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ABSTRACT

This paper presents an exploration of computer-controlled em-
broidery design and stitching with the goal of making purposeful,
precision changes to material properties of a base elastic textile.
Two techniques are proposed for adding stitches through designed
microstructural cells and stitch-level planning. For the latter, a novel
path planning algorithm is proposed to serialize stitches that is sim-
ilar to a greedy solution for the travelling salesman problem with a
set of domain-specific constraints that dictate edge cost. We show
the efficacy of the concept through a set of simple design examples
that undergo mechanical load testing and discuss the value of the
technique in future applications using computational design.
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1 INTRODUCTION

Modern textiles are advancing to include a wide spectrum of mate-
rials and weaves. However, the production of fabric artifacts that
include multiple distinct properties most often requires the assem-
bly (or layering) of materials through seaming and therefore can
only be done at a coarse scale. An exception is knitting with distinct
patterns which leads to limited control over the output material.
We propose the combination of precision embroidery with com-
putational design to produce a spectrum of material properties
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Figure 1: System layout. Starting from an initial design for
a planned stitch density (a), we build a stitch layout (b) and
serialized stitch path (c). This pattern is embroidered onto
a base stretch material (d). Through mechanical testing we
show the output effect on tensile properties (e).

within a single (unseamed) textile artifact. The result is a strong
and precision controllable material that supports a wide spectrum of
design options within many application fields from smart clothing
to medical textiles.

At its core, embroidery changes the mechanical properties of fab-
rics. The strength, orientation, and distribution of stitches dictates
the local properties in tension as well as (with enough stitching)
in compression. Careful assembly of stitches with controlled direc-
tionality and order yield global mechanical properties that result
from the aggregate effect of embroidered patterning and density.
In this paper, we focus on increasing the local tensile strength of
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a 4-way-stretch elastane fabric to create tailored distributions of
mechanical properties in the embroidered materials.

To this end, retooling of computer-driven embroidery in the
production of materials with arbitrarily controlled stiffnesses raises
an interesting set of technical challenges. For example, by its na-
ture, an automatic embroiderer lays down a series of stitches in a
connected fashion which requires planning to serialize stitches in
alignment with control of the tensile properties, including tensile
strength and stiffness. This paper repesents a step in the direction
of such control through the following contributions: 1) the premiere
exploration (to our knowledge) of embroidery as a means to change
local material properties in a controllable and precise manner; 2)
the proposal of two distinct techniques that aim to accomplish a
stiffness design plan through metamaterial cells and at the embroi-
dery stitch level; and 3) the introduction of a unique path planning
approach that performs stitch serialization to accomplish precision
stiffness control.

We showcase a set of examples for design using our techniques
as well as results of puncture testing of physical samples to reveal
the efficacy of our approach over material tensile strength.

2 BACKGROUND

Computational methods that control material properties have been
the focus of research for several years [Bickel et al. 2010]. Recently,
approaches have been proposed for 3D printing of various stiffness,
including using microstructures [Panetta et al. 2015; Schumacher
et al. 2015] and voronoi foams [Martinez et al. 2016] as well as so-
called metasilicone [Zehnder et al. 2017] for injecting different types
of materials to control stiffness. Similarly others have addressed the
problem of building flexible rod meshes that automatically match
input poses under boundary conditions [Pérez et al. 2015]. These
are all part of a growing field in computational design that focuses
on a variety of problems [Ion et al. 2016; Konakovi¢ et al. 2016;
Skouras et al. 2014].

Within the field, there is a growing body of work that is looking
at computational fabrication as it applies to the synthesis and in-
corporation of textiles and fabric objects. For example, the work of
McCann and colleague addresses formalization of computational
design as it applies to knitting by proposing a general knitting com-
piler [McCann et al. 2016]. The teams’ recent 2018 paper offers an
automatic approach to knitting from 3D meshes [Narayanan et al.
2018]. Other researchers have looked at a set of related problems,
for example, origami with smart embroidery [Stoychev et al. 2017]
that uses embroidering to generate material patterns to achieve
actuation. Others include techniques to include fur/textile covering
a 3D shape [Mahdavi-Amiri et al. 2015], 3D printing using felted
fabric [Peng et al. 2016] and user-assisted 3D knitting [Igarashi
et al. 2008a,b] as well as smart stretch sensors [Vogl et al. 2017]
This work has also lead to a cluster of work on soft robotics.

Possibly the most related to our own work is that of Guseinov
and his colleagues in their work in “CurveUps” [Guseinov et al.
2017]. They combine 3D printing and stretch fabric to produce
shaped 3D models from flat prints laid over pretensioned material.
In comparison to the direction we propose, the material properties
are not modified purposefully, but instead their goal is to use the
stretch of the fabric to support the transformation into the three
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dimensional structure. Instead, we modify the fabric’s mechanical
properties in a deliberate fashion by stitching to control tensile
response. Combining the embroidery with 3D printing on material
opens interesting design possibilities for future work.

3 METAMATERIAL DESIGN

Computational embroidery holds promise for the design of tensile
(and compression) properties for fabrics to a high degree of accuracy.
However, the layout of the stitch plays an important role in the
resulting properties.

3.1 Stitch layout

The design of stitch layout accounts for primary and secondary
effects on the strength and deformation characteristics of embroi-
dered fabrics. For example, threads stitched parallel to the primary
direction of in-plane loading will lead to the greatest resistance, but
will also tend to fail at very small displacements as a single stitch
bears the entire load.

Although stiffening is reduced, a zigzag stitch can be used to avoid
thread failure, producing a tailored stretch response that allows for
some displacement while also increasing the local stiffness. Note,
as the zigzag stretches, the base material also stretches and carries
a portion of the load, unlike the straightline stitch.

In two dimensions, further options become available (Figure 2),
including the use of multiple stitch lines embroidered in parallel to
increase unidirectional strength and stiffness (Figure 2, top). We call
this the accordian stitch pattern and it can provide strong stiffening
in one direction with relatively low stiffening in the orthogonal
direction. Bi-directional stiffness results from consideration of multi-
directional stitches across the material surface (Figure 2, middle).
Here, both the choice of patterns as well as the stitch density (SD)
yields a wide set of options that allow for smooth modification of the
elastic base layer from little adjustment to highly stiff, inextensible-
like fabric properties (Figure 2,bottom).

3.2 Stiffness control

We explore two approaches to control the tensile properties of
fabrics through purposeful stitch layout. Firstly, we follow an ap-
proach similar to that of the 3D print work by [Panetta et al. 2015;
Schumacher et al. 2015], developing a series of variable-stiffness
embroidery blocks (EB). The EB technique forms a meta-resolution
that allows stacking of different EB elements to produce a desired
change in (aggregate) stiffness. The second technique controls at
the stitch-level (SL) through a density map and path planning (Sec-
tion 4). Both techniques assume as input a stiffness design derived
manually for the results shown. Automation of this design holds
tremendous promise, but is outside of the scope of this paper.

The output of (either) stiffness control technique is an embroi-
dery plan implemented in a separate pass. For EB, each block is a
straightforward accordian pattern (shown at the top of the Figure 2)
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Figure 2: Sample 2D stitch layouts and their effect on stiff-
ness of the material.

Figure 3: Accordian embroidery blocks (EB) assembled to
produce a target with lower stiffness in its center. Three EB
levels are allowed with simple rasterized stitch layout.

centered within the cell. The length of the pattern matches the size
of the cell, and provides stitch connectivity from block to block. The
width of the accordian pattern is set at three discrete values in our
examples to create equidistant regions that produce successively
more resistence orthogonal to the pattern, i.e. modulating stiffened
and unmodified material along a series of similar blocks. For each
EB, two accordians appear, one horizontally and one vertically, run-
ning between the block’s boundaries. We empirically selected a
block element size of 10 stitches per side.
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The EB technique is very easy to implement through simply
coded stitch blocks of a set size, and the embroidery plan can be
executed trivially through a raster-ordered layout in the final em-
broidery file. Figure 3 shows an example result. However, contrast-
ing the size of the block relative to the size of the stitch, the EB
approach yields a coarse discretization of the stiffness control based
on the length of a single embroidery stitch, which is the hard lower
limit of control for the embroidery hardware.

To achieve the goal of controlling stiffness at finer resolutions,
ideally at the stitch level, we propose the SL approach which ag-
gregates the general area of a set of stitches to control material
strength through stitch density, SD. To solve such, we split the prob-
lem into two subproblems and solve each in turn. First, we identify
the placement of stitches required based on the input stiffness de-
sign, and a known calibration. Second, in a path planning stage, we
take the unordered stitches and produce a path that connects the
stitches while upholding a number of constraints to complete the
embroidery plan.

The placement for the SL stitches is performed through produc-
tion of dither sampling. Specifically, starting from a desired stiffness
design, we interpret a simple parametric normalized stiffness that
holds a value from 0, being no increases stiffness, to 1 or complete
inextension. Under the assumption of uniform stiffening in both of
the major (orthogonal) axes along the fabric surface, the sampling
of the material is akin to producing a stipple pattern on a grayscale
image. In this case, the stitch direction is irrelevant as long as the
distribution of all stitches does not show a bias in directionality.

Figure 4: 2x2 sample densities and their sampling,.

Adding jitter to the position of the samples leads to removal of
undesired aliasing in the path planning stage described next.

4 STITCH PLANNING

The stitch planning problem is akin to coverage planning in ro-
botics where a robot (e.g. a lawnmower) needs to touch all parts
of a space or surface [LaValle 2006]. A number of solutions have
been proposed for covering polygonal regions that rely on grid
discretization and the use of boustrophedon paths (we refer the
reader to [Choset 2001] for a related survey). When seeking for an
optimal coverage, the problem is closely related to the traveling
salesman problem (TSP), where the shortest tour that visits a given
set points on the 2D plane must be found. As the TSP is NP-hard
[Papadimitriou 1977], a number of approximation algorithms have
been proposed, with the Christofides algorithm providing the best
approximation ratio [Christofides 1976]. Various heuristics have
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also been devised that lead to good solutions such as the employ-
ment of a greedy nearest neighbor walk, and the k-opt heuristic
that repeatedly swaps pairs of subtours to create a shorter tour
[Rosenkrantz et al. 2009].

In our domain, we can treat the dither sampling of the stiffness
plan as a set of points that must be visited. As compared to TSP,
though, our application has a few unique characteristics. First, vary-
ing coverage density across regions is not explicitly described in
our knowledge of the domain, but is key for our problem. Second,
straight-line paths need to be avoided to promote equal load bal-
ancing across the surface of the fabric. Third, long stitches are not
preferable (the longest stitch that our embroidery machine sup-
ports is 15 mm long). To account for these issues, we transform our
planning problem to a variant of the traveling salesman problem.

Formally, let G = (V, E) be the complete graph derived from
the dither samples of the stiffness plan, where each vertex v e V
denotes a 2D point, and each edge e = (u, v) € E denotes a potential
stitch between the vertices u and v. Our goal is to find a path
that visits all samples, while penalizing steps that are straight and
avoiding making long stitches. To do so, we assign the following
cost between two successive edges in the path:

cost(u, v, w) = _a—”VvWH'g—\COS(t}")I, 1)

where u, v, w are three successive stitch points, and ¢ is the angle
between the edge e = (u, v) and its successor edge ¢’ = (v, w). The
weighting constants «, f > 1 control the importance of the two
cost terms.

Given a stitch density map, we employ a heuristic solution to
solve the aforementioned planning problem as summarized in Al-
gorithm 1. We start from a random vertex in the dither graph and
perform a greedy search where at each iteration the best unex-
plored vertex is selected based on (1). As a post-processing step, we
refine our solution by employing a 2-opt heuristic approach that
swaps one pair of edges for another pair with the same endpoints
and shorter total length leading to a subsequence of the path to be
reversed [Croes 1958].

In our implementation (cf. Algorithm 2), we only focus on im-
proving edges that are longer than a user-defined threshold, and
perform swaps in a lazy manner; we swap edges as soon as an im-
provement can be made rather than searching for the best possible
swap. The 2-opt algorithm halts when there are no edges longer
than the user-defined threshold. This secondary process allows us
to remove the longest stitches in exchange for a modest amount of
extra processing time.

ALGORITHM 1: Stitch planning
Input  :Stitch density map I € [0, 255]2,
maximum stitch length threshold
Output :Stitch path P={vy,...,v,}
G = (V,E) « dither(I)
P « greedy_search(G)
P « 2-opt(P, threshold)

Figure 5 shows the two steps of our solution for a given stitch
density map that was designed to enable cushion support for a
water bottle base. After performing a greedy search, our approach
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ALGORITHM 2: 2-opt removal of long stitches
Input :Path of dither sample points P = {vy,va,...,vp},

maximum stitch length threshold
Output :Modified path

while longest jump > threshold do
foreach edge = (v;,vj) where ||v; — vj|| > threshold
do
foreach edge = (v, v;) do
if [|vi = vjll + |lvie = vyl > [[vi = viell +[[vj = vl
then
swap(vj, Vi)
L update affected edges in P

is able to return a path that follows the dithered stitch samples but
has a number of stitches longer than a user-defined threshold of
10 mm. By running the 2-opt post-processing step, a final stitch
pattern is obtained with no long jumps.

It is worth mentioning that our approach can be run multiple
times, where at each time a different greedy path is first obtained
and then refined using the 2-opt heuristic. This allows us to better
match the desired input stiffness map, and once more differentiates
our problem from the traditional traveling salesman problem, as
multiple points can be visited more than once.

5 IMPLEMENTATION AND MECHANICAL
TESTING

We implement all embroidered results on a Brother SB7900E profes-
sional embroidery machine. All experiments use a medium weight
4-way elastane material with 50 weight poly embroidery thread.
Black and white respectively are selected to clearly show the stitch
pattern. Basic operating procedures (based on the machine instruc-
tions) were used for the machinery to tension both the material
and thread. We found the use of a water-soluable film backing to
hold the fabric in place lead to reduction in knotting. Average em-
broidery time for examples in this paper runs between 15-30mins
depending on complexity.

Our stitching planning implementation currently runs in Matlab,
and exports the computed path into a custom machine readable
file that can be executed by the embroiderer. As our algorithm has
a quadratic runtime complexity, its performance depends on the
number of input dither samples. For example, the waterbottle cush-
ion testcase shown in Figure 5 contains 6850 stitches. On an Intel
i7-6550 single threaded CPU, it took 11.63s to obtain a greedy path
and 42.11s to further refine this solution using the 2-opt heuristic.
Qualitative results are shown under simple loads in Figure 7.

To quantify the tensile properties of various stitch patterns, we
used a custom-built puncture device, with a 2.5 mm diameter punc-
ture rod and 10.0 mm diameter test region, to apply radial, in-plane
tensile stresses through selected circular regions of the embroidered
fabrics. The puncture device was connected a universal materials
testing machine with a 500 N load cell (Shimadzu AGS-X) and the
fabric samples were tested at a displacement rate of 1.0 mm/sec
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Figure 5: Design for cushion for waterbottle base. Top row:
Stitch density map (left) and dithered stitch samples (right);
Middle row: Output of greedy solution to TSP (left) Final
stitch pattern after applying the 2-opt heuristic (right); Bot-
tom row: Close up showing showing continuous stitch den-
sity change.

to a total displacement of 8.0 mm, at which point the tests were
interrupted.

Figure 8 shows an image of the test setup and the resulting force-
displacement curves for six samples of uniform embroidery patterns
and stitch densities. The stitch densities (SD) were approximated by
equally adjusting the image thresholds of the different patterns, us-
ing Image] software (National Institutes of Health, Bethesda, MD).
The top row of Figure 8 compares three samples of straightline
stitches with increasing stitch densities, producing a notable in-
crease in puncture strength and stiffness. In some samples (e.g. SD =
0.40), stitch failure was observed, indicating that the in-plane tensile
stresses surpassed the strength of the embroidery thread — note this
was more frequently observed in the medium-density straightline
stitch patterns which (when sewn into orthogonal cross-stitches)
bear the majority of the applied load.

The bottom row of Figure 8 compares three samples using the SL
stitch layout. Note that comparable stitch density of these patterns
in contrast to the straightline stitchs led to smaller, more gradual
changes in puncture strength and stiffness (maximum load and
slope of the force-displacement curves). This occurs because the
stiffness of these patterns is more dependent on stitch layout than
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stitch density. That is, non-overlapping stitches tend to transfer
transverse stresses through the base fabric. Hence, it is possible
to tailor embroidery patterns such that stitches added to a base
fabric can have either a minimal influence on aggregate stiffness
(via non-overlapping, parallel stitches) or a maximal influence on
aggregate stiffness (via overlapping cross-stitches).

Figure 6: “Target” test pattern and dithered samples (top),
the SD approach (middle) and EB approach (bottom) .

6 DISCUSSION

In conclusion, to our knowledge we present the first examples of
embroidery being coupled with computational fabrication to yield
textiles with varying tensile properties. We propose two approaches
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Figure 7: Results showing qualitative response of embroi-
dered samples. Top: Target example with EB approach
shows graded stiffness toward center of target. Bottom: Wa-
terbottle cushion shows how stiffening contours and redis-
tributes pressure under load.

to turn desired stiffness plans into realized samples that reveal
quantitative tensile strength characteristics based on mechanical
load testing.

While this paper is not focused on the practical applications of
the proposed technique, there are a number of applications that
would benefit from the described work. One example is akin to
custom insoles that take a distinct pressure profile and build a
unique insole to fit the individual. Here a similar product could be
developed as a sling-style seat to allow a person that is wheelchair
bound to relieve pressure that leads to bed sores. Smart clothing that
shapes pressure profiles for blood circulation is another example
for medical textiles (and may also be appropriate for performance
apparel). Indeed, many medical textile applications focus on control
for stiffness [Ng et al. 2017]. However, the goal for us is to show as
a proof of concept the efficacy of the use of embroidery to control
tensile properties.

There are a number of clear paths for future work. Foremost,
following the computational fabrication research trends, computa-
tional design machinery with physical cloth simulation will help to
automate and broaden the types of artifacts that can be produced.
Combining the technique with 3D printing also broadens oppor-
tunities with some intriguing design elements where compression
can be seamlessly added to a fabric.

The limitations of the current approach include the size and
accuracy of the hardware which limit the resolution of the examples
we can create. Further, relative to the EB solution, the SL stiffening
lead to relatively small changes in the resulting tensile tests (as
shown in Figure 8), largely due to reduced stitch density. We believe
we can address this with the application of several layers of the
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embroidered patterns (among other solutions) and do not see this as
a fundamental flaw of the approach. Regarding the stitch planning,
our proposed algorithm acts locally, and as such we can make no
guarantees that large jump stitches may be necessary. While a
small number of jump stitches is tolerable (as they can be trimmed
automatically by the embroiderer) we will look to improve the path
serialization in future efforts.

Finally, an intriguing observation about future effort includes the
development of non-uniform tensile properties. While we focus on
uniform stiffening here, interpreting a full-color density map with
rgb values as the direction and magnitude of a vector field, we could
produce an analogous stitch sampling with color representing the
preferred direction of the stitch. While the path planning problem
becomes more complicated (it is similar to coverage planning in
the presence of an anisotropic guidance field), the result would be a
controllable directed stiffening within a fabric which does not exist
in today’s textiles.
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