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ABSTRACT 

Design tools with computational algorithms have been aiding artists for many years, 

primarily with image manipulation such as rotation, scaling, or applying graphical filters. 

However, there are many non-digital creative tasks that can benefit from computer-

aided design. This paper presents an interactive parametric shape grammar for 

blackwork embroidery pattern generation, whose patterns are then implemented (sewn) 

using an unmodified home embroidery machine. A design tool executes the grammar 

guided user input, enumerates expanded pattern possibilities, and compiles patterns 

into an immediately sewable file format. The grammar is capable of generating 

published embroidery patterns as well as infinitely possible new patterns, and has future 

applications in other areas of design and crafts. 

Introduction 

“Embroidery” is a broad term that roughly 

encompasses any embellishment by thread or 

materials held or strung via thread on nearly any 

substance, most commonly on textiles. In the 

multi-millennial lifespan of embroidery, while many 

fundamental stitches remain the same, dozens of 

styles and approaches have been classified [1]. 

This paper chooses to focus on non-freeform 

blackwork embroidery, one of the most restrained 

styles, as a first approach to embroidery pattern 

generation. 

 

The objectives of this work include (1) 

representing counted-stitch embroidery digitally; 

(2) discovering local properties of stitches to 

develop into grammar rules capable of generating 

previously published blackwork embroidery 

patterns; (3) offering those stylistically different 

grammar rules as agency to a designer of 

embroidery patterns; (4) providing instant visualization of enumerated pattern 

possibilities; and (5) enabling anyone to discover, explore, and enjoy blackwork 

Figure 1: Generated samples by our 
parametric shape grammar 



embroidery or related applications of this grammar.  In order to accomplish these 

objectives in the following text, we introduce related embroidery and shape grammar 

history, give an overview of our architecture, discuss the expressive space and usability 

of our current system, and demonstrate the validity of its generated patterns. 

Background: Blackwork Embroidery 

Blackwork as counted-stitch black 

embroidery on white fabric has a mixed 

cultural heritage, but it was popularized 

in 16th century Tudor England, as seen 

on the caps, cuffs, coifs of people in 

paintings from that time [2] (see Figure 

2). The current classification of 

blackwork, in spite of its name, is not 

always worked in black nor a single 

color. Blackwork, sewn using back 

stitch and double running stitch, is 

marked by dense, complex, and self-

similar geometric shapes and is 

sometimes reversible. Patterns 

designed by authors have been used 

alone (as motifs), repeated horizontally 

or vertically (as edges or borders), or 

horizontally and vertically (as space-

fillers). Curvilinear and shaded blackwork are two variations that are not addressed in 

this paper.  

 

It is often tedious and troublesome to create fresh patterns, where an author carefully 

transcribes dozens or hundreds of stitches rotated or duplicated across a motif or 

pattern. Procedural pattern generation alleviates these boring and repetitive pattern 

design tasks, offering the designer instant visualization of alternative patterns or 

applications, such as turning a motif into a fill. Our digital representation also allows 

users who want the design, but do not have the time, skill, or inclination to sew. 

 

In related work, Joshua Holden has developed mathematical graph proofs on solving 

reversible hand sewing approaches to blackwork designs [3]. Holden’s approach to 

representing blackwork as a graph structure parallels our architecture, although we 

abstract away the details of hand sewing stitch order. While embroidery has been 

traditionally done entirely by hand, the textiles industry has invented embroidery 

machines capable of being programmed by proprietary software such as [4, 5, 6]. A 

Figure 2: 16th century Tudor blackwork. Public domain, 
retrieved from Wikipedia 



machine embroidery pattern designer uses the software to create patterns, controlling 

details such as exact stitch placement, sewing order, and stitch direction. Ownership of 

an embroidery machine and its software, as well as having the relevant skills, are a 

hindrance for the broader adoption of embroidery patterns. Luckily, blackwork 

embroidery patterns can easily be sewn by hand by following the same pattern. 

Background: Shape Grammars 

Originally formalized by G. Stiny, shape grammars are systems of transformation rules 

that change one shape into another and belong to a class of techniques involved in 

procedural generation [7].  Shape grammars have been applied to many artistic and 

technical topics, including objects such as office chairs [8], motorcycles [9], and coffee 

makers [10], to art [11, 12], and architecture [13, 14, 15].  Parametric shape grammars 

extend regular shape grammars to be more sensitive to their surroundings, and allow us 

to more intelligently select which shape rules to expand. As a first draft for this paper, 

our parametric expansion rules are based off of local density and visual connectedness 

of stitches (within two stitches) and are detailed below. However, it is the user that 

selects which type of rule to apply when building up their design to create different 

styles, and it is these different rules that give the user their agency in using our design 

tool. 

Architecture 

We have chosen stitches, broken down as straight lines (edges) with end points 

(vertices or nodes), to represent the final pattern as a graph in similar fashion to. This 

structure parallels hand and machine embroidery, where the nodes are places where 

the needle punctures the fabric. The graph pattern is laid down over a grid of arbitrary 

size, representing any scale of evenweave fabric the author may use. 

 

The particular choice of blackwork embroidery was a conscious effort to restrict the 

possibility space of stitches, allowing only vertical, horizontal, and diagonal lines that 

span the shortest available distance possible. Most versions of straight embroidery 

stitches are defined by the motion of the needle, but we do not make distinctions 

between them. For example, backstitch, running stitch, double running stitch, straight 

stitch, and cross stitch all can create the straight lines seen in blackwork embroidery, 

but their definition and distinction carry little useful information for the machine 

embroidery pattern [16]. 

 



Figure 3 presents a high-level view of the 

architecture and workflow of using our tool. 

Each of the numbered stages represents a 

phase of building up the complexity of the 

design from starting line (Figure 3.1) to 

output readable by an embroidery machine 

(Figure 3.5). The rectangular sub-boxes 

represent additional constraints or options 

that the author may specify.  In stages 2-4, 

the generation is driven by the author and 

generated/visualized by the tool for rapid 

development.  Each of the stages will be 

fully described below. 

 

Start 

To help initiate creativity, the architecture 

always seeds the generative space with a 

line of a random orientation for the user to 

generate from (Figure 3.1). Whether the 

user is an experienced embroiderer or new 

to the craft, or when applied to any creative 

pursuit, a blank canvas is often 

intimidating. Van Gogh summed it up best: 

“Just slap anything on when you see a 

blank canvas staring you in the face like 

some imbecile. You don't know how 

paralyzing that is, that stare of a blank 

canvas is, which says to the painter, You 

can't do a thing” [17]. To help support the 

author, the following rules and 

transformations are applied via clicks of 

buttons, so zero skill or expertise is 

required to make elaborate patterns. 

 

Grammar Expansion Rules 

Aligning with our octal linked list data 

structure, there are eight possible 

directions of expansion from a single point: 

up, down, left, right, upper-right, upper-left, 

lower-left, and lower-right. A single Figure 3: An architecture overview, with stages 1-5. 



application of any grammar rule transforms a point into a point-and-line extending out in 

one of these eight directions and generating an edge in the graph. At each request for a 

rule application, the system generates every possible stitch growth on the current 

design and ranks them based on the change of overall pattern density, local node 

density, connectedness, and the “balance” factor of each node (described in more detail 

below). Depending on the expansion protocol, the system picks either the top rule or a 

random selection from the top five-ten percent in the appropriate rank(s) and executes 

the rule. Also, at any time, the user may add or remove edges that they desire on the 

grid. However, all of the generated samples in this paper have not been hand-altered in 

any way in order to preserve the authenticity of the claims in this paper. 

 

Random Expansion 

The rankings of rules are fundamentally 

ignored, and any valid rule is chosen in 

this expansion protocol. Validity requires 

only that the line does not currently exist. 

However, if the author has the “Forbid 

Crossing Diagonals” checkbox checked 

(Figure 3.2 causes Figure 4.2), a grammar 

rule is invalid if it creates a diagonal line 

that would cross another existing diagonal 

line. The resulting design of this expansion 

method is completely random, 

unsurprisingly. Without post-production 

rules, the generated patterns are generally 

unsatisfying, especially when the 

expansion is applied more than five or ten 

times (See Figure 4.1). 

 

Density-Based Expansion 

Density is a score applied to each node 

that represents how many lines are 

connected to. Every stitch increases the density of two nodes.  The “Minimal Density” 

expansion protocol selects stitches that increase the design’s density the least, resulting 

in lines at nodes with minimal density that do not join with any existing nodes. A design 

following minimal density appears as a meandering line (figure 4.3). To take additional 

advantage of our density scores, we offer a “Minimal Density Endpoint” expansion 

protocol, which only takes into account the density of the far end of the edge. This rule 

expansion creates many more meandering lines that break off from existing points and 

Figure 4: Samples of expansion protocols: 1. Random 2. 
Random (without crossing diagonals) 3. Minimal Density 

4. Minimal Density Endpoint 5. Balanced 6. Most 
Balanced. 



fill space more quickly (Figure 4.4). We look forward to examining other uses of density 

in the future. 

 

Balanced-Based Expansion 

Balance is another approach to analyzing the 

properties of a node and its edges. Unlike 

density's single score, we found two definitions of 

balance that generated distinct visual styles. What we'll refer to here as balance score is 

how many of a point's adjacent lines participate in a “balance formation” (shown in 

Figure 5). Balance count, on the other hand, keeps track of how many instances of 

balance formations exist. A balance formation is a configuration of two or three adjacent 

lines coming out of a point that make a clean reflection on some axis. We check for 12 

two-line formations and 16 3-line formations (which include 8 of the two-line formations 

in each). Balance score ignores the nested balance formations, while balance count 

includes them. When the author selects the balanced expansion protocol, the system 

favors any increase in the balance score (Figure 4.4), and the most balanced protocol 

maximizes increase in the balance count (Figure 4.5). Balanced expansion creates 

slightly more controlled stitch configurations than random, while most balanced fills out 

the 8-point stars where ever possible. The balanced scores and formations encode 

some low-level and local ideas of similarity and reflection. Thus, these balanced 

expansions are more likely to reach acceptable levels of aesthetically pleasing patterns 

without post-production. 

 

Post-Production Transformations 

Because nearly every blackwork pattern researched for this project contained some 

form of self-similarity, and that would be extremely difficult to ensure with the grammar 

alone, we separated the design of pattern section repetition into a separate phase. 

Post-production has two steps: some manner of duplication/manipulation put to the right 

of grammar-grown design, and another set of duplication/manipulation of the last step. 

The user also has the option of offsets for these blocks: to allow them to overlap or be 

given space. If at any point the author thinks that editing the lines would make for a 

more attractive final production, they can add/remove them from the design and re-

generate the post-production transformations. In the future, we would like to add 

additional editing to other parts of the post-production design (for example, having two 

designs alternate, or having not-identical instance of post-production). The post 

production transformations are shown in Figure 3.3 and include copying, rotation, and 

reflection in various directions and degrees that make sense in the grid formation. The 

user interface offers a “randomize” button that allows the user to cycle through different 

possibilities quickly. 

 

Figure 5: Balance Formation examples 



Edge/Fill Visualization Techniques 

The eventual application of most modern blackwork patterns are as edges (around a 

picture, cuff, or collar) or as fills (to repeat and fill out an enclosed space). Both example 

uses can be seen in Figure 2. Because of the modular creation of our design and its 

post-production, it was an easy expansion to repeat the design horizontally and 

vertically to visualize these eventual uses for the patterns.  Optional gaps or overlaps 

can be added between the whole of the design, similar to how post-production added 

gaps between the transformations. Not only do these final visualization techniques offer 

increased usability of the system for a pattern's final use, but more new shapes and 

designs can emerge when matching up the outer edges of the post-production phases. 

 

Sewing Machine Export 

In order to bring our patterns into the physical world, we had to understand the 

requirements and formatting of a home embroidery machine. Our grammar circumvents 

the requirement of proprietary software and outputs a design directly to a common 

embroidery format using the help of sources [18, 19].  

 

Using Depth-First Search 

A hand-embroiderer can often hide stitches under their work and can be reasonably 

flexible in the order they execute their stitches (unless they are aiming for pure 

reversibility, which is not often).  However, an embroidery machine only executes a solid 

running stitch, and fishing out/trimming a jump thread every time the machine changed 

course would be absolutely infeasible and waste valuable thread. Our goal was to find a 

method of traversing the generated design that minimized jumps between sections of 

sewing (connected graph components) which translated to a series of relative needle 

movements cleanly. Our choice was depth-first search because of its minimal runtime, 

minimal back-tracking across branches, and the assurance that no matter the generated 

design, we will capture it all within the sewing pattern. 

 

If at all possible, the algorithm attempts to start on a vertex with an odd number of 

connected edges to minimize backtracks to the root. Special flags are dropped along 

the depth-first graph traversal to indicate a loop (a back or cross edge in the graph) or 

when the end of a connected component is reached. In the original naïve 

implementation for this paper, no additional analysis or optimization was performed. 

However, in the interest of minimizing thread usage in possibly super dense graphs, we 

added additional overhead to minimize the number of backtracking stitches.  

 



 

Figure 6: A modern blackwork embroidery sampler, public domain and fetched from Wikipedia, layered with sample 
output from our system and marked for comparison. 

Discussion and Evaluation 

One measure of our success, the capability to generate previously published blackwork 

embroidery patterns, was either simple or exceptionally challenging, depending on the 

design.  For fill patterns especially, some designs are exceedingly simple, so it was 

easy to match a few hand-authored instances of patterns. However, the possibility 

space for stitch configuration is exceedingly rich, so it was very challenging to exactly 

match published patterns that were made up of more than a handful of stitches. 



However, we did generate very similar designs to many we have seen (See Figure 6). 

Further samples of matched patterns can be found in publications such as [20, 21, 22, 

23]. The patterns generated by the grammar exceeded our expectations, as well as 

those crafters and naïve users to whom we showed the patterns and system. 

 

A formal user study was outside the 

scope of this project, but the various 

forms of grammar rule expansion 

and post-production did offer 

distinctly different styles of patterns 

(Figure 4). Minimal density offers 

open and loose patterns, while most 

balanced expansion creates great 

density. Users can begin with a 

random core, then expand it with 

balanced expansion tendrils, and 

overlap the tendrils with post-

production offsets for an entirely 

new organization of edges. 

 

While we did implement various 

other graph algorithms for our 

design (minimum spanning tree and 

cliques), they ended up not being as 

practical or understandable as those 

embroidery properties we developed 

(density and balance). For example, 

cliques only produced tight triangles 

and crosses, which offer little 

opportunity for variation as they are 

at the lowest level of granularity that 

the system supports. Most Balanced 

Expansion offers similar dense 

patterns, but can be manipulated 

and applied in different ways to 

generate differently dense patterns 

as well. 

 

In an informal demo setting with an 

embroidery machine connected via 
Figure 7: Designs created by users at an informal demo. 



USB, we guided users on the high-level design goals of the project and let them 

experiment. If they enjoyed their final design, we uploaded the design to the machine, 

let it print in real-time, and then let them take their sewn piece home (Figure 7). Not 

every user made use of the post-production rules or edges/fills, which is completely 

acceptable in the design space of embroidery as motifs.  Depending on the complexity 

of the design, the sewing can take anywhere from 30 seconds to approximately 10 

minutes (to fill a densely-populated 4in. x 4in. embroidery hoop). Each of our users 

expressed excitement and satisfaction with the ease of use and the quality of the end 

result. The machine only jammed once based on operator error, and after a short 

machine maintenance and re-print, everything turned out well. 

Conclusion 

We answered our research goals by developing a web-based design tool capable of 

outputting designs for hand or machine embroidery. The parametric shape grammar 

generated previously hand-authored patterns, as well as beautiful new designs using 

our grammar expansion rules. These grammar rules were applied to produce visually 

distinct patterns, and we successfully sewed arbitrary generated patterns designed by 

an informal audience. Similar crafts that use motif repetition and tessellation, such as 

wallpaper, fabric, flooring, or tile design, can also make use of this grammar, design 

principles, and the design approach presented in this paper.  While there are more 

usability improvements and feature expansions to add before official release, we have a 

solid and efficient architecture using novel applications of digital graph algorithms for 

physical crafts.  

Acknowledgements 

The author would like to thank Josh Varga and Jonathan Greig of Embroidermodder 2 

for their help in decoding and visualizing embroidery machine file formats. 

References 

1. Leslie, Catherine Amoroso. 2007. Needlework Through History: An 

Encyclopedia. Connecticut: Greenwood Press. 

2. Geddes, Elizabeth and McNeill, Moyra. 1976. Blackwork Embroidery. New York: 

Dover Publications. 

3. Holden, Joshua. 2005. “The Graph Theory of Blackwork Embroidery.” Making 

Mathematics with Needlework. Massachusetts: AK Peters Ltd. (I):137-154. 

4. Singer Futura. 2015. Editing Software. Accessed January 17 2016, 

<http://www.singerco.com/accessories/detail/2495/singer-futura-editing-

software> 



5. Brother. 2015. PE-DESIGN 10 Embroidery Software. Accessed January 17 

2016, <http://www.brother-

usa.com/Homesewing/EmbroiderySoftware/PEDesign/PED10.aspx> 

6. Pfaff. 2015. PREMIER+ EMBROIDERY. Accessed January 17 2016, 

<http://www.pfaff.com/en-US/Software/PREMIER-EMBROIDERY> 

7. Stiny, G. 1980. “Introduction to shape and shape grammars.” Environment and 

planning B, 7 (3), 343-351. 

8. Hsiao, Shih-Wen, and Ching-Hai Chen. 1997. "A semantic and shape grammar 

based approach for product design." Design studies. 275-296. 

9. Pugliese, Michael J., and Jonathan Cagan. 2002. "Capturing a rebel: modeling 

the Harley-Davidson brand through a motorcycle shape grammar." Research in 

Engineering Design: 139-156. 

10. Agarwal, Manish, and Jonathan Cagan. 1996. "A blend of different tastes: the 

language of coffee makers." Technical Report. 

11. Stiny, George, and James Gips. 1971. "Shape Grammars and the Generative 

Specification of Painting and Sculpture." IFIP Congress (2). Vol. 2. No. 3. 

12. Kirsch, Joan L., and Russell A. Kirsch. 1986. "The structure of paintings: formal 

grammar and design." Environment and Planning B: Planning and Design 13.2: 

163-176. 

13. Koning, Hank, and Julie Eizenberg. 1981. "The language of the prairie: Frank 

Lloyd Wright’s prairie houses." Environment and Planning B: Planning and 

Design 8.3: 295-323. 

14. Çağdaş, Gülen. 1996. "A shape grammar: the language of traditional Turkish 

houses." Environment and Planing B: Planning and Design 23.5: 443-464. 

15. Wonka, Peter, et al. 2003. Instant architecture. Vol. 22. No. 3. ACM. 

16. Brown, Pauline. 2003 The Encyclopedia of Embroidery Techniques. New York: 

Sterling Publishing Company, Inc. 

17. van Gogh, Vincent. 1884. Letter to Theo van Gogh. Written in Nuenen. 

Translated by Mrs. Johanna van Gogh-Bonger, edited by Robert Harrison, 

number 378. Accessed January 17 2016, 

<http://www.webexhibits.org/vangogh/letter/14/378.htm> 

18. Greig, Jonathan and Josh Varga. 2014 EmbroiderModder. Accessed January 1 

2016, <http://embroidermodder.org/news0.html> 

19. Rudolf & Beate. “DST (Tajima) Design Format.” Accessed January 1 2016, 

<http://www.achatina.de/sewing/main/dst.htm> 

20. Haxell, Kate. 2012. The Stitch Bible: A Comprehensive Guide to 225 Embroidery 

Stitches and Techniques. Devon, England: David & Charles Publishing  

21. Eaglemoss Publications Ltd. 2004. “Blackwork patterns.” The Complete 

Illustrated Stitch Encyclopedia. New York: Sterling Publishing Co., Inc. 91-96. 



22. Long, Sophie. 2013. “Blackwork.” Mastering the Art of Embroidery. San 

Francisco: Chronical Books LLC. 94-103. 

23. Hogg, Becky. 2011. Blackwork: Royal School of Needlework Essential Stitch Guides. 

Kent, England: Search Press, Ltd.  


