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Abstract

Modern computerized weft knitting machines enable on-demand production of cus-
tom, whole garments at once. They reduce the need for manual post-processing and
generate minimal waste. Yet, their programming is still hardly accessible and is effec-
tively done manually by few skillful knitting technicians. The programming of knitted
garments typically involves scheduling hundreds of thousands of stitches. While every
individual stitch created on such machines can, in theory, be controlled digitally, the
ability to effectively do so depends heavily on the programming software being suf-
ficiently accessible to the user. Unfortunately, current knitting software is typically
closed and relies mostly on low-level programming. The lack of standardization and
more accessible, higher-level user design tools effectively hinder the possibility of a
digital, on-demand production of garments for all.

In this thesis, I explore the design space that flat-bed, weft knitting machines
span and propose novel design workflows to enable accessible, digital customization
of garments created on these machines. First, I introduce the inverse design problem of
automatic knitting program generation from a single image, together with a machine
learning framework that enables it. Second, I describe a parametric, primitive-based
design tool that merges inspirations from both computer-aided design and pixel-based
image editing. Finally, I propose a novel workflow to translate traditional, sketch-
based garment patterns into knitting programs. The resulting system allows anyone
to harness the plethora of existing garment designs while providing knitting-specific
customization capabilities.

Thesis Supervisor: Wojciech Matusik
Title: Professor of Electrical Engineering and Computer Science
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Chapter 1

Introduction

Garments are so present in our daily lives that we often do not realize their underlying

complexity and the labor necessary for their production. Garment manufacturing has

gone through tremendous changes during the industrial revolution, and it has entered

a new stage started with the digital revolution. The digitalization of manufacturing

is leading a general shift from mass production models to on-demand production

ones, with both aims of supporting personal customization and reducing waste. A

notable example is the manufacturing revolution from 3D printing [134]. On-demand

production of parts is now as easy as pressing on a button from our computer, and

having them delivered to one's home within a few days [160].

Interestingly, industrial machines for additive manufacturing of whole garments

already exist [150, 159], but they have yet to become more accessible for any similar

revolution to happen (e.g., for local, customizable, on-demand garment production).

While existing hardware [150, 159] theoretically enables such revolution already, cur-

rent Computer-Aided Design (CAD) software and its corresponding Computer-Aided

Manufacturing (CAM) counterparts are still underdeveloped and rely on primitive

low-level representations that prevent fast iteration cycles between design, prototype

and �nal product.
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Figure 1-1: Left : a garment pattern from �The Cutter's Practical Guide� [175].Right:
illustration of two garments being draped with muslin fabric � originally �gures 94
and 104 from the work of Conover [40].

1.1 Digital Garment Design

How we design something is essentially bound to how wemake it. In the case of

garment making, the traditional design work�ow has long been tuned for woven gar-

ment production with the two major techniques beingpattern drafting [67] anddrap-

ing [99]. Pattern drafting refers to the art and technique that composes garment

building blocks on paper to then transfer them to fabric panels that are cut and

bound together (e.g., with sewing) to create the garment. Draping consists in the

manipulation and adjustment of fabric pieces onto a 3D body shape such as a man-

nequin, folding and connecting pieces together with pins or other temporary binding

tools. Both strategies � illustrated in Figure 1-1 � complement each other as mod-

i�cations in one can be transferred to the other and vice versa. In practice, both

manual and large-scale garment production similarly use garment blueprints to cut

fabric panels and then bind them with sewing machines � the so-called cut & sew

process. In terms of garment customization, while garment tailoring is still primarily

relying on custom-made manual production, pattern grading [119, 148] is typically

used to produce di�erent sizes and �t variations to mass-manufactured garments.
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The digital revolution has brought the advents of digital draping [147, 169, 176].

Digital garment authoring tools are now common to simplify garment design [25, 39,

113] and allow for a seamless transition between the digital space (digital customiza-

tion, virtual showrooms and try-ons) and a standardized production.

Unfortunately, cut & sew production is hard to fully automate, because of the

sewing component. Sewing machines already provide a layer of automation over man-

ual sewing, but they still involve skilled workers. As a consequence, the production

of garment has stayed geared towards mass-production to achieve lower production

cost. This results in large waste and has led the textile industry to become the sec-

ond largest polluting industry [9, 21, 145]. While the manufacturing of garments has

become more eco-aware and large improvements have already happened over the past

decades, the mass-production model is at the root of the problem and it is still the

main active business model for garment production [125].

1.2 Computerized Machine Knitting

The focus of this thesis on machine knitting is motivated by the digital manufacturing

capabilities of computerized weft knitting machines. In contrast to cut & sew that

relies on human sewing panels of textiles together to produce garments, weft knitting

machines (see Figure 1-2) can produce whole garments mostly automatically [150,

159]. Business opportunities have started to show up and companies [117] are trying to

leverage computerized knitting for customization given new production models [129].

In parallel, lower-cost machines have been developed [142] and commercialized [146],

opening the path to more accessibility.

Yet, while the hardware potential is there, knitted garment production is still es-

sentially done through mass production. CAD and CAM for weft knitting has stayed

focused on low-level, primitive design that results in slow iteration cycles between

design and production, and proper digital customization is not quite possible yet. We

argue that one of the missing pieces to harness weft knitting machines as tools for

on-demand, additive manufacturing of textile is the existence of higher-level repre-
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Figure 1-2: The �whole-garment� knitting machine used for the physical fabrication
within this thesis � a 15-gauge model SWG091N02 from Shima Seiki [150].

sentations that enable faster design cycles and fully digital, accessible customization.

The two main challenges that lay ahead are about �nding the proper design rep-

resentation (CAD) and its corresponding translation mechanism to low-level ma-

chine code (CAM). Thus, this thesis attempts to answer the two following ques-

tions:

1. What should the high-level design representation for weft knitting be?

2. How do we translate the designs into knitting machine instructions?

1.3 Thesis Overview

This thesis tries to answer both questions by considering di�erent design directions

that encapsulate important, desirable capabilities of digital CAD software, while

demonstrating each within a system that implements the translation from high-level

design to low-level machine code (CAM), as summarized in Figure 1-3.

The �rst part of this thesis provides an overview of general textiles (Chapter 2),

and then focuses on weft knitting machines (Chapter 3), their low-level programming

and the common computer representations of knitted topology.
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Figure 1-3: Overview of the space covered by this thesis: we propose three high-level
CAD systems (left) that translate high-level designs into intermediate representations
for knitting (center) and then generate low-level assembly code for knitting (right).
That code is eventually loaded on the knitting machine to produce the corresponding
physical artifact. The solid, black arrows are parts of the CAM components. The
solid, blue arrows denote that a representation can be used by other intermediate
representations. The dotted line is the transfer of low-level code to the machine.

The second part proceeds with the description of three complementary systems

and their corresponding design spaces, illustrated in Figure 1-3. Chapter 4 start by

introducing the inverse design problem with the intent of uncovering regularities in

the knitting program space. Since the general inverse problem is beyond the scope

of this work, we instead focus on the sub-problem of stitch pattern recovery given a

single image as input. A novel learning framework to harness mixed-data is mathe-

matically formulated together with the necessary data to instantiate it successfully.

Chapter 5 considers the forward design problem in a bottom-up approach. We de-

scribe a set of simple parametric shaping primitives and the space of garments that

they span through composition. We further introduce a layer mechanism to use the

knitting patterns generated from the previous chapter and evaluate the customization

capabilities with non-expert users. In Chapter 6, we propose a means to translate
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the traditional cut & sew work�ow for weft knitting machine programming. We in-

troduce new knitting-speci�c annotations and optimize for the stitch topology while

considering the inherent tradeo� between accuracy and simplicity. We conclude in

Chapter 7 by summarizing the main insights from the development and usage of each

of those systems, and highlight the remaining areas where user customization is still

critically needed for accessible, on-demand production to �ourish.

Thesis Contributions

The general contributions of this thesis are:

ˆ High-level design concepts that enable simpler and faster design,

ˆ Customization through parametric design,

ˆ A simpli�ed, initial work for knit technicians, and

ˆ Enabling designers to be a more integral part of the full knit design process.

This thesis makes the following contributions, by system:

ˆ Learning-based design (Chapter 4):

� A set of unambiguous, high-level knitting pattern instructions for machine

learning, together with an e�cient data acquisition strategy.

� A learning framework for harnessing both real and simulated data.

� A system implementation that showcases successful knitting pattern pro-

gram recovery from single images.

ˆ Primitive-based design (Chapter 5):

� A set of parametric knitting primitives for customizable composition of

knitted garments.

� A layer-based mechanism for stitch pattern customization.
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� A system implementation with a non-expert user demonstration of its cus-

tomization capabilities.

ˆ Sketch-based design (Chapter 6):

� An optimization to interactively specify the knitting time process on an

implicit garment manifold.

� An algorithm for decomposing such time function into simple regions for

knitting.

� A hierarchical optimization that samples the stitch topology while consid-

ering the tradeo� between accuracy and simplicity.

� A set of layer mechanisms for customizing garment patterns.

� A subdivision mechanism to speed up computations based on stitch graphs.
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Part I

Background:

From Fiber to Weft Knitting
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Chapter 2

Textiles Background

In this chapter, we give an overview of textiles in general. While the rest of the thesis

focuses speci�cally on weft machine knitting for the production of garments, being

aware of the broader world of textiles is important. As we will see, a subset of textiles

has received a lot more attention from the manufacturing revolution, mainly because

it could a�ord automation more easily. Yet, the remaining more general forms of

textiles have led to the development of speci�c branches of mathematics that are

broadly useful, including for the automation and veri�cation of textile production.

This overview starts by introducing the world of textiles, its complex historical

context and highlighting the breadth of its applications (Section 2.1). We then con-

sider the journey from �ber (Section 2.2) to textile and fabric (Section 2.3).

The structure and ideas presented in this chapter were initially developed as a

recitation about textiles for the �How to Make (almost) Anything� class at the Center

for Bits and Atoms at MIT 1. The recitation was created together with two colleagues:

Alex Zimmer and Carmel Snow.

1https://cba.mit.edu/
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2.1 Context and Applications of Textiles

2.1.1 Textile, Fabric or Cloth

The word textile typically refers to a form of material that is created by interlacing

yarn, thread or �ber. Yarn is a long intertwining of �bers, whereasthread is a type of

yarn typically used for sewing.Fiber is a natural or man-made material that is longer

than it is wide, giving it advantageous mechanical properties in a speci�c direction.

In practice, the word �textile� is often used interchangeably with �fabric� or �cloth�,

although they tend to be used in slightly di�erent contexts. Notably,fabric is usually

not used as-is, but serves as a constituent of a larger piece � e.g., a garment �, whereas

textile can be used as-is such as carpets and rugs.

The etymology of the words brings a more intuitive take on their di�erences:

�textile� is borrowed from latin textilis (�woven�), derived fromtexere(�to weave�) [16],

whereas �fabric� is borrowed from Frenchfabrique or latin fabrica (�the framework or

basic structure of anything�) [5].

2.1.2 Historical Context and Importance

Textile has a long history, believed to have started more than 30000 years BCE [38,

96]. It is highly tangled with the socio-economical context of the region where it is

developed as it involves many layers of the society for its production, its trade and

processing [131, 182]. As one of the main economic driving forces during the industrial

revolution, textile production further plays an important role in the integration of

women as part of the modern workforce [50, 76].

2.1.3 Applications Areas

Textiles are everywhere in our lives. It is the main form of material used for all of our

garments. It also covers many of our home �oors, furniture, beds and even the interior

surface of our cars (see Figure 2-1). As a simple thought experiment, we consider the

Materials in Context Database [18]. Out of their 23 material categories, two are
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Figure 2-1: Example of home interior from Bell et al. [18] including various forms of
textiles: carpet, rug, cloth on sofa and pillows, table cloth, tissue, window curtains,
teddy bear and elephant plush toy. Credits: Dana Moos, CC-BY-NC 2.0.

clearly related to textile: fabric and carpet. Their cumulative coverage in terms of

patches accounts for more than 16% of the 2,996,674 material patches they compiled

out of 436,749 images. Fabric itself gathers the third most prominent number of

patches (� 12%) behind wood (� 19%) and painted material (� 16%).

Beyond garments, fashion, interior design or automobile, textile also intervenes

in often unexpected ways. In aeronautics, textile is responsible for the sails and

spinnakers of boats [29], the envelope of hot air balloons, the wings of paragliders

and deltas, as well as parachutes. In architecture, textile can be used as a sca�old for

casting complex 3D shapes with concrete [173].

A growing part of textile is dedicated tosmart textiles [171] that can enhance hu-

man performance or safety during critical operations, including �re safety [93], health

monitoring [183], medical tissue engineering [184] or even spacesuit applications [126].

Finally, smart textiles have also started tackling simpler user applications and

tangible interfaces by integrating function in the fabric [132] or within the �ber it-

self [61, 88, 109, 110, 136, 163].
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Figure 2-2: Examples of natural �bers, from left to right: sheep wool (animal), cotton
(plant) and absestos with muscovite (mineral). In the public domain, respectively
from: Bernard Spragg, the US Department of Agriculture, and Aram Dulyan.

2.2 From Fiber to Yarn

Fiber is the base unit of all textiles, and notably the yarn typically used for producing

fabric and garments. However, not all �bers are necessarily used for textile. A notable

example ispaper that is typically made by processing �ber in water, draining the water

and then pressing and drying the resulting material [75]. In this section, we brie�y

cover the types of �bers and their di�erences. For a more extensive look at the broad

world of �bers, see the work of Kadolph [85].

2.2.1 Types of Fibers

Fiber can be natural or man-made. Mostnatural �bers come from animals or plants,

although some forms are created from geological processes, each of which is illustrated

in Figure 2-2. Common examples include wool, silk, cotton or �ax. On the other side,

man-made �bersare �bers that undergo a signi�cant modi�cation during production.

They are typically subdivided into semi-synthetic � when starting from a �ber-like

raw material that is only partially modi�ed �, and synthetic � when starting from

synthetic material. The majority of semi-synthetic�bers are based on cellulose [180],

which includes those used for paper making. Common examples ofsynthetic �bers in-

clude nylon, acrylic and elastane. Notable examples include carbon �ber [37], optical

�ber [36], �berglass [177], as well as metallic �bers typically used in electric cables.

Figure 2-3 shows examples of both nylon and carbon �ber.
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Figure 2-3: Examples of synthetic �bers: nylon (left) and carbon �ber (right). Cred-
its: Vigorini, CC-BY 4.0 (left); and in the public domain via cjp24 (right).

Figure 2-4: Left : the two di�erent twisting directions, often called S and Z twists for
the patterns they produces.Right: skeins of yarn and a close-up of their plies.

2.2.2 Fiber Processing

The transformation from �ber to yarn can involve many di�erent steps. As a com-

mon example, cotton processing includes a large sequence of operations [59]. Raw

cotton balls undergo several pre-processing steps including the extraction of its �ber

components (ginning), and their cleaning, disentanglement and intermixing (card-

ing). Then, the �ber bundles undergospinning during which the strands of �bers

are twisted and eventually wound onto a bobbin to form the yarn. Strands of yarn

are typically called plies and they are often combined by twisting them together.

This twisting is typically done in the opposite orientation from that of the �ber in

the individual plies so as to create abalanced yarnthat does not twist upon itself.

Figure 2-4 illustrates the twisting of yarn plies.
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Figure 2-5: Three of the most common textile topologies: woven (left), weft knitted
(center) and warp knitted (right).

At the other end of the spectrum, a group of synthetic �bers that is gaining interest

in smart textiles are mono�lament �bers [65]. Two fabrication methods include ex-

trusion of melted material (e.g., nylon, PLA [31] and recycled PET [12]), and pulling

on a material preform that is slowly melted (e.g. optical �ber). More recently, those

�bers are starting to integrate additional components inside of the �lament structure

including electrodes [64], diodes [136] and even full micro-controllers [107].

2.3 From Fiber to Textile and Fabric

The two most common forms of fabric in garment-making arewoven(Section 2.3.1)

and knitted (Section 2.3.2), illustrated in Figure 2-5. Their prevalence is in part

due to their regular structures that a�ord large-scale automation. Correspondingly,

they form the majority of mass-manufactured textiles for garment production. More

general textile categories tend to have larger degrees of freedom that make them

less amenable for automation, notably:crochet (Section 2.3.3) that uses similar con-

structions as knitting, yet with very di�erent mechanical properties; braiding (Sec-

tion 2.3.4) that encompasses woven structures; andknotting (Section 2.3.5) that en-

compasses both crochet and knitting. Fabric binding withsewing (Section 2.3.6) is

then discussed given its importance to garment production, followed bytufting (Sec-

tion 2.3.7) that works with a similar, yet simpler thread insertion principle. We brie�y

mention so-callednon-woventextiles (Section 2.3.8) and conclude with the notions

of nap and pile fabric (Section 2.3.9).
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(a) Plain weave (b) Twill weave

(c) Satin weave (d) Basketweave

(e) Leno weave

Figure 2-6: Examples of common woven patterns.

2.3.1 Weaving

Woven fabric is composed of two sets of orthogonal yarns � the weft and warp yarns

� that interlace to form a sheet of fabric [3, 15], as illustrated in Figures 2-5 and

2-6. Although weft and warp yarns look similar locally, they play distinct roles. The

warp yarns form parallel, independent tracks that typically do not directly interact,

whereas theweft yarn goes back and forth, orthogonal to the warp yarns.

Di�erent types of woven patterns � also known asweaves� have received speci�c

names over time. The most common weaves are illustrated in Figure 2-6: theplain

weave that alternates under-over as a checkerboard; thetwill weave that forms a

diagonal pattern and is used for denim fabric typical of jeans; and thesatin weave

whose warp threads �oat over four or more passes of weft thread, producing a glossy

and smooth material. Thebasketweaveis a common variation of the plain weave

that creates a criss-cross pattern by using larger checkerboard tiles. An important
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Figure 2-7: Illustration of common loom mechanisms. Originally �gure 21, page 78
of the work of Barlow [15].

specialized weave is theLeno weave � also known ascross weave � that intertwines

pairs of adjacent warp threads around the weft yarn to produce a strong yet airy

fabric [57]. It is often used for creating sturdy bags, nets and medical gauze.

Looms are devices used to create woven textile, whose general mechanisms are

illustrated in Figures 2-7. They keep the warp thread under tension and often allow

some form of control over the warp yarn selection to simplify the path of the weft

yarn. Important mechanisms in looms include: (1) thesheddingthat raises a selection

of warp yarns, forming ashed that allows the passage of the weft yarn; (2) theweft

insertion that takes care of transferring the weft yarn across the width of the fabric,

historically done with a shuttle that carries it both ways; and (3) thebeating-upthat

compacts the weft yarn after each of its passes.

One of the critical components of looms for automation is the mechanism behind

the selection of the warp yarns, which may allow the user to program di�erent woven

patterns. The common mechanism for shedding in Figure 2-7 relies onheddles� small

eyelets that let the warp yarn through, and can be raised or lowered mechanically,
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or made to twist around each other (e.g., for Leno fabric). How the machine se-

lects the heddles to be raised de�nes the pattern programming capabilities. In 1804,

Joseph Marie Jacquard integrated ideas from Basile Bouchon, Jean-Baptiste Falcon

and Jacques de Vaucanson into a loom attachment that allows programmatic selec-

tion of heddle groups with punch cards [15]. As a chain of punch cards advances with

the weaving process, only the heddle groups for which holes exist in the current punch

card get selected (or not). Programming the weaving pattern became thus as simple

as creating portable punch cards. Beyond looms, this automation work notably led

to the Analytical Engine of Charles Babbage, and with it, the rest of the modern

computers [51].

The �rst powered looms used ashuttle that carries the weft yarn spool across

the fabric's width in a continuous back-and-forth manner. Modern looms use various

mechanisms that can achieve much higher throughput � i.e., a larger number ofpicks

per minute of the weft yarn across the fabric's width. This includes notably:airjet

and waterjet looms that propel the weft through with compressed air (or water)

bursts, rapier looms that mechanically grasp and carry the weft yarn across the shed

before retracting without it, and projectile looms that propel an object bound to the

weft, then separated and carried back mechanically. All these mechanisms have in

common that the weft thread isdiscontinuous, and typically cut to be slightly longer

than the fabric width. One modern exception consists of so-callednarrow fabric looms

such asneedle loomsused for making ribbons, belts and various types of tapes [164].

An important part of the woven fabric is the selvagethat corresponds to the most

lateral edge of the fabric which prevents the fabric from fraying. Inshuttle weaving,

the selvage can be as simple as the ends of the weft thread past the most lateral warps

� i.e., by alternating the selection of the end warps so they are caught by the weft yarn

as it goes back and forth. In modernshuttleless weaving, dedicated mechanisms are

employed such asfused selvagethat uses temperature to bind the fabric (notably with

termoplastic �bers), leno selvagethat binds the weft with additional small threads

and twisting, or tucked-in selvagethat tucks the extremities of the discontinuous weft

edges back into the fabric (producing a double weft density near the edge).
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(a) Initial state (b) Active needle insertion (c) Formation of new loop

(d) Active needle retraction (e) Extraction of new loop (f) Dropping of old loop

Figure 2-8: Creation of a knit stitch with two knitting needles. When the active
needle retracts � from (d) to (e) �, its endpoint slides closely around the other needle
to pull the new loop through the old one.

2.3.2 Knitting

Knit fabric is formed by pulling loops of yarns through previous existing loops, even-

tually forming rows and columns of stitches that are interconnected with each others.

Figure 2-5 illustrates two forms of regular knitted topologies:weft knitted fabric forms

rows of loops with a single yarn thread, whereaswarp knitted fabric forms columns

of loops with parallel yarn threads. The terms weft and warp naturally match the

thread directions of weaving. For a complete review of knitting technologies, see the

work of Spencer [158].

Hand Knitting

Knitting by hand is typically done with two ore more needles that stack sequences

of stitches � i.e., the individual loop units in knitting. Two needles interact to create

a new loop that is pulled through a pre-existing loop that drops from the holding

needle while keeping the new one on the active needle, as illustrated in Figure 2-8. A

variety of cast-ontechniques exist for creating stitches that do not depend on previous
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(a) Initial state (b) The yarn is drawn (c) The yarn slides

(d) The hook catches the
yarn as the needle retracts

(e) The hook is closed to
knock the old loop over

(f) The new loop is pulled
through the old one

Figure 2-9: Beard needles and their actuation to form new knit stitches

stitches and are necessary to start the knitting process. Similarly, techniques exist to

close the knitted structure � i.e., known asbind-o� or cast-o� procedures. By using

either circular needles with double ends, or relying on more than two double-ended

needles, then one canknit in the round � i.e., knit tubular structures. The individual

rows are then replaced by a spiral-like structure.

Flat Weft Knitting

One of the �rst step to the textile industrialization was the invention of theStocking

Frame � the �rst form of knitting machine � by William Lee in 1589. It used a �at

bed containing a parallel set ofbeard needleslaid out to hold stitches. The basic weft

knitting process goes as follows: (1) a yarn is carried over the bed and gets caught

in the hooks as the needles get actuated; (2) the old stitch loops get knocked over

their needle hooks as these are closed during the needle retraction; (3) this forms new

stitches by pulling the new loops through the old ones as they drop from the needles.

By repeating the process, large sheets of weft knitted fabric can be created quickly.

This stitch creation process is illustrated in Figure 2-9.
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Figure 2-10: Schematics of the actuation of a �at bed machine with a mechanical
cam. Originally �gure 16 from the work of Buck [26].

Mechanically, beard needles have a hook that can partially �ex and close under

mechanical pressure. Other more recent needles mainly change the actuation of the

needle and its hook closing mechanism. Notable ones include thelatch needlethat

closes the hook with a mechanical latch, thecompound needleand the slide needle

that both use an additional linear sliding component that acts as a hook closure.

Domestic �at bed machines typically have a manual carriage that actuates the

needles through a set of mechanical cams as illustrated in Figure 2-10. The carriage

may be programmed to choose a sequence of needles to select or their respective

actions. More complex �at bed machines may include additional beds. A secondary

bed allows for complex stitch patterns includingpurl stitches � i.e., the back of a knit

stitch, which looks very di�erent, as illustrated in Figure 2-11. Industrial �at bed

machines typically have at least two beds facing each others and can knit tubular

structures by forming cycles that cover both beds.

Circular Knitting

Circular knitting machines have a �xed circumference that is packed with needles.

Speci�c needles can be selected and actuated back and forth to produce notably the

heel of a sock. Such machines typically target socks, although sleeves can also be

made. While �at bed machines with two beds can also knit tubular structures, they

tend to be slow. The speed limitation is due to their acceleration pro�le: since the
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(a) Front of jersey fabric (b) Back of jersey fabric

Figure 2-11: The front (left) and back (right) of a basic jersey fabric highlighting the
distinct appearance of bothknit stitches andpurl stitches respectively.

Figure 2-12: Example of hobbyist circular knitting machine that is manually actuated
by rotating a shaft (left), and a large industrial circular knitting machine (right). In
the public domain thanks to Elkagye.

carriage alternates between going left and right, it keeps accelerating and decelerating.

In contrast, circular knitting machines do not have to decelerate and can knit at a

constant rate when their yarn continuously rotates in the same direction. This makes

them the machine of choice for high-throughput knitted fabric production as they

achieve the highest throughput. They typically produce the knitted fabric used for

making t-shirts and other knitted garments. Figure 2-12 illustrates both an older

design for sock knitting, and an industrial high-throughput circular machine.
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Figure 2-13: An example of swaying illustrating the movement of the yarn guides in
a Raschel warp knitting machine: the general movement from the front of the needles
(left), and the movement decomposition from the side, behind the needles (right).
The generallapping movement is decomposed intoswingand shogaxes, and its front
and back passes relative to the needles are calledoverlapand underlap.

Warp Knitting

The last category of knitting machines arewarp knitting machines that work with

many warp threads in parallel. Mechanical guides bring the yarn into the needles by

swaying laterally in a lapping movement that can be decomposed into both a lateral

motion parallel to the needle bed � known asshoggingor shog� and a back and forth

motion between the front and back of the needles � theswing. As the needles retract,

their hooks are closed to lets the old stitches get knocked over, before extending the

needles and opening them again, to repeat the process. Note that the shogging of the

guides must allow for warp threads to reach more than a single needle, otherwise we

would end up with individual, separate stitch columns. This is visible in Figure 2-

5 where pairs of adjacent wales are connected and Figure 2-13 that illustrates the

swaying of the yarn guides in a Raschel warp knitting machine. The swaying itself is

programmable over time and allows for the creation of various knitting patterns.

Typical warp-knitted fabrics include lace, tricot as well as stretchy fabric used in

athletic wear. An important functional di�erence with weft-knitted fabric is that yarn

damage in a warp-knitted fabric does not trigger large-scale unravelling. In terms of

manufacturing, all the needles work in parallel which allows for very fast production.

The supply of yarn is very similar to that of warp threads in a weaving loom.
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(a) Initial loops (b) Catching (c) Pulling (d) New loop

Figure 2-14: The formation of a stitch in crochet: the hook needle is inserted through
a loop to catch the yarn and then pulled back through the loop to form a new loop.

2.3.3 Crochet

Crochet is a form of loop building that works with a hooked needle [28], one stitch

at a time, without having to keep previous stitches on another needle. Compared to

knitting, the yarn can be pulled through any previous stitch easily, which enables less

structured forms of knitted fabric, and is potentially more accessible. Correspond-

ingly, stitch loops are typically not kept open for long, but instead closed directly.

From a mechanical perspective, crocheted fabric tends to stretch less than knitted

fabric, and it does not necessarily unravel widely upon local yarn damage. As a less

structured fabrication process, it a�ords less automation and is still mainly manual.

On the other side, the wide degrees of freedom allow for the creation of very complex

3D shapes such as with hyperbolic crochet [69].

The simplest stitch of crochet is thechain stitch that catches yarn through one

loop to create a new loop, as illustrated in Figure 2-14. The action of catching the

yarn by moving it over the hook is called ayarn over and is a component of more

complex stitches together with the action ofdrawing the loopby pulling it through

another loop.

Tunisian Crochet

A special form of needles used in Tunisian crochet � also known as Afghan crochet

� works by stacking loops on the hook needle. The corresponding hook needle is

typically longer and has an end that prevents stitches from going through.
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Figure 2-15: Illustrations of braids: braided Swiss bread (left) and USB cable (right).

2.3.4 Braiding

A braid is the interlacing of two ore more strands of �exible materials. Common

examples include: hair braids, ropes that braid multiple yarns together to prevent

twisting under load, and various types of bread such as theZopf (known as �Tresse�

in French, which meansbraid) or the Jewishchallahbread � as shown in Figure 2-15.

In the industrial setting, various forms of metallic braiding are often placed around

electronic cables to shield them from electromagnetic interference. Material compos-

ites use braiding to increase mechanical properties and sometimes form the composite

itself [13], whereas braiding serves for the formation of complex freeform materials in

architecture [174]. Braiding machines typically use cyclic motions of bobbins to in-

tertwine yarn or other composite materials together. A notable example of industrial

braiding is with carbon �ber and other composites in the aerospace industry.

Braid Theory

In mathematics, braids play an important role in group theory [34, 120] with the

Artin braid groups. An important underlying problem is whether two braids ofN

strings are topologically equivalent � i.e., if they represent the same interweaving,

modulo some free movement of theN threads while keeping their ends �xed. The

theory behind Artin braid groups has recently been used by Li and McCann [100] to

verify the tangling properties of knitted transfer operations on weft knitting machines.

They provide a means to verify the validity of a transfer sequence given the source
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(a) 5-braid (b) Equivalent (c) Distinct (d) Plain weave

Figure 2-16: Illustration of geometric braids: the two on the left are topologically
equivalent, whereas the third from the left is distinct due to its di�erent ordering
from the leftmost one. The rightmost example showcases a plain weave as a braid.

and target stitch locations on the needle bed. Finally, from the geometric perspective,

traditional weaving can be considered as a speci�c case of braiding with one braid

acting as the weft thread2, as illustrated in Figure 2-16.

2.3.5 Knotting

Knots are loop structures that exhibit a form of tangling that cannot be undone

without passing one or both ends of the material backward through its loops � i.e.,

e�ectively undoing the knot. From a structural perspective, knots stabilize yarns or

strings and are typically used for binding things together such as with cordage on

sailboats. Knotted fabric is created by forming webs of knots, such as in net making.

A common form of knotted textile is macramé, in which multiple parallel yarns

are braided and knots are formed locally to rigidify the structure. Macramé textile is

self-supporting when put under tension so that it can hold objects tightly (e.g., the

plant pot in Figure 2-17). The main knots of macramé aresquareknots (also known

as reef knots) and various forms ofhitch knots that connect di�erent yarns locally.

Knot Theory

The mathematical study of knots deals with their topological aspects [2] and is closely

related to braid theory. While a mathematical knot represent a closed curve,links

2This assumes a continuous weft thread, which is not common in modern weaving looms.
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Figure 2-17: Macrame examples: as a �at sheet (left) and a net wrapping around a
plant pot (right).

Figure 2-18: Mathematical prime knots up to 7 crossings with their Alexander�Briggs
notation, excluding mirrored versions. In the public domain, created by Jkasd.

represent collections of knots that may be tangled together, andbraids can be trans-

formed into links by binding their ends. Some mathematical operations are used simi-

larly on knots, links or braids such as Reidemeister moves [165] that transform a knot
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Figure 2-19: A Brother machine for both sewing and embroidery � note the linear
gantry (left) � and a close-up looking at the second bobbin that provides the thread
below the fabric (right). The main thread comes from above, through the needle.

(or braid) into another, topologically equivalent form of it. Figure 2-18 visualizes some

prime knots (i.e., that cannot be decomposed under theknot sum operation [114]).

In contrast to practical knots, mathematical knots are closed. By cutting them

topologically, one can represent knotted textiles. Knitting can be represented as the

composition of an interlocking series of slip knots [112].

2.3.6 Sewing

Sewing is mainly used to bind objects together using stitches made with a sewing nee-

dle and thread. While it is extensively use for binding fabric in garment production,

it can be used to bind other materials such as leather, or even books.

Sewing machinesspeed up the binding process by taking care of the stitch creation

process automatically, leaving to the user the work of guiding the machine path and

fabric tension [6]. Modern machines can often use a collection of di�erent stitch

types that depends on the number of threads and needles used by the machine.

Common hobbyist sewing machines typically use two threads: one passing through

the needle, and one stored in the bobbin case below the feed dogs (shown on the right

of Figure 2-19). Common stitches include thelockstitch, zigzag stitch(for preventing

fabric unraveling) and the overlock or serger stitch (for bindings at the edge of the
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Figure 2-20: Di�erent types of seams in the inside of a night robe (left), and border
seams binding two �at pieces of fabric as a table mat (right).

fabric [81]). Figure 2-20 illustrates di�erent types of seams.

Embroidery

Beside binding objects and fabric together, sewing can be used forembroidery, i.e.

using the sewn thread as an embellishment, or means to change the fabric appearance

and draw motifs as shown in Figure 2-21. Advanced modern sewing machines can

be extended with a gantry for automatic embroidery given an input image to the

machine [24] as illustrated in Figure 2-19.Visible mendingmakes use of embroidery

to transform garment defects into decorative patterns.

Quilting

Quilting is a form of sewing that integrates several layers of fabrics. Similarly to

embroidery, it is typically used as an embellishing of the fabric, and often mixes

di�erent types of fabrics or colors.
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Figure 2-21: Fine embroidery on a shirt (left and top), and coarse yarn embroidery
on a drawing (right and bottom) with its mirrored back (right inset).

2.3.7 Tufting

Tufting is primarily used to create rugs and carpets, and consists in inserting yarn

loops through an existing structure (e.g., another textile, typically woven) with some

form of needle. Compared to sewing, it only requires a single thread and does not

need to completely cross the base material [106] � although the most common forms

typically go through. It has notable uses in composite reinforcement [30, 68, 106].

Manual tufting can be done with ahook needleby pulling loops of yarn through

the base material, or with apunch needleby simply going through the material and

retracting to leave a loop on the other side. Both are illustrated in Figure 2-22.

For larger-scale projects,tufting guns provide a semi-automated variant of the punch

needle that typically includes an automatic loop cutting mechanism to allow for a

felted �nish. Industrial tufting machines for carpets and rugs basically proceed in the

same way with many needles actuated in parallel.
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