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Abstract
Programming 3D surface deformation has been widely explored
in rigid and semi-rigid materials, but achieving predictable shape
change in wearable textiles remains challenging. We present Stitch-
Switch, a computational design and fabrication system for program-
ming surface deformation and bistability into embroidered textiles
through a continuous parametric tessellation design space. Embroi-
dering triangle-tessellated patches onto pre-stretched elastic fabric
encodes out-of-plane deformation and passive bistability directly
into the textile.

We characterize how patch diameter and embroidery fill percent-
age govern deformation, revealing varied deformation outcomes
and a saturation regime where increasing density shifts deformation
from vertical height to lateral distribution. We develop a reduced-
space simulation model predicting this relationship in real time,
integrated into a garment-scale design tool supporting live 3D pre-
view, inverse design, and fabrication-aware export.

We demonstrate StitchSwitch through two garment-integrated
applications, a tactile garment interface and a deformation-based
storage pocket, showing how programmable bistable deformation
enables functional structures directly within textiles.

CCS Concepts
• Human-centered computing→ Interaction devices.
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1 Introduction
Embedding mechanical behavior directly into materials enables
structures that change shape, respond to interaction, and maintain
stable configurations without continuous energy input. Bistability,
where a structure reversibly switches between two stable states, is
a powerful design primitive for interaction, sensing, and adaptive
structures, spanning soft interfaces, wearables, and responsive sur-
faces. Bringing these capabilities to textiles is appealing, since they
enable wearable interfaces that stay comfortable while supporting
functional behaviors.

Machine embroidery presents an attractive approach because it
is digitally programmable, accessible, and compatible with textile
workflows. Its ability to incorporate conductive threads further
enables sensing and interaction. Stitching onto pre-stretched elas-
tic fabric selectively constrains regions of the material, creating
deformation upon release. This work builds on this mechanism to
enable continuous, surface-scale control over bistable deformation.

While this mechanism is simple and accessible, it is difficult to
design without understanding how embroidery parameters shape
the resulting deformation. Embrogami [10] establishes the founda-
tional concept of shape-changing embroidery using a library of 12
discrete primitive structures (6 linear, 6 radial), each individually
characterized so its deformation outcome can be mapped directly by
linear regression. This approach captures localized shape changes
well, but does not extend to the broader, continuous surface-scale
control that a single unified parameter space would provide. This
gap between a fixed primitive library and continuous design needs
limits the usability of embroidery for programmable textile behav-
ior.

We present StitchSwitch, a computational design and fabrication
system that targets a broader design space, enabling predictable,
continuous control over passive surface deformation and bistabil-
ity in textiles. Our key insight is that organizing embroidery into
structured triangle-based patterns collapses this space into just
two geometric parameters, diameter and fill percentage, configured
prior to fabrication. Modeling this continuous space requires our
predictive simulation, a key technical contribution.

To make this design space usable, we empirically characterize
how patch size and embroidery density relate to deformation, then
build a design tool that produces fabrication-ready output through
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a data-driven simulation enabling live 3D preview of parameter
manipulation and inverse design from target deformation.

We evaluate StitchSwitch through two garment-integrated ap-
plications, a programmable textile interface with tactile input and a
deformation-based pocket, illustrating how programmable deforma-
tion supports interaction and functional garment features. We also
explore design variations such as patches with spatially varying
bistability for shape boundaries around functional elements.

In summary, we make the following contributions:
� A fabrication method programming passive, bistable defor-

mation into embroidered textiles via triangle tessellation on
pre-stretched fabric

� An empirical characterization linking patch diameter and
�ll percentage to deformation, including a saturation e�ect
that bounds practical design

� A reduced-space physical simulation model that predicts
deformation from design parameters, storing 1D pro�les
instead of full meshes to enable real-time preview

� A garment-scale design tool supporting live preview, inverse
design, and fabrication-aware export

2 Related Work
StitchSwitch draws on prior work in shape-morphing structures,
textile-based deformation, and computational design of deforming
materials, which explore how geometry, material, and fabrication
can enable programmable shape change.

Geometry-Driven Shape-Morphing Structures.Foundational work
encodes mechanical behavior into geometry to create deployable
and bistable structures. Computational frameworks for auxetic sur-
faces and �exible maps [3, 13� 15] use inverse design to map 3D
targets to �at patterns, while rod networks and tension-actuated
plates [8, 18] induce controlled curvature through geometric con-
straints. Other work explores programmable morphing and 4D
printing [1, 4, 7, 17, 24]. While precise, these approaches often use
rigid or semi-rigid materials, such as 3D-printed polymers, that are
less suited for wearable textile applications.

Textile-Based Deformation Systems.Other research embeds defor-
mation directly into textile substrates, including through computa-
tional knitting [ 16] and embroidered lace structures [6]. Smocking-
based approaches similarly enable computationally designed textile
deformation [9,19,21]. Systems like OriStitch [2] utilize embroidery
to create general 3D geometries but require multi-step fabrication
to trigger transformation. Conversely, Embrogami [10] introduces
a single-step approach using embroidery on pre-stretched fabric to
create bistable fold primitives. Their system characterizes discrete
deformation primitives, while StitchSwitch explores a continuous
parametric design space where patch geometry and embroidery
density can be varied to create surface-scale deformations. This
continuous design space enables a broader range of deformation out-
comes but requires predictive modeling beyond primitive lookup.

Computational Design of Deforming Systems.To make defor-
mation predictable, systems print tessellated primitives or plastic
structures onto pre-stretched fabrics for precision morphological
control [5, 11, 12, 23]. While providing structured design spaces,
these approaches introduce additional printed material, creating

Figure 1: StitchSwitch primitive. A triangle-tessellated patch
parameterized by diameter and �ll percentage (a) is embroi-
dered onto pre-stretched fabric (b). Release induces a tension
mismatch that produces bistable deformation (c�e).

tradeo�s between mechanical properties and fabrication resolution.
These pipelines also often rely on simulation-heavy work�ows,
such as �nite element analysis (FEA), to predict deformation. In
contrast, StitchSwitch embeds mechanical behavior directly into
the fabric through embroidery, leveraging a textile-native process
for garment-integrated, washable, reusable structures. Rather than
full-mesh simulation, StitchSwitch uses a reduced-space model for
real-time preview and inverse design.

3 StitchSwitch Primitive
StitchSwitch programs out-of-plane deformation and bistable switch-
ing into soft textiles by embroidering triangle-tessellated patches
onto uniformly pre-stretched elastic fabric (Figure 1). Each patch
is de�ned by a circular region �lled with a regular tessellation of
equilateral triangles at a speci�ed density, forming the basic unit
through which deformation is controlled.

The key principle is sti�ness encoding: embroidery stitches ap-
plied to a pre-stretched substrate locally sti�en the threaded region
relative to the surrounding fabric. When released from the hoop,
the elastic fabric contracts toward its resting state while the sti�-
ened embroidered patch resists. The mismatch in contraction drives
the patch out of plane, producing localized surface deformation.
Because the triangle tessellation is highly symmetric, the stitched
pattern distributes constraint evenly across the patch, producing
balanced, dome-like deformation rather than directional buckling.

This deformation is bistable. When the patch is pressed past a
threshold, it snaps between two stable states and remains in either
con�guration without continued force. Both states are passively
maintained by the interplay between the rigidity of the embroidered
region and the tension of the surrounding fabric.

The behavior of each patch is controlled by two geometric de-
grees of freedom: patch diameter and embroidery �ll percentage.
Fill percentage is de�ned as the proportion of the patch area cov-
ered by stitched triangles and is controlled by uniformly scaling
each triangle, introducing gaps between adjacent triangles as �ll de-
creases. Together, these parameters de�ne a compact design space,
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determining both the magnitude of deformation and the switching
behavior between states. We characterize switching force across
this design space and �nd that larger patches and higher �ll per-
centages increase the force required to transition between bistable
states, enabling threshold tuning during design.

We fabricate StitchSwitch patches using a standard embroidery
machine on pre-stretched elastic fabric with one layer of water-
soluble stabilizer. The fabric is uniformly stretched and secured in
an embroidery hoop, and the patterns are stitched directly onto the
tensioned surface. After embroidery, the fabric is released and the
stabilizer is washed away, producing the programmed deformation.

This process is compatible with a range of materials and threads,
including conductive threads for functional textile integration. The
tessellation enables control over thread distribution, allowing de-
signers to selectively program conductive regions within a patch,
varying their amount and placement while preserving the same
deformation primitive (Figure 13 in Appendix). Detailed fabrication
parameters and materials are provided in Appendix A.

4 Simulation and Characterization
We characterize the design space of triangle-tessellated embroidery
patches, focusing on how patch diameter3 (in millimeters) and em-
broidery �ll percentage? control deformation behavior and bistable
switching, with a simulation calibrated to real-world fabrication.
Our key insight for avoiding expensive cloth simulation is to lever-
age the StitchSwitch pattern's circular symmetry and reduce the full
3D deformation problem to a one-dimensional pro�le. We model
the embroidered fabric as an axis-symmetric membrane whose
cross-sectional pro�le deforms under internal stress induced by the
embroidery and elastic fabric. The equilibrium pro�le minimizes a
total elastic energy comprising radial stretching, circumferential
stretching, and bending contributions. To encode the mechanical
mismatch between embroidered and un-embroidered fabric, the
embroidered region is assigned a higher rest-state metric and a dif-
ferent set of sti�ness and bending coe�cients than the surrounding
fabric (Strain and Membrane Energy, below).

Discretization. We represent the fabric as a sequence of nodes�
A¹8º• I ¹8º �

parameterized by the undeformed radial coordinate' ,
whereA¹8º andI ¹8º are the radius and the vertical position of the
8-th node (Figure 2 (left)). We de�ne stretch factor[ = 1”7, denoting
how much the fabric is uniformly stretched during the embroidery
process. Patch diameter3 is measured on this pre-stretched fabric
at the time of embroidery, so dividing by[ converts it into the
corresponding rest-frame radius,3•2[ , which is what we compare
against the undeformed coordinate' throughout. The radial domain
is discretized into# = 300nodes, where the resolution is adaptive
to make a node lie exactly at the embroidery boundary and the
distance between nodes is at most� ' max = 0”5mm. Formally, the
nodes are at positions' ¹8º = 8� ' , where� ' = ¹3•2[ º•# in and
# in = d¹3•2[ º•� ' maxe. Placing a node exactly on the boundary
matters because the fabric's mechanical properties change abruptly
there, and this transition is visibly sharp in fabricated samples.

Strain. Writing A¹8º andI ¹8º for the deformed coordinates, we
de�ne strain as actual (deformed) length minus rest length, in units
of the reference spacing� ' . Radial strain is the Euclidean distance
between consecutive deformed nodes, divided by� ' , minus the

Figure 2: (left) In simulation, we view the fabric as radial
strips from the center of the pattern. The deformed fabric
is represented by a surface revolution of a one-dimensional
pro�le A¹8º• I ¹8º . (right) To capture the characteristics of the
pro�le, we measure three keypoints: the peak height � , the
point at the embroidery boundary ¹A0• I0º, and the point of
minimum radial displacement ¹A1• I1º.
segment's rest length_¹8º (de�ned below). Circumferential strain
applies the same logic to a ring's circumference: since circumference
is always2c times radius, comparing deformed radiusA¹8̧ 1º against
rest-scaled radius_¹8º ' ¹8̧ 1º captures the same stretch without
carrying 2c through every term:

Y¹8º
A = max

�
s

� A¹8̧ 1º � A¹8º

� '

�2
¸

� I ¹8̧ 1º � I ¹8º

� '

�2
� _¹8º• 0

�
(1)

Y¹8º
\ = A¹8̧ 1º � _¹8º ' ¹8̧ 1º• (2)

where_¹8º is the rest-state metric (recall? is embroidery �ll per-
centage), de�ned as follows:

_¹8º =

(
1 ¸ ¹ [ � 1º?2 if ' ¹8º � 3•2[ (inside)

1 otherwise.

Nodes inside the embroidered region are held at pre-stretch fac-
tor [ , weighted by local �ll ?2 since only stitched thread, not the
gaps between it, locks in that stretch; nodes outside are ordinary
relaxed fabric with_¹8º = 1. Themax¹�•0º means only stretching
is penalized: if a segment is shorter than its rest length, the fabric
simply wrinkles out of plane rather than resisting compression, so
this costs no energy.

Membrane energy. The membrane energy weights each strain
by the circumference at' ¹8̧ 1º :

� memb=
1
#

Õ

8

2
6
6
6
6
4

: ¹8º
A

�
Y¹8º
A

�2 _¹8º ' ¹8̧ 1º ¸
: ¹8º

\

�
Y¹8º
\

�2

_¹8º ' ¹8̧ 1º

3
7
7
7
7
5

• (3)

where: ¹8º
A and: ¹8º

\ are piecewise-constant sti�ness coe�cients that
take di�erent values inside and outside the embroidered boundary,
interpolating between an embroidery sti�ness: � •emb and a bare-
fabric sti�ness: � •fab in proportion to �ll percentage, since a sparser
tessellation leaves more bare, unstitched fabric between threads.
Both: � •emband: � •fab are free parameters calibrated from fabricated
samples (see Calibration procedure, below):

: ¹8º
� =

(
: � •emb?

2 ¸ : � •fab¹1 � ?2º if ' ¹8º � 3•2[ (inside)

: � •fab otherwise.

Bending energy. Jourdan et al. [11] simulate a similar bilayer
mechanism: plastic strips printed onto pre-stretched fabric, where
the sti� top layer drives bending upon release, just as our embroi-
dered stitches do. Their full model uses a continuum formulation
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rather than our reduced pro�le, but since the same bilayer rela-
tionship drives bending in both, we adopt their bending term: the
dihedral angle\ ¹8º between consecutive surface normals, close
to zero for smooth curves and growing as the pro�le folds more
sharply:

� bend =
1
#

Õ

8

F ¹8º
1

¹A¹8̧ 1ºº2

�A¹8º k� ¹8º k ¸ �A¹8̧ 1º k� ¹8̧ 1º k
tan2

 
\ ¹8º

2

!

•

(4)
where �A¹8º = ¹A¹8º ¸ A¹8̧ 1ºº•2 is the midpoint radius,� ¹8º the seg-
ment vector, andF ¹8º

1 the bending weight (piecewise as above).

The factor¹A¹8̧ 1ºº2•¹ �Ak� kº is edge length over conical-face surface
area, penalizing bending per unit area rather than per node.

Fabric hardening near its stretch limit. We also include a
logarithmic term that captures the hardening of knitted fabrics
when largely stretched, similar to a rubber band nearing its limit:

� log =
F log

#

Õ

8

¹Y¹8º
\ � Wº log©

­
«

W� Y¹8º
\

W
ª
®
¬

� Y¹8º
\ • (5)

which grows sharply as circumferential strainY¹8º
\ approaches a

maximumW, discouraging solutions that over-stretch the fabric
beyond what is physically realistic.

Solving for the equilibrium shape. The total energy mini-
mized is

� = � memb¸ � bend¸ � log• (6)

subject to the boundary conditionsA¹0º = 0 andI 0¹0º = 0 (symme-
try at the center). A sign constraintI 0¹' º � 0 is enforced through-
out, forcing the pop-up state. Given diameter3 and �ll percentage
?, the simulation minimizes(6)using Adam with gradient clipping
to obtain the equilibrium pro�le.

Extracted quantities. From the converged pro�le we extract
�ve measurable quantities (Figure 2 (right)): the peak height� ; the
radial and vertical coordinates¹A0• I0º at the embroidery bound-
ary; and the coordinates¹A1• I1º of the point of minimum radial
displacement just outside the boundary, which marks the transition
from the buckled dome to the �at outer fabric.

Calibration procedure. To calibrate the material parameters,
we fabricated 25 samples with parameters¹?•3º 2 f0”6•0”7•0”8•0”9•
1”0g � f 20•40•60•70•90g, where? is �ll percentage and3 is patch
diameter in millimeters. Instead of trying to �t the predicted pro�les
to the actual pro�les, we compare designs using only these �ve
keypoints. Seven material parameters (F1•emb, F1•fab, : A•emb, : A•fab,
: \•emb, : \• fab, andF log) are then calibrated by minimizing the mean
squared error between the simulated and experimentally measured
values of¹�•A0• I0•A1• I1º across the 25 specimens using di�erential
evolution [22].

Figure 3 displays photographs of fabricated samples and simu-
lated pro�les with varying diameter and �ll percentage. We observe
an increase in both the height and size of the deformed structure
as we increase the patch diameter (top). The bottom row shows
how the pro�le evolves as the �ll percentage changes. At lower �ll
percentages, patches form smoother, dome-like shapes. As �ll per-
centage increases, deformation becomes more laterally distributed,
producing �atter central regions and sharper boundary transitions.
At high �ll percentages, this results in a characteristic overhanging

�mushroom-like� pro�le, where the embroidered boundary extends
beyond the underlying fabric bend.

Figure 3: Fabricated examples and simulated pro�le at di�er-
ent patch diameter (top) and �ll percentage (bottom). Result
shows that diameter a�ects size and height and �ll percent-
age a�ects pro�le shape.

Figure 4 shows predicted height from densely sampled design
parameters, revealing a positive non-linear relationship between
�ll percentage, diameter, and predicted height, and a regime where
small size combined with low �ll percentage leaves the embroidered
region too compliant to overcome the fabric's elasticity, resulting
in a near-�at con�guration. We also characterize bistable switch-
ing forces across the design space, �nding that switching force
increases with both diameter and �ll percentage, with their interac-
tion providing control over actuation thresholds (Appendix B).

We validate this e�ect with fabricated examples at 50% �ll (Fig-
ure 9 in Appendix). Lastly, we show that the tesselation resolution
under the same �ll percentage and diameter does not signi�cantly
impact the deformed geometry (Figure 10 in Appendix).

Figure 4: Simulated height � from densely sampled parame-
ters (left, noise are due to numerical stability). Actual vs. Sim-
ulated height � (top-right) and perceived radius A0 (bottom-
right) of 25 training (blue) and 28 validating (orange) fabri-
cated examples.

5 Computational Design Pipeline
We develop an interactive design tool that supports an end-to-end
work�ow from garment-scale layout to fabrication-ready embroi-
dery �les. The tool enables users to parameterize and preview textile
patches, connecting geometric design with predicted deformation
behavior and fabrication constraints. This allows users to design
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