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ABSTRACT

With the potential to configure patterns and materials with stitch-level control, textiles are 
becoming an increasingly desirable method of producing mass customized items. However, current 
textile machines lack the ability to transfer three-dimensional information between digital models 
and production with the same level of control and accuracy as other machines. Designers are 
accustomed to generating three-dimensional objects in a digital model then converting these into 
instructions for machines such as 3D printers or laser cutters, but current design interfaces and 
production machines for textiles provide no comparable workflow for producing items that rely on 
precise control of physical size and fit. 

Customized assemblies—such as footwear or architectural projects with complex geometries—
increasingly integrate textile components with parts produced through a variety of other industrial 
processes. Furthermore, there is growing interest in the use of three-dimensional data, such as 3D 
body scanning, to aid in the production of custom-fit products. As mass customization becomes 
more widespread as an alternative to mass production, general-purpose machines are increasingly 
capable of generating customized items with high efficiency, relying on design-to-machine 
workflows to control geometric changes. However, current textile machines are unable to adapt to 
changing geometric information with the same efficiency.

The challenges to dimensional precision in textiles are wide ranging, affected by computational 
interfaces, production machines, and material technique. Addressing these problems, this thesis 
demonstrates a design-to-fabrication workflow that enables the transfer of three-dimensional 
information directly to a device for textile production. The proposed workflow seeks a solution 
to the material, mechanical, and computational bottlenecks related to spatial accuracy in textile 
production.
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There is now a host of new alternatives to mass produced items 

which are both more local and more customized to individual 

customers. These reflect a recent shift in manufacturing paradigms 

from a total dominance of mass production to a newer system 

of mass customization, causing changes in both the volume 

and structural organization of manufacturing production, as 

well as product development related to consumer preferences.1  

Reaching a wider market of customers, mass customization 

promises a future of economic growth through reaching larger 

markets inaccessible by mass produced items.2

Among the items that are especially promising to imagine 

individual customization affecting our everyday lives are textiles. 

Widespread in garments and footwear, textiles have enormous 

potential to affect our comfort through individualized fit. It 

is possible to imagine a near future where everyday items that 

affect our comfort are manufactured one-to-one for the unique 

preference of every individual. However, there are particular 

challenges in textiles that prevent this from becoming reality. 

Desire for customizable manufacturing begins to expose 

limitations of existing forms of production, raising questions 

1     INTRODUCTION

1  Yoram Koren, The Global 
Manufacturing Revolution: 
Product-Process-Business 
Integration and Reconfigurable 
Systems, Wiley Series in 
Systems Engineering and 
Management (Hoboken, N.J: Wiley, 
2010), 126.

2  B. Joseph Pine, Mass 
Customization: The New Frontier 
in Business Competition (Boston, 
Mass: Harvard Business School 
Press, 1993), 44.
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about why there are products that exist in our imagination but 

are not found in reality.

One such disconnect exists in the manufacturing of garments: 

new machines can produce garments without seams, eliminating 

the need for human labor in much of the production more than 

any machine before. Software simulation enables prediction about 

drape and fit of the garments around a human form, visualizing 

appearance in advance. Highly automated mechanisms can 

produce endless variety in pattern and detail, generated through 

computer-numerically controlled systems which can be quickly 

updated to changing seasons and fluctuations in consumer taste. 

In spite of these advanced technologies our shoes and garments 

are still manufactured in mass produced sizes, provoking 

questions about why access to highly customized items are not 

yet commonly available. Even though the mechanical technology 

to produce garments for mass customized fit has existed for over 

two decades, these types of garments remain an extreme niche.3 

This thesis examines the reasons for the absence of readily 

available fit-customized textiles and proposes an alternative 

method of production that begins to address challenges for 

customized textile production.

3  Joel Peterson, "Customisation 
and Fashion Logistics Effects of 
Flat Knitted Fashion Products 
Using Complete Garment 
Technology SAMAND' OR - A 
Case Study," Journal of Textile 
Science & Engineering 06, no. 01 
(2015): 5.
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2     BACKGROUND TO MANUFACTURING PARADIGMS

2.1 Introduction to Manufacturing Paradigms

The history of manufacturing is often described as a series of 

paradigms, each one consisting of predominant technological 

characteristics.4,5 In the process of shifting forward, existing 

methods of production are called into question, spurring 

innovation that gives way to new technologies. The dominant 

paradigm of mass production that resulted from the industrial 

revolution is now shifting towards a new paradigm of mass 

customization. Though technologies of previous paradigms are 

never completely replaced, current manufacturing innovation 

seeks to displace previous technologies of mass production.

The difficulties in developing efficient methods mass 

customization for custom fit textiles result from current technical 

challenges, but also relate to a larger context of the technological 

origins of textile machines compared to other forms of production 

throughout the recent manufacturing paradigms. At the root of 

these challenges, textile machines do not fundamentally operate 

using physical dimensions, which are entirely commonplace in 

other types of manufacturing. 

4  Koren, The Global 
Manufacturing Revolution, 22.

5  Pine, Mass Customization, 53.
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2.2 Mass Production

The invention of mass production relied on a wide-ranging 

constellation of new technologies in energy, transportation, and 

machinery, but the most significant innovation that led to its 

total dominance was the ability to produce interchangeable parts 

with precision and dimensional accuracy.6 At the foundation 

of mass production technology is the standardization of 

measurement, transference of dimensions through mechanical 

drawing, and machine tools that produce objects with precision. 

Everything that is now manufactured is touched by these 

fundamental inventions, which have evolved to include the 

ways in which computerized tools now drive the design and 

manufacturing of parts.7  It is difficult to imagine a world where 

it is not commonplace to create dimensioned information inside 

a computer interface which is then sent as output to control a 

machine.

Mass production, specifically in the form of assembly line 

manufacturing, is directly linked to the constituent technology 

necessary to produce interchangeable parts. Above all, 

this mode of production requires the ability to reproduce 

dimensional accuracy within a manufacturing system. Among 

the technological developments that spurred this development 

are engineering drawings, standardization or measurements, 

and the implementation of jigs and fixtures into machinery.8,9 

These technologies are inherently precise and spatial, providing 

prerequisites for mass-produced assemblies. 

6  David A. Hounshell, From 
the American System to Mass 
Production, 1800-1932: The 
Development of Manufacturing 
Technology in the United States, 
Studies in Industry and Society 
4 (Baltimore: Johns Hopkins 
University Press, 1984), 6, 49, 
107.

7  J. Francis Reintjes, Numerical 
Control: Making a New 
Technology, Oxford Series on 
Advanced Manufacturing 9 (New 
York: Oxford University Press, 
1991), 8-12.

8  Robert S. Woodbury, "The 
Legend of Eli Whitney and 
Interchangeable Parts," 
Technology and Culture 1, no. 3 
(1960): 235-53.

9  Ken Alder, "Innovation and 
Amnesia: Engineering Rationality 
and the Fate of Interchangeable 
Parts Manufacturing in France," 
Technology and Culture 38, no. 2 
(1997): 280.
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As a contrast to this, textile manufacturing relies on a different 

technological foundation, even though it is equally associated 

with the industrial revolution. Many of the innovations in textile 

production during the industrial revolution did not depend on 

any of the technologies related to dimensional precision in the 

same way as mass production. The “Industrial Convergence” for 

the textiles industry relied on coal, iron, and new mechanical 

inventions rather than the technologies related to precision and 

assembly. As a contrast to the military origins of mass production 

technology, advances in textile manufacturing were driven by 

market demand, often influenced by preferences for color and 

pattern.10 The development of mechanical technology for textiles 

directly reflects the influences of consumer taste; new machine 

functionalities were typically driven by the desire to automate 

pattern changes in color and stitch types along with the priority 

of production speed. New inventions that extended the function 

of simpler knitting machines incorporated mechanisms such as 

a jacquard device and the tuck presser, both of which relate to 

the quick generation of pattern matrices.11 Current machines 

have a comprehensive set of automated mechanisms that can 

manipulate pattern almost instantaneously. 

The difference between the two industries is highlighted by 

new challenges in the increasing complexity of manufacturing 

variation in mass customization. Solving these challenges requires 

a higher degree of integration between textile processes — which 

are typically pattern-driven — with machining processes that 

driven by repeatability and precision.

10  Arnold Pacey, The Maze of 
Ingenuity: Ideas and Idealism in 
the Development of Technology 
(Holmes & Meier, 1975), 164-66.

11  Vesna Marija Potocic 
Matkovic, "The Power of Fashion: 
The Influence of Knitting Design 
on the Development of Knitting 
Technology," TEXTILE 8, no. 2 
(July 1, 2010): 128, 135.
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2.3 Shift to Mass Customization

In the recent shift from mass production to mass customization, 

there are key constituent technologies that belong to the 

manufacturing paradigm. Among these, one of the most 

significant is Computer Numerical Control which has been 

widely integrated across current forms of manufacturing.12  

However, the way that this has been deployed in general-purpose 

manufacturing devices is much different in textiles than it is 

elsewhere in manufacturing, which introduces new challenges 

for textiles for mass customization.

Mass customization also introduces new priorities into 

manufacturing production that apply as equally to textile 

production as they do to other forms of production. These 

priorities, along with the contrasting histories of textile 

production and machine tools, introduce new bottlenecks into 

manufacturing. At the root of these challenges, textiles inherently 

lack dimensional control both in methods of mechanical 

production and fundamental physical configuration. Most 

affected by this challenge are types of assemblies that involve 

multiple components from different industrial processes, or those 

that rely on dimensionally precise input data from individual 

consumers. Examples of such assemblies are increasingly 

common in footwear, which often integrates textile components 

other types as well as garments that are potentially custom-fit 

based on input processes such as 3d scanning.13 For textiles to 

be fully integrated into customizable manufacturing, there needs 

Figure 1: new challenges 
for customized 
assemblies vs. mass-
produced assemblies

12  Pine, Mass Customization, 49

13  Claudio R. Boër and Sergio 
Dulio, eds., "Footwear Mass 
Customization in Practice," 
in Mass Customization and 
Footwear: Myth, Salvation 
or Reality? A Comprehensive 
Analysis of the Adoption of the 
Mass Customization Paradigm in 
Footwear, from the Perspective 
of the EUROShoE (Extended 
User Oriented Shoe Enterprise) 
Research Project (London: 
Springer London, 2007), 89-151.
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to be new production techniques that can integrate textiles into 

precise, dimensional assemblies.

There are a set of current strategies that seek to address this 

problem in research and industry; nearly all of these solutions 

operate based on assumptions that current methods of textile 

production can be modified to correct the inability to register 

spatial input. In industry, these techniques typically involve 

software tools that approximate dimensional input or methods of 

production that generate excessive waste. In research, strategies 

focus on new methods of integrating software with existing 

machines. However, none of these options confront fundamental 

problems of operating between digital spatial information and 

physical machines; new solutions are needed that directly address 

the absence of accurate dimensional control in textile machines.

As an alternative to these current methods, this project 

investigates a new workflow for introducing customizable 

dimensional precision into textile production. Contrary to 

current solutions that use existing textile machines with new 

computational interfaces, this workflow seeks to integrate 

the physical mechanisms for textile production directly with 

conventional means of transmitting dimensioned information 

to a machine, demonstrating an updated workflow for textile 

production that can address the priorities of mass customization.
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3.1 Definitions

Mass customization works on the principle of leveraging product 

variety to increase the size of the potential market for a given 

item. Mass produced items can only appeal to a finite number of 

customers, since there will always be ways in which standardized 

products cannot meet every customers’ needs.14 For items like 

garments and footwear, standard sizes will always exclude some 

areas of the market; mass customization increases market size 

through adding depth of variety, appealing to more customers. 

In this system, successful manufacturing systems are capable of 

producing smaller sets of items that are more unique. At the 

extreme end of the spectrum, complete customization can access 

the entire market by producing items for a single individual and 

do so with the efficiency of industrial production.15

Unlike the technologies of mass production which relied on 

special purpose machines to maximize scale of production 

to drive the cost of a single item as low as possible, mass 

customization relies on more flexible machinery. Ideal machines 

are able to continually reconfigure for new parts without an 

3     BACKGROUND TO MASS CUSTOMIZATION

14  Pine, Mass Customization, 48.

15  Koren, The Global 
Manufacturing Revolution, 292.
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increase in cost.16 The primary technology that drives this goal 

of production is Computer Numerical Control, which enables 

machines to immediately adapt for new geometric input (fig. 

2). The increasing presence of additive manufacturing enables 

mass customization through the possibilities of producing 

individualized geometries without manufacturing processes that 

rely on tooling, such as thermoforming or injection molding 

which are common methods of manufacturing in the mass 

production paradigm.17

The shift to mass customization also highlights the differences 

in how precision and accuracy are evaluated in a manufacturing 

process. In mass production, accuracy is assessed by tracking 

unwanted variation across numerous identical items through 

statistical quality control.18 However, in mass customization of 

individual products, no such system exists for judging the accuracy 

of an assembly, especially when each assembly is unique. As the 

number of variations increases, the more difficult it becomes to 

ensure that different parts in an assembly will match each other, 

producing unique problems.19 Since mass customized assemblies 

are self-referential in how accuracy needs to be applied to the 

collection of parts, it is necessary more than ever to generate 

every part from a common system of dimension.

Figure 2:  general purpose machines can adapt to new 
geometric input without an increase in cost

16  Pine, Mass Customization, 49.

17  Brett P. Conner et al., 
"Making Sense of 3-D Printing: 
Creating a Map of Additive 
Manufacturing Products and 
Services,"Additive Manufacturing 
1-4 (October 2014): 68.

18  Robert V. Hogg and Johannes 
Ledolter, Engineering Statistics 
(New York: London: Macmillan; 
Collier Macmillan, 1987).

19  Boër and Dulio, "Footwear 
Mass Customization in Practice." 
156.
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3.2 Example: Customization in Footwear

There are a number of different ways to customize a product. 

In footwear, customization could apply to aspects of style, 

performance or fit, where choices of which type of customization 

applies to the product affect the complexity of the overall 

manufacturing problem.20 Customization of style might involve 

making unique combinations of colors or patterns for each shoe. 

While this technically produces individually unique items, each 

shoe still maintains standard sizing. In the case of customization 

for fit, this can be achieved through offering discrete categories 

of size attributes; these can be variations on standard sizing, 

offering consumers more choices while maintaining the ability 

to standardize the assembly of each product.21 While both of 

these versions are customized, there is further room to specifically 

address customization of fit, since fit depends on the dimensional 

precision of all parts in an assembly. Most challenging would be a 

system in which all aspects of a given shoe could be made unique 

for a single individual but would access the largest market (fig.3).

Footwear also highlights many of the challenges that exist 

for textiles in mass customized assemblies. Footwear is also a 

comprehensive example of challenges in customized assemblies 

because it contains both a complexity of material types and 

manufacturing processes while having the potential ability to 

match the fit of individual consumers. Shoes contain an intricate 

variety of parts in the various layers of the sole, lining, and upper, 

all of which must fit together precisely in the finished product.

Footwear customization is especially challenging when the goal of 

customized fit relies on dimensional data from the consumer, such 

Figure 3:  customization 
of fit for a single 
individual

20  Boër and Dulio, "Footwear 
Mass Customization in Practice."

21  Boër and Dulio, "Footwear 
Mass Customization in Practice." 
19.
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as a 3D scan of a foot for a customized shoe, and also depends on 

the ability of the textile to properly align with other components 

that belong to the assembly such as the sole or interior lining. 

Using current design interfaces and textile production machines, 

it is difficult to produce items that are both fully customized to 

each consumer and dimensionally reliable enough to integrate 

with multiple components in a manufactured object. This thesis 

seeks to identify and respond to the specific challenges in textile 

production related to customization for fit.
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4     BACKGROUND TO TEXTILES

A textile is fabric produced through a specific ordering of its 

constituent fibers. While it is possible to create fabric that 

is non-textile in nature, textiles are specifically composed of 

fibers assembled through rule-based systems. There are varying 

methods of configuring fibers into a fabric, and some of these 

methods have corresponding industrial processes that automate 

handmade techniques. Common techniques in industrial textile 

production include weaving, knitting, braiding, and non-woven 

textiles; each method produces fabric of different behavior and 

properties based on how the fibers are ordered. Outside of 

industry, there are numerous other methods of making a textile, 

each with its own rules and techniques about how the individual 

fibers become attached to one another to form a fabric. Among 

the common industrial methods, knitting and weaving are 

dominant production methods in current industry; most of 

the textiles we regularly encounter are produced by these two 

techniques. 

In addition to the method of fiber configuration in textile 

production machines, there are also computational tools for the 

Figure 5: knit textile 
structure

Figure 4: woven textile 
structure
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design of textiles that allow communication with a machine to 

control how the fibers are configured. These have evolved in order 

to add efficient versatility to pattern and fabric formation, which 

often revolve around the preferences of consumers that rapidly 

change in response to season or fashion. For both knitting and 

weaving, production technology has developed to reduce human 

labor while increasing the variety of patterns and stitch types the 

machine is capable of producing.22

22  Matkovic, "The Power of 
Fashion," 127.
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5     CHALLENGES AND EXISTING RESEARCH:
MASS CUSTOMIZED TEXTILES

5.1 Introduction: Challenges in Mass Customization for Textiles

Textile machines are an interesting case for mass customization; 

while they demonstrate many of the same qualities as other 

general-purpose machines, they are not adapted to the same set 

of objectives. Because of this, textile products that we imagine 

should be possible to customize, such as shoes or garments, are 

not supported by the current configurations of textile machines, 

design tools, or production methods. 

The challenge to developing a method for the production of 

spatially accurate textile production is threefold: it relates to 

material-based problems of textile construction, mechanical 

technology of production, and computational interfaces for 

design and machine control. Difficulties in all three areas create 

bottlenecks to creating customized textile assemblies that rely on 

dimensional information; and solutions to this problem would 

enable future possibilities for manufacturing individualized 

textile products. To do this requires addressing the textile 

technique used in combination with a production device and 

computational interface to demonstrate a new workflow for 
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textile production that can directly transfer accurate, three-

dimensional information from design to machine. Solutions to 

these challenges require an evaluation of the textile production 

process specifically with regard to which methods have the 

most potential to integrate physical dimensions directly into a 

mechanical process.

First, the bottleneck is in part caused by some of the fundamental 

characteristics of knit and woven textiles; each is composed of 

individual stitches that themselves have no specific dimension. 

Compounding this problem, there are a complexity of factors 

that affect the actual dimension of a single stitch; anything from 

a change in air temperature to small variations between different 

batches of the same material. The source of a difficulty in 

controlling the size of a textile relates to one of the fundamental 

characteristics of knit and woven surfaces: they are comprised of 

aggregations of single stitches (Fig. 6, 7), which are individually 

unit-less and unpredictable (Fig. 8, 9). The size of a basic unit of 

Figure 6: single woven 
stitch

Figure 7: single knit 
stitch

Figure 8:  aggregated effect of change in dimension of 
a single stitch



Figure 9:  difference in physical dimension for same number of input stitches
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knitting — a single stitch — can only be estimated, since it is 

affected by numerous variables that include material, patterning, 

environmental conditions, and machine settings. 

Changes in any single parameter affect the size of the finished 

product, making it nearly impossible to predict the size of a 

textile in advance (Fig. 9). Manufacturing tolerances of textiles 

can be enormous compared to other industrial processes, with 

familiar products like scarves and sweaters having inches of 

variation between items that are intended the be the same size.23,24 

Furthermore, computational tools for textiles are also affected 

by this characteristic; textile machines are programmed through 

fields of “pixels”, where it is not possible to use dimensioned 

information as an input for such a tool. Size is manipulated 

through adding or subtracting individual stitches, or by changing 

the operation of the machine to adjust the size of each stitch. This 

process resembles the challenges of vector-to-raster conversion 

in computer graphics (Fig. 10), where path-based shapes can 

only be approximated by whole numbers of pixels.

Second, current textile machines for knit and woven production 

are not configured for any inherent recognition of dimensional 

information. While other common tools for processes like 

3d printing and subtractive machining are directly based on 

systems of cartesian axes and coordinates that allow for directly 

spatial information to be communicated from computers to 

machines, textile machines have an entirely different apparatus 

for configuring material. Based around formation of stitch units, 

acknowledgement of dimensional information directly in the 

machine interface is completely absent, leading to systems of 

dimensional approximation necessary for sized textile production25. 

Figure 10:  vector-to-
raster conversion 
problem present in 
path vs. stitch-based 
representation

23  Serope Kalpakjian and 
Steven R. Schmid, Manufacturing 
Engineering and Technology., 
2014, 1023.

24  Neil Tagner, Interview with 
managing partner of Innovaknits, 
November 5, 2018.

25  Janice R. Lourie, Textile 
Graphics/Computer Aided 
(Fairchild Publications, 1973), 
43-46.
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Finally, the current software tools for textile design and 

production reflect the inbuilt qualities of textiles and the 

corresponding production machines; machine programs are 

designed an executed as fields of pixel-based matrices capable 

of controlling relationships between individual stitches but not 

physical locations (Fig. 11).26 Most examples of current mass 

customization in textiles reflect the abilities of the computational 

tools to control the matrices of stitches, which is both currently 

and historically evident in the production of varied jacquard 

patterns in knit and woven products.27 Examples of current 

customizable knit garments are available on various online 

shopping interfaces, showing mass-produced sizing with easily 

customized patterning.28,29 While this ability renders textile 

machines as “general purpose” in a broad sense, these machines 

are not general purpose in the same sense as 3d printers, as the 

method of Numerical Control does not offer the same control in 

both types of machines.

Figure 11:  software interface for an industrial 
knitting machine showing pixel-like matrices

26  Georges Györy,"Modelling 
Complex Non-Rectilinear Textile 
Structures," International 
Journal of Humanities & Arts 
Computing: A Journal of Digital 
Humanities 10, no. 2 (October 
2016): 147.

27  Lourie, Textile Graphics/
Computer Aided, 24-26.

28  "Vision," accessed May 21, 
2019, https://www.unmade.com/
vision/.

29  "Custom Knit Scarves Have 
That Classic Look," DIEHARD 
SCARVES, accessed May 21, 
2019, https://diehardscarves.
com/custom-scarves/
knitted-scarves/.
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5.2 Existing Research Context

Some current research into solving this problem comes from 

the area of computer science, where the problem is blamed on 

the lack of “high level control” of textile machine programming 

systems.30 Problems in manufacturing are blamed on tedious 

methods of user input, opting for software-to-machine workflows 

that allow inputs that circumvent the process of entering pixel-

based information into the software interface. This research 

argues that textile machines are only lacking a computational 

input method that can send more generalized instructions to 

the machine, identifying that current challenges in efficient 

customizable manufacturing originate in software problems, 

not with textile methods or the machine itself. Proposals in this 

area demonstrate methods for geometric input that converts to 

machine instructions, operating on the assumption that existing 

textile machines are truly general-purpose devices that simply 

lack an efficient method of programming control. Other examples 

of this strategy provide methods for producing digital 3d stitch 

meshes that can directly communicate machine instructions 

for knitting.31,32 While these are very successful at efficiently 

achieving complex knit shapes, the sizing of each object cannot 

be controlled in terms of dimensional units, so the objects are 

limited to relative size as a function of individual stitches.

Current examples of mass customization in textiles demonstrate 

the limits of industrial textile machines with regard to this avenue 

of research. While it is common to find consumer products that 

allow customization in patterns, there are no corresponding 

30  James McCann et al., "A 
Compiler for 3D Machine Knitting," 
ACM Transactions on Graphics 35, 
no. 4 (July 11, 2016): 1.

31  Vidya Narayanan et al., 
"Automatic Machine Knitting of 
3D Meshes," ACM Trans. Graph. 
37, no. 3 (August 2018): 35:1-35:15.

32  Mariana Popescu et al., 
"Automated Generation of Knit 
Patterns for Non-Developable 
Surfaces," in Humanizing Digital 
Reality, ed. Klaas De Rycke et al. 
(Singapore: Springer Singapore, 
2018), 271-84.
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examples of customization in fit, which is identified by consumers 

as being a top preference for customized products.  This is consistent 

with the way that customization can be programmed with textile 

machines; pattern customization requires manipulating the binary 

matrices used as an input.

Other research directions propose methods of implementing 

data-driven post-processes to enable dimensional control of items 

being produced. One version addresses the “aspect ratio” of a knit 

stitch, accumulating information in a database to apply the correct 

aspect ratio into a new knitting program to achieve precise fit. This 

method operates under the assumption that existing mechanical 

production methods can accommodate customization but doesn’t 

address the fundamental problem of stitch construction of knit 

and woven textiles. 

Still other strategies seek to replicate the experience of 3d modeling 

or 3d printing in the textile design interface to experientially 

overcome the difficulties in dimensional textile modeling. The 

recent knitting machine startup Kniterate attempts to make the 

process of knitwear design mimic the software environments of 

more commonplace design interfaces.  However, this does nothing 

to improve the dimensional accuracy of the textile design and 

production process.

Since all of these methods rely on use of existing textile production 

machines, it is no surprise that none of these strategies address 

fundamental problems unique to knit and woven textiles. Relying 

on use of mass production technologies that prioritized efficiency of 

scale production, current textile machines and production methods 

are not easily converted to processes for mass customization.
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5.3 Industry Context

These problems are also reflected in industry strategies for working 

around dimensional inaccuracy. The most straightforward process 

for converting customer size data into shoes and garments 

usually relies on cut-and-sew production; this is a system in 

which complex shapes are cut from an existing sheet of fabric. 

Though processes that employ cutting have potential to operate 

towards individual customization, most are limited to non-textile 

materials.36 Other systems that employ 3d scanning to transfer 

consumer data into 2D pattern shapes still undergo challenges 

in transferring dimensional information from a digital model 

to a flat pattern.37,38 Here, even though cut-and-sew production 

benefits from the precision of path-based shapes, it is still a 

challenge to integrate a 3d workflow with the 2d production of 

garment pattern pieces. On top of these difficulties, this process 

also generates an enormous amount of waste. 

Additional methods of dealing with precision in industry 

typically revolve around manipulation of material properties; 

elasticity in fabric is used to enlarge the sizing spectrum for a 

given product. Opposite of this, elasticity is sometimes eliminated 

from otherwise stretchy material to make it more dimensionally 

predictable. In the production of knit shoe uppers, extremely tight 

stitches are used to decrease the amount of stretch, improving the 

ability to control tolerances during the manufacturing process.  

While these industry techniques provide ways of working around 

problems with precision in manufacturing, they do not directly 

solve the inability to transmit dimensioned information directly 

to a textile machine.

Figure 12:  cut-and-sew as 
a method of converting 
stitch-based textiles to 
path-based shapes

36  Boër and Dulio, "Footwear 
Mass Customization in Practice." 
67-87.

37  Phoebe R. Apeagyei and Rose 
Otieno, "Usability of Pattern 
Customising Technology in the 
Achievement and Testing of 
Fit for Mass Customisation," 
Journal of Fashion Marketing and 
Management; Bradford 11, no. 3 
(2007): 351.No Reference

38  Hein A. M. Daanen and Agnes 
Psikuta, "10 - 3D Body Scanning," 
in Automation in Garment 
Manufacturing, ed. Rajkishore 
Nayak and Rajiv Padhye, The 
Textile Institute Book Series 
(Woodhead Publishing, 2018), 246.
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5.4 Addressing Challenges

The textile production methods that best suit mass production do 

not suit mass customization equally well; new textile workflows 

are needed that are capable of generating dimensional control of 

textile components within an assembly. A solution to this problem 

would enable better integration of textile components into 

multiple types of assemblies — including shoes and garments — 

but also architectural assemblies that seek to integrate customized 

textile components. With the ability to control physical shape 

and dimension, it would be possible to use conventional 3D 

modeling tools design textile components without resorting to 

manual feedback loops in otherwise machine-based processes. 

This would potentially allow fine-tuned control over all types of 

variation that textiles are capable of producing and do this while 

minimizing the level of textile waste that is common to cut-and-

sew type production.

Figure 13:  proposed workflow solution
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6.1 Method Introduction

The new workflow proposes a solution that relates to the textile 

technique, mechanical configuration of fibers, and overall 

computational process of generating a textile from a 3D model 

(Fig. 14). Demonstrating a new process for spatially-precise 

textile production, this thesis envisions a system in which the 

coordinate-based methods of dimensional control in other 

common machines are applied directly to textiles without 

approximation of stitch size. This method directly takes advantage 

of existing 3d modeling tools, enabling the conversion to a textile 

without the workarounds currently employed in industry. 

6.2 Reevaluating the Textile Process

To do this, the existing methods of textile production need 

to be reevaluated in relation to the fabrication of unique and 

precise parts. Out of all the methods in existence, the dominant 

methods of knitting and weaving both have poor control of 

precision due to the inherent “pixel problem”. Solving this 

6    METHOD: WORKFLOW FOR THREE-DIMENSIONAL
TEXTILE PRECISION

Figure 14:  concept: textile 
produced through axial 
system
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problem requires implementing an alternative technique to be 

used when the precision of parts, or the integration with non-

textile manufacturing processes, is a priority. Some techniques 

offer more potential to address this problem than other. 

First, this project proposes the replacement of knitting and 

weaving with a different technique when the purpose of 

production is for customized, three-dimensional fit. Of the many 

textile production techniques in existence, some offer better 

potential for this purpose, and should be reevaluated as potential 

techniques that suit the purposes of fit customization.

Of these, braiding offers unique capabilities that are relevant 

to dimensional customization. Braiding is a method of textile 

production in which each strand travels over and under its 

adjacent neighbor. Though it has some qualities in common with 

weaving, it can be used to produce more varied patterning by 

changing the order in which the strands are traded with one 

another. Unique to this process is the potential to precisely 

control the physical locations of fiber vertices, providing a 

method of transferring three-dimensional information that does 

not have to be converted to or from “stitch pixels”.

There are a handful of preliminary examples of instances where 

these qualities of braiding have been identified: In the design 

work of Lisa Marks, there is a direct connection between 

lacemaking and three-dimensional modeling.40 Though the 

designer shows that it is possible to use existing parametric 

design tools in direct conjunction with braiding technique, the 

process remains similar to the traditional method of braiding 

over a solid three-dimensional form. 

40  "Techniques: Design 
Methodology for Building on 
Embodied Cultural Knowledge," 
August 11, 2017.



33

Others point out a similar relationship between the production 

of complex form and traditional braiding techniques, showing 

how current computational tools for textile design are limited by 

matrix-based stitch control systems.41 Some work has also been 

done to develop methods of digitally generating braid structures 

that can cover complex surfaces, showing the possibility for textile 

production related to three dimensional form.42 In another vein 

of computational research related to braiding, computer scientists 

have developed a computational tool for generating geometric 

variety in braiding patterns, showing that stitch-level pattern 

control can exist for this textile production method as well.43   

Traditional techniques show both complex three-dimensional 

form as well as spatial control of physical location of individual 

patterns. In particular, traditional bobbin lace allows intricate 

construction of detailed imagery along with physical integrity 

produced through intertwined fibers.

On the one hand, braiding is similar to knitting or weaving in 

that it consists of individual binary actions, dictating whether 

a strand of material moves over or under its neighbor. On the 

other hand, it is not constrained by grid-like arrays of stitches 

and provides opportunities for translation of precise physical 

locations at the vertex-intersections of fibers. More than knitting 

or weaving, braiding is inherently capable of integrating the 

requirements of dimensional precision in manufacturing because 

of the possibility of transferring spatial information during the 

process of producing fabric. The proposed workflow explores 

braiding—influenced by traditional lace-making techniques—

as a textile production method that has enormous potential for 

dimensional precision in textile components. 

41  Györy, "Modelling Complex 
Non-Rectilinear Textile 
Structures," 165.

42  Mateusz Zwierzycki et al., 
"High Resolution Representation 
and Simulation of Braiding 
Patterns," ACADIA 2017: 
Disciplines & Disruption, no. 
Proceedings of the 37th Annual 
Conference of the Association 
for Computer Aided Design in 
Architecture (2017): 670-79.

43  Veronika Irvine and 
Frank Ruskey, "Developing a 
Mathematical Model for Bobbin 
Lace," Journal of Mathematics 
and the Arts 8, no. 3-4 (October 
2, 2014): 95-110.
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6.3 Proposed Textile Process

Traditional bobbin lace-making consists of two primary actions: 

one that manages the sequential ordering of many small spools 

of material, and another that places pins in precise physical 

locations to temporarily hold the fibers in place (Fig. 15). When 

the lace is completed, the pins are removed and the friction 

between the intertwined fibers holds each strand where it had 

been held by the pins. While the over-and-under ordering of 

fiber spools is similar to the binary nature of pattern control in 

other methods like weaving, the pinning process inserts a second 

layer of specificity into the fabric formation process.  

Having the potential to be spatially precise, this specificity is 

the mechanism through which three-dimensional data can be 

transferred into fabric by a machine. A machine for this process 

Figure 15:  diagram showing two actions in lace-
making: intertwining of material and pinning of 
fiber vertex intersections
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would consist of two simultaneously operating devices; one 

which orders the fibers in an intertwined pattern, and a second 

that physically locates the intersecting vertices with dimensional 

precision. While there are advanced automated processes that 

replicate the intertwining of fiber from spools, there has been 

little automation of the manual action of placing pins. For the 

purpose of producing customizable and geometrically precise 

fabrics, this action could potentially be automated as part of a 

mechanical production device.

6.4 Proposed Computational Workflow

The proposed workflow consists of three steps; first, a 3d digital 

model of a surface is converted to a fiber stitch pattern; second, 

the vertices from the pattern are output into instructions for a 

rudimentary “machine”; third, a physical object is constructed by 

hand using the three-dimensional information generated by the 

machine instructions. In the first step, it is possible to apply any 

pattern that is potentially “braid-able” to the digitally modeled 

surface (Fig. 16). There are numerous existing patterns that could 

be used for this purpose, but the “eight-thread armure” pattern 

is selected because of the simple fiber intersections at vertices, 

enabling a first step of integrating the traditional technique with 

a new process. 



Figure 16:  proposed workflow from digital model to textile production
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Figure 17:  input surface

Figure 19:  fiber vertex locations 
projected to 2d plane

Figure 21:  Z-axis vertex positions 
converted to set of pins

Figure 18:  brading pattern 
applied to surface

Figure 20:  X-Y vertex locations 
ordered according to fabrication 
sequence
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The computational tool allows the input of a user-generated 

three-dimensional surface to which a braiding pattern is applied 

(Fig. 17). There is also a series of user inputs that allow for 

selection of density and proportion of the textile patterning. The 

pattern is visualized as a set of continuous strands that are to be 

physically intertwined during the production process (Fig. 18). 

From these, a set of 3d vertices are located and assigned an order 

according to the process by which the braiding technique will 

be applied to each fiber (Fig. 19-20). This information is then 

separated into coordinates in the X-Y plane, and a set of Z axis 

positions (Fig. 21). 

The X-Y coordinates are used to generate a 2D pattern that 

represents both the order and physical location of braided 

vertices (Fig. 22-23). The sequence of vertices represents the 

order in which each fiber vertex is physically intersected and 

fixed in place by its Z axis pin. For the pattern used here, the 

vertices are constructed in sets of four which are then organized 

into rows that are fabricated sequentially.44

44  Bridget M. Cook and Geraldine 
Stott, The Book of Bobbin Lace 
Stitches (Courier Corporation, 
2002), 99.

Figure 22:  ordering of one 
pinning group in the X-Y 
plane

Figure 23:  full ordered set of vertices
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In the Z axis, there are two pieces of information that transfer from 

the digital model to the device for fabrication: first, the height of 

each vertex is used to determine the location of a hook on each 

pin (Fig. 24); second, the curvature of the input surface is analyzed 

to generate a selection of hook detail (Fig. 25). Depending on the 

location of the vertex within the curvature of the surface, the hook 

will either tension the fiber upwards or work to fix it down (Fig 26-

27). The Z axis dimensions, along with the selection of hook detail, 

are output to fabrication drawings for a set of unique pins that 

match the height of each vertex location in the braiding pattern. 

The method of Z axis construction reflects the most significant 

difference between the proposed method and the traditional 

method of producing the textile. Since traditional techniques 

always use a solid three-dimensional form with a generic pin, 

curved forms always require tooling. For the application of mass-

customized forms, such tooling would negate the advantages 

of a general-purpose machine, necessitating extra material and 

machining for each unique object. The proposed method takes 

steps to imagine the Z axis as a set of machine instructions that are 

reconfigurable, showing how the textile could be constructed while 

suspended away from a solid surface.

Figure 25:  curvature 
analysis at location of 
fiber vertices

Figure 26:  variable pin-
hook detail

Figure 27:  hook detail 
distributed according to 
surface curvature

Figure 24:  Z position of fiber vertex transfered to 
the pin
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6.5 Proposed Production Device

Next, the coordinate information is transferred to a textile 

fabrication device (Fig. 28), which consists of a platform for 

constructing the three-dimensional fiber as well as a ledge for 

holding spools of fiber. Here, the X-Y coordinates and ordering 

of vertices is laser cut onto a 2D pinning pattern, which locates 

the physical positions of vertices on a flat plane. This is mounted 

to the pinning surface of the textile fabrication device. During 

the textile production process, the fibers are manually braided 

using the spools and ordering instructions. As the user constructs 

the textile vertex by vertex, the X-Y position (Fig. 29) is paired 

with a metal pin that registers the intertwined fiber in the Z axis. 

As the user moves through the vertices, a surface emerges that 

matches the original 3D model.

Figure 28:  production device



Figure 29:  2D output for ordered X-Y vertex locations
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The steps of the physical process are executed using various 

three-axis tools paired with manual fabrication. Together, 

these constitute a rudimentary device for precisely configuring 

the fiber (Fig. 30). However, the process demonstrates the 

basic requirements for future automation of the technique, in 

which the Z-axis positions could be held in place by a variable 

mechanism. Though the demonstrated process shows this as a 

set of individual pins for one-time use, they represent the ability 

to transfer height information directly to a machine (Fig. 31-32).

Figure 31:  2D parts output for Z axis

Figure 30:  X-Y-Z 
information assembled 
with fiber in the output 
device



Figure 32:  detail of array of needle hooks allowing textile to be constructed 
without a solid base
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6.6 Output and Production

Here, the challenge of producing custom-fit items is distilled 

into two forms of geometric control over the result. If this 

workflow were to be applied to garment-related applications 

such as footwear, it would be advantageous for the process to 

demonstrate the ability to match both customized curvature 

(Fig. 33) and customized perimeter shapes (Fig. 34). Between 

these two attributes of any input geometry, the system could 

accommodate both unique surface geometry generated from 

individualized human data, plus predict how the textile interfaces 

with other potential parts in an assembly. 

To test the process and envision the range of input surfaces likely 

to be generated from these conditions, the project tests a small 

set of surfaces generated from a large array of random individual 

surfaces (Fig. 35). The set of input surfaces is designed to test the 

ability of the system to generate accurate geometries that match 

both a desired perimeter shape and unique complex curvature. 

The input surfaces are passed through the workflow for textile 

production, while a second surface is fabricated through standard 

3D printing. The 3D printed component and the textile surface 

assemble at a precise location that are unique to each individual 

pair, demonstrating the accuracy of the textile relative to its 3D 

printed match (Fig. 36-40). This process makes it possible to 

imagine that the workflow could be applied to a set of geometries 

that are all unique, producing a predictable part each time.

Figure 33:  Requirement 1: 
match curvature

Figure 34:  Requirement 2: 
match perimeter



Figure 35:  family of objects with randomly generated curvature and perimeter



Figure 36:  objects selected for fabrication, showing assembly with 3d printed base



Figure 37:  Detail of textile fabrication in process

Figure 38:  Detail of completed textile



Figure 39:  Comparison between digital and physical assemblies



Figure 40:  Assembly details showing matching curvature between textile and base
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6 DISCUSSION OF FUTURE RESEARCH

7.1 Future Experimentation

Overall, the system shows the successful production of textile 

objects directly from a 3d model. However, there is room for 

further experimentation in a number of aspects of the proposed 

workflow, including patterning, material, and geometric 

properties. While this system demonstrates customization 

for dimension, it could potentially be combined with pattern 

variation to allow for other categorical types of customization 

such as style or performance. The current examples are produced 

with a single braiding pattern, but the system can be further 

developed to accommodate range and variation in patterning, 

having the potential to interface with other tools that are being 

developed to compute variations in braid patterns applied to 

surfaces. Exploring this step would bring the proposed method 

closer to knit or woven production, where there is an enormous 

possible variety. This potentially includes the integration of 

multiple materials into a single textile suface, used in conjunction 

with pattern to produce fine-tuned distribution of material 

properties within a single textile object. 

Figure 41:  Assembly 
details showing matching 
curvature between 
textile and base
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There are additional geometric possibilities in the configuration 

of the fabrication device that change the potential outcome of the 

system based on the geometric primitive used as an input. Here, 

a plane primitive is used which limits the geometric possibilities 

by a three-axis bounding box and direct vertical translations from 

the initial base plane. For the production of object such as shoes, 

the input primitive affects the range of possibilities available by 

the minimum and maximum translations from the normal of the 

primitive. Future iterations of the device could more closely reflect 

the specific application of the range of customized items to be 

produced.

Finally, there is room to explore potential avenues for automation. 

Though the demonstrated process is manual, there are current 

examples of automation in braiding; these mainly show automated 

processes for the manual operation of trading the material spools 

in a designated pattern.45,46 However, there is no current automated 

method that corresponds to the pin-placing action of the traditional 

lace technique; this can be further explored as a method of 

supporting this mode of customization in textile production. Future 

experimentation could expand on the proposed system of ordered 

vertices and orientation of pin hooks to include more nuanced 

information about the unique behavior of fibers at different types 

of intersections within more complex patterns.

It would also be possible to explore producing the braided structures 

volumetrically by adapting the process to work for multiple layers 

constructed simultaneously. With potential applications for 

architectural structures, the system could allow the construction of 

three-dimensional braided forms beyond single surface geometry.

45  Yordan Kyosev, "Process 
Emulation Based Development 
of Braided Structures and 
Machines," in Topology-Based 
Modeling of Textile Structures 
and Their Joint Assemblies: 
Principles, Algorithms and 
Limitations, ed. Yordan Kyosev 
(Cham: Springer International 
Publishing, 2019), 65-87.

46  Yordan Kyosev, "Topology 
Based Models of Tubular and 
Flat Braided Structures," in 
Topology-Based Modeling of 
Textile Structures and Their 
Joint Assemblies: Principles, 
Algorithms and Limitations, ed. 
Yordan Kyosev (Cham: Springer 
International Publishing, 2019), 
13-35.
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7.2 Conclusion

The proposed workflow for three-dimensional textile precision 

demonstrates a preliminary method that could enable fit 

customization in textile assemblies. Addressing aspects of 

material, computational process, and fabrication, the solution 

translates an existing textile technique into a 3-axis system that 

can interface with other manufacturing processes. Integrating 

dimensional control directly in the textile production process, 

this method provides a view of how direct spatial accuracy and 

awareness in a textile machine could enable new possibilities in 

manufacturing. 
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