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We propose a computational method that repurposes embroidery as a tool
for 3D fabrication. Given an input mesh, our method computes a freeform
stitching pattern, such that an embroidered flat fabric approximates the target
geometry. The stitching is done with polyester threads that permanently
shrink when heat is applied, thereby generating curvature. Our approach is
based on vector field optimization: we jointly optimize a shrinking field over
the mesh surface and a corresponding planar parameterization that also
allows for seams to arise in order to achieve higher curvatures than through
shrinkage alone. Our energy formulation balances fabrication adherence,
field smoothness, stitch consistency and validity of stretch values, and is
minimized via an alternating algorithm. We demonstrate our method on
a variety of target shapes and validate our results through both a digital
preview tool and physical fabrication.
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1 Introduction
Textiles offer a compelling platform for computational fabrication
thanks to their flexibility, durability, lightness, wearability and ubiq-
uity in everyday life. Unlike rigid materials, textiles are capable of
large deformations, making them suitable for a wide variety of ap-
plications ranging from clothing and upholstery to shape-morphing
structures and wearable devices. Their inherent softness also opens
opportunities in human-centered design, such as personalized fash-
ion, medical wearables and artistic installations. Additionally, tex-
tiles are not limited to developable surfaces: due to the presence
of void spaces in their micro-structure, they allow for a degree of
stretching and shearing, making them more forgiving to work with
than paper or sheet metal. Through sewing different parts of fabric
together, one can further create curvature and assemble complex
3D shapes.
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Fig. 1. Photo of fabricated 3D shapes achieved through our method of
shrinking-thread embroidery.

A particularly interesting mechanism for inducing curvature in
flat fabric is thread shrinkage: by embroidering threads that con-
tract when heat is applied, fabric can be locally compressed in a
controlled direction, causing it to lift and curve. A big advantage of
this is that embroidery add-ons are relatively affordable for home
sewing machines and industrial embroidery machines are wide-
spread in textile production, which makes this approach easy to
adopt. Additionally, the process is nearly automatic, so unlike tra-
ditional sewing and smocking, it can easily be scaled. However,
computing the embroidery pattern that produces a desired 3D shape
is a nontrivial inverse design problem. We address exactly this is-
sue by offering a computational inverse design pipeline, providing
the embroidery pattern for a given target shape. The results can
directly be fabricated and produce 3D shapes made from fabric, as
depicted in Fig. 1. Compared to other deployable surface approaches,
which are often fabricated entirely from plastics or polymers, our
embroidery method has a favorable sustainability profile: the base
fabric can be natural material such as cotton, with only the active
shrinking thread required to be polyester-based.

2 Related work
Inverse design and fabrication processes consider a multitude of
constraints, with extensive literature available. We survey the works
most closely related to our setting.

Deployable structures. A wide range of morphable materials have
been explored for fabricating structures in a planar state that deploy
into 3D shapes, including plastic sheets for inflatable structures [He
et al. 2026, 2025; Panetta et al. 2021; Ren et al. 2024a], 3D printing
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Fig. 2. Shrinking thread illustration: the thread contracts in its length, locally
deforming the fabric to wrinkle and e�ectively shrink as well.

�laments and hydrogels [Aharoni et al. 2018; An et al. 2018; Grini-
asty et al. 2019; Jourdan et al. 2023; Malomo et al. 2018; Narumi et al.
2023], paper [Choi et al. 2019; Dudte et al. 2016; Ion et al. 2020] and
fabric [Jourdan et al. 2022; Pérez et al. 2017; Segall et al. 2024]. The
inverse design problem in this setting is naturally framed as sur-
face parameterization, typically solved by minimizing a distortion
measure suited to the fabrication process [Hormann et al. 2007].
For isotropic processes using auxetic (meta) materials, conformal
parameterizations are a natural choice [Floater 1997; He et al. 2026,
2025; Konakovi¢ et al. 2016; Konakovi¢-Lukovi¢ et al. 2018]; when
area preservation also matters, as-isometric-as-possible methods
modeling materials as developable surfaces are preferred [Julius
et al. 2005; Liu et al. 2008; Malomo et al. 2018; Yamamoto et al. 2026].

Anisotropic methods and shrinkage-based optimizations.Some ma-
terials exhibit anisotropic deformation behavior, thus anisotropic
approaches are often better suited for associated inverse problems.
Surfaces fabricated using polymers that shrink along their printing
direction require parameterizations that take the directional shrink-
age �eld into account. Aharoni et al. [2018] introduce a method that
locally estimates optimal shrinkage directions and globally enforces
consistency, akin to ARAP parameterization [Liu et al. 2008]. De-
pending on the speci�c application, this method is often used as a
starting point and then further re�ned, keeping the speci�c physical
characteristics in mind. A notable example is Shrink & Morph [Jour-
dan et al. 2023], where �at-printed polymer sheets are designed to
transform into complex 3D shapes upon thermal activation. To do
so, sensitivity analysis is done on a proposed simulation energy,
and via multi-layer printing the approximation accuracy can be
improved, leveraging the bilayer e�ect. Similarly, the challenge of
planning the fused tube paths for in�atables has been addressed by
using sensitivity analysis on the simulation energy [Panetta et al.
2021], which has been further enhanced in terms of structural sta-
bility [Ren et al. 2024a]. We take a di�erent route and o�er a purely
geometric optimization of our shrinking thread embroidery design,
eluding the need for an expensive and complex simulation in our
algorithm. Beyond this methodological di�erence, the two fabrica-
tion processes also di�er in the design space they a�ord. Unlike
Panetta et al. [2021], we allow parameterization singularities and
cuts to emerge naturally through our PolyVector �eld, expanding
the achievable curvature beyond what shrinkage alone provides.
The two processes also di�er in their anisotropy: fused tubes enforce
a single shrinkage direction everywhere, whereas embroidery per-
mits overlapping stitches and unstitched regions, allowing for more
shrinkage patterns. At the same time, shrinkage is more constrained
as our thread induces a �xed amount of shrinkage, restricting us
to only two possible values for the local deformations, while tube
width can be varied continuously to realize a range of singular
values (see Fig. 5 in [Panetta et al. 2021]).

Vector �eld optimization.When material directions are visible
in the �nal fabrication, or when automatically placed singularities
are desirable to expand the design space, vector �eld optimization
becomes a valuable tool; we refer to Vaxman et al. [2016] for a com-
prehensive treatment and only highlight PolyVector �eld smoothing
here, as it plays a key role in our method. Diamanti et al. [2014] in-
troduce N-PolyVector �elds, which generalize N-RoSy �elds to allow
arbitrary magnitudes and angles between vectors, avoiding integer
variables and nonlinear matchings. In fabrication contexts, such
�elds have been applied to principal curvature aligned quadrilateral
remeshing of developable surfaces [Verhoeven et al. 2022], strip-
decomposable quad meshes for woven structures [Mitropoulou et al.
2024], Chebyshev parameterizations for nets [Sageman-Furnas et al.
2019] and stitch layout design for smocking [Segall et al. 2024]. In
concurrent work, it has been shown that principal stretch directions
across a surface can be used to optimize sewing patterns to best
approximate a shape in fabric formwork [Sati et al. 2026].

Shaping textiles through shrinkage.Shrinkage is employed to in-
duce curvature in various ways in the textile domain. One approach
is to pre-stretch fabric and introduce sti� elements on it by embroi-
dering regular thread into dense primitive shapes, such as rectangles
[Jiang et al. 2024], depositing plastic ribbons [Jourdan et al. 2022]
or networks of thin curves [Pérez et al. 2017] using a 3D printer
on the fabric, or similarly printing rigid triangle tiles on stretched
latex [Guseinov et al. 2017]. When released, the fabric shrinks back
to rest shape except at the sti� elements, creating curvature. Sim-
ilarly, crochet structures on shrinking �lm can be used to control
the sti�ness of the material [Wang et al. 2025], creating curvature.
Shrinking thread, as in our work, has also been used, for example
in lifting free-standing lace embroidery from the plane [Nabila et al.
2023] or using it to embroider onto laser-scored fabric to automate
origami fold formation [Chang et al. 2025].

The works above demonstrate that shrinkage-based actuation
can be leveraged to create curvature, and that anisotropic inverse
design methods can e�ectively harness directional deformation
�elds. However, no existing work gives an algorithm for inverse
design considering the speci�c fabrication constraints shrinking-
thread embroidery poses.

3 Problem statement

3.1 Objectives
Our goal is to design embroidery patterns that, when stitched and
steamed, deform a �at piece of fabric into a prescribed curved sur-
face. The key physical mechanism to allow for this is thread shrink-
age. We work with a thread that shrinks toI = 0”8 of its original
length, contracting by20%, after steaming (see Fig. 2). This locally
compresses the fabric in the direction of the stitch. By spatially
varying the presence and orientation of stitches across the fabric,
we can induce a deformation that lifts the �at fabric into a curved
surface, as illustrated in Fig. 3. We therefore frame our inverse de-
sign problem as a parameterization problem: We are looking for
a map from the target 3D surface to theDEplane (the embroidery
pattern) such that the inverse map, which deforms the �at pattern to
the surface, is locally consistent with the shrinkage our thread can
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target shapeM

Shrinking �eld (

iterative joint optimization
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sampled embroidery pattern

fabricated embroidery

steamed �nal fabrication

Fig. 3. Pipeline: given the target surfaceM , we iteratively optimize the shrinking field( and the Jacobian field� , which are used to compute the embroidery
pa�ern by integrating � to fla�en the shape and tracing the stitching curves on( . This embroidery pa�ern can be directly fabricated and subsequently
steamed, deforming the fabric to approximate the target geometry. We display a photo of our physical fabrication on the right.

produce. Concretely, we seek a parameterization function whose
principal shrinkage directions correspond to a shrinkage of either1
or I everywhere and can thus be mapped to stitches directly.

Beyond shape approximation, we also want a good embroidery
pattern that satis�es some practical fabrication requirements. First,
we want stitch lines to beconsistent: long, uninterrupted curves are
strongly preferred over many short disconnected segments. Every
interruption requires the embroidery machine to cut the thread,
which is the slowest and most error-prone part of the embroidery
process, as the needle can lose the thread, and the thread can get
entangled. Thus, we want to trade o� the number of stitching curves
with the approximation quality. Second, we seek stitch directions
that are smoothacross the fabric, as they produce aesthetically
pleasing curves, avoid sharp turns that slow down the machine, and
help the discretely sampled stitch pattern to faithfully represent the
continuous deformation �eld. Finally, we want cut seams that are
sewn together in fabrication to naturally emerge in regions where
the shrinkage mechanism alone is not su�cient to achieve the target
curvature.

3.2 Notation and geometric representation
We work with a triangle meshM = ¹V •E•F º representing the
input target surface, whereV is the set of vertex positions,F the set
of triangle faces andE the set of edges. All vector �elds onM used
in the following are sign-symmetric and de�ned per face, expressed
in their local 2D tangent frame unless stated otherwise. We de�ne
v8

5 to be vector82 »1• #¼on face5 of an# -�eld + . We also utilize
the PolyVector representation [Diamanti et al. 2014] of the �elds, in
which the# vectors of face5 are represented by the coe�cientsE5 •:

of a monic complex polynomial/ # ¸
Í # � 1

: =0 E5 •:/
: , whose roots are

the vectors in standard Cartesian coordinatesf v8
5g#

8=1. Because these
coe�cients and roots are simply di�erent representations of the
same underlying �eld+ , assuming a consistent counter-clockwise
ordering, we use them interchangeably and convert freely between
the raw Cartesian vectorsv8

5, the complex PolyVector coe�cients

E5 •:, and the matrix representationV5 = »v1
5 � � � v#

5 ¼T 2 IR# � 2,
i.e., the vector �eld in the local frame encoded row-wise.

Our optimization involves several related �elds:
1) Stitch direction$ : A 4-RoSy �eld tracing the stitch curves, opti-

mized with regard to a smoothness objective (Sec. 4.1). We treat
the directions as unit vectors, since only the orientation matters.

2) StretchB8
5 and combined �eld( : Each direction8of $ may in-

dependently carry a stitch, with the local shrinkage encoded
by a non-negative scalarB8

5, optimized independently of$ via
consistency and stretching objectives (Sec. 4.2, Sec. 4.4). For no-
tational convenience, we de�ne the vector �eld( to unite the
orientation with the stretch value as the magnitude,s8

5 = B8
5 o8

5,
as this fully determines the induced deformation.

3) Jacobian� : A frame �eld of candidate Jacobians of the �attening
map, capturing the local deformation from the 3D surface to
the 2D embroidery pattern domain.� is coupled to( by requir-
ing it to match � 's principal stretch directions and magnitudes
(Sec. 4.3).

Note that during optimization, we work with continuous stretch
values as magnitudes, but we would like the magnitude of each
vector in( to ultimately converge to one of two discrete values:1,
indicating no stitch and hence no shrinkage, or1

I , indicating a stitch
that induces its standard shrinkage rateI . The inverse relationship
between magnitude and shrinkage arises because we solve the in-
verse problem, going from 3D to 2D, where stitches must expand to
account for the shrinkage they will later produce.

4 Energy formulation
Our goal is to �nd a parameterization function whose principal
shrinkage directions correspond to a shrinkage of either1 or I and
make for smooth stitching curves with few interruptions. We for-
mulate these objectives into an energy� ¹$• (• � º over the stitching
directions$ and with their corresponding shrinkage captured in( ,
as well as the Jacobian �eld� that can be used to compute the �nal
�attening. � ¹$• (• � º consists of the following objectives:

� ¹$• (• � º = � stretch¹( º ¸ � fab¹(• � º ¸ � sing¹ � º
|                                       {z                                       }

feasibility

¸ (1)

� smooth¹$ º ¸ � cons¹( º
|                        {z                        }

ease of fabrication

”

The feasibility terms� stretch• � fab steer our parameterization to con-
verge to allowed shrinking values and make sure that the Jacobians
are the result of shrinking along the directions imposed by( . Addi-
tionally, � sing is used to let singularities emerge in high-curvature
regions, which allows expanding the design space by making the
achievable curvature higher than through shrinkage alone. The
seams emerging through� sing help lower the error of the other
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