoledipole interaction;
c.) contact charging; d.) hydrogen bridging bonds

Table4: Examples of Energies of Lifshian der Waals Interactions and Chemical Bonds

Type E (kJ/mol)
Covalent 350
lon-lon 450
lon-Dipole 33
Dipole-Dipole 2

London Dispersion 2
Hydrogen Bonding 24
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5.2.3Interdiffusion

Interdiffusion refers to thphenomeann of the polymer chains of an adhesive and substrate
diffusing into one another. This is described by the reptation model, according to which
interdiffusing polymer chains across an adhesive/substrate surface qubggecally linked

molecular bridg€Figure16).

INTERFACE

&
¢

Figure16: Interdiffusion[64]

5.2.4Mechanical interlocking

Mechanical interlocking refers to penetration of the liquid adhesive into pores, holes, or the
irregular surface of a substrate, creating a physical bond when sol[88iE&6]. The increased
surface area of the uneven substedéeresults in greater area of contact, helpingeioforce

other bonding mechanisms. The application of pressure can aid in mechanical interlocking by
promoting intimate contact and wetting of polymer surfaces; however, once good contact has

been achieved, the effect of pressure is generally negligble
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5.3  Polymer structuresand characteristics

Desired characteristics of 3D printed polymers include conformability, low creep, sufficient
adhesion to fabric, and thermoplastichg such, polymers with a broad span of characteristics
need to be used for this application. Block copolymers displagearange of properties
compared to homopolymerBhis is because block copolyme&entainelastomeric and rigid

segmerg; varying the proportions of thegapacts the overall polymer properties.

Along with these contrasts in the chemical makeup of polymers, differences in molecular

structure and shadso ariseOn one end of the structural spectruimedr polymers are

characterized by an ordered chemical structure and exhibit high strength and high melting point.
Branched polymers ont ain si de chains known as fAbranche
strength and melting point compared to their linear couatistghowevertheymay exhibit

flexibility due tofree space between chemical groupstwérk polymers exhibit a structure and

resulting elastic recovery similar to crdssked thermosetting polymers; howevireyare

classified as thermoplastic and can be used with thermoplastic processes.

One resulting characteristic of the structural makeup described above is the material hardness.
Shore hardness of a polymer is measured using the durometer gauge which measures the depth
an indenter can create in a material under a specified load. Hardness can be measured in Shore

00, Shore A, and Shore D for soft, sesoit, and hard material&igurel17) [68].
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SHORE HARDNESS SCALES

MEDIUM SOFT [MEDIUM HARD|  HARD EXTRA HARD

Shore OO0 © 0 20 30 40 50 & 70 80 90 100
ShoreA o 10 20 30 40 50 60 70 80 g0 100
Shore D 0 1020 30 40 50 60 70 80 SO0 100
| | |
L= e =
Marshmaliow Mouse Pad Smartwatch Sl\bpplng

Band Cart Wheel PVIC Pipe

-,

Gel Insole Bottle Nipple Leather Belt “

Toy Block

Figurel7: Shore hardness ch4és8]

5.4  Commercially available polymers

Eightcommercially availabl@olymers were chosen be studied usinthe Directto-Textile 3D
printing processThese polymers are Monprene CP22126, Monprene CP69168, Pebax 2533,

Hytrel 3078, Hytrel RS40, Hytrel 4069, Vistamaxx 6202, and Elastollan B85.

Monpreneelastomers (Teknor Apedrenetwork block cepolymers composed of styrene and
ethylene/butylene (hard and soft) blocks. Hytrel elastomers (DuPont) are linear Block co
polymers composed gily(butylene terephthalate) (PBandbutylene ether glycol
terephthalatéhard and soft) block®ebax elastomers (Arkema) are linear bloclpotymers
composed of polyamide and polyether (hard and soft) bldtikamaxx elastomers

(ExxonMobil) are linear block epolymers composed of isotactic propylene and ethylene (hard
and soft) blocks. Elasitan elastomers (BASF) are linear block-golymers composed of
polyurethane and polyester (hard and soft) blodkse chemical composition, hardness, and

melt flow properties of these materials are shownhahle5.



Table5: Elastomer Trade Name, Composition, Hardness, and Melt Flow (as taken from technical

data sheets)
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Trade Name/Grade| Composition HardnesgShore A) | Melt Flow
(9/10min)
Monprene CP2212€¢ styrene (hard) + 28 20
ethylene/butylene (soft)
Monprene CP6916§ styrene (hard) + 66 15
ethylene/butylene (soft)
Hytrel 3078 poly(butylene terephthalate) 75 52
(hard) + butylene ether glycol
terephthalate (soft)
Hytrel RS40 poly(butylene terephthalate) 82 207
(hard) + butylene ether glycol
terephthalate (soft)
Hytrel 4069 poly(butylene terephthalate) 82 8.5
(hard) + butylene ether glycol
terephthalate (soft)
Pebax 2533 polyamidell (hard) + polyethe| 77 14
(soft)
Vistamaxx 6202 polypropylene (hard) + ethylen{ 643 20°
(soft)
Elastollan B85 polyurethane (hard) + polyeste| 85 25

(soft)

Note: Melt flow measured using ASTM D1238 unless otherwise noted. Hardness measured

using ASTM D2240 unless otherwise noted

1ISO 76191
2|SO 1133

3 ExxonMobil method
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Chapter 6: Experimental Approach

Theobjectives of this project are realizésfough a threstageapproachmaterial evaluation,
structureproperty relationship assessment, and prototype analysse approaches are

outlined in the following sections.

6.1 Material evaluation

Thematerial evaluatiostage is focused on defining the properties of the polymers chosen in the
previous section anaf laminates constructed with these polymers. The goal of this phase is to
define the current existing space3® printed materigbropertiesusing eight commercially

available polymers as exemplakéaterial evaluationncludesthe determinationf tensile

properties such as breaking strength, elongation at brea,enrdn g 6s modul us as
adhesion using-peel testing methods. Mdlow rheometry and laser profilometry are also used
to characterize adhesion. I deally a polymer

adhesive strength is greater than the fabric strength.

6.2  Structure-property relationship assessment

Structureproperty relationshiparise as a result of 3D print parameters and printing techniques.
This phasefocuses ormow to useelementof 3D printing to modulate the properties foundhe
previous stageTo study these relationshigsll factorial design of experimenis usedo

examire the effect oflamination and printhickness on tensile properties of the lamirsatdto

selectively modulastretch propertiethrough print design

e
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6.3  Prototype analysis

Theaim of theprototypingphasds to develop prototypes as exemplars for implementation of

the Directto-Textile 3D printing technology. A full factorial design of experiments is conducted
consisting ofvariations in polymer locatio(factors)and typglevels) The efficacy of these
prototypes is measured using a mixedthods approacfihe quantitative method in this

approach is to assess ttantact pressure induced by the garment on the weatkctedusing

the Novel Pliance, v23 pressor seor device. This contact pressure is measured in three
locations the shoulder, the front band, and the back band. This data is coupled with a qualitative
surveyof trained fit modelswhich estimatethe impactof these factor levels aromfort,

perceivedsuppori andkey measurements) various regions of the garment.
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Chapter 7: Material Evaluation

The material evaluation stage addresses the variation in properties exhibited by the eight
commercially available block copolymers. This includes tensile measureaigrtlymers and
laminates. Along with thisgadhesion testing performed on the laminatesupported through

melt flow rate measurements and confocal laser profilometry.

7.1  Design of Experiments

Adhesion is impacted by temperature, pressure, and the residendddaaese of this,
lamination at peak melting temperature for each polymer is first observed. Howelierinary
tests show ovebbondingat polymer peak melting temperature. In this regard,-bwadingis
defined aexcessivgolymer flowpresent on the nebonded side of the substra@ver
bondingnegatively affectthe quality of the final produdh terms of breathability, hand,

aesthetic quality, anixtile surface properties.

Amorphous regions begin to flow tlite glass transition temperatwaed will deform and flow

into the fabric with the addition of pressure. Similarly, the rh@ rateof thermoplastic
polymers increasgsositively withtemperaturgas a resulthe likelihood ofoverbondingis
higherat increasetemperatures. To reflectéhrelationship between melt flow and temperature
samples were initially laminated at the peak melting temperature of the polymer and the

temperatur e was overdoodngwas notyobsdn@d. unt i |

Adhesion was determined through a peel strength test accordhmg $tandard Test Method for

Peel Resistance of AdhesivesSTM D1879, thoughwhichpel strength i s

def i
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average load per unit width of bond line required to produce progressive separation of two

bonded, flexible adherends, under conditions designated in [ABTIMB 7 6 ] . ©

7.2  Statistical Reasoning

The statistical techniques mpresentativeneseplication,randomization, antilockingwere

utilized in these studies to improve estimability.

Representativeness refers to the quality of the sampheat it sufficiently characterizes the

intended population. A representative sample allows us to apply inference on the sample to the
broader population.

Replication refers to the repetitiontofatment conditions on experimental units in order to

increase precision of estimates and variability. Repeated measmnas/erinvolvesadditional
measurements on a single subjétie principal difference between the two is theglication

reduces variability in the experimental process, whereas repeated measures reduces variability in
the measurement process.

Randomization refers to the random assignment of experimental units to treatment combinations.
This practice ensures that measurements are independent, thus reducing impact of systematic
bias andneetingassumptions adnalygs based on the andt distributions

Lastly, blockingrefers to the division of experimental units into-gwbups, known abklocks.

This technique is often used to control for variation in experimental units, therefore increasing

precision of estimates with a smaller sample size.
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7.3 Laminate construction for adhesion evaluation

Polymerfabric laminates were constructed through the use of a heated hydraulic press, which
subjectsasample to pressure and heat simultaneously. The hydraulic press was ased
preliminary method of laminate construction rather tharBDTprinting in order to eliminate any
variation caused by the printing technique. Samples were bondd@@gam 77%polyestef

23% elastanenterlock knit fabric Differential Scanning Calorimetry (DSC) was used to
determine the optimumnnealingemperaturdor each plymer laminateResults of the thermal

analysis are summarized Table6 andTable7.



Table6: Melting properties obtained from DSfieasurement
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Label Trade Glass Onset of Peak melting | Endset of

Name/Grade | transition,Tq | melting °C) | Tm (°C) melting(C)
(°C)

A Monpr ¢ Monprene 70 221 228 245
CP22126

A Monpr ¢ Monprene 120 254 259 263
CP69168

iPebax( Pebax 2533 | 80 187 202 221

AHytr el Hytrel 3078 93 213 245 252

AHYt r el HytrelRS40 | 100 180 230 256

AHYt r el Hytrel 4069 110 229 243 252

AVi st arn Vistamaxx 1:55 216 223 233
6202 2:112

AEI ast (¢ Elastollan 75 N/A N/A N/A
B85

Note: Elastollan is a fully amorphous polymer aotisequentlyloes not exhibit melting

behavior
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Table7: DSC Curves for Monprene CP22126, Monprene CP69168, Pebax 2533, Hytrel 3078,
Hytrel RS40, Hytrel 4069, Vistamaxx 6202, daldstollan B85.
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7.4  Determining the optimum bonding temperature
As stated irv.1, over-bonding is defined asxcessive polymer flow present on the +immded
side of the substratéJsing the method described in the design of experimemtipons were
bonded at the polymer s pe theDS@andtempergturé veasnp er at
decreased by 10 until overbondingwas not observe@APPENDIX A). The optimum bonding
temperatures defined as the maximum temperature at wioeerbondingwas not observed for
a sample bonded at 100 psi for 10 secombs.optimum bonding temperature was then used for

further comparison through adhesion, melt flow, and tensile measureffiguiz ( 8).

Optimum Bonding Temperature (C)

Monprene 1 120
Monprene 2 150

Hytrel 1 160
Hytrel 2 170
Hytrel 3 160
Pebax 140

Vistamaxx 165

Elastollan 170

Figure18: Optimumbondingtemperatureralues forsample laminates

7.5 T-Peel adhesion test

Adhesion testing was conducted according to ASTM D1876. Test specimensuiterd5mm
width and 127mm length with 25mm of unbonded area to be inserted into the testing grips

(Figurel19). Samples were Bertednto an Instron extensometer with a constant rate of extension
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of 254mm/min. The load was measured every 0.02mm until the sample fully separated. The
peeling load was calculated as the average values of force after the initial peak to the point of
breakage. Typically, failure was represented as failure of adhesion to adherent rather than

cohesive failure within the adhesive.

Unbonded area 25 mm

|
Bonded area 127mm

Figure19: Sample laminate structure forPeel adhesion test

TheEl ast ol l an | ami nat e iadichtingthe hoeddstrefigthdatweenct a d h e
adhesive and adherent was greater than the strengthpailylesterfabric used in the laminate
5.0N. Vistamaxx, Hytrel 2, and Monprene 2 also exhibited relatively high peel strengths of

3.79N, 2.43N, and 2.37N respectivé¢Rigure20).
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Peel Strength of Polymer Composites

Fabric Strength

Monprene 1 Monprene2  Hytrel 1 ytrel 2 Hytrel 3 Pebax Vistamaxx  Elastollan

Average peel strength (N/m2)
o

Figure20: Results of TPeel adhesion test

Given the data, there appears to be a large variability in peel strength values; howevpedhe T

test does not give information as to what factors contribute to the variation.

7.5.1Melt flow rate

The Melt Volume Rate (MVR) of each polymer wihentested at temperatures ranging from the

pol ymer 6s me | tothelayvest tempgrature atileua be tested based on the capability
of the equipmentThe Melt Volume Rate can be converted to the Melt Flow Rateigh the

following equation
DOY " DwY

where} = density of the polymer
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It is known that there exists a positive relationship between Melt Flow Rate and temperature,
indicating that polymers with higher melt flow values flow more readily tinéofabric Figure
21). It is possible to test this theory by comparing the melt flow measurements of the eight

commercial polymers to their respective peel strength values.

Melt Flow Rate (MFR) by Temperature
1000

100
~fll— Monprene 1

Monprene 2
== Hytrel 1
=@ Hytrel 2
== Hytrel 3
=—i— Pebax
== Vistamaxx

Log,,(MFR)

10

—=—Elastollan

120 170 220 270

Temperature

Figure21. Melt Flow Rate of Elastomers by Temperature

It is important to note that the melt flow values used for the comparison were taken from the
materi al safety data sheets using a standard
be of the melt flow values at optimum bonding temperature; howtnese values could not be

measured due to limitations of the equipment.



60

Nevertheless, a positive relationship was found between melt flow and peel strength of
elastomers, indicating that polymers with high melt flow values flow more readily into the fabric

structure, resulting in increased mechanical interlocKingufe22).

Melt Flow vs. Peel Strength of Elastomers

E 6
=
£5 » Elastollan
=3
S 4
@ ® Vistamaxx
3
a3
s Hytrel 2 a Monprene 2
2 Pebax
1 = Hytrel 1 - Hytrel 3
| ]
Monprene 1
0
0 5 10 15 20 25 30

Melt Flow Rate (g/10min)

Figure22: Melt Flow Rate vs. peel strength of elastomers

7.5.2Confocal Laser Scanning Profilometry

In order tomeasure the depbf polymer penetration directlgonfocal laser scanning
profilometrywas utilized, a technique which creates a ttiegensional contour of the surface

by imaging a sample at varying focal lengtA#ter laminate separation thoughpgel testing,

the knit fabric leaves an imprint on the surface ofptblymer. The surface roughness of this
planerepresents the polymer flow through the fabric before coolngeyence VKx1100

Confocal Laser Scanning Microscope was used to image the surface of this polymer composite

and determine an averagpsolutesurfaceheightvalue Sa,calculated as:
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Y& g DN OQ®

Where the difference between all data points and this value are compared to determine the

surface roughnes$he scanned surface can be se€Faible8.



Table8: Surface roughness images and plots

Image ofpolymersurface

Confocallaserscannedmage

Two-dimensionabplots
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A positive relationship between surface roughness valuepesidtrength of elastomers was
found, indicating that polymers which flow more readily exhibit higher adhesion, further

supporting the impact of mechanical interlocking in overall adhesion of lam{irdese23).

Surface Roughness vs. Peel Strength of Elastomers

‘26
=3
=5
=
o, Vistamaxx
Pt u
g,
Monprene 2 Hytrel 2
m =
2 Pebax
Monprene 1 Hytrel 3 - Hytrel 1
1 n n
0
15 20 25 30 35 40 45

Surface roughness

Figure23: Surface roughness vs peel strength of elastomers

7.6  Tensile behavior of elastomers

The strain on the fabric of apparel garments is generally less tB&mdB@heoriginal lengthin

normal useTherefore, this range was chosen to be closely examined in further experiments.

The tensile properties of these polymers were measured by prietiaggulacoupons
(25mmx127mmpf a standard thicknegs.05mm)composed from a standard nozzle size

(0.8mm)

The softer polymers, Monprene and Vistamaxx, exhibited a lower modulus and breaking

strength, whereas Hytrel, Pebax, and Elastollan exhibited a much higher m&tylus24-25).
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Stress-Strain Behavior of Elastomers
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Figure24: Stressstrain behavior of commercially available polymers

Breaking Strength of Elastomers
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Figure25: Breaking strengtof commercially available polymers
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Throughmaterial evaluatioit was determined that mechanical interlocking plays a large role in
adhesion of 3D printed parts to fabric. Similarly, tensile properties vary greatly among
commercially available polymer$he following stage examines the effect of variations in 3D

printed structure on tensile properties of these composites.
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Chapter 8: Structure-Property Relationship Assessment

Structureproperty relationships play a large role in the overall characteristics of DT 3D printed
compositesChapter 8 assesses the effect of DT 3D print parameters on tensile characteristics of
these composites. This includes the effect of lamination to fabric, variation in print thickness,

and modulation of tensile characteristics using 3D printed shapes.

8.1 Lamination to fabric

A sample of all polymers printed at a single layer thickness were laminated to a 130gsm 77%
polyestef23% elastane interlock knit fabric at their respeatiggmum bonding temperatued

100 psi for 1Gseconds. The breaking strength of these laminates was then compared to an
unlaminated printed sample of one layer thickness. It was found that the addition of these
polymers to fabrigenerallyincreases the breaking strength compared to the polymers
themselvegFigure26). For the rigid polymers (Hytrel 3 and Elastollan), lamination to fabric
decreases breaking strength due to a phenomenon known as catastrophic breaking, where

breaking of the inner elastomer transfers force to the outer fabric structure.
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Effect of Lamination on Breaking Strength of Elastomers

w
S

Lamination Type

. Polymer
. Composite

1d Jljji

Monprene 1 Monprene 2 Hytrel 1 Hytrel 2 Hytrel 3 Pebax Vistmaxx  Elastollan

Breaking Strength (N/m2)
= >

o

Figure26: Effect of lamination on breaking strength of elastomers

8.2 Effect of thickness

The samples in the previous stage were printed with a single layer thickness; however, generally
polymer tensile properties vary with changes in thicknEsamples of these properties are

breaking strength, elongation at break, and

8.2.1Design of Experiments

As a result, a fulfactorial design of experiments was proposed to study the effects of thickness
for each polymer type. Factors include bonding type, layer height, and pdiypeerith three

samples developed for each treatment combingfiahle9).

Bonding typeBonded samples were developed as an assessment for how these polymers would
behave as a laminate structure. However, changing the fabric type would adjust these properties,

so unbonded samples were also developed to study the effect on the polymaoitsalfearly.



Layer height:Samples were printed in onéwo-, and thredayer samples witktandard

machine parameters.

Polymer typeAll of the eight commercially available polymers were tested.

Table9: Print thickness design of experiments factors and levels

Bonding type

Bonded to fabric

Unbonded to fabric

Layer height | 1-layer 2-layer 3-layer
Polymer type| Monprene 1 Monprene 2 Hytrel 1 Hytrel 2
Hytrel 3 Pebax Vistamaxx Elastollan
8.2.2Results

68

Through this study, it can be seen that increasing thickness leads to an increasem¢g’ 6 s

modulus and yield stress, effectively shifting the stetssn curve upwardd-igure27). This

effect is present for all unbonded and bonded sanfpigare28).
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Figure27: Stressstrain behavior of Hytrel 1 (unbonded)
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8.2.3Discussion

Fromthesetesta cl| ear positive relationship between
arises leading to increased rigidity. This impligeat product developers may be able to vary

print thickness, rather than material type to tailor the desired efNeet.result, these methods

may facilitate increased design capabilities due to reduced material restrictions. Similarly, these
DT 3D printed partsequire much less sourcing and manufacturing involvement, resulting in a

more efficient supply chain. Ahg with print thickness, later investigations indicate alternate

print parameters can be seen to have an effect, such as print geometry.
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8.3  Modulating stretch properties

The previous section describetbthods to shift the stress strain curve in theiréction,
increasing the modulus and yielding strésgditionally, this section illustrates method for
adjustments to the stressain curve in the Xirection, effectively modulating the stress

response of these materials to strain.

8.3.1Design of Experiments

Youngbés modulus is greater than the shear mod

O ¢Op U

Therefore, fluctuating 3D printed shapes will straighten before elongating when stress is applied.

Because of this, a simple zig zag was studied, with vasjimggation parametez, where

01 Q& H®EAINO
Y & NOOAAE MO

Zig zag samples were printed from each polymer comprised of three layers with a layer height of
0.35mm and a nozzle size of 0.8mm. Three shapes were testddl (a straight lineg= 1.1,

andz = 1.2(Figure29).
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Figure29: Samples of each polymer were printed from each shape, Z=1.0, Z=1.1, Z=1.2

The stress response of these polymers was then tested using a constant rate of extension

extensometer with a rate of extension of 254mm/min.

8.3.2Results

The effect of increasinthevalueof zis to decrease load at low levels of elongation, effectively
shifting the stresstrain curve to the rigi{Eigure30). Similarly, this shift resuls in increasing

strain required to reach the yield point.
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Stress-strain behavior of zig-zag shape
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Figure30: Stress response of Monprene 2 in shapes of varying elongation

Increased «alue results in the instance of a zone in which the jagged fluctuation of the shape
are removed with strain, followed by the normal plastic and elastic deformation rEDaduhes

10).
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8.3.3Discussion

From this studya clear positive relationship between the valueanfd the stress response of
these polymers is showiihe practical implications of this design include the ability to

selectively engineer the strain response for any flexible material and possibilities to reduce
instance of plastic deformation in produds. a result, these methods may facilitate increased
design capabilities. One example of this may be a bra which exhibits low stress at low levels of

elongation yet high stress during impact such asingnn
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Chapter 9: Prototype Analysis

The previous two sections resulted in the quantification of material properties for DT 3D printed
garments. However, it still remains unclear whatisteffect of these on the fit and comfort of a
garment. Consequently, the prototype analysis stage focuses on the development of prototypes
both as an exemplar of the process and as a method to quantify impacts of polymer placement on

efficacy of the product

9.1 Design of experiments

It was found through existingerature that the band, straasd underwir@areimpactful tothe
support and comfort atbra[69] [70] [71]. As a result, a full factorialepeated measurdssign
of experiments isisedwhere factorgorrespond t@olymer location and levetorrespond to

polymer type Tablell).

Table11: Factors and levels for prototype analysis

Factors (polymer location) Band Strap Underwire

Levels (polymer type) No polymer Flexible polymer | Rigid polymer

In accordance witkhe full factorial structure, all combinations of polymer type and location are

tested resulting in 2total samplesenumerated ifrigure31.

The rigidity of the polymer is numerically re

was the determining factor for the polymers u
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the | owest tested Youngds Modulus is required

pol ymer, 0 the polymer with the highest Youngéb

the Ano polymer o factor | eappeobriateedioa. f abri c i s
No Polymer Flexible Polymer . Rigid Polymer
(Monprene 2) (Hytrel 2)
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Figure31: Full factorial design of experiment samples compareing polymer location (factors) and polymer type
(levels)

The modulus of the fabric laminates (two layers of fabric) with the polymer type are 0.66MPa,
4.5MPa, and 22.5MPa for no polymer, flexible polymer, and rigid polymer respectivelyig-or th
analysis, these factors are treatediasreterather than continuous due to uneven differences
between modulus valueSontinuous variables are numerical variables that can assume any
value within a specified range; whereas discrete values contain a countable support, which can
only assume certain values within a spedifrangeHowever, continuous inference may be

possible in future studies to estimate the effects of modulus values directly.
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9.2  Quantitative pressure measurements

The aim of the quantitative testing is to measure the contact pressure induced by thasports
on a mannequinThis is with the goal of developing relationships between polymer placement

and type with pressure on the wearer.

9.2.1Measurement of the response

A rigid plastic mannequiof size 38Cwvas choseias theest subjecin order to reduce variation
in fit of the garmenandvariationbetween human subject&is is because mannequin exhibits
constant uniformity in the three regions testelopposed to a human, whose physiological
properties may differ and result in varying pressure valDes.to the dimensions of the

mannequinthe overall relationships between these values should remain constant.

In addition to reduced variance of the responsemdmenequin was also chosen for ease of
donning and doffingf the garmentdt is mentioned in further sections that samples with the
band construction of rigid polymer could not be worn by the wearers due to increased rigidity of
the material. Howevethe mannequin allowed for donning and doffing of these samples so that

measurements could be taken.

The pressure measurements were captured using a Novel Rjar&&®pressure sensing system
(Figure32). Pressure measurements werestiak three locationghe $oulder (Y1), the font

band (), and the bck band (). Subsampling was used whéi@ measurements were taken
from each location for each samplégh one sample per treatment combinatianalysis is

conducted based on the average of the ten measurements.
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Figure32: Testing setup including mannequin and Novel Pliansgstem with measurement in the shoulder

A key assumption for Analysis of Variance (ANOVA) inference is equal variance between

sample groups. However, after pressure measurements were taken, this assumption could not be
met due to increased v ar i(Rgare38). Itiseurmisedthtat thisrsi g i d
due to less conformabilitgf the rigid polymer laminate to the curved surface oftélsé subject
Consequently, a lognormal transformation of the data based on The Delta Method results in
comparatively even sample variar{€&gure34). Inference was performed on a lognormal
transformation of all responses and as a result parameter estimates are calculated as geometric

means.
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- Unequal variance between sample groups
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Figure33: Example of relationship between band type and back band contact pressure showing unequal variance
between sample groups
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Figure34: Example of relationship between band type and back band contact pressure showing equal variance
between sample groups as suteof a lognormal transformation



81

9.2.2General Linear Models

SAS statistical software was used to analyze the results of the pressure measufasments.
mentioned in th@revious section, a log transformation of the pressure measurements was used
as the response order to fulfil the equal variance assumptidhe model was fit based on the

means of the 10 subsamples
Thus, ourmodels can be writteim the form,

» [ [0 [ ® [ [® [ ® [ CQOOKEI Q1 Gwo Q& & i

where:

Yi: In(response of pressure in a given 2one
i: level of band

J: level of strap

k: level of underwire

peEMNEawaQi

mTQai Q
. P QA Q wrk Yo a Qi
W o~ s .o
mQai Q
i PEMETWaQI
nQai Q
. P QA Q wrk Yo a Qi
W o~ s .o
mQai Q
. EMETWaQI
o p € &n

nQai Q



82
P 'Qa 'Q wikod @ Qi
mQai Q

Under the assumption @ * "Q&Qrh,

9.2.3Results of pressureneasurements

Shoulderregion (Y)

As a result of the analysis conducteldl naain effectsand interactiong the shoulder regioare
significant( B 0.05) Analysis of variance indicatespositive correlation between strap, band,
and underwire modulusith pressure in the shoulder regidie model for pressure in the

shoulder regioran be found iMPPENDIX D

Shoulder pressure increases with strap rigidityis is becausthe figid polymer prevents fabric
stretch alondhe lengthof strap Converselyflexible polymer deforms and results in low
compression on the shoulder and therefore low presShorilder pressure increases with band
rigidity. This is because thegid polymer intheband provides additional vertical resistaize
theupward pull from strapAlternatively,flexible polymer in the band exhibits stretch and

therefore yields to increased pressin the strap.

Similarly, interactions are significaidicatingthatthe effect of a single design element may
depend on the presence or type of another design eldroesamples with no polymer in the

strap, band modulus did not impact shoulder pressure remarkably. However, for samples with a
rigid polymer in the strap, band modulus resulted in significant changes in shoulder pressure.
These relationships, shownhigure35, illustrate the positive interaction between strap and

band modulus.
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Figure35: Pressure in the shoulder region increases positively with both strap anchbdaldisfor the a.)no
underwire, b.) flexible underwir@ndc.) rigid underwire cased.) shows pressure averaged across all
levels of underwire

Front region (%)

Another outcome of the analysis performed is tHdtators and interactions in the front region

are significan{ U = Abaly8issof variance indicates a positive correlation between band
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modulus and a negative correlation between strap and underwire modulus and pressure in this

region.The model for pressure in the front region can be foudPIRENDIX D

Front pressure increases with band rigidity as the rigid polymer prevents stretch laterally,
increasing fronpressurewhereas flexible polymer deforms and results in low compression on

the front band and therefore low pressure.

Front pressure decreases with strap rigidity asigiet polymer in the strap increases the upward
pull on the bandHowever, flexible polymer in the band exhibits stretch and therefore yields to

decrease upward pull on the band.

Similarly, interactions are significant indicating thia¢ effect of a single design element may
depend on the presence or type of another design elehénts incredibly clear for the rigid
band for which pressure decreases significantly with increasing strap maausimwn in

Figure36.
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Figure36: Pressure in thiront region increases positively with band modulus for the a.) no underwire, b.) flexible
underwire, and c.) rigid underwire cases. d.) shows pressure averaged across all levels of uRdetheéreigid
band, front pressure is inversely proportional to strap rigidity

Back region (%)

Another outcome of the analysis is thihffactors and interactions in the back region are
significant.Similar to the front regionsnalysis of variance indicates a positive correlation
between band modulus and a negative correlation between strap and underwire modulus and

pressure in this regioithe model for pressure in the back regian be found iIMPPENDIX D
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Back pressure decreases with strap rigidity asigie polymer in the strap increases the upward

pull on the band. Back pressure increases with band rigidity as the rigid polymer prevents stretch

laterally, increasing front pressure.

Similarly, significantinteractions indicatéhat the combination afesign elementsas an

important effect orthe responselhis is incredibly clear for the rigid band, for which pressure

decreases significantly with increasing strap mod(Higure37).
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Figure37: Pressure in thbackregion increases positively with band modulus for the a.) no underwire, b.) flexible
underwire, and c.) rigidnderwire cases. d.) shows pressure averaged across all levels of undemthe rigid
band, front pressure is inversely proportional to strap rigidity

9.3  Qualitative wear test survey

The aim of the qualitative wear test is to study the relationships between these factor levels and
comfort, perceived support, and measurements of the wé&aree participants were used in this
study, all of vnomwere trained fit models with a bra siae38C.It is important to note that data
from the 9 samples with rigid band could not be collected as the material was too rigid for

participants to don.

9.3.1Measurement of the response

Four measurements were recordagexto-apex (A), shouldeto-front-band (B), shouldeto-

backband (C), and apeto-band (D)(Figure38).

D

Figure38: Measurements recorded as part of human subject data analysis

Survey responses aimed at capturing comfort, defined as physical ease and freedom from pain,

and perceived support, defined as providing lift and reducing moveResonses were
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collected using a-point Likert scale with the aim$l) to determine which factor levels

maximize both comfort and perceived support and (2) to examine relationships between
measured pressure and perceived support and comfort of sahty@es.questions referred to
comfort and support in the cups, straps, band, and sides, as well as overall comfort and support

parameters.

Additional factors

Additional factors included in the analysis are participant and previous factor level. Participant
was used to determine if responses between the three fit model participants differ significantly.
Often, this factor was significant, yet overall relatiopshetween factor levels remain

consistent. Althougkreatment combinations were randomly assigneskperimental units
(participants), the previous factor level was used to determine whether the previous iteration of
the sample had an effect on the resm This was conducted using dummy variables to

represent rigid, flexible, and no polymer.

9.3.2General Linear Models

SAS statistical software was used to analyze the results of the qualitative analysis. Band, strap,
and underwire were included as factors including all interactions of these. Participant was also a
determining factor to determine variation in measuremamissurvey responses between
participants. Period, or the order of random assignment, was also included to determine if
responses varied over time. Similarly, previous factor levels were included as dummy variables

to determine the impact of the previotexation.Our models can be writtein the form
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where:

Yiq: response

i: level of band

j: level of strap

k: level of underwire

I: level of participant

m: previous level of band

n: previous level of strap

p: previous level of underwire

g: period
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9.3.3Results of humansubijects testing

Measurement resulend discussion

It was found that the apdr-apex measurement and shoulttefront-band measurement were
significantly impacted by polymer location and type. Ajpaxd and shouldgo-backband
measurements were not significantly impacted by these factors. The noydatgifficant

measurements are foumdAPPENDIX E
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The apexto-apex measurement was significantly impacted by particijpex0.0001)and
underwire(p = 0.0039)main effectFigure39). The band*strap interaction, band*underwire
interaction, and strap*underwire interaction also showedlpes indicating significance €

0.0437,p=0.0140,and p= 0.0395 respectively)

Apex-to-apex measuremerst inversely proportional tanderwire rigidityas the rigidunderwire
results in increased compression on the sides of the w&heeunderwire*band interactios i
also found to bsignificant. For the no band case, the afmeapex measurement decreases
significantly between the no underwire and flexible underwire ¢cgst®nly decreases slightly
between the flexible underwire and rigid underwire cablis indicates that the flexible
underwire had sufficient strength to deages the apeto-apexmeasurement compared to the no
underwire casddowever, for the flexible band case, the ap@apex measuremedbes not
change significantly between the no underwire and the flexible underwire cadegstatally
decreases with the rigid underwaase This indicates that the flexible underwire did not have
sufficient strength to decrease the ap@apexmeasurement, likely due to the flexible band
reducing fabric deformation. However, in the case of the rigid underwire, the rigidity of the
underwire mgerial overcame the band material, causing fabric deformation. This implies that
efficacy of the underwire material decreasing afgeapex measurement is greater when the
rigidity of theunderwire materiak greater than that ¢tie band, withmplications for

improving thefit and aesthetic quality of DT 3D printed garments.
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Figure39: Apex-apex measurement is inversely correlated with underwire mothrltfse no band case (a.), the
flexible band case (b.), and averaged across all band levels (c.)

The shouldeto-front-band measurement was significantly impacted by participand(p001)

and stragp = 0.0006)main effects Figure40). The band*underwire interaction also showed a

p-value indicating significancg = 0.0250) Shouldetto-front-band measurement decreases

with strap rigidity due to the strap design. A greater amount of polymer is placed towards the

front of the strap. As a result, when the fabric is constridtegdtorigid polymer application, the

garment shifts forward.
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Figure40: Shouldeffront-bandmeasurement is inversely correlated vattapmodulus

Comfort results and discussion

As a result of the ANOVA he comfort of the straps was found to be significestere overall
comfort, cup comfort, band comfort, and sides comfatamot found to be significanF{gure
41-42). Strap (shoulder) comfort is significantly impacted by strap polymer, typere a

positive correlation was found §0.0001).

Whereas strap comfort is inversely related to strap modulus, shoulder pressure is positively
correlated to strap modulus. This indicates a pressure minimization in order to maximize

comfort.
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Similarly, a significant difference in band comfort was not found for participants in this study.
This corresponds to 0 and 10kPa of front band pressure for no and flexible polymer respectively.
It is important to note that the samples containing a rigitlzould not be tested because
participants could not don the sample. These resugigesthat pressures of 0 and 10kPa are

adequate to provide sufficient comfort.
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Support results and discussion

As a result of the ANOVA, the cup support, strap support and band support were found to be
significant, where overall support and side support were not found to be significant. Cup support
is found to be significantly impacted by band polymer type (p 21®@Jand previous level of

strap (flexible) grap support is found to be significantly impacted by strap polymer type (p =
0.0004) and land support is found to ksggnificantly impacted by band polymer type (p <

0.0001).

Shoulder support is found to be positively correlated with shoulder pressymes@d3).
However, it is important to note there is no significant difference in percegtsitoalder
support between the flexible and rigid composites. This finding indicates possibilities to

maximize support through pressure optimization in the shoulder region.

Band support is also found to be positively correlated with shoulder preBgyuee@4). This

points to pressure maximization in the band region to maximize support.
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Band Support

t sa——
o &
2 =
= 5 @
g 5
E 30 8
8 8
5 4 <
[ [%)
k=) &8
2
oo
83
= 20
o

y)

10

None(0.66) Flexible(4.5) Rigid(22.5)
Band Modulus, £ (MPa)

Figure44: Perception of band support increases pasitiwith back pressure

97



98

Chapter 10: Overall Conclusions and Future Work

In the pretestingmaterial selectiophasethermoplastic block copolymers were chosen due to
their wide range of material properties. Eight commercially available thermoplastic block
copolymers were chosen for future testing. Because of the nature of thermoplastic materials,
pellet extrusion was found to be the most applicable 3D printing médhdldese studies. Pellet
extrusion also exhibits several benefits suchagle range of material inputs, low cost of

operation, and relatively high print speed

Through material evaluation it was determined that mechanical interlocking plays a large role in
adhesion of 3D printed parts to fabric. Similarly, tensile properties vary greatly among

commercially available polymers

Throughstructureproperty investigatiorit was found thaincreasingprint thickness leads to an
increase in Youngb6s modul us an dstraynicleve dowadsr e s s ,
for unbondedsamplesandthose bonded to fabric. élear positive relationshiwas also found

between th@rint geometryand the stress response of these polymers. The practical implications

of these maynclude the ability tovary print characteristics to tailor the responsegiectively

engineer the strain resporfse any flexible materialand to reduce instance of plastic

deformation in products

Through prototype analysis, it was found that polymer type and location significantly impact
pressure in the shoulder, front, and back of the wearer. Polymer type and location also
significantly impact comfort, perceived support, and measurement dakee faetirer. These
exemplars show the capability of DT 3D printing for design possibilities including highly

functional, mass customized, and sustainable apparel products.
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10.1 Future work

To expand upon this research, advancements may inekpdierations otidhesion, structure

property relationships, product design optimizations, and sustainability assessments.

10.1.1 Adhesion

12Curent work studies the impact of mechanical adhesion of eight commercially available
polymers to a single fabric, a 77% polyester 33% elastane interlock knit. Conclusions drawn are
only valid for this specific polymer/fabric combination. Therefore, futunekwwroposed

includes studyingheimpact of both chemical and mechanical adhesion using various substrates.
This work may include the identification siflitable combinations of fabrandpolymer that

bind chemically and/or physicallhrough DT 3D pinting. A final goal may be to successfully
optimize adhesiothroughmachine parametesuch as throughput, DCD, and nozzle duee

to the wide range of fabric substratewl adhesives, machine learning models can be used to

identify trends and point towards an optimum.

10.1.2 Structure-property relationships

Current work studies the effectsatingle shape (zigag) onthe stress response of polymers.
Future work may include determining the effects of varying print geometries on fabric samples.
These print geometries may function as a-disa for functional and aesthetic purposes. Second

order effects may be possibledhgh intelligent design.

10.1.3 Product design optimizations

Current work focuses on studying variations in print geometry using standard parameters. Future

work may include exploring theffect ofmachine parameters on printed bead characteristics,
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such as line width, thickness, and weight. In this way, a model can be developed to determine

ideal settings for a given machine for each design.

Similarly, current workexamines the efficacy of prototypes through variations in polymer type
and location on pressure, comfort, and support. Future work may include more detailed
experi ment al designs treating Youngdés modul us

way itcan be possible to create a model for optimum support and comfort of the wearer.

10.1.4 Sustainability assessmerst

The literature review for this work examined several sustainability benefits of the 3D printing
technology on the apparel supply chain, including reduced material waste, decreased energy
consumption, simpler supply chain, and increases in automatione Futdk may include
Life-Cycle Assessment of this technology compared to traditional methods to further quantify

the impact of this innovation.
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APPENDIX A

Monprene 1 temperature seri€sierbondingi s vi si bl e for all sampl es

120C 130C 140C 150C 160C 170C 180C 190C 200C

Monprene 2 temperature seri€uerbondingi s vi si bl e for all sampl es

Pebax temperature seri€@verbondingi s vi si bl e for all samples ab

Hytrel 1 temperature serie®verbondingi s vi si bl e for al l sampl es a
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Hytrel 2 temperature serie®verbondingi s vi si bl e for al l sampl es

' ' 1goc

Hytrel 3 temperature serie®verbondingi s vi si bl e for all sampl es

Vistamaxx temperature seri€@verbondingi s vi si bl e for all sampl es
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APPENDIX B

Effect of thickness is consistent for unbonded samples

Load(N)

Load(N)

Load(N)

Load(N)
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Effect of thickness is consistent for samples bonded to fabric
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Effect of increasing-xalue isconsistent for all samples

Load(N)

Load(N)
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Pressure Data Supplemental Information
The model was fit based on the means of the 10 subsamples.

Experimental matrix
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I# 1 2 3 4 5 6 7 8 9 10 11 12 13]14/15 16/17|18] 19| 20| 21| 22|23|24| 25|26|27
A |-1 -1 -1 -1 1] -1 -1 1] 1) 0o o o o o o o o o 1 1 1 1/ 1 1 1 1 1
B |-1 -1] -1l o o o 1 1 1 -1 -1f -1 o o o 1 1] 1 -1 -1f -1 o o o 1 1 1
C (-1 o 1 -1 O 1 -1} O 1 -1 O -1 0 1) -1 O 1 -1 O 1 -1 O 1 -1 O 1
AB | 1 1 1 o 0o O -1 -1 -1 o o 0o 0000 0o0wo0-1-1-1 o000 111
BC | 1] O -1 O O O -1 1 1 o -1 0 00 -1 01 1 O -1 O O O -1 O 1
AC | 1] O -1 1 O -1 1 -1l 0 O 000 O 0O0-1 0 1-1301-101
ABC/ -1 0 1 0o 0 0O 1 -1 0 0 000 000 1 0 -1 000-101
Shoulder Region (Y1)
Model:
W T@LO OO PP TP OP TE (P PP T T XA\

PR Yop @ PP 0w W TBOXWO W THOTW W T LW

T T W T oW W ™ Papw P8t 0w W P8 oW w

T pw P8 XW w

where:

Yii: In(response of pressure in a given zone)
i: level of band

j: level of strap

k: level of underwire



113

SAS code:

proc gim data=PRESSUREDATA,

class band strap underwire;

model log_strap = band strap underwire band*strap band*underwire
strap*underwire/solution;

run;

SAS output:
Source DF Sum of Squares Mean Square F Value Pr > F
Model 18 163.9240943 9.1068941 544.15 <.0001
Error 251 4.2007152 0.0167359

Corrected Total 269 168.1248094

R Square Coeff Var Root MSElog_strap  Mear
0.975014 4.960240 0.129367 2.608087

Source DFType Il SS Mean Square F Value Pr > F
Band 2 12.9056132 6.4528066 385.57 <.0001
Strap 2 139.0910398 69.5455199 4155.47 <.0001
Underwire 2 4.3703680 2.1851840 130.57 <.0001
Band*Strap 4 23445454 0.5861363 35.02 <.0001
Band*Underwire 4 3.1550484 0.7887621 47.13 <.0001
Strap*Underwire 4 2.0574794  0.5143699 30.73 <.0001

Interaction plots
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Pairwise comparison of means
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Front Region(Y2)

Model:
W P®TYBIEM T o PRBTE PR Yar pd XD
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where:

Yii: In(response of pressure in a given zone)
i: level of band

j: level of strap

k: level of underwire

SAS code:

proc glm data=PRESSUREDATA;

class band strap underwire;

model log_front = band strap underwire band*strap band*underwire
strap*underwire  /solution;

run;

SAS output:
Source DF Sum of Squares Mean Square F Value Pr > F
Model 18 537.6623764 29.8701320 1309.16 <.0001
Error 251 5.7268884 0.0228163

Corrected Total 269 543.3892647

R Square Coeff Var Root MSElog_front  Mear
0.989461 8.435010 0.151051 1.790758
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Source DFType Il SS Mean Square F Value Pr > F
Band 2 519.2113340 259.6056670 11378.1 <.0001
Strap 2 0.8625228 0.4312614 18.90 <.0001
Underwire 2 6.8383868 3.4191934 149.86 <.0001
Band*Strap 4 6.5727051 1.6431763 72.02 <.0001
Band*Underwire 4 3.7492655 0.9373164 41.08 <.0001
Strap*Underwire 4 0.4281622  0.1070405 469 0.0011
Source DFType Il SS Mean Square F Value Pr > F
Interaction plots
o 50
E a0 Band e R T~ R %?
TS o E ¥ =%
-10
_ 50 L - "
s 30 o Strap C]
< qp _.--""'",.FJ ——
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~ 40 _,.-.- S rgd.
-10
F R F R F R

Pairwise comparison of means
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where:

Yik: In(response of pressure in a given zone)
i: level of band

J: level of strap

k: level of underwire

SAS code:

proc gim data=PRESSUREDATA,
class band strap underwire;
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model log_back =  band strap underwire band*strap band*underwire
strap*underwire  /solution;
run;

SAS output:
Source DF Sum of Squares Mean Square F Value Pr > F
Model 18 258.0877439 14.3382080 472.39 <.0001
Error 251 7.6183920 0.0303522

Corrected Total 269 265.7061359

R Square Coeff Var Root MSElog_back Mear
0.971328 7.254277 0.174219 2.401600

Source DFType Il SS Mean Square F Value Pr > F
Band 2 248.8864247 124.4432123 4099.98 <.0001
Strap 2 0.0843073 0.0421536 1.39 0.2513

Underwire 2 1.7899643 0.8949821 29.49 <.0001
Band*Strap 4 1.2344430 0.3086108 10.17 <.0001
Band*Underwire 4 2.3100284 0.5775071 19.03 <.0001
Strap*Underwire 4 3.7825762  0.9456440 31.16 <.0001

Interaction plots
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Pairwise comparison of means

Band =MNo, Underwire = Na

Band = No, Undenwire = Flexible
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Band = No, Underwire = Rigid
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Mean pressure (kpa)
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Combined Pressure
Strap B Mean(shoulder)
) F R Mean(back)
T Mean(front)
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APPENDIX E

Human Subjects AnalysBupplemental Information

Apex-Apex

Model:

@ PP XT p® oW P& p o pd oo I8 (LX00V
TR CPW THIOH®W TP PpHOCL W T TIW
P8t ooy W T8O LD W P& Qar @

where:

Yiq: response

i: level of band

J: level of strap

k: level of underwire

I: level of participant

m: previous level of band

n: previous level of strap

p: previous level of underwire

g: period

SAS code:

proc gim data=SURV_DUM,;

class band strap underwire participant period band_prev_no strap_prev_no
strap_prev_F underwire_prev_no underwire_prev_F;

model apex_apex = band|strap|underwire participant period band_prev_no
strap_prev_no strap_prev_F underwire_prev_no underwire_prev_F/solution;
contrast 'strap’

strap_prev_no -11,

strap_prev_F -11;

contrast '‘band’

band_prev_no -11,;
contrast 'uw'



underwire_prev_no
underwire_prev_F

-11,
-11;

means underwire participant;

run;

SAS output:
Source DF Sum of Squares Mean Square F Value Pr > F
Model 41 61.61677514 1.50284817 4.39 0.0042
Error 12 411123412  0.34260284

Corrected Total

R Square Coeff Var

Source
band
strap
band*strap
underwire
band*underwire
strap*underwire
band*strap*underwire
participant
period
band_prev_no
strap_prev_no
strap_prev_F
underwire_prev_no
underwire_prev_F

Apex-Band
Model not significant

SAS code:

proc gim data=SURV_DUM,;

53 65.72800926

Root MSE apex_apex Mear

0.937451 2.797737 0.585323 20.9213

DFType Il SS Mean Square F Value Pr > F

1
2
2
2
2
4
4
2

0.77558541
0.47577981
2.81588460
6.25595714
4.25960202
4.85391386
2.83654897
16.86713699

17 3.03857952

Y

1.25484103
0.12642981
0.16005463
0.04157500
0.84034232

0.77558541
0.23788991
1.40794230
3.12797857
2.12980101
1.21347846
0.70913724
8.43356849
0.17873997
1.25484103
0.12642981
0.16005463
0.04157500
0.84034232

2.26
0.69
411
9.13
6.22
3.54
2.07
24.62
0.52
3.66
0.37
0.47
0.12
2.45

0.1583
0.5184
0.0437
0.0039
0.0140
0.0395
0.1481
<.0001
0.8929
0.0798
0.5549
0.5073
0.7336
0.1433
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class band strap underwire participant period band_prev_no strap_prev_no
strap_prev_F underwire_prev_no underwire_prev_F;

model apex_band = band|strap|underwire participant period band_prev_no
strap_prev_no strap_prev_F underwire_prev_no underwire_prev_F/solution;
contrast 'strap’

strap_prev._no -11,

strap_prev_F -11,

contrast '‘band’

band_prev no -11,;

contrast 'uw'

underwire_prev. no -11,

underwire_prev_ F -11;

run;
SAS output:
Source DF Sum of Squares Mean Square F Value Pr > F
Model 41 69.72781698 1.70067846 1.89 0.1178
Error 12 10.82426635 0.90202220

Corrected Total 53 80.55208333

Shouldefto-FrontBand

Model:
W o)X 0T VW GCP Wb P8 QW T LGY

T XW@ w PP 00 w

where:

Yiq: response

i: level of band

j: level of strap

k: level of underwire

I: level of participant

m: previous level of band

n: previous level of strap
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p: previous level of underwire
g: period
SAS code:

proc gim data=SURV_DUM,;

class band strap underwire participant period band_prev_no strap_prev_no
strap_prev_F underwire_prev_no underwire_prev_F;

model front = band|strap|underwire participant period band_prev_no
strap_prev_no strap_prev_F underwire_prev_no underwire_prev_F/solution;
contrast 'strap’

strap_prev._no -11,

strap_prev_F -11,

contrast '‘band’

band_prev no -11,;

contrast 'uw'

underwire_prev_no -11,

underwire_prev_ F -11;

means strap participant;

run;
SAS output:
Source DF Sum of Squares Mean Square F Value Pr > F
Model 41 194.5994903  4.7463290 5.21 0.0019
Error 12 10.9236579 0.9103048

Corrected Total 53 205.5231481

R Square Coeff Var Root MSEfront Mear
0.946850 2.515077 0.954099 37.93519



Source
band
strap
band*strap
underwire
band*underwire
strap*underwire
band*strap*underwire
participant
period
band_prev_no
strap_prev_no
strap_prev_F
underwire_prev_no
underwire_prev_F

Shouldefto-BackBand
Model not significant.

SAS code:

proc gim data=SURV_DUM,;

DFType Il SS Mean Square F Value Pr > F

1
2
2
2
2
4
4
2

0.19617250 0.19617250 0.22
26.73349674 13.36674837 14.68
453155907 2.26577953 2.49
1.15311030 0.57655515 0.63
9.27509933 4.63754966 5.09
3.32879604 0.83219901 0.91
5.50366539 1.37591635 1.51
68.60855665 34.30427832 37.68
17 20.61742636 1.21278979  1.33
1.52722681 1.52722681 1.68
0.00208587 0.00208587 0.00
0.00446761 0.00446761 0.00
0.17993532 0.17993532 0.20
2.04591098 2.04591098 2.25

Y

0.6508
0.0006
0.1247
0.5477
0.0250
0.4868
0.2603
<.0001
0.3111
0.2196
0.9626
0.9453
0.6645
0.1597

class band strap underwire participant period band_prev_no strap_prev_no
strap_prev_F underwire_prev_no underwire_prev_F;
model back = band|strap|underwire participant period band_prev_no
strap_prev_no strap_prev_F underwire_prev_no underwire_prev_F;

contrast 'strap’
strap_prev_no -11,
strap_prev_F -11,;
contrast '‘band’
band_prev_no -11,;
contrast 'uw'

underwire_prev_no -11,
underwire_prev_F -11;

run;

SAS output:
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Source DF Sum of Squares Mean Square F Value Pr > F
Model 41 103.8501942  2.5329316 1.30 0.3214
Error 12 23.3396206 1.9449684

Corrected Total 53 127.1898148

Overall Support
Model not significant.
SAS code:

proc gim data=SURV_DUM,;

class band strap underwire participant period band_prev_no strap_prev_no
strap_prev_F underwire_prev_no underwire_prev_F;

model support_overall = band|strap|underwire participant period band_prev_no
strap_prev_no strap_prev_F underwire_prev_no underwire_prev_F;
contrast 'strap’

strap_prev. no -11,

strap_prev_F -11,

contrast '‘band’

band_prev no -11,;

contrast 'uw'

underwire_prev. no -11,

underwire_prev_ F -11;

run;

SAS output:
Source DF Sum of Squares Mean Square F Value Pr > F
Model 41 58.22353654 1.42008626 2.19 0.0716
Error 12 7.77646346 0.64803862

Corrected Total 53 66.00000000

Cup support

Model:

@ XL T oW T wa

SAS code:
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proc glm data=SURV_DUM,;

class band strap underwire participant period band_prev_no strap_prev_no
strap_prev_F underwire_prev_no underwire_prev_F;

model support_cups = band|strap|underwire participant period band_prev_no
strap_prev_no strap_prev_F underwire_prev_no underwire_prev_F/solution;
contrast 'strap’

strap_prev_no -11,

strap_prev_ F -11;

contrast '‘band’

band_prev_no -11,;

contrast 'uw'

underwire_prev. no -11,

underwire_prev_F -11;

means band strap_prev_F;

run;

SAS output:
Source DF Sum of Squares Mean Square F Value Pr > F
Model 41 70.16270797 1.71128556 3.08 0.0197
Error 12 6.67062536  0.55588545

Corrected Total 53 76.83333333

R Square Coeff Var Root MSE support_cups Mear
0.913181 31.21021 0.745577 2.388889



Source
band
strap
band*strap
underwire
band*underwire
strap*underwire
band*strap*underwire
participant
period
band_prev_no
strap_prev_no
strap_prev_F
underwire_prev_no
underwire_prev_F

Strap(shoulder)support

o

where:

Yiq: response

i: level of band

J: level of strap

k: level of underwire

I: level of participant

m: previous level of band
n: previous level of strap

p: previous level of underwire

g: period

DFType Il SS Mean Square F Value Pr > F

N A BDNMNDNMNMNDNDNDNPE

17 13.80353119

Y

3.84969803
1.72784746
1.26515266
0.25629561
0.50204004
2.02137445
7.44611803
2.91230896

1.65674058
0.16369373
453717770
0.22233257
1.05243456

I8N & LW T Yo

3.84969803
0.86392373
0.63257633
0.12814781
0.25102002
0.50534361
1.86152951
1.45615448
0.81197242
1.65674058
0.16369373
453717770
0.22233257
1.05243456

6.93
1.55
1.14
0.23
0.45
0.91
3.35
2.62
1.46
2.98
0.29
8.16
0.40
1.89

0.0219
0.2511
0.3527
0.7975
0.6470
0.4894
0.0464
0.1138
0.2553
0.1099
0.5973
0.0144
0.5390
0.1940
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Source DF Sum of Squares Mean Square F Value Pr > F
Model 41 136.4567799 3.3282141 2.44 0.0488
Error 12 16.3765535 1.3647128

Corrected Total 53 152.8333333

R Square Coeff Var Root MSE support_straps  Mear

0.892847 35.64028 1.168209

Source
band
strap
band*strap
underwire
band*underwire
strap*underwire
band*strap*underwire
participant
period
band_prev_no
strap_prev_no
strap_prev_F
underwire_prev_no
underwire_prev_F

Band Support

Model:

where:
Yiq: response

i: level of band

DFType Il SS Mean Square F Value Pr > F

1 0.00112060 0.00112060 0.00
2 43.49756017 21.74878008 15.94
2 0.71640130 0.35820065 0.26
2 0.07294134 0.03647067 0.03
2 1.66339912 0.83169956 0.61
4 4.43108252 1.10777063 0.81
4 359774482 0.89943621 0.66
2 10.49902472 5.24951236  3.85
17 9.52268601 0.56015800  0.41
1 0.92699394 0.92699394 0.68
1 0.10090279 0.10090279 0.07
1 0.12501330 0.12501330 0.09
1 0.34915424 0.34915424  0.26
1 0.18725312 0.18725312 0.14
@ dpp P

3.277778

0.9776
0.0004
0.7734
0.9737
0.5597
0.5414
0.6320
0.0512
0.9543
0.4259
0.7903
0.7673
0.6222
0.7175
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J: level of strap

k: level of underwire

I: level of participant

m: previous level of band
n: previous level of strap

p: previous level of underwire

g: period
Source DF Sum of Squares Mean Square F Value Pr > F
Model 41 127.3097724  3.1051164  3.75 0.0085
Error 12 9.9494868 0.8291239

Corrected Total 53 137.2592593

R Square Coeff Var Root MSE support_band Mear
0.927513 33.67834 0.910562 2.703704
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Source
band
strap
band*strap
underwire
band*underwire
strap*underwire
band*strap*underwire
participant
period
band_prev_no
strap_prev_no
strap_prev_F
underwire_prev_no
underwire_prev_F

Sides Suppar

Model not significant.

DFType Il SS Mean Square F Value Pr > F
52.50103800 52.50103800 63.32

1
2
2
2
2
4
4
2

17

Y

0.17667041
1.45211275
0.53181534
0.72444110
2.68975341
1.00675808
2.29872463
5.03063287
0.88355416
1.95124967
0.80765404
0.32138858
1.79879714

0.08833520
0.72605638
0.26590767
0.36222055
0.67243835
0.25168952
1.14936232
0.29591958
0.88355416
1.95124967
0.80765404
0.32138858
1.79879714

0.11
0.88
0.32
0.44
0.81
0.30
1.39
0.36
1.07
2.35
0.97
0.39
2.17

<.0001
0.8998
0.4416
0.7317
0.6559
0.5418
0.8700
0.2873
0.9741
0.3223
0.1509
0.3431
0.5452
0.1665

Source DF Sum of Squares Mean Square F Value Pr > F
Model 41 73.84134615 1.80100844 2.01 0.0958
Error 12 10.75124644  0.89593720

Corrected Total

Overall comfort
Model not significant.

SAS code:

proc gim data=SURV_DUM,;

53 84.59259259

class band strap underwire participant period band_prev_no strap_prev_no

strap_prev_F

underwire_prev_no underwire_prev_F;

model comfort_overall = band|strap|underwire participant period band_prev_no
strap_prev_no strap_prev_F underwire_prev_no underwire_prev_F;

contrast 'strap’
strap_prev_no
strap_prev_F

contrast '‘band’

-11,
-11;
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band_prev_no -11,;
contrast 'uw'
underwire_prev. no -11,
underwire_prev_F -11;

run;

SAS output:
Source DF Sum of Squares Mean Square F Value Pr > F
Model 41 62.31751361 1.51993936 1.70 0.1608
Error 12 10.71952343 0.89329362

Corrected Total 53 73.03703704

Cup comfort
Model not significant.
SAS code:

proc gim data=SURV_DUM,;

class band strap underwire participant period band_prev_no strap_prev_no
strap_prev_F underwire_prev_no underwire_prev_F;

model comfort_cups = band|strap|underwire participant period band_prev_no
strap_prev_no strap_prev_F underwire_prev_no underwire_prev_F;
contrast 'strap’

strap_prev._no -11,

strap_prev_F -11;

contrast '‘band'

band_prev_no -11,;

contrast 'uw'

underwire_prev_no -11,

underwire_prev_F -11;

run;

SAS output:
Source DF Sum of Squares Mean Square F Value Pr > F
Model 41 48.42586739 1.18111872 0.80 0.7159
Error 12 17.72228076 1.47685673

Corrected Total 53 66.14814815

Strap(shoulder)comfort
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Model:

@ PR CC O XW ¢8 Tw

where:

Yiq: response

i: level of band

j: level of strap

k: level of underwire

I: level of participant

m: previous level of band

n: previous level of strap

p: previous level of underwire

g: period

SAS code:

proc gim data=SURV_DUM,;

class band strap underwire participant period band_prev_no strap_prev_no
strap_prev_F underwire_prev_no underwire_prev_F;

model comfort_straps = band|strap|underwire participant period band_prev_no
strap_prev_no strap_prev_F underwire_prev_no underwire_prev_F/solution;
contrast 'strap’

strap_prev.no -11,

strap_prev_F -11,;

contrast '‘band’

band_prev no -11,;

contrast 'uw'

underwire_prev_no -11,

underwire_prev_F -11;

means strap;

run;

SASoutput



Source
Model
Error 12
Corrected Total

R Square Coeff Var

Source
band
strap
band*strap
underwire
band*underwire
strap*underwire
band*strap*underwire
participant
period
band_prev_no
strap_prev_no
strap_prev_F
underwire_prev_no
underwire_prev_F

Band Comfort
Model not significant.

SAS code:

proc gim data=SURV_DUM,;

DFType Il SS Mean Square F Value Pr > F

1
2
2
2
2
4
4
2

1.48259685 1.48259685 2.15
39.79427943 19.89713972 28.83
0.08537280 0.04268640 0.06
1.37980470 0.68990235 1.00
0.04086204 0.02043102 0.03
1.28227613 0.32056903 0.46
3.31909240 0.82977310 1.20
0.17207392 0.08603696 0.12
1711.19071519 0.65827736  0.95
2.25686277 2.25686277  3.27
0.14998082 0.14998082 0.22
2.90647835 2.90647835 4.21
0.02503224 0.02503224 0.04
0.36561545 0.36561545 0.53

Y e

Root MSE comfort_straps
0.940022 26.54584 0.830787

3.129630

3.1661004 459
0.6902062
Mear

DF Sum of Squares Mean Square F Value Pr > F
41 129.8101180
8.2824746
53 138.0925926

0.0034

0.1685
<.0001
0.9403
0.3967
0.9709
0.7608
0.3596
0.8839
0.5471
0.0957
0.6495
0.0626
0.8521
0.4807

class band strap underwire participant period band_prev_no strap_prev_no

strap_prev_F underwire_prev_no

underwire_prev_F;

model comfort_band = band|strap|underwire participant period band_prev_no
strap_prev_no strap_prev_F underwire_prev_no underwire_prev_F;

contrast 'strap’
strap_prev_no
strap_prev_F

-11,
-11;
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contrast 'band'
band_prev no -11,;
contrast 'uw'
underwire_prev_no -11,
underwire_prev_ F -11;

run;

SAS output:
Source DF Sum of Squares Mean Square F Value Pr > F
Model 41 65.62364680 1.60057675 0.86 0.6563
Error 12 22.24672357 1.85389363

Corrected Total 53 87.87037037

SidesComfort
Model not significant.
SAS code:

proc gim data=SURV_DUM,;

class band strap underwire participant period band_prev_no strap_prev_no
strap_prev_F underwire_prev_no underwire_prev_F;

model comfort_sides = band|strap|underwire participant period band_prev_no
strap_prev_no strap_prev_F underwire_prev_no underwire_prev_F;
contrast 'strap’

strap_prev._no -11,

strap_prev_F -11,;

contrast '‘band’

band_prev_no -11,;

contrast 'uw'

underwire_prev_no -11,

underwire_prev_F -11;

run,;

SAS output:
Source DF Sum of Squares Mean Square F Value Pr > F
Model 41 55.85945902 1.36242583 0.71 0.8013
Error 12 23.12202246  1.92683521

Corrected Total 53 78.98148148
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