
ABSTRACT 

NUNNO-GORBACHEV, ALEXANDRA SOPHIA. Material Evaluation and Structure-Property 

Relationships for Direct-to-Textile 3D Printing. (Under the direction of Dr. Behnam 

Pourdeyhimi). 

Additive manufacturing, a layerwise process for the creation of three-dimensional objects, is 

widely adopted across many fields for rapid prototyping and manufacturing purposes. An 

extensively used method of additive manufacturing is 3D printing, which has the potential to 

significantly benefit the textile apparel supply chain through increased functional capabilities, 

improvements in manufacturing efficiency, and decreased material waste. Pellet extrusion, a 

form of 3D printing suitable for the development of apparel products, utilizes a heated screw 

extruder which controls polymer flow to build a layerwise structure. To evaluate the breadth of 

material capabilities for this process, thermoplastic block copolymers were chosen as these 

polymers exhibit a wide range of material properties. 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. During 

structure-property investigation, the ability to modulate the stress-strain curve in both the X and 

Y directions was realized using 3D print geometry. Prototype analysis consisted of quantitative 

pressure measurements and a qualitative wear test survey, allowing for the efficacy of Direct-to-

Textile 3D printing to be measured using a mixed methods approach. These exemplars show the 

capability of Direct-to-Textile 3D printing for design possibilities, including highly functional, 

mass customized, and sustainable apparel products. 
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Chapter 1: Introduction  

3D printing is an automated process where three-dimensional objects are created in multiple 

layers from 3D models, allowing for the construction of geometrically complex structures for 

rapid prototyping and manufacturing [1]. 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 model 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 into a layer-wise 

structure [2]. Lastly, the GCODE file is read into the printer (Figure 1).  

 

Figure 1: 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 costs [3]. 

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

engineered to patient needs. For instance, a 2017 partnership between 3D Systems and SI-BONE 
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resulted in the first FDA-approved titanium implant to treat sacroiliac (SI) joint dysfunction 

(Figure 2). The device developed using the Arcam Electron Beam Melting machine for metals 

promotes bone regrowth between the sacrum and ilium bones of the pelvis [4]. 

3D printing provides a method for manufacture of pharmaceuticals exhibiting controlled drug 

delivery, dose personalization, and multi-drug combinations [5] [6]. The first pharmaceutical 3D 

printer developed in 2020 by biotechnology company FabRx uses an extrusion-style print 

method to manufacture personalized medicines (Figure 2) [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 construction time frames. In 2017 the 

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

time by 40% compared to traditional methods [8]. 

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 manufacture (Figure 2). In 2018 

Airbus installed the first titanium 3D-printed 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 Space Administration 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 time [9]. 
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a.) 

 
b.) 

 
c.) 

 
d.) 

Figure 2: Examples of 3D printing in industry. a.) First 3d printed titanium implant for the sacroiliac joint [4]; b.) 

M3DIMAKER pharmaceutical 3D printer [7]; c.) 3D Printed Concrete Barrack [8]; d.) First 3D                                 

printed satellite antenna for Boeing [9] 
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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, structures, and contemporary 

research. Methods of 3D printing presently used to create apparel products include 

stereolithography, polymer printing, laser sintering, fused layer modeling, polymer binder 

printing, and nonwoven methods. 

2.1.1 Stereolithography 

Stereolithography (SLA) 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 (Figure 3) [10]. Invented in 1984 by the additive manufacturing company 3D Systems, SLA 

is the most detailed method of 3D printing, allowing for the creation of complex models with 

internal hollow space [11] [1]. Microstereolithography allows for print resolutions in the range of 

0.1-5 ɛm [12]. However, SLA is limited to photosensitive materials which can be toxic to 

humans, therefore limiting applications for apparel products [1] [13].  
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Figure 3: Diagram of an SLA printer [14] 

Stereolithography has been used to create apparel products in the luxury designer range; 

however, the technology has not yet been implemented in mass manufacturing processes. Haute 

couture designer Iris Van Herpen utilized Materialiseôs Mammoth stereolithographic printer for a 

2013 collection using a semi-transparent, flexible polymer which was then coated in silicone 

[15]. The design firm Studio XO used the same machine to develop the Parametric Sculpture 

Dress, built for Lady Gaga to launch an art show with pop culture artist Jeff Koons (Figure 4) 

[16].  

 

Laser

Build platform

Photo-polymer

Cured object
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a.) 

 
b.) 

Figure 4: Examples of stereolithographic 3D printing in apparel. a.) Dress constructed by Iris Van Herpen using the 

Materialise Mammoth stereolithographic printer [15]; b.) Lady Gagaôs Parametric Sculpture dress created by      

design firm Studio XO [16]. 

2.1.2 Polymer Printing 

Polymer printing, also known as ñmulti-jet printingò or ñPolyJet printing,ò involves the layerwise 

application and solidification of a monomer material using print heads containing UV lamps 

(Figure 5) [17]. First developed in 2000 by Objet Geometries (now Stratasys), polymer printing 

presents several advantages such as a high-quality surface finish and the ability to create parts 

from multiple materials within a single layer [17] [18]. Photosensitive resins suitable for polymer 

printing must exhibit sufficiently low viscosity at the temperature of the print head. Schmidt et. 

al. recommends the use of resins with viscosities from 10 to 16 mPa at temperatures from 70 to 

90  [19]. 
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Figure 5: Diagram of a polymer printer [14] 

Iris Van Herpen utilized this technology for a 2013 collection using the Objet500 Connex 3D 

printer to create a cape-and-skirt-piece constructed from both rigid and flexible materials, 

imparting a unique drape and fit to the piece (Figure 6) [20] [17].  

 

Figure 6: Cape constructed using polymer printing for Iris Van Herpenôs 2013 VOLTAGE collection [20] 

2.1.3 Selective Laser Sintering 

Selective laser sintering (SLS), also known as ñlaser curingò or ñlaser melting,ò involves the 

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

UV lamp

UV light

Printed part
Build platform

Model material

Jetting head
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means of a laser (Figure 7) [1] [21]. Advantages of SLS printing include material breadth and 

design flexibility. Accuracy of the SLS process is controlled by particle diameter and laser beam 

width [1] [17]. 

 

Figure 7: Diagram of a laser sintering machine [14] 

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, it is the worldôs first atomic timepiece and is currently the most accurate watch ever 

produced [22]. Laser sintering was also used to create the first commercially available 3D 

printed garment, the Continuum N12 bikini, constructed using nylon 12 (Figure 8) [23].  
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a.) 

 
b.) 

Figure 8: Examples of Selective Laser Sintering. a.) The Hoptroff No. 10 Atomic Pocket, the most accurate 

timepiece ever produced; b.) Design and link structure of the first commercially available 3D printed garment, the 

Continuum N12 bikini released in 2012 

2.1.4 Fused Layer Modeling  

Fused Layer Modeling (FLM), also known as ñfused deposition modeling,ò involves the 

layerwise extrusion of polymer in a filament form (Figure 9) [1] [18]. FLM presents several 

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

possibility for printing of colored parts [17] [18]. Extrusion width is determined by nozzle size, 

throughput, and polymer properties. Parts printed with FLM exhibit anisotropic behavior due to 

the layerwise structure, and consequently delamination is common [18] [17].  
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Figure 9: Diagram of a Fused Layer Modeling 3D printer [14] 

FLM has been used to create soft, textile-like fabrics. The design firm Fabricate, a subsidiary of 

3D Systems, uses a Cubify desktop 3D printer to create fabric-3D print composites to increase 

aesthetic appeal of a garment [23]. Israeli designer Danit Peleg applied FLM printing to a 

graduate research project which resulted in the first line of commercially available 3D printed 

garments (Figure 10) [24]. Researchers at MIT were able to create a quasi-woven textile using a 

precise extrusion and retraction method, allowing for textiles with varying properties along their 

length (Figure 11). [25] 

Build platform Printed part

Polymer

Extruder

Nozzle



  11 

 

 

Figure 10: Danit Pelegôs graduate thesis project, a line of 3D printed clothing 

 

Figure 11: Defextiles MIT research project 3D print structure resembling a quasi-woven fabric 

2.1.5 Powder binder printing 

Powder binder printing, also known as ñthree-dimensional printing,ò involves the selective 

application of a binder to layers of powder [21]. Powder binder printing is typically used for 

demonstration purposes only due to low mechanical strength of finished parts [18]. American 

outdoor retailer Timberland implemented the 3D Systems Spectrum Z510 for product 

development, resulting in a prototyping savings of over $1,000 per unit. [26] 
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2.1.6 Nonwoven 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 plate [17]. A 2013 startup 

ElectroLoom also utilized electrospinning technology to spray fibers onto a plate in the shape of 

the intended garment [27]. These methods may allow for the integration of sensors into materials 

rather than through direct attachment [28].   
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Table 1: Comparison of 3D printing methods 

Technique Stereolithography 

(SLA) 

Polymer Printing   Selective Laser 

Sintering (SLS) 

Fused Layer 

Modeling (FLM ) 

Powder Binder 

Printing  

Year Invented 19841  20004 1984 1989 1993 

Method Curing of liquid 

photosensitive 

polymer in a vat2 

Monomer applied 

by print heads and 

cured by UV light  

Fusing of powder 

particles using a 

laser3 

Application of 

extruded plastics 3 

Bonding of 

granules using 

liquid binder  

Material 

Requirements 

Photosensitive 

materials3 

Photosensitive 

materials with low 

viscosity at 

temperature of 

print head3  

Any thermoplastic 

material 

Any thermoplastic 

material 

Any material 

available in 

powder form4 

Common 

Polymers Used 

Acrylates, epoxies Acrylates  PA, PS, TPE, 

PAEK 

ABS, PLA, PS 

(supports)  

PLA, ceramics 

Supports 

Needed 

Yes Yes No4 Yes No4 

 

Typical Surface 

Resolution 

50-100ɛm 

(microstereolithog-

raphy 0.1-5ɛm)  

25ɛm 50-100ɛm 100-150ɛm 100-150ɛm 

Surface Finish Smooth Smooth4 Granular3 Layered 

seamlines visible  

Can be granular or 

smooth 

Color Options Limited4  Many4 One color One color at a 

time  

Full color 

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. 

 

 

 

 
 
1 (Gebhardt, Kessler, & Thurn, 2019) 
2 (Greguriĺ, 2019) 
3 (Schmit et. al., 2008) 
4 (Vanderploeg, Lee, & Mamp, 2017 
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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 hybrid (Figure 12). 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 way. Mesostructures exhibit two main properties, synclastic and auxetic. 

Synclastic behavior allows materials to curve around a sphere with no folds or creases, whereas 

auxetic behavior refers to materials which expand when stretched. These properties enable 3D 

printed garments to fit the body and allow for movement. Hinged designs are comprised of 

foldable modules to facilitate bending, whereas flexible designs rely on material properties of the 

substrate. Generative designs are made with parametric modeling to mimic organic shapes. 

Lastly, hybrid designs represent print-fabric composites which have been studied to augment the 

aesthetic appeal or functionality of a garment. [23] 
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a.) 

 
b.) 

 
c.) 

 
d.) 

Figure 12: 3D printed structures; a.) Linked [29]; b.) Mesostructure [30]; c.) Flexible [31]; d.) Hinged [32] 

Martens & Erhmann studied 3D printing for customization as an alternative to iron-on appliqués 

and found that, when printing using the FLM method, sufficient adhesion between the textile and 

the substrate is critical [33]. Sabatina et al. explored the effect of 3D printing with the FLM 

method on the tensile strength of fabric-print composites and found that PLA increased the 

strength of the textile on which it was printed in both straight line and net form [34]. Similarly, 

another paper by 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 form-locking connections such as in hairy yarns [35]. 

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 objectives of apparel product 

development are detailed, including accepted practices for achieving these 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 capability, process, and material considerations. 

2.3.1 Elements 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, and planning of goods [36]. At the 

center of this design process is the consumer, who may be an 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 

garment. Functional criteria relate to the productôs utility, such as thermal protection, fit, or ease 

of movement. Expressive criteria refer to communicative and symbolic aspects of dress which 

share messages about the wearer. Aesthetic criteria describe the visual elements of the product 

that positively resonate with consumers. Designers utilize concepts such as line, form, color, 
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texture, contrast, and proportion to achieve these aesthetic criteria [37] [38]. Aesthetic design is a 

critical component to apparel product development, as consumers typically judge the 

functionality and usefulness of a product based on visual aspects of the design [39]. 

2.3.2 Process 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 theory [40] [38]. Labat & Sokolowski 

analyzed design process theory and determined commonalities which show three major stages: 

problem definition and research, creative exploration, and implementation (Table 2). The 

problem definition and research stage is characterized by understanding objectives and 

requirements for the product. This includes initial topic exploration, followed by a set list of 

objectives. The majority of development time is allocated to this phase to fully characterize the 

situational landscape before exploring possible solutions. [40] [41] 

Creative exploration involves the generation of preliminary ideas and design refinement. The 

design method is a creative problem-solving process which involves the optimization of several 

constraints such as consumer needs, production capabilities, and cost [41]. Prototype 

development, an iterative process involving systematic design adjustments, also occurs in this 

stage [17]. Throughout this process, design software is regularly used for project management 

and pattern 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 software. The implementation phase involves refinement of the final prototype, 

including calculation of final cost estimates and sales potential as well as manufacturing 
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information, such as production methods and time [41]. Technical package documents are also 

specified, defining each product through a set of visual and written instructions [36].  

  



  19 

 

Table 2: Textile product design process stages [41] 

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 

iii.  Economic 

conditions 

C. Working problem 

definition 

a. Defined by consumer 

and design team 

b. Design criteria 

established 

A. Preliminary ideas 

a. Expansive  

b. Explore all 

possibilities 

B. Design refinement 

a. User constraints 

i. Functional  

ii.  Economic  

b. Production constraints 

i. Cost to produce 

ii.  Time to produce 

iii.  Method of 

production 

iv. Sales potential 

C. Prototype development 

a. Combine design 

criteria and 

constraints 

b. Develop workable 

ideas 

D. 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 

iii.  Method of production 

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 which 

may be delayed 

 



  20 

 

2.3.3 3D printing in apparel product development 

The implementation of 3D printing in an apparel supply chain is projected to be seen through 

changes in capability, shifts in material considerations, and adjustments in the design process and 

role of the designer. 

Capability changes 

Largely, the c0apabilities 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 additional manufacturing 

of functional products [35]. Similarly, the efficiency and low cost of design changes lends to 

possibilities for customization and personalization of products [42]. 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 occur [35] [17]. 

Material considerations  

A key advantage of 3D printed fabrication of garments is the materials are largely low cost and 

easily available [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, FLM cannot 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 functional capabilities; this may 

include materials with anisotropic properties and the decoration of a fabric surface without need 

for adhesives [35]. 

Design process 

As a result of operational and 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 of the designerôs role to the company [17] [35]. Lastly, intellectual 

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 processes, including 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 in terms of the 

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

Sourcing describes the business activities involved in acquiring parts or full products from 

outside of the organization. This process is characterized by the optimization of many 

interrelated variables including product, price, volume, market dynamics, business relationships, 

and long-term growth (Table 3) [43]. Proper sourcing helps businesses to reduce both material 

and operating costs, improve quality, increase product availability, and respond quickly to 

changing markets [44] [45].  

The companyôs philosophy is the foundation on which sourcing decisions are made. The firmôs 

sourcing philosophy may include values which restrict sourcing practices, such as a preference 

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 possible [46]. Quality is a key consideration for mass-manufactured goods, so 

sourcing decisions must reflect processes which result in products of sufficient quality for the 

firm [47].  

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

supply chain or purchased from an outside vendor. If the firm chooses to manufacture 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 quality, at the 

right time, and at the right price, all determined by the companyôs values and sourcing 

philosophy. [43] 

The proposed product supply chain is a key consideration in sourcing decisions, including 

identification of how, when, and where materials will be distributed, procurement of equipment 
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required to produce the product, and acquisition of skilled workers to operate the equipment. It is 

important to ensure an uninterrupted flow of materials and services so that consumers will 

experience reliable inventory. A trusting relationship between the vendor and buyer is crucial to 

ensure compliance with the firm's quality and timing requirements. Reliable alternate supply 

sources are used to ensure an uninterrupted flow in case of unexpected issues.  

Political and geographical criteria in the country must also be considered, including trade laws 

and other regulations which may affect the cost or timing of production. Geographical location 

affects the shipping distance as well as the proximity to any ports, railroads, or other access 

points [47]. The infrastructure of the country must be able to support production; areas 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. 
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Table 3 Sourcing considerations 

Company philosophy  Product design and 

quality 

Supply chain and 

manufacturing 

Political and 

geographical criteria 

Companyôs sourcing 

philosophy and 

mission  

Whether the firm will 

make or buy the 

product?2 

How, when, and 

where will materials 

be distributed  

Trade and other 

governmental rules 

and regulations  

Minimize material, 

inventory, and labor 

costs as much as 

possible1 

Source materials 

suitable to the 

purpose1 

Equipment and skills 

requirements  

Geographic location, 

shipping distance, and 

expected turnaround 

time  

Quality 

assurance/control 

standards  

How, when and 

where materials will 

be purchased 

Uninterrupted flow of 

materials and 

services1 

Infrastructure of the 

country to support 

production  

 Fabric/materials 

quality and 

availability 

Trusting vendor 

relationship1 

Political and 

economic conditions 

of the country  

  Labor requirements, 

costs, and 

productivity  

Natural disasters 

  Reliable alternate 

source of supply1 

 

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  

 

 

 

 

 

 

 

1 (Kathirvel, 2010)  
2 (Ha-Brookshire, 2017)  
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2.4.2 Ordering 

After the sourcing process occurs, a purchase order is then developed for all necessary materials 

which includes the product identification, descriptions, quantity, price, and delivery date [43]. 

Producing merchandise and delivery in response to individual orders would be far too resource  

intensive.  Instead, manufacturing firms choose to produce in advance of retail orders, allowing 

retailers to receive orders at peak selling time. However, this practice requires manufacturers to 

anticipate future needs, leading to high 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 that all components function in combination for the final product. This may include 

ensuring all pieces assemble properly, are the correct size, match in color, and are available in 

the correct quantities. Color matching utilizes lab dips, strike offs, and other techniques to ensure 

trim, findings, and linings match the sample fabric. This process is especially difficult for 

products with many components, as availability may be limited in the desired color 

specifications. [47] 

2.4.3 Costing 

It is important to understand the product costs as early as possible, as an estimated average of 

80% of production costs are solidified during the first two stages of the new product 

development process [48]. Activity-Based Costing (ABC) models assign overhead and indirect 

costs to products, thus providing very precise product manufacturing cost estimates. Similarly, 

Feature-Based Costing (FBC), developed with the rise of CAD/CAM models, correlates the 
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features of a product to its total cost. FBC is comparatively simpler than ABC modeling and 

helps to illustrate how the features of a product impact its value. [49] 

In the preproduction costing process, simple cost estimates include material, labor, and other 

costs. Material costs encompass the price of fabric including any interfacing, pocketing, or lining 

as well as trims and findings, such as elastic, zippers, and buttons. Labor costs are set using 

process flow charts; these estimate the amount of time it will take a person to perform each step 

of the production process, including cutting, fusing, sewing, and finishing. Additional costs 

involve packing, handling, hang tags, freight charges, and duty charges [43]. Lowson explored 

the differences between nearshore and offshore manufacturing, concluding that many firms do 

not account for additional costs such as airfreight, delays, inflexibility costs, and administrative 

quality costs when using low-cost offshore manufacturing. [50] 

2.4.4 3D printing in the preproduction stage 

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

simplifying the sourcing process and promoting nearshoring. 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 possible to source these 

components in the correct color, size, and material, resulting in diminished quality of product 

functionality and design.  

For instance, construction of a brassiere includes many components of different materials and 

functions. The fabric requirements for this product include supporting the body of the wearer and 

providing comfort to the wearer. Other components, such as underwire, interfacing, lining, cups, 

straps, closures, and trims must match visually and contribute to the functionality of the garment. 
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As a result, improvements in the design of mass-manufactured bras are complex and multi-

faceted.  

3D printing presents an opportunity to manufacture complex geometry without the need to 

source entirely new components. With a 3D printed-fabric composite design, specifications can 

be directly printed onto the surface of the fabric, thus reducing the need for separately sourced 

components. As a result, design innovation can occur more quickly, and consumers can receive 

products which better meet their needs and wants.  

Similarly, the 3D printing process may allow for a shift to local manufacturing at no additional 

costs. This is because 3D printing results in an extremely reduced assembly process. Design 

elements can be printed into the garment, resulting in a reduction of material handling, sewing, 

and other labor costs. A shift to domestic manufacturing will result in reduced lead time and 

therefore a more flexible supply chain [51]. Manufacturers will not need to anticipate demand 

months ahead of the selling season, therefore resulting in less excess product waste. Lastly, local 

manufacturing facilities will be easier to reach, and firms will have greater control over 

intellectual property. The implementation of additive manufacturing is projected to reduce 

expenses related to material acquisition, sourcing processes, 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 



  28 

 

process and is analyzed in terms of the global supply chain, manufacturing facility, process 

changes, and quality control.  

2.5.1 Overview of manufacturing in the apparel industry 

Manufacturing in the apparel and textile industry is defines as ñthe construction process by 

which cut material, fabric pieces, findings, and trims are incorporated into a finished apparel 

productò [47]. These production sequences and manufacturing environments vary greatly due to 

changes in manufacturing technology, price requirements, and geographic location. However, 

optimization of quality and cost is essential. Currently, manufacturing in the apparel and textile 

industry is characterized through manual assembly processes. Similarly, technological 

advancements are more prevalent in the pre-assembly stage, such as cutting, pattern making, and 

market planning. In the assembly stage, difficulty handling and performing complex actions on 

fabric limits automation. [52] 

2.5.2 Production planning and control 

Production planning and control concerns organization and management of the production 

process. This includes two interconnected systems, the product planning system and the process 

planning system. The product planning system includes all processes related to the development 

of a product, including acquisition of required material amounts and the realization of consumer 

market requirements. The process planning system instead focuses on the systems involved in 

the development of a product, such as the technological requirements for manufacturing and the 

process flow.  
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Production control within the apparel industry focuses on many interrelated facets. Material 

delivery and flow must be considered along with manufacturing capacity, production schedules 

and availability. Production quantity is an important consideration to determine the 

manufacturing process and delivery schedules. Time sensitive factors include due dates, 

schedules, and work allocation. Lastly, timely information reports must be compiled, resulting in 

corrective action in the manufacturing process. [52]  

The manufacturing environment is influenced by the company philosophy and type of product 

assembly. These may include mass-production, fast fashion, and mass-customization.  

Basic products are typically constructed using mass-production techniques. These include 

consumer goods such as tee-shirts, jeans, or underwear. These products, generally characterized 

by predictable demand, present a lower risk to produce in high quantities. The aim of this 

production system is mainly in-store replenishment of products, so longer lead times are 

acceptable.  

Fast fashion seeks to replicate high-fashion designs in large volumes which can quickly go out of 

style and is therefore based on short-cycle production and a rapid delivery schedule. This 

manufacturing system seeks to cut costs through design, transportation, and sales. As such, short 

lead times are crucial for this manufacturing model.  

The aim of the mass-customization model is to produce partially or fully customized consumer 

products at a large scale. Mass-customization 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 this, mass-customization 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. Consequently, mass-customized elements 

generally impart aesthetic, rather than functional, qualities. [47] 

Within the manufacturing environment, the production sequence is based on construction 

specifications found in the Bill of Materials (BOM) along with equipment capabilities, labor 

costs, and labor availability. 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 through cost, quantity, 

delivery, speed, and flexibility measurements. Standard Allowed Minutes (SAMôs) measure the 

time required to produce a single finished garment and are used for assessing the efficiency of 

manufacturing speed and cost. [53]  

2.5.3 Manufacturing systems 

The most commonly used manufacturing system for apparel is the progressive bundle system 

[52]. In this system, pieces for a specified number of garments, usually one to three dozen, are 

bundled together and transported between sewing operators. Each operator, who sits at a single 

machine, opens the bundle, performs one or two construction steps, and rebundles for the next 

operator. This manufacturing system is highly efficient; however, results in high levels of work 

in progress (WIP) and thus higher manufacturing costs.  

The modular manufacturing system, however, represents a comparatively flexible method for 

clothing production in that operators are cross-trained in many different aspects of garment 

construction. Whereas in the progressive bundle system operators perform a single task on a 
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single machine, in the modular system each operator may be trained on many machines. In 

addition to combining operations, it can be useful to configure manufacturing cells in ñUò or ñLò 

shapes so that workers can operate multiple machines from one location, increasing efficiency 

and flexibility. The work environment is generally characterized by increased collaboration and 

productivity compared to the progressive bundle system. A benefit of using this production 

system is that it is easier to shift between the production of goods from different product 

categories. This manufacturing system generally results in reduced assembly time and WIP.  

The unit production system is typically, but not exclusively, used for mass customized products 

and is characterized by a computerized overhead transport system, which reduces operator 

handling time. Operators are cross trained on various tasks, which also allows the process to be 

very productive. [47] 

Within these manufacturing systems variations exist for specific garments or garment categories. 

Similarly, combinations of systems are also possible along or within the production line.  

Lean manufacturing  

Lean manufacturing is a production philosophy focused on creating the shortest possible cycle 

time by eliminating waste. This is derived mostly from the Toyota Production System (TPS) 

which identified seven wastes in manufacturing: overproduction, 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 productivity. Excess inventory can result in increased production times, 

reduced productive floor space, diminished communication, and decreased frequency of problem 
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identification. Most of a unitôs production time has been found to be in waiting for the next 

operation. This waste is typically caused by suboptimal design 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. Excessive movement and 

handling can also cause damage to the product or packaging and therefore reduce quality. 

Overprocessing is defined as using more expensive resources than are needed or adding 

unnecessary design features. This practice not only adds cost but also encourages overproduction 

to recover high costs. Lastly, defects result in many associated costs such as scrap, rework, 

reinspection, rescheduling, and capacity loss. [47] 

Lean manufacturing details helpful production processes to increase efficiency. Process flow 

diagrams are often developed to identify all operations and pinpoint problems or bottlenecks. If 

possible, it is beneficial to order inventory which requires minimal processing and may allow for 

the combination of multiple production steps. Optimization and automation of material flow is 

encouraged to supplement or perform repetitive tasks and reduce changeover time. 

Consequently, the implementation of lean thinking can result in improved manufacturing 

capability with fewer input requirements. [47] [54] 

Automation  

Automation in manufacturing presents several advantages such as increased manufacturing 

productivity, inventory turnover, and product quality.  

Automation may improve working conditions by replacing repetitive and monotonous work and 

performing jobs beyond human capability. However, machines are typically programmed to be 
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task-oriented, whereas human workers are able to exhibit flexible and creative problem-solving 

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 limit development of machines and processes to automate 

apparel manufacturing. Humans are able to respond to unpredictable fabric characteristics using 

reasoning; however, robots are often designed to perform limited motions 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 this step. The use of pins, 

pinching, friction, electrostatic forces, suction, adhesives, and freezing has been applied to solve 

the issue of picking and handling fabric. Optical, mechanical, or pneumatic detection has also 

been developed to distinguish edges or changes in the fabric. The Japanese Ministry of Trade and 

Industry (MTI) developed an automatic production system for clothing which was able to 

produce a womenôs blazer; however, this method could not be implemented in mass production 

due to lack of technologies, high investment costs, and a lack of tolerance requirements [55]. 

2.5.4 3D printing implementation in the manufacturing stage 

The implementation of 3D printing in an apparel supply chain has the potential to significantly 

alter the manufacturing process. This technology may affect the global supply chain, the 

manufacturing facility, the production process, and the quality control mechanisms.  

Global supply chain  
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It has been projected that a significant effect of 3D printing on the global apparel supply chain 

will be a shift to localized manufacturing. A recent survey shows that more than 50% of 

American manufacturing executives were at least considering shifting manufacturing back to the 

United States [51]. Localized manufacturing can benefit companies due to shorter lead times and 

greater control over inventory. Whereas currently the textile and apparel industry generally is 

constrained to build facilities where labor costs are low, 3D printing can allow firms to rely on 

automation, therefore reducing geographical limitations. Under the implementation of 3D 

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

and designs that are highly customizable and complex.  

Manufacturing facility  

The manufacturing facility itself will also change significantly with the implementation of 3D 

printing. First, it may reduce material-supply risks, as less materials need to be externally 

sourced in this process. Similarly supply chain network complexity and total inventory costs are 

reduced [56]. Since 3D printing machinery can effectively decrease the number of steps needed 

to produce a product, warehouse space and fixed capital costs will be reduced [57]. 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 or reduce product assembly processes due to a reduction in 

subassembly [56] [51] [58]. Similarly, the process can reduce waste and energy consumption. 

The US Department of Energy estimated that 3D printing manufacturing can reduce energy 

consumption by 50% compared to traditional subtractive methods [59]. It is likely that the 
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manufacturing process utilizing 3D printing will be highly reliant on computer aided design 

(CAD). 3D printing can also help manufacturing be more flexible as it is possible to manufacture 

new or complex designs without the need for tooling. Currently design is limited by 

manufacturing capabilities. With a manufacturing operation based in 3D printing, design and 

production may be more closely related. [51] 

Quality control  

Standards and measurements for quality control must be clearly defined for any 3D printing 

production process. Since specific quality control measurements will vary by machine, it may 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 important to have an understanding 

of which elements of the process contribute to quality, such as polymer characteristics, particle 

size, or layer heights. Designs should be as close as possible to the CAD model or scan and high-

quality CAD models will increase the quality of the final print. [58] 
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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 direct-to-textile 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 three-fold approach beginning with material selection 

and testing, followed by structure investigation, and prototype analysis. The material evaluation 

stage focused on assessing the inherent tensile properties of polymers as well as exploring their 

adhesion to fabric. The structural investigation stage assessed methods for modulating tensile 

properties using 3D printing techniques. Lastly, the prototype analysis stage examined the effect 

of 3D printed polymers on the fit and comfort of a garment using both quantitative and 

qualitative methods.  

These objectives are accompanied by the following deliverables: 

¶ Establish a method for Direct-to-Textile 3D printing 

¶ Identify how thermoplastic polymers adhere to fabric 

¶ Discover the effect of printing techniques on fabric properties 

¶ Develop designs using 3D printing 

¶ 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 

Literature indicates no mechanism for 3D printing of apparel products is widely adopted. A 

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 lamination techniques to be used. To make use 

of this property, pellet extrusion was proposed as the 3D printing method to be examined (Figure 

13). In this mechanism, thermoplastic polymer pellets are melted using a heated single-screw 

extruder which controls polymer flow. The extruder is mounted on a gantry that is able to move 

in three dimensions to build the layerwise structure.  

 

Figure 13: 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 properties are determined by throughput, die-to-collector 

distance, nozzle size, extrusion temperature, extruder speed, and polymer type.  
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Throughput: This parameter refers to the rate at which polymer flows 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 the surface of the 

substrate on which printing occurs and the nozzle tip. Adjustments to this distance can impact the 

print properties. A 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 nozzle tip, is rounded in shape, and is thin 

in comparison to the bead created at a low DCD, with possibly lower adhesion to fabric.  

Nozzle size: This parameter represents the diameter of the nozzle opening which extrudes the 3D 

printed polymer. Increasing nozzle size results in increased print thickness and width.  

Extrusion temperature: This parameter is determined by the melting temperature of the polymer 

used in the system as taken from the DSC. However, as polymer melt flow rate increases with 

temperature, this parameter can be adjusted slightly to vary the print characteristics and adhesion 

to the substrate.  

Extruder speed: This parameter refers to the linear speed of the gantry containing the extruder. 

Extruder speed is inversely related to print width, weight, and thickness and can be used in 

conjunction with throughput to reduce print time.  

Polymer type: Properties inherent to an individual polymer, such as melting temperature, melt 

flow rate, and tackiness, control print properties. The polymer type can be adjusted to meet 

product parameter requirements.  
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Chapter 5: Material Selection 

5.1 Introduction to thermoplastic melting 

All polymers are categorized as either thermosetting or thermoplastic. Thermosetting materials 

crosslink and thus exhibit irreversible hardening, whereas thermoplastic materials can be melted 

with heat and cooled to a solid repeatedly. Since polymer pellets are recurrently heated and 

cooled through the pellet extrusion DT 3D printing method, thermoplastic polymers are the only 

materials suitable for this experimentation.  

Along with thermosets and thermoplastics, polymers are also characterized as either 

semicrystalline or amorphous. Semicrystalline polymers are composed of crystalline and 

amorphous regions (Figure 14). Crystalline regions are highly ordered and closely packed, 

whereas amorphous regions do not exhibit the same level of long-range order. 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 characteristics. Amorphous regions begin to flow at a lower energy 

threshold, known as the glass transition temperature (Tg). As temperature increases, crystalline 

regions begin to flow, known as the melting temperature, or (Tm). Melting and flow behavior can 

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

amount of heat required to increase the temperature of a sample compared to a reference.  
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Figure 14: Crystalline and amorphous regions of a polymer 

5.2 Adhesion 

Adhesion refers to the chemical or physical bond between the contact surfaces of two materials 

and can be measured by the force required to cause complete separation [60]. The ASTM defines 

adhesion as, ñthe condition in which two surfaces are held together by either valence forces or by 

mechanical anchoring or by both together.ò Although there is not one agreed upon theory to 

describe adhesion, the phenomenon can generally be explained by three mechanisms: interfacial 

adhesion, interdiffusion, and mechanical interlocking.  

5.2.1 Wetting  

These adhesive mechanisms occur under the assumption of sufficient wetting, or the ability of a 

liquid to maintain contact with a solid surface [61]. 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 strength [62]. 

5.2.2 Interfacial adhesion 

Interfacial adhesion refers to the ñchemicalò bonding across narrow interface between the 

adhesive and the adherent. This can include chemical crosslinking, contact charging, dipole-

dipole interaction, and hydrogen bridging bonds (Figure 15). [62] 

The mechanism of interfacial adhesion is typically achieved through chemical bonding, which 

can be classified into four types of interactions: covalent bonding, hydrogen bonding, acid-base 

interactions, and Lifshitz Van der Waals forces (Table 4).  

Covalent bonding is the strongest and most durable type of bond yet requires mutually reactive 

chemical groups to exist. Therefore, surface treatments such as plasma, alkaline, mercerization, 

and silane treatment are often used to modify adherent surface properties [60]. Dipole-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 dipole-dipole interaction in which a hydrogen atom that is bonded 

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

In acid-base theory, ñan acid is a substance which can accept an electron pair from a base and a 

base is a substance which can donate an electron pairò [63]. According to this, adhesion results 

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. However, Van 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 adhesion.  In the electrostatic (contact charging) theory, attraction occurs when 

electron transfer takes place between an adhesive and adherend as a result of electronic band 

structures; however, this has not been shown to be a large contribution in nonmetallic systems. 

[62] 
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a.) 

 
b.) 

 
c.) 

 
d.) 

Figure 15: Examples of interfacial bonding mechanisms; a.) chemical cross-linking; b.) dipole-dipole interaction;          

c.) contact charging; d.) hydrogen bridging bonds 

Table 4: Examples of Energies of Lifshitz-Van der Waals Interactions and Chemical Bonds 

Type E (kJ/mol) 

Covalent 350 

Ion-Ion 450 

Ion-Dipole 33 

Dipole-Dipole 2 

London Dispersion 2 

Hydrogen Bonding 24 
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5.2.3 Interdiffusion  

Interdiffusion refers to the phenomenon 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 create a physically linked 

molecular bridge (Figure 16). 

 

Figure 16: Interdiffusion [64] 

5.2.4 Mechanical 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 solidified [65] [66]. The increased 

surface area of the uneven substrate also results in greater area of contact, helping to reinforce 

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 negligible [67]. 
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5.3 Polymer structures and characteristics 

Desired characteristics of 3D printed polymers include conformability, low creep, sufficient 

adhesion to fabric, and thermoplasticity. As such, polymers with a broad span of characteristics 

need to be used for this application. Block copolymers display a wide range of properties 

compared to homopolymers. This is because block copolymers contain elastomeric and rigid 

segments; varying the proportions of these impacts the overall polymer properties. 

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

structure and shape also arise. On one end of the structural spectrum, linear polymers are 

characterized by an ordered chemical structure and exhibit high strength and high melting point. 

Branched polymers contain side chains known as ñbranches;ò these polymers exhibit lower 

strength and melting point compared to their linear counterparts; however, they may exhibit 

flexibility due to free space between chemical groups. Network polymers exhibit a structure and 

resulting elastic recovery similar to cross-linked thermosetting polymers; however, they are 

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, semi-soft, and hard materials (Figure 17) [68]. 
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Figure 17: Shore hardness chart [68] 

5.4 Commercially available polymers 

Eight commercially available polymers were chosen to be studied using the Direct-to-Textile 3D 

printing process. These polymers are Monprene CP22126, Monprene CP69168, Pebax 2533, 

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

Monprene elastomers (Teknor Apex) are network block co-polymers composed of styrene and 

ethylene/butylene (hard and soft) blocks. Hytrel elastomers (DuPont) are linear block co-

polymers composed of poly(butylene terephthalate) (PBT) and butylene ether glycol 

terephthalate (hard and soft) blocks. Pebax elastomers (Arkema) are linear block co-polymers 

composed of polyamide and polyether (hard and soft) blocks. Vistamaxx elastomers 

(ExxonMobil) are linear block co-polymers composed of isotactic propylene and ethylene (hard 

and soft) blocks. Elastolllan elastomers (BASF) are linear block co-polymers composed of 

polyurethane and polyester (hard and soft) blocks.  The chemical composition, hardness, and 

melt flow properties of these materials are shown in Table 5. 
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Table 5: Elastomer Trade Name, Composition, Hardness, and Melt Flow (as taken from technical 

data sheets) 

Trade Name/Grade Composition Hardness (Shore A) Melt Flow 

(g/10min) 

Monprene CP22126 styrene (hard) + 

ethylene/butylene (soft) 

28  20 

Monprene CP69168 styrene (hard) + 

ethylene/butylene (soft) 

66  15 

Hytrel 3078 poly(butylene terephthalate) 

(hard) + butylene ether glycol 

terephthalate (soft) 

75 52 

Hytrel RS40 poly(butylene terephthalate) 

(hard) + butylene ether glycol 

terephthalate (soft) 

82 202 

Hytrel 4069 poly(butylene terephthalate) 

(hard) + butylene ether glycol 

terephthalate (soft) 

82 8.52 

Pebax 2533 polyamide11 (hard) + polyether 

(soft) 

77 14 

Vistamaxx 6202 polypropylene (hard) + ethylene 

(soft) 

643 203 

Elastollan B85 polyurethane (hard) + polyester 

(soft) 

851 25 

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

using ASTM D2240 unless otherwise noted 

 

 

 

 

 
1 ISO 7619-1 
2 ISO 1133 
3 ExxonMobil method 
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Chapter 6: Experimental Approach 

The objectives of this project are realized through a three-stage approach: material evaluation, 

structure-property relationship assessment, and prototype analysis. These approaches are 

outlined in the following sections.  

6.1 Material evaluation 

The material evaluation stage is focused on defining the properties of the polymers chosen in the 

previous section and of laminates constructed with these polymers. The goal of this phase is to 

define the current existing space of 3D printed material properties using eight commercially 

available polymers as exemplars. Material evaluation includes the determination of tensile 

properties such as breaking strength, elongation at break, and Youngôs modulus as well as 

adhesion using T-peel testing methods. Melt flow rheometry and laser profilometry are also used 

to characterize adhesion. Ideally a polymer exhibits ñperfect adhesion,ò a phenomenon where the 

adhesive strength is greater than the fabric strength.  

6.2 Structure-property relationship assessment 

Structure-property relationships arise as a result of 3D print parameters and printing techniques. 

This phase focuses on how to use elements of 3D printing to modulate the properties found in the 

previous stage. To study these relationships, full factorial design of experiments is used to 

examine the effect of lamination and print thickness on tensile properties of the laminate and to 

selectively modulate stretch properties through print design. 
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6.3 Prototype analysis 

The aim of the prototyping phase is to develop prototypes as exemplars for implementation of 

the Direct-to-Textile 3D printing technology. A full factorial design of experiments is conducted 

consisting of variations in polymer location (factors) and type (levels). The efficacy of these 

prototypes is measured using a mixed-methods approach. The quantitative method in this 

approach is to assess the contact pressure induced by the garment on the wearer, collected using 

the Novel Pliance-x, v23 pressor sensor 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 

survey of trained fit models, which estimates the impacts of these factor levels on comfort, 

perceived support, and key measurements, in 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 measurements of polymers and 

laminates. Along with this, adhesion testing is performed on the laminates, supported through 

melt flow rate measurements and confocal laser profilometry.   

7.1 Design of Experiments 

Adhesion is impacted by temperature, pressure, and the residence time. Because of this, 

lamination at peak melting temperature for each polymer is first observed. However, preliminary 

tests show over-bonding at polymer peak melting temperature. In this regard, over-bonding is 

defined as excessive polymer flow present on the non-bonded side of the substrate. Over-

bonding negatively affects the quality of the final product in terms of breathability, hand, 

aesthetic quality, and textile surface properties.  

Amorphous regions begin to flow at the glass transition temperature and will deform and flow 

into the fabric with the addition of pressure. Similarly, the melt flow rate of thermoplastic 

polymers increases positively with temperature; as a result, the likelihood of over-bonding is 

higher at increased temperatures. To reflect the relationship between melt flow and temperature, 

samples were initially laminated at the peak melting temperature of the polymer and the 

temperature was reduced by 10  until over-bonding was not observed.  

Adhesion was determined through a peel strength test according to the Standard Test Method for 

Peel Resistance of Adhesives (ASTM D1876), though which peel strength is defined as ñthe 
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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 [ASTM D1876].ò  

7.2 Statistical Reasoning 

The statistical techniques of representativeness, replication, randomization, and blocking were 

utilized in these studies to improve estimability.  

Representativeness refers to the quality of the sample in that 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 repetition of treatment conditions on experimental units in order to 

increase precision of estimates and variability. Repeated measures, however, involves additional 

measurements on a single subject. The principal difference between the two is that replication 

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 and meeting assumptions of analyses based on the F and t distributions. 

Lastly, blocking refers to the division of experimental units into sub-groups, known as blocks. 

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  

Polymer-fabric laminates were constructed through the use of a heated hydraulic press, which 

subjects a sample to pressure and heat simultaneously. The hydraulic press was used as a 

preliminary method of laminate construction rather than DT 3D printing in order to eliminate any 

variation caused by the printing technique. Samples were bonded to a 130gsm 77% polyester/ 

23% elastane interlock knit fabric. Differential Scanning Calorimetry (DSC) was used to 

determine the optimum annealing temperature for each polymer laminate. Results of the thermal 

analysis are summarized in Table 6 and Table 7.  
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Table 6: Melting properties obtained from DSC measurement 

Label Trade 

Name/Grade 

Glass 

transition, Tg 

(°C) 

Onset of 

melting (°C) 

Peak melting, 

Tm (°C) 

Endset of 

melting(°C) 

ñMonprene 1ò Monprene 

CP22126 

70 221 228 245 

ñMonprene 2ò Monprene 

CP69168 

120 254 259 263 

ñPebaxò Pebax 2533 80 187 202 221 

ñHytrel 1ò Hytrel 3078 93 213 245 252 

ñHytrel 2ò Hytrel RS40 100 180 230 256 

ñHytrel 3ò Hytrel 4069 110 229 243 252 

ñVistamaxxò Vistamaxx 

6202 

1: 55 

2: 112 

216 223 233 

ñElastollanò Elastollan 

B85 

75 N/A N/A N/A 

Note: Elastollan is a fully amorphous polymer and consequently does not exhibit melting 

behavior 
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Table 7: DSC Curves for Monprene CP22126, Monprene CP69168, Pebax 2533, Hytrel 3078, 

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

Monprene CP22126 Monprene CP69168 

  

Pebax 2533 Hytrel 3078 
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Hytrel RS40 Hytrel 4069 

  

Vistamaxx 6202 

 

Elastollan B85 
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7.4 Determining the optimum bonding temperature 

As stated in 7.1, over-bonding is defined as excessive polymer flow present on the non-bonded 

side of the substrate. Using the method described in the design of experiments, coupons were 

bonded at the polymerôs peak melting temperature as taken from the DSC and temperature was 

decreased by 10 until over-bonding was not observed (APPENDIX A). The optimum bonding 

temperature is defined as the maximum temperature at which over-bonding was not observed for 

a sample bonded at 100 psi for 10 seconds. The optimum bonding temperature was then used for 

further comparison through adhesion, melt flow, and tensile measurements (Figure 18). 

 

Figure 18: Optimum bonding temperature values for sample laminates 

7.5 T-Peel adhesion test 

Adhesion testing was conducted according to ASTM D1876. Test specimens were cut to 25mm 

width and 127mm length with 25mm of unbonded area to be inserted into the testing grips 

(Figure 19). Samples were inserted into 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.  

 

Figure 19: Sample laminate structure for T-Peel adhesion test 

The Elastollan laminate exhibited ñperfect adhesion,ò indicating the bond strength between 

adhesive and adherent was greater than the strength of the polyester fabric 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 respectively (Figure 20). 
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Figure 20: Results of T-Peel adhesion test 

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

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

7.5.1 Melt flow rate 

The Melt Volume Rate (MVR) of each polymer was then tested at temperatures ranging from the 

polymerôs melting temperature to the lowest temperature able to be tested based on the capability 

of the equipment. The Melt Volume Rate can be converted to the Melt Flow Rate through the 

following equation: 

ὓὊὙ ”ὓὠὙ 

where ɟ = 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 into the fabric (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.  

 

Figure 21: 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 

material safety data sheets using a standard temperature of 210 . The ideal measurement would 

be of the melt flow values at optimum bonding temperature; however, these values could not be 

measured due to limitations of the equipment.  
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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 interlocking (Figure 22).  

 

Figure 22: Melt Flow Rate vs. peel strength of elastomers 

7.5.2 Confocal Laser Scanning Profilometry 

In order to measure the depth of polymer penetration directly, confocal laser scanning 

profilometry was utilized, a technique which creates a three-dimensional contour of the surface 

by imaging a sample at varying focal lengths. After laminate separation though T-peel testing, 

the knit fabric leaves an imprint on the surface of the polymer. The surface roughness of this 

plane represents the polymer flow through the fabric before cooling. A Keyence VKx1100 

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

and determine an average absolute surface height value, Sa, calculated as: 
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Where the difference between all data points and this value are compared to determine the 

surface roughness. The scanned surface can be seen in Table 8.   
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Table 8: Surface roughness images and plots 

Image of polymer surface 

 

Confocal laser scanned image 

 

Two-dimensional plots  
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A positive relationship between surface roughness values and peel strength 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 laminates (Figure 23).  

 

Figure 23: Surface roughness vs peel strength of elastomers 

7.6 Tensile behavior of elastomers 

The strain on the fabric of apparel garments is generally less than 300% of the original length in 

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

The tensile properties of these polymers were measured by printing rectangular coupons 

(25mmx127mm) of a standard thickness (1.05mm) 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 modulus (Figure 24-25).  
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Figure 24: Stress-strain behavior of commercially available polymers 

 

Figure 25: Breaking strength of commercially available polymers 
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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. The 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 

Structure-property relationships play a large role in the overall characteristics of DT 3D printed 

composites. Chapter 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% 

polyester/23% elastane interlock knit fabric at their respective optimum bonding temperature at 

100 psi for 10 seconds. 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 fabric generally increases the breaking strength compared to the polymers 

themselves (Figure 26). 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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Figure 26: 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 thickness. Examples of these properties are 

breaking strength, elongation at break, and Youngôs modulus.  

8.2.1 Design of Experiments 

As a result, a full-factorial design of experiments was proposed to study the effects of thickness 

for each polymer type. Factors include bonding type, layer height, and polymer type with three 

samples developed for each treatment combination (Table 9).  

Bonding type: Bonded 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 polymer itself more clearly.  
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Layer height: Samples were printed in one-, two-, and three-layer samples with standard 

machine parameters.  

Polymer type: All of the eight commercially available polymers were tested.  

Table 9: 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 

 

8.2.2 Results 

Through this study, it can be seen that increasing thickness leads to an increase in Youngôs 

modulus and yield stress, effectively shifting the stress-strain curve upwards (Figure 27). This 

effect is present for all unbonded and bonded samples (Figure 28).  
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Figure 27: Stress-strain behavior of Hytrel 1 (unbonded) 

 

Figure 28: Stress-strain behavior of Hytrel 1 (bonded to fabric where ñno polymerò represents the fabric response) 
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8.2.3 Discussion 

From these tests, a clear positive relationship between print thickness and Youngôs modulus 

arises, leading to increased rigidity. This implies that product developers may be able to vary 

print thickness, rather than material type to tailor the desired effect. As a result, these methods 

may facilitate increased design capabilities due to reduced material restrictions. Similarly, these 

DT 3D printed parts require much less sourcing and manufacturing involvement, resulting in a 

more efficient supply chain. Along 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 Modulat ing stretch properties  

The previous section described methods to shift the stress strain curve in the Y-direction, 

increasing the modulus and yielding stress. Additionally, this section illustrates a method for 

adjustments to the stress-strain curve in the X-direction, effectively modulating the stress 

response of these materials to strain.  

8.3.1 Design of Experiments 

Youngôs modulus is greater than the shear modulus for most materials as described by  

Ὁ ςὋρ ὺ 

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

Because of this, a simple zig zag was studied, with varying elongation parameter, z, where  

ᾀ
ὖὶὭὲὸὩὨ ὒὩὲὫὸὬ

ὛὥάὴὰὩ ὒὩὲὫὸὬ
 

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 tested: z=1.0 (a straight line), z= 1.1, 

and z = 1.2 (Figure 29).  
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Figure 29: 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.  

8.3.2 Results 

The effect of increasing the value of z is to decrease load at low levels of elongation, effectively 

shifting the stress-strain curve to the right (Figure 30). Similarly, this shift results in increasing 

strain required to reach the yield point.  
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Figure 30: Stress response of Monprene 2 in shapes of varying elongation 

Increased z-value 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 regions (Table 

10).  
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Table 10: Three regions of a zig-zag stress-strain curve 

Fluctuation removal 

region  

 

Elastic deformation 

region 

 

Plastic deformation 

region 
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8.3.3 Discussion 

From this study, a clear positive relationship between the value of z and the stress response of 

these polymers is shown. The 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 products. As 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 as running.  
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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 what the is effect 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 existing literature that the band, straps, and underwire are impactful to the 

support and comfort of a bra [69] [70] [71]. As a result, a full factorial repeated measures design 

of experiments is used where factors correspond to polymer location and levels correspond to 

polymer type (Table 11).  

Table 11: Factors and levels for prototype analysis 

Factors (polymer location) Band Strap Underwire 

Levels (polymer type) No polymer Flexible polymer Rigid polymer 

 

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

tested, resulting in 27 total samples enumerated in Figure 31.  

The rigidity of the polymer is numerically represented by the Youngôs Modulus, so this property 

was the determining factor for the polymers used. For the ñflexible polymerò, the polymer with 
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the lowest tested Youngôs Modulus is required, so Monprene 2 is chosen. Likewise, for the ñrigid 

polymer,ò the polymer with the highest Youngôs Modulus is desired, so Hytrel 2 is chosen. For 

the ñno polymerò factor level, the fabric is left unbonded in the appropriate region.  

 

Figure 31: 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 respectively. For this 

analysis, these factors are treated as discrete rather than continuous due to uneven differences 

between modulus values. Continuous 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 specified range. However, 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 the sports bra 

on a mannequin. This is with the goal of developing relationships between polymer placement 

and type with pressure on the wearer.  

9.2.1 Measurement of the response 

A rigid plastic mannequin of size 38C was chosen as the test subject in order to reduce variation 

in fit  of the garment and variation between human subjects. This is because a mannequin exhibits 

constant uniformity in the three regions tested, as opposed to a human, whose physiological 

properties may differ and result in varying pressure values. Due to the dimensions of the 

mannequin, the overall relationships between these values should remain constant.  

In addition to reduced variance of the response, the mannequin was also chosen for ease of 

donning and doffing of the garments. It 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. However, the mannequin allowed for donning and doffing of these samples so that 

measurements could be taken.  

The pressure measurements were captured using a Novel Pliance-x, v23 pressure sensing system 

(Figure 32). Pressure measurements were taken in three locations: the shoulder (Y1), the front 

band (Y2), and the back band (Y3). Subsampling was used where 10 measurements were taken 

from each location for each sample with one sample per treatment combination. Analysis is 

conducted based on the average of the ten measurements.  
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Figure 32: Testing setup including mannequin and Novel Pliance-x system 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 variance for the ñrigid polymerò group (Figure 33). It is surmised that this is 

due to less conformability of the rigid polymer laminate to the curved surface of the test subject. 

Consequently, a lognormal transformation of the data based on The Delta Method results in 

comparatively even sample variance (Figure 34). 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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Figure 33: Example of relationship between band type and back band contact pressure showing unequal variance 

between sample groups 

 

Figure 34: Example of relationship between band type and back band contact pressure showing equal variance 

between sample groups as a result of a lognormal transformation 
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9.2.2 General Linear  Models  

SAS statistical software was used to analyze the results of the pressure measurements. As 

mentioned in the previous section, a log transformation of the pressure measurements was used 

as the response in order to fulfil the equal variance assumption. The model was fit based on the 

means of the 10 subsamples.  

Thus, our models can be written in the form,  

ὣ  ɼ  ɼὼ  ɼὼ  ɼὼ  ɼὼ  ɼὼ  ɼὼ ς Ὢὥὧὸέὶ ὭὲὸὩὶὥὧὸὭέὲί

Ὁ  

where: 

Yijk: ln(response of pressure in a given zone) 

i: level of band 

j: level of strap 

k:  level of underwire  

ὼ  
ρ  ὲέ ὴέὰώάὩὶ
π  ὩὰίὩ               

             

ὼ  
ρ ὪὰὩὼὭὦὰὩ ὴέὰώάὩὶ
π ὩὰίὩ                          

 

ὼ  
ρ  ὲέ ὴέὰώάὩὶ
π  ὩὰίὩ               

             

ὼ  
ρ ὪὰὩὼὭὦὰὩ ὴέὰώάὩὶ
π ὩὰίὩ                          

 

ὼ  
ρ  ὲέ ὴέὰώάὩὶ
π  ὩὰίὩ               
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ὼ  
ρ ὪὰὩὼὭὦὰὩ ὴέὰώάὩὶ
π ὩὰίὩ                          

 

Under the assumption of Ὁ  ͯ ὭὭὨ ὔπȟ„  

9.2.3 Results of pressure measurements 

Shoulder region (Y1) 

As a result of the analysis conducted, all main effects and interactions in the shoulder region are 

significant (Ŭ = 0.05). Analysis of variance indicates a positive correlation between strap, band, 

and underwire modulus with pressure in the shoulder region. The model for pressure in the 

shoulder region can be found in APPENDIX D 

 

Shoulder pressure increases with strap rigidity. This is because the rigid polymer prevents fabric 

stretch along the length of strap. Conversely, flexible polymer deforms and results in low 

compression on the shoulder and therefore low pressure. Shoulder pressure increases with band 

rigidity. This is because the rigid polymer in the band provides additional vertical resistance to 

the upward pull from strap. Alternatively, flexible polymer in the band exhibits stretch and 

therefore yields to increased pressure in the strap.  

Similarly, interactions are significant indicating that the effect of a single design element may 

depend on the presence or type of another design element. For samples 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, shown in Figure 35, illustrate the positive interaction between strap and 

band modulus.  



  83 

 

 
a.) 

 
b.) 

 
c.) 

 
d.) 

Figure 35: Pressure in the shoulder region increases positively with both strap and band modulus for the a.) no 

underwire, b.) flexible underwire, and c.) rigid underwire cases. d.) shows pressure averaged across all               

levels of underwire 

Front region (Y2) 

Another outcome of the analysis performed is that all factors and interactions in the front region 

are significant (Ŭ = 0.05). Analysis of variance indicates a positive correlation between band 



  84 

 

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 found in APPENDIX D 

 

Front pressure increases with band rigidity as the rigid polymer prevents stretch laterally, 

increasing front pressure, whereas flexible polymer deforms and results in low compression on 

the front band and therefore low pressure.  

Front pressure decreases with strap rigidity as the rigid polymer in the strap increases the upward 

pull on the band. However, flexible polymer in the band exhibits stretch and therefore yields to 

decrease upward pull on the band.  

Similarly, interactions are significant indicating that the effect of a single design element may 

depend on the presence or type of another design element. This is incredibly clear for the rigid 

band, for which pressure decreases significantly with increasing strap modulus as shown in 

Figure 36. 
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a.) 

 
b.) 

 
c.) 

 
d.) 

Figure 36: Pressure in the front 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 underwire. For the rigid 

band, front pressure is inversely proportional to strap rigidity 

Back region (Y3) 

Another outcome of the analysis is that all factors and interactions in the back region are 

significant. Similar to the front regions, analysis of variance indicates a positive correlation 

between band modulus and a negative correlation between strap and underwire modulus and 

pressure in this region. The model for pressure in the back region can be found in APPENDIX D 
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Back pressure decreases with strap rigidity as the rigid 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, significant interactions indicate that the combination of design elements has an 

important effect on the response. This is incredibly clear for the rigid band, for which pressure 

decreases significantly with increasing strap modulus (Figure 37). 

 
a.) 

 
b.) 

 
c.) 

 
d.) 
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Figure 37: Pressure in the back 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 underwire. For the 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 wearer. Three participants were used in this 

study, all of whom were trained fit models with a bra size of 38C. 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.  

9.3.1 Measurement of the response 

Four measurements were recorded: apex-to-apex (A), shoulder-to-front-band (B), shoulder-to-

back-band (C), and apex-to-band (D) (Figure 38). 

 

Figure 38: 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 movement. Responses were 
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collected using a 5-point Likert scale with the aims: (1) 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 samples. These 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 relationships between factor levels remain 

consistent. Although treatment combinations were randomly assigned to experimental units 

(participants), the previous factor level was used to determine whether the previous iteration of 

the sample had an effect on the response. This was conducted using dummy variables to 

represent rigid, flexible, and no polymer. 

9.3.2 General 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 measurements and survey 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 previous iteration. Our models can be written in the form: 
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ὣ  ɼ  ɼὼ  ɼὼ   ɼὼ   ɼὼ   ɼὼ    ɼὼ

 ɼὼ   ɼὼ    ɼὼ  ɼ ὼ   ɼ ὼ  ɼ ὼ  

 ὭὲὸὩὶὥὧὸὭέὲ ὩὪὪὩὧὸί  Ὁ  

where: 

Ylq: response 

i: level of band 

j: level of strap 

k: level of underwire  

l: level of participant 

m: previous level of band 

n: previous level of strap 

p: previous level of underwire 

q: period 

 

ὼ  
ρ  ὲέ ὴέὰώάὩὶ
π  ὩὰίὩ               

             

ὼ  
ρ  ὲέ ὴέὰώάὩὶ
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π ὩὰίὩ                          

 

ὼ  
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ὼ  
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ὼ  
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Under the assumption of Ὁ  ͯ ὭὭὨ ὔπȟ„  

9.3.3 Results of human subjects testing 

Measurement results and discussion  

It was found that the apex-to-apex measurement and shoulder-to-front-band measurement were 

significantly impacted by polymer location and type.  Apex-band and shoulder-to-back-band 

measurements were not significantly impacted by these factors. The models for significant 

measurements are found in APPENDIX E 
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The apex-to-apex measurement was significantly impacted by participant (p < 0.0001) and 

underwire (p = 0.0039) main effects (Figure 39).  The band*strap interaction, band*underwire 

interaction, and strap*underwire interaction also showed p-values indicating significance (p = 

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

Apex-to-apex measurement is inversely proportional to underwire rigidity as the rigid underwire 

results in increased compression on the sides of the wearer. The underwire*band interaction is 

also found to be significant. For the no band case, the apex-to-apex measurement decreases 

significantly between the no underwire and flexible underwire cases, yet only decreases slightly 

between the flexible underwire and rigid underwire cases. This indicates that the flexible 

underwire had sufficient strength to decreases the apex-to-apex-measurement compared to the no 

underwire case. However, for the flexible band case, the apex-to-apex measurement does not 

change significantly between the no underwire and the flexible underwire case, yet drastically 

decreases with the rigid underwire case. This indicates that the flexible underwire did not have 

sufficient strength to decrease the apex-to-apex-measurement, likely due to the flexible band 

reducing fabric deformation. However, in the case of the rigid underwire, the rigidity of the 

underwire material overcame the band material, causing fabric deformation. This implies that 

efficacy of the underwire material decreasing apex-to-apex measurement is greater when the 

rigidity of the underwire material is greater than that of the band, with implications for 

improving the fit and aesthetic quality of DT 3D printed garments.  
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a.) 

 
b.) 

 
c.) 

 

Figure 39: Apex-apex measurement is inversely correlated with underwire modulus for the no band case (a.), the 

flexible band case (b.), and averaged across all band levels (c.) 

The shoulder-to-front-band measurement was significantly impacted by participant (p < 0.0001) 

and strap (p = 0.0006) main effects (Figure 40). The band*underwire interaction also showed a 

p-value indicating significance (p = 0.0250). Shoulder-to-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 constricted due to rigid polymer application, the 

garment shifts forward.  
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Figure 40: Shoulder-front-band measurement is inversely correlated with strap modulus 

Comfort results and discussion 

As a result of the ANOVA, the comfort of the straps was found to be significant, where overall 

comfort, cup comfort, band comfort, and sides comfort were not found to be significant (Figure 

41-42). Strap (shoulder) comfort is significantly impacted by strap polymer type, where a 

positive correlation was found (p < 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 rigid band could not be tested because 

participants could not don the sample. These results suggest that pressures of 0 and 10kPa are 

adequate to provide sufficient comfort.  
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Figure 41: Shoulder comfort is inversely correlated with shoulder pressure 

 

Figure 42: Band comfort does not change significantly with band modulus 
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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 = 0.0219) and previous level of 

strap (flexible), strap support is found to be significantly impacted by strap polymer type (p = 

0.0004), and band support is found to be significantly impacted by band polymer type (p < 

0.0001). 

Shoulder support is found to be positively correlated with shoulder pressure (Figure 43). 

However, it is important to note there is no significant difference in perception of shoulder 

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 pressure (Figure 44). This 

points to pressure maximization in the band region to maximize support.  
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Figure 43: Perception of shoulder support is positively correlated with shoulder pressure 

  

Figure 44: Perception of band support increases positively with back pressure 
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Chapter 10: Overall Conclusions and Future Work 

In the pre-testing material selection phase, thermoplastic 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 method for these studies. Pellet 

extrusion also exhibits several benefits such as a wide range of material inputs, low cost of 

operation, and relatively high print speeds.  

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.  

Through structure-property investigation, it was found that increasing print thickness leads to an 

increase in Youngôs modulus and yield stress, effectively shifting the stress-strain curve upwards 

for unbonded samples and those bonded to fabric. A clear positive relationship was also found 

between the print geometry and the stress response of these polymers. The practical implications 

of these may include the ability to vary print characteristics to tailor the response, to selectively 

engineer the strain response for any flexible material, and 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 data for the wearer. 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 include explorations of adhesion, structure-

property relationships, product design optimizations, and sustainability assessments.  

10.1.1 Adhesion 

12Current 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, future work proposed 

includes studying the impact of both chemical and mechanical adhesion using various substrates. 

This work may include the identification of suitable combinations of fabric and polymer that 

bind chemically and/or physically through DT 3D printing. A final goal may be to successfully 

optimize adhesion through machine parameters such as throughput, DCD, and nozzle size. Due 

to the wide range of fabric substrates and 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 effects of a single shape (zig-zag) on the 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 dual-use for functional and aesthetic purposes. Second 

order effects may be possible through 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 the effect of machine 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 work examines the efficacy of prototypes through variations in polymer type 

and location on pressure, comfort, and support. Future work may include more detailed 

experimental designs treating Youngôs modulus of laminates as a continuous variable. In this 

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

10.1.4 Sustainability assessments 

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 automation. Future work may include a 

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 series. Over-bonding is visible for all samples above 120 . 

 

Monprene 2 temperature series. Over-bonding is visible for all samples above 150 

 

Pebax temperature series. Over-bonding is visible for all samples above 140 

 

Hytrel 1 temperature series. Over-bonding is visible for all samples above 160 
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Hytrel 2 temperature series. Over-bonding is visible for all samples above 150 

 

Hytrel 3 temperature series. Over-bonding is visible for all samples above 170 

 

Vistamaxx temperature series. Over-bonding is visible for all samples above 145 
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Elastollan temperature series. Over-bonding is visible for all samples above 170 
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APPENDIX B 

Effect of thickness is consistent for unbonded samples 

 

Effect of thickness is consistent for samples bonded to fabric 
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APPENDIX C 

Effect of increasing z-value is consistent for all samples 
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APPENDIX D 

Pressure Data Supplemental Information 

The model was fit based on the means of the 10 subsamples. 

Experimental matrix 

 

Shoulder Region (Y1) 

 

Model: 

 

ὣ  τσȢφυφ  πȢφφσὼ  ρȢπρωὼ  πȢρσρὼ  πȢτςφὼ  ρȢρπχὼ   πȢψχςὼ

 ρȢυψρὼὼ  ρȢρσσὼὼ  πȢωχσὼὼ  πȢωτςὼὼ  πȢυυπὼὼ

πȢχπωὼὼ  πȢφσφὼὼ  πȢψψφὼὼ ρȢπσφὼὼ  ρȢτσφὼὼ

 πȢψρωὼὼ  ρȢςχφὼὼ    

where: 

Yijk: ln(response of pressure in a given zone) 

i: level of band 

j: level of strap 

k:  level of underwire  



  113 

 

 

SAS code: 

proc glm 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 MSE log_strap  Mean 

0.975014  4.960240  0.129367  2.608087  

 

Source  DF Type III 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 2.3445454  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:  

ὣ  ρφȢστψπȢπφπὼ πȢσσωὼ ρȢψτφὼ ρȢςψπὼ ρȢυχυὼ

ρȢφψπὼ  πȢυσσὼὼ πȢψφπὼὼ πȢτρυὼὼ πȢχχσὼὼ

πȢφτχὼὼ πȢφσςὼὼ ρȢςρφὼὼ  ρȢπσσὼὼ ρȢπψπὼὼ

 πȢωχσὼὼ  πȢψχτὼὼ πȢψυχὼὼ    

where: 

Yijk: ln(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 MSE log_front  Mean 

0.989461  8.435010  0.151051  1.790758  
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Source  DF Type III 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  4.69  0.0011  

Source  DF Type III SS  Mean Square F Value  Pr > F 

 

 

Interaction plots  

 

Pairwise comparison of means 
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Back Region (Y3) 

Model: 

ὣ  ρωȢτσω  πȢρτφὼ  πȢυπφὼ ρȢτψτὼ  ρȢφσωὼ ςȢπττὼ ρȢωψπὼ

πȢψρτὼὼ πȢψυςὼὼ πȢφχρὼὼ πȢψπψὼὼ πȢφςσὼὼ

πȢφτρὼὼ πȢφψψὼὼ πȢχςχὼὼ πȢψσωὼὼ  πȢφψπὼὼ

πȢυτωὼὼ πȢφχψὼὼ    

where: 

Yijk: ln(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;  
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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 MSE log_back  Mean 

0.971328  7.254277  0.174219  2.401600  

 

Source  DF Type III 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: 

 

Combined pressure comparison 

Value: 

 

Percentage of total: 
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APPENDIX E 

Human Subjects Analysis Supplemental Information 

Apex-Apex 

Model: 

ὣ  ρψȢρχτ  ρȢυστὼ  ρȢφρωὼ  ρȢσσρὼ πȢωωωὼ  

τȢςςρὼὼ  πȢπωχὼὼ πȢψφφὼὼ ρȢψσυὼὼ πȢχπτὼ

ρȢπσχὼὼ  πȢωωωὼὼ ρȢφφτὼὼ  

where: 

Ylq: response 

i:  level of band 

j:  level of strap 

k: level of underwire  

l:  level of participant 

m: previous level of band 

n: previous level of strap 

p: previous level of underwire 

q: period 

SAS code: 

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 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 - 1 1,  
strap_prev_F - 1 1;  
contrast 'band'  
band_prev_no - 1 1;  
contrast 'uw'  
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underwire_prev_no - 1 1,  
underwire_prev_F - 1 1;  
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 4.11123412  0.34260284      

Corrected Total  53 65.72800926       

 

R- Square Coeff Var  Root MSE apex_apex Mean 

0.937451  2.797737  0.585323  20.9213  

 

Source  DF Type III SS  Mean Square F Value  Pr > F 

band 1 0.77558541  0.77558541  2.26  0.1583  

strap  2 0.47577981  0.23788991  0.69  0.5184  

band*strap  2 2.81588460  1.40794230  4.11  0.0437  

underwire  2 6.25595714  3.12797857  9.13  0.0039  

band*underwire  2 4.25960202  2.12980101  6.22  0.0140  

strap*underwire  4 4.85391386  1.21347846  3.54  0.0395  

band*strap*underwire  4 2.83654897  0.70913724  2.07  0.1481  

participant  2 16.86713699  8.43356849  24.62  <.0001  

period  17 3.03857952  0.17873997  0.52  0.8929  

band_prev_no  1 1.25484103  1.25484103  3.66  0.0798  

strap_prev_no  1 0.12642981  0.12642981  0.37  0.5549  

strap_prev_F  1 0.16005463  0.16005463  0.47  0.5073  

underwire_prev_no  1 0.04157500  0.04157500  0.12  0.7336  

underwire_prev_F  1 0.84034232  0.84034232  2.45  0.1433  

 

Apex-Band 

Model not significant. 

SAS code: 

proc glm data=SURV_DUM;  
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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 - 1 1,  
strap_prev_F - 1 1;  
contrast 'band'  
band_prev_no - 1 1;  
contrast 'uw'  
underwire_prev_no - 1 1,  
underwire_prev_F - 1 1;  
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       

 

Shoulder-to-Front-Band 

Model: 

ὣ   συȢψχσ πȢχυφὼ  ςȢρωυὼ  ρȢωφσὼ πȢχυχὼ

πȢφχςὼὼ  ρȢφσσὼὼ   

where: 

Ylq: response 

i:  level of band 

j:  level of strap 

k: level of underwire  

l:  level of participant 

m: previous level of band 

n: previous level of strap 
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p: previous level of underwire 

q: period 

SAS code: 

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 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 - 1 1,  
strap_prev_F - 1 1;  
contrast 'band'  
band_prev_no - 1 1;  
contrast 'uw'  
underwire_prev_no - 1 1,  
underwire_prev_F - 1 1;  
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 MSE front  Mean 

0.946850  2.515077  0.954099  37.93519  
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Source  DF Type III SS  Mean Square F Value  Pr > F 

band 1 0.19617250  0.19617250  0.22  0.6508  

strap  2 26.73349674  13.36674837  14.68  0.0006  

band*strap  2 4.53155907  2.26577953  2.49  0.1247  

underwire  2 1.15311030  0.57655515  0.63  0.5477  

band*underwire  2 9.27509933  4.63754966  5.09  0.0250  

strap*underwire  4 3.32879604  0.83219901  0.91  0.4868  

band*strap*underwire  4 5.50366539  1.37591635  1.51  0.2603  

participant  2 68.60855665  34.30427832  37.68  <.0001  

period  17 20.61742636  1.21278979  1.33  0.3111  

band_prev_no  1 1.52722681  1.52722681  1.68  0.2196  

strap_prev_no  1 0.00208587  0.00208587  0.00  0.9626  

strap_prev_F  1 0.00446761  0.00446761  0.00  0.9453  

underwire_prev_no  1 0.17993532  0.17993532  0.20  0.6645  

underwire_prev_F  1 2.04591098  2.04591098  2.25  0.1597  

 

Shoulder-to-Back-Band 

Model not significant. 

SAS code: 

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 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 - 1 1,  
strap_prev_F - 1 1;  
contrast 'band'  
band_prev_no - 1 1;  
contrast 'uw'  
underwire_prev_no - 1 1,  
underwire_prev_F - 1 1;  
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 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_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 - 1 1,  
strap_prev_F - 1 1;  
contrast 'band'  
band_prev_no - 1 1;  
contrast 'uw'  
underwire_prev_no - 1 1,  
underwire_prev_F - 1 1;  
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: 

ὣ   ςȢψχυ πȢχσφὼ  πȢχωςὼ  

 

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 - 1 1,  
strap_prev_F - 1 1;  
contrast 'band'  
band_prev_no - 1 1;  
contrast 'uw'  
underwire_prev_no - 1 1,  
underwire_prev_F - 1 1;  
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  Mean 

0.913181  31.21021  0.745577  2.388889  
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Source  DF Type III SS  Mean Square F Value  Pr > F 

band 1 3.84969803  3.84969803  6.93  0.0219  

strap  2 1.72784746  0.86392373  1.55  0.2511  

band*strap  2 1.26515266  0.63257633  1.14  0.3527  

underwire  2 0.25629561  0.12814781  0.23  0.7975  

band*underwire  2 0.50204004  0.25102002  0.45  0.6470  

strap*underwire  4 2.02137445  0.50534361  0.91  0.4894  

band*strap*underwire  4 7.44611803  1.86152951  3.35  0.0464  

participant  2 2.91230896  1.45615448  2.62  0.1138  

period  17 13.80353119  0.81197242  1.46  0.2553  

band_prev_no  1 1.65674058  1.65674058  2.98  0.1099  

strap_prev_no  1 0.16369373  0.16369373  0.29  0.5973  

strap_prev_F  1 4.53717770  4.53717770  8.16  0.0144  

underwire_prev_no  1 0.22233257  0.22233257  0.40  0.5390  

underwire_prev_F  1 1.05243456  1.05243456  1.89  0.1940  

 

Strap (shoulder) support  

ὣ   τȢπππ ςȢυυφὼ  πȢσψωὼ  

where: 

Ylq: response 

i:  level of band 

j:  level of strap 

k: level of underwire  

l:  level of participant 

m: previous level of band 

n: previous level of strap 

p: previous level of underwire 

q: period 
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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  Mean 

0.892847  35.64028  1.168209  3.277778  

 

Source  DF Type III SS  Mean Square F Value  Pr > F 

band 1 0.00112060  0.00112060  0.00  0.9776  

strap  2 43.49756017  21.74878008  15.94  0.0004  

band*strap  2 0.71640130  0.35820065  0.26  0.7734  

underwire  2 0.07294134  0.03647067  0.03  0.9737  

band*underwire  2 1.66339912  0.83169956  0.61  0.5597  

strap*underwire  4 4.43108252  1.10777063  0.81  0.5414  

band*strap*underwire  4 3.59774482  0.89943621  0.66  0.6320  

participant  2 10.49902472  5.24951236  3.85  0.0512  

period  17 9.52268601  0.56015800  0.41  0.9543  

band_prev_no  1 0.92699394  0.92699394  0.68  0.4259  

strap_prev_no  1 0.10090279  0.10090279  0.07  0.7903  

strap_prev_F  1 0.12501330  0.12501330  0.09  0.7673  

underwire_prev_no  1 0.34915424  0.34915424  0.26  0.6222  

underwire_prev_F  1 0.18725312  0.18725312  0.14  0.7175  

 

Band Support  

Model: 

ὣ   τȢρρρ ςȢψρυὼ  

where: 

Ylq: response 

i:  level of band 
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j:  level of strap 

k: level of underwire  

l:  level of participant 

m: previous level of band 

n: previous level of strap 

p: previous level of underwire 

q: 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  Mean 

0.927513  33.67834  0.910562  2.703704  
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Source  DF Type III SS  Mean Square F Value  Pr > F 

band 1 52.50103800  52.50103800  63.32  <.0001  

strap  2 0.17667041  0.08833520  0.11  0.8998  

band*strap  2 1.45211275  0.72605638  0.88  0.4416  

underwire  2 0.53181534  0.26590767  0.32  0.7317  

band*underwire  2 0.72444110  0.36222055  0.44  0.6559  

strap*underwire  4 2.68975341  0.67243835  0.81  0.5418  

band*strap*underwire  4 1.00675808  0.25168952  0.30  0.8700  

participant  2 2.29872463  1.14936232  1.39  0.2873  

period  17 5.03063287  0.29591958  0.36  0.9741  

band_prev_no  1 0.88355416  0.88355416  1.07  0.3223  

strap_prev_no  1 1.95124967  1.95124967  2.35  0.1509  

strap_prev_F  1 0.80765404  0.80765404  0.97  0.3431  

underwire_prev_no  1 0.32138858  0.32138858  0.39  0.5452  

underwire_prev_F  1 1.79879714  1.79879714  2.17  0.1665  

 

Sides Support 

Model not significant. 

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  53 84.59259259       

 

Overall comfort  

Model not significant. 

SAS code: 

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 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 - 1 1,  
strap_prev_F - 1 1;  
contrast 'band'  
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band_prev_no - 1 1;  
contrast 'uw'  
underwire_prev_no - 1 1,  
underwire_prev_F - 1 1;  
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 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 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 - 1 1,  
strap_prev_F - 1 1;  
contrast 'band'  
band_prev_no - 1 1;  
contrast 'uw'  
underwire_prev_no - 1 1,  
underwire_prev_F - 1 1;  
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: 

ὣ   ρȢςςς σȢςχψὼ  ςȢττυὼ  

where: 

Ylq: response 

i:  level of band 

j:  level of strap 

k: level of underwire  

l:  level of participant 

m: previous level of band 

n: previous level of strap 

p: previous level of underwire 

q: period 

 

SAS code: 

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 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 - 1 1,  
strap_prev_F - 1 1;  
contrast 'band'  
band_prev_no - 1 1;  
contrast 'uw'  
underwire_prev_no - 1 1,  
underwire_prev_F - 1 1;  
means strap;  
run;  

SAS output: 
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Source  DF Sum of Squares  Mean Square F Value  Pr > F 

Model 41 129.8101180  3.1661004  4.59  0.0034  

Error  12 8.2824746  0.6902062      

Corrected Total  53 138.0925926       

 

R- Square Coeff Var  Root MSE comfort_straps  Mean 

0.940022  26.54584  0.830787  3.129630  

 

Source  DF Type III SS  Mean Square F Value  Pr > F 

band 1 1.48259685  1.48259685  2.15  0.1685  

strap  2 39.79427943  19.89713972  28.83  <.0001  

band*strap  2 0.08537280  0.04268640  0.06  0.9403  

underwire  2 1.37980470  0.68990235  1.00  0.3967  

band*underwire  2 0.04086204  0.02043102  0.03  0.9709  

strap*underwire  4 1.28227613  0.32056903  0.46  0.7608  

band*strap*underwire  4 3.31909240  0.82977310  1.20  0.3596  

participant  2 0.17207392  0.08603696  0.12  0.8839  

period  17 11.19071519  0.65827736  0.95  0.5471  

band_prev_no  1 2.25686277  2.25686277  3.27  0.0957  

strap_prev_no  1 0.14998082  0.14998082  0.22  0.6495  

strap_prev_F  1 2.90647835  2.90647835  4.21  0.0626  

underwire_prev_no  1 0.02503224  0.02503224  0.04  0.8521  

underwire_prev_F  1 0.36561545  0.36561545  0.53  0.4807  

 

Band Comfort 

Model not significant. 

SAS code: 

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 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 - 1 1,  
strap_prev_F - 1 1;  
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contrast 'band'  
band_prev_no - 1 1;  
contrast 'uw'  
underwire_prev_no - 1 1,  
underwire_prev_F - 1 1;  
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       

 

Sides Comfort 

Model not significant. 

SAS code: 

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 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 - 1 1,  
strap_prev_F - 1 1;  
contrast 'band'  
band_prev_no - 1 1;  
contrast 'uw'  
underwire_prev_no - 1 1,  
underwire_prev_F - 1 1;  
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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