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Abstract

3D printing onto pre-stretched fabrics has emerged as a promising
technique for fabricating self-shaping textiles. However, resulting
morphing behaviors are often dictated by heuristics or arbitrarily
selected parameters. We present PixBric, a pixel-based design frame-
work that enables precise morphological control through tessellated
primitive geometries printed onto biaxially stretched fabrics. Upon
release, these units buckle into programmed 3D forms including
undulations, curling, and bistable snapping. PixBric integrates para-
metric modeling, mechanical simulation, and empirical evaluation
to map geometric parameters to deformation outcomes. We demon-
strate applications spanning morphable typography, wearable rings,
and reconfigurable surfaces. PixBric bridges digital simulation (tide)
with the mechanical constraints of elastic substrates (tied), trans-
forming complex material behaviors into accessible tools for learn-
ing, experimentation, and creative fabrication.

CCS Concepts

« Human-centered computing — Human computer interac-
tion (HCI); Interaction design.

Keywords

Self-shaping textiles, bistability, tessellation, pre-stretch fabric, addi-
tive manufacturing, tangible interfaces, programmable morphology
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1 Introduction

Programmable materials capable of controlled shape transforma-
tion have emerged as a promising strategy for developing adap-
tive systems across a range of domains, including soft robotics[11,
23, 35] architectural surfaces[24, 31], and tangible user interfaces
[13, 15]. Common mechanisms for achieving shape change—such as
pneumatics[5, 14, 46], shape memory alloys [2, 22], and electroac-
tive [30] polymers—often rely on complex fabrication processes
and embedded control systems, limiting accessibility and scalability
[20, 22].

As a more accessible alternative, recent techniques have ex-
plored passive morphing through 3D printing onto biaxially pre-
stretched fabrics [1, 34, 37]. These approaches encode deformation
through geometric programming and strain release, enabling self-
transforming structures without external actuation [10, 12, 33].
However, most existing implementations rely on heuristics and ad-
hoc patterning, offering limited control over morphing behaviors
or predictive design [37, 38].

In this paper, we present PixBric, a programmable design and fab-
rication framework that enables precise morphological control of
self-shaping textiles through tessellated pixel geometries (Figure 1).
By integrating parametric modeling, finite element simulation, and
material experimentation, PixBric establishes a structured, repro-
ducible pipeline for programming localized curvature, undulation,
bistability, and multistability into stretchable fabrics. The frame-
work supports predictive design by connecting Grasshopper-based
Python modeling with an accessible Human Ul interface, which is
also available via the cloud, and integrating it with finite element
analysis in ABAQUS. This workflow enables researchers to antici-
pate deformation with relative accuracy and fine-tune morphologi-
cal parameters prior to fabrication. Through empirical evaluation
of over thirty configurations and a series of shape-changing pro-
totypes, including morphable typography, wearable artifacts, and
reconfigurable surface objects, PixBric contributes a simulation-
integrated design framework for HCI and material scientists inves-
tigating adaptive interfaces.

PixBric reflects the TEI 2026 theme of Tide + Tied by bridging
digital simulation (tide) with the mechanical constraints of elas-
tic substrates (tied). It operates at the intersection of engineering,
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Figure 1: (a)Structural Overview of PixBric from Millimeter to Centimeter Scales. (1) A 1D chain composed of 1-3mm pixels, (2)
2x2 grids of primitive geometries (circle, triangle, rectangle, hexagon) demonstrating bistable behavior, and (3) tessellations
exhibiting multiple stable states. Applications (b) Shape-Changing Mat (c) Letter "TEI" (d)Flytrap-Inspired Gripper. All samples

were fabricated using a desktop FDM 3D printer.

material science, and design, enabling interactions that are com-
putationally guided yet materially grounded. For TEI researchers,
PixBric serves as a tangible design framework linking geometric
programming and embodied interaction. For practitioners in com-
putational design, the provided simulation—fabrication pipeline
enables accessible experimentation without requiring mechanical
expertise. By encoding behavior directly into structure, PixBric
demonstrates how geometric intelligence can translate between
code and craft—advancing tangible interfaces that are both expres-
sive and functional.

Contributions

Our main contributions are as follows:

o A simulation-integrated design framework maps pixel-based
geometric parameters—such as spacing, thickness, and
shape—to mechanical behaviors including bending, curva-
ture, and undulation. This enables users to predict and con-
trol how 3D-printed fabrics deform, ranging from small local
folds to large coordinated transformations. The framework
also supports precise tuning of bistability to define stable,
semi-stable, or flexible regions within a textile structure.

o A CAD-integrated tool combines parametric modeling in
Grasshopper (Rhino) with an accessible Human Ul interface
and finite element analysis in ABAQUS, enabling designers,
engineers, and HCI researchers to visualize and simulate
deformation behavior prior to fabrication.

o A metal-frame-based stabilization system for fabric fixation
during 3D printing on pre-stretched textiles, with a compar-
ative analysis of magnetic, tape, and clip methods in terms of
tolerances, biaxial stretching, repeatability, and reusability.

o An experimental evaluation of over 30 design configurations,
measuring snap-through energy, bending angles, and radii
of curvature across pixel shapes and scaling ratios—leading
to empirically grounded design rules for morphing behavior.

o A set of interactive prototypes, including morphable typogra-
phy, wearable accessories, and reconfigurable surface objects
(e.g., folding mats, bistable brushes), showcasing the system’s
versatility for tangible computing and adaptive design sce-
narios.

2 Related Work
2.1 Self-Morphing Pre-Stretched Fabrics

Recent work has shown that 3D printing onto biaxially pre-
stretched elastic fabrics enables self-morphing behavior through
differential strain release, a phenomenon often referred to as metric
frustration [9, 21]. When a stiff material such as PLA or TPU is
deposited onto stretched fabric and the substrate is subsequently
released, the printed regions resist contraction while the surround-
ing fabric recoils—producing internal stress gradients that induce
predictable out-of-plane deformation.

This contraction-induced morphing mechanism has parallels in
bilayer systems and soft actuators, where mismatched strain across
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layers generates bending, buckling, or snapping [7, 18, 48]. In tessel-
lated structures like hexagonal or rectangular lattices, anisotropic
contraction allows for localized and directional morphing—e.g., ver-
tical links may contract more than horizontal ones, pulling vertices
inward to produce curvature [4, 29, 36].

Subsequent studies have adapted this approach to create pro-
grammable actuators and shape-shifting forms. Broadly, two pas-
sive morphing paradigms have emerged: (1) stimuli-responsive
activation, in which materials such as hydrogels or SMAs contract
in response to heat or humidity [19, 42, 45, 46]; and (2) stored-
strain release, where deformation is encoded during fabrication
and triggered upon release—without the need for external stimuli
or embedded electronics[27, 32, 39, 43].

A majority of prior work has relied on heuristically selected or
visually driven patterns, often composed of arcs, wavy lines, or
parametric swirls (Table 1). For example, Fabric Fit [37] employs
circular and linear patterns to induce localized deformation and
button-like structures; however, the design process remains largely
intuitive, offering limited predictive control and requiring iterative
physical prototyping to anticipate deformation outcomes.

In contrast, Printed Undulations [10] introduced a more system-
atic and rational approach by focusing on line-based morphing
printed on pre-stretched fabrics. The study evaluated curvature
formation as a function of parameters such as temperature, print
speed, thickness, and width, supported by simulation. Nevertheless,
its investigation was confined primarily to continuous undulation,
without extending to other morphing behaviors such as bending,
snapping, or bistability.

Among the few works that explore a broader range of geometric
behaviors, Embroigami [16] introduced rotated rectangular motifs
and mountain-valley fiber patterns, using embroidery (rather than
3D printing) on pre-stretched fabrics to achieve bistable toggling.
While these designs demonstrate diverse morphing potentials, they
provide limited insight into how primitive parameters—such as
spacing, thickness, or material composition—influence the result-
ing shapes. Moreover, no simulation pipeline or specification of
stretching direction is included to support predictive control or
design generalization.

While prior works have explored self-morphing textiles, PixBric
advances the field by introducing a predictive design workflow that
links geometry with material behavior through simulation. Build-
ing on this foundation, PixBric uses a tessellation-based framework
to create programmable morphing fabrics. By adjusting the dis-
tance between pixels and using simple geometric shapes—such as
hexagons, rectangles, and triangles—the system can control how
the fabric bends and transforms, from small local movements to
large coordinated shape changes. The framework also allows design-
ers to encourage or suppress bistability in certain areas, enabling
both stable and flexible regions within the same fabric. Altogether,
PixBric provides an accessible and adaptable approach for designing
self-shaping textiles with customizable mechanical and expressive
qualities.

2.2 Reconfigurability in HCI

Reconfigurable physical interfaces enable systems to dynamically
adapt their shape, structure, or function in response to user input,
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environmental stimuli, or task-specific requirements [6, 15, 35].
Unlike many traditional shape-morphing systems that deform ir-
reversibly [9, 25, 47], reconfigurable systems support transitions
between multiple stable configurations and enable reversible trans-
formations [27, 28].

A range of actuated systems have demonstrated the poten-
tial of reconfigurability in interface design. For example, Line-
FORM [26]showcased how an actuated rod could morph into var-
ious physical configurations—such as a stylus, ruler, or data dis-
play—supporting multimodal interactions. Similarly, Transform [8]
presented a motor-driven tabletop surface capable of transform-
ing into dynamic landscapes or interactive widgets. These systems
exemplify the advantages of reconfigurable interfaces, but rely heav-
ily on embedded actuators, complex control logic, and continuous
energy input to maintain their form and function.

Alternative approaches have explored stimuli-responsive mate-
rials as a strategy for achieving shape transformation. For example,
Yao et al. [CHI, UIST] [40, 41, 44] have demonstrated a range of
morphing interfaces utilizing pneumatic actuation, and humidity-
thermal sensitive films. These systems enable soft, continuous, and
reversible transitions between configurations without the need for
rigid mechanical components. While such material-driven methods
expand the possibilities of programmable matter, they often necessi-
tate specialized fabrication workflows, precise material calibration,
and embedded actuation or control infrastructure—limiting their
accessibility and scalability for broader application contexts.

PixBric extends the concept of reconfigurability in HCI by in-
troducing an accessible, precise, and passive material-based frame-
work for shape transformation. PixBric encodes morphing behav-
iors directly in geometry—through tessellated pixel arrangements
(e.g., hexagons, rectangles, triangles) 3D-printed onto biaxially pre-
stretched fabric—enabling programmable curvature, localized de-
formation, and multistability.

3 Precision Morphing Through Tessellated
Geometries

3.1 Overview

We present PixBric, a systematic end-to-end design framework
(Figure 2) for the design and fabrication of programmable, shape-
morphing textiles using pixel-based tessellated geometries 3D-
printed onto biaxially pre-stretched elastic fabrics. The pipeline
integrates four key stages—Tessellation Design, Simulation, Fab-
rication, and Morphing Output—to enable precise control over
mechanical deformation behavior.

o Tessellation Design: Parametric grids (e.g., hexagonal, rect-
angular) are generated in computational tool human ui, with
optional modulation by image brightness to vary local ge-
ometry size and spacing.

¢ Simulation: Morphing behavior is predicted using finite
element analysis (ABAQUS), modeling fabric and PLA com-
ponents with distinct material properties.

e Fabrication: Designs are printed directly onto pre-stretched
fabric using a custom designedmagnetic framing system
to ensure uniform biaxial tension. Upon release, the fabric
transforms into preconfigured 3D shapes.
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Table 1: Comparative chart evaluating prior work based on device type, morphing method, pattern design strategy, stretching
direction, bistability, and simulation integration. Color encodes performance: bright green = strong, light green = moderate,

yellow = limited, pink = lacking.

Precedent Tool Morphing Pattern Design Stretching Bistability Simulation
Method Decision Direction
FabricFit [37] FDM High temperature ~ Arbitrary: line/circle Not specified X X
placement without defined (likely biaxial)
sizing logic.
Flexmock [38] Attached Pre-stretched Fabric Arbitrary: auxetic motifs Not specified X X
patterns without mathematical reasoning
or programmed variation.
Embedded Textile FDM Glue, string Arbitrary: primitives applied Uniaxial X X
[34] without structured rules.
Buckled Geome- FDM Pre-stretched Fabric Arbitrary: limited geometry Uniaxial A Not v
try [3] exploration; unclear design specified (FEA/ABAQUS)
logic.
Undulation [10] FDM Pre-stretched Fabric Reasonable: varies line Biaxial X v/ (FEM)
thickness/print speed to control
undulation.
Printing-on- FDM Pre-stretched Fabric Reasonable: adjusts Biaxial A Not v (custom)
Fabric [17] scale/spacing of star pattern; specified
evaluates one design.
Active Mem- FDM Pre-stretched Fabric Reasonable: curvilinear Biaxial/Uniaxial X v (FEM +
branes [1] patterns with clear parameter models)
control (limited diversity).
Embroigami [16] Embroidery Pre-stretched Fabric Reasonable: primitive Not specified v X
geometry; lacks systematic (likely biaxial)
spacing rules or simulation.
PixBric (this FDM Pre-stretched Fabric Reasonable: systematic Biaxial v Yes /
work) primitives with parametric (ABAQUS)

spacing/scale rules;
simulation-backed design.

e Morphing Output: The final structures exhibit localized
or gloval deformation, bistability and more , enabling pro-
grammable shape change suitable for interactive textiles and
adaptive interfaces.

3.2 Human-UI Parametric Design Tool

To enable customized tessellated designs for desired morphing
behaviors, we developed a computational design platform using
Rhinoceros 3D and its visual programming plug-in, Grasshopper
(Figure 3). In addition, the Grasshopper Human UI interface and
our web-based parametric design repository provide interactive
sliders for adjusting pixel geometry, spacing, and pre-stretch ratios,
supporting accessible and intuitive experimentation.

3.2.1 Tessellation of Primitive Geometry. The workflow begins by
defining a base grid structure using Grasshopper components. This
grid is then populated with geometric primitives that serve as the
fundamental “pixels” of the textile. Parameter sliders are imple-
mented through the Human Ul interface to adjust variables such
as:

¢ Pixel geometry: selection between triangle, square, and
hexagon modules;

o Pixel scale: global and local scaling factors controlling de-
formation intensity;

¢ Inter-pixel spacing: controlling the degree of mechanical
coupling and flexibility between adjacent pixels;

o Thickness: extrusion height of each pixel pattern, determin-
ing the stiffness and bending response of the printed struc-
ture. The extrusion is defined parametrically in Grasshopper
using the Extrude component, allowing uniform or gradient-
based variation across the surface.

3.2.2 2D Image to Textile Conversion. To support data-driven tes-
sellation and enable the translation of visual imagery into morphing
textile structures, we developed a custom Python script embedded
within Grasshopper. The script processes 2D images—such as pho-
tographs, drawings, or grayscale heightmaps—and converts their
pixel information into geometric parameters for 3D printing, auto-
matically scaling the output to fit within the physical dimensions of
the 3D printer bed. The Grasshopper plug-in, Human-UI interface,
and example project files are released as supplementary materials
and available via our GitHub repository.

The workflow begins by importing an image through Grasshop-
per’s Import Bitmap component or the integrated Human UI file
selector. The script then extracts per-pixel brightness values from
the image. These luminance values are normalized to a range of
[0-1] and stored as a data matrix that corresponds spatially to the
target tessellation grid.
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Figure 2: Overview of the PixBric framework. From fabrication to application, showing the relationship between fabrication
setup, simulation, design parameters, resulting morphologies, and tangible applications such as grippers, brushes, and wearable

rings.

Each value is mapped to a geometric modifier controlling param-
eters such as:

e Max and min Pixel size: brightness values determine the
diameter or side length of each hexagonal unit; darker re-
gions produce larger hexagons, while lighter regions gener-
ate smaller ones;

e Max and min inter-pixel spacing: inter-pixel distance
adapts based on local brightness gradients to control flexi-
bility and coupling between units.

The hexagonal lattice was chosen for its space-filling efficiency,
isotropic mechanical behavior, and aesthetic continuity when rep-
resenting complex imagery. Users can also switch to alternative
primitives—rectangular or triangular units—via dropdown controls
within the Human UI interface. The mapping function supports
both direct and inverse scaling modes, allowing users to determine
whether darker regions should expand or contract geometrically.

Once the brightness-to-geometry mapping is complete, the re-
sulting tessellated surface can be visualized in real time in the CAD
environment and exported directly as an STL file for 3D printing.
The same model can also be transferred to the simulation pipeline
(ABAQUS) for deformation analysis, allowing users to preview
morphing behavior before fabrication.

Figure 3: Parametric design tools. (a) Conversion from 2D pat-
terns to textile geometries in Rhino Grasshopper, mapping
image brightness to pixel geometry, scale, and spacing for
localized morphing control. (b) Human Ul interface within
Rhino for real-time parameter adjustment, including thick-
ness, shape, and array configuration. (c) Cloud-based Human
Ul interface via ShapeDiver for accessible, browser-based
interaction.

3.3 Simulation

To predict self-shaping behavior and reduce reliance on time- and
resource-intensive physical prototyping, we conducted finite ele-
ment simulations using ABAQUS (Dassault Systemes), a widely
accessible platform for HCI researchers. This simulation pipeline
enables rapid iteration and early validation of morphing outcomes,
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Figure 4: (a) Displacement along the Z-axis (unit: mm)(b)
Simulation of hexagonal and circular pixel tessellations..

allowing designers to estimate deformation behavior prior to fabri-
cation (Figure 4).

3.3.1 Simulation Setup. To simulate the morphing behavior of the
PixBric system, geometries were first created in parametric tool
and exported to ABAQUS for finite element analysis. The system
was modeled as a composite structure consisting of a deformable
textile substrate and embedded PLA pixel units.

The textile layer was represented as a 3D deformable shell using
S4R (reduced integration, quadrilateral) elements, with material
behavior defined by the Holzapfel-Gasser-Ogden (HGO) hypere-
lastic model to capture the anisotropic characteristics typical of
woven or knitted stretch fabrics. The material parameters were set
as Cyo = 0.01 MPa, k1 = 0.4 MPa, k3 = 0.03 MPa, and Ipha = 0.3.

To simulate prestrain behavior, we introduced a 50% biaxial
in-plane contraction through orthotropic thermal expansion coeffi-
cients, emulating the effects of fabric pre-stretch and release during
fabrication.

The PLA pixel units were modeled as 3D deformable solids using
C3D8R brick elements, with linear elastic properties assigned to
reflect typical PLA behavior: a density of 1,250 kg/m?, Young’s
modulus of 2,890 MPa, and a Poisson’s ratio of 0.35.

3.3.2  Comparison to Physical Behavior. To validate simulation fi-
delity, we conducted a comparative study between finite element
analysis (FEA) predictions and physical deformations observed in
fabricated samples. Specifically, we tested 10x10 mm circular and
hexagonal pixel geometries, spaced 1 mm apart and printed with
1.0 mm thick PLA (polylactic acid) filament onto fabric pre-stretched
biaxially to 150%.

Upon release, circular pixels exhibited smooth, dome-like curva-
tures, while hexagonal pixels demonstrated sharp, directional bend-
ing along their long axis. These distinct deformation modes were
successfully replicated in simulation, with the predicted morpholo-
gies closely matching those captured in post-release photographs.

The simulated radius of curvature and principal bending axes
aligned with the observed physical results, confirming that the
model accurately reflects the mechanics of prestrain-driven shape
transformation. This lays the groundwork for predictive design of
programmable morphing textiles based on computational modeling.
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Fabric

Magnetic Bed

Figure 5: (Left)Installation of the magnetic frame on a 3D
printer (Prusa MK4S. (Right) (a) Place the pre-cut fabric, (b)
attach the magnetic frame, (c) stretch the fabric biaxially,
(d) start 3D printing, (e) carefully remove the print from the
printer, and (f) separate the fabric from the bed.

3.4 Fabrication: 3D Printing on Pre-Stretched
Fabric Using a Magnetic Frame

We developed a rapid and accessible method for 3D printing onto bi-
axially pre-stretched fabric using an off-the-shelf magnetic framing
system (Figure 5). The magnetic frame is designed to be compat-
ible with 3D printers that use magnetic beds (e.g., Prusa MK4S).
Neodymium magnets (>5 mm thick), embedded along the frame
edges and 3D-printed into the frame structure, securely hold the
fabric during printing, with three magnets on each edge. A frame
height of 6 mm ensures clearance from the extruder. The fabric is
biaxially pre-stretched to 150% and mounted within the frame prior
to printing. For all experiments, we used a two-way stretch tricot
fabric (T6008), composed of 80% spandex and 20% cotton. Models
were printed using a 0.4 mm nozzle with standard PLA settings:
235°C extrusion temperature and 250 mm/s print speed.

The fabrication process begins by pausing the 3D printer before
the first layer using a custom G-code pause inserted in PrusaSlicer.
During this pause, the fabric is manually stretched and secured onto
the print bed using a custom magnetic frame. To ensure accuracy
and repeatability, the frame was equipped with grid markings for
precise alignment, allowing each fabric sheet to be stretched to
a target ratio of 130%. Once properly aligned, printing resumes,
allowing the molten filament to strongly adhere to the tensioned
textile surface. After printing is complete, the fabric is removed,
the perimeter is trimmed, and upon release of tension, the printed
regions buckle into their pre-designed three-dimensional forms.

3.5 Comparison of Fabric Stabilization Methods

We compared three fixation approaches for maintaining tension
during 3D printing on pre-stretched textiles: tape-based, clip-based,
and magnetic-frame stabilization (Table 2). The magnetic frame
demonstrated clear advantages across setup efficiency, uniformity
of tension, and repeatability of morphing results. Unlike tape or
clips, which rely on localized points of adhesion or clamping, the
magnetic frame distributes tension evenly along all edges, ensuring
consistent biaxial pre-stretching. This uniformity is essential for
achieving reproducible morphing behavior, as small inconsistencies
in tension can significantly alter curvature and bistability.

In practical terms, the magnetic frame enabled rapid mounting
and removal of fabric samples, reducing setup time. Tape fixation
often failed under secondary-axis stretching, tearing or detach-
ing from the bed, while clips introduced uneven tension and local
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buckling near attachment points. By contrast, the magnetic frame
maintained stable adhesion and even stress distribution across both
the X and Y axes throughout the printing process.

Uniform biaxial stretching proved critical for consistent shape
transformation. A controlled 10% imbalance between the two axes
produced a measurable bending bias toward the lower-tension
direction, accompanied by smaller deformation angles, confirming
the sensitivity of morphing behavior to anisotropic stress.

Repeatability testing across ten fabrication cycles confirmed the
stability of the magnetic frame, showing an average bending devi-
ation of only +3.2%—significantly lower than the irregular defor-
mation and variability observed with tape and clip methods. These
results demonstrate that the magnetic frame provides a simple and
reliable means of achieving consistent biaxial pre-stretching for
textile-based morphing fabrication.

4 Evaluation and Design Principles

4.1 Material Compatibility and Fabric Selection

We evaluated six fabric types—cotton, nylon, spandex, mesh, and
various multi-material blends—based on key mechanical and sur-
face properties, including stretchability, elasticity, porosity, and
surface friction, to determine their compatibility with self-shaping
morphologies. These parameters directly affect a fabric’s ability to
support bistable deformation, facilitate reliable adhesion during 3D
printing, and maintain structural integrity after actuation.

Highly porous fabrics, such as polypropylene mesh, exhibited
excessive filament seepage during printing, requiring a two-step
fabrication process. A base PLA layer was first printed directly onto
the print bed before placing the fabric, improving adhesion and
preventing leakage. This approach ensured cleaner interfaces but
introduced additional complexity and material usage. In contrast,
low-porosity fabrics—such as dense cotton and spandex compos-
ites—enabled direct deposition of PLA without the need for a base
layer, as the filament adhered securely to the textile surface even in
the absence of encapsulation. In these cases, the first layer could be
omitted without degrading print fidelity or morphing performance.

Spandex-based fabrics stood out for their superior stretch and
elastic recovery, which are critical for supporting reversible, snap-
through behaviors in bistable structures. However, their low surface
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friction occasionally led to nozzle drag and minor distortion during
deposition, particularly on unsupported areas of the print bed.

Based on these findings, we selected a two-way stretch tricot
fabric composed of 80% spandex and 20% cotton as the default
substrate for all subsequent experiments. This material offered a
strong balance of mechanical compliance, moderate porosity, and
consistent print adhesion, minimizing fabrication artifacts while
enabling reliable, repeatable shape transformations across a wide
range of morphing prototypes.

4.2 Morphing Behavior: Parameters and
Mechanics

This section systematically investigates how geometric parame-
ters—including unit shape, scale, inter-pixel spacing, and thick-
ness—govern the mechanical response of the structure. Through
controlled variation of these factors, we identify configurations
that induce localized versus global deformation modes, support
bistable transitions, maintain flat states, or produce undulating
surface morphologies.

4.2.1 Pixel Geometry and Shape Effects. We evaluated four
primitive  geometries—circles, triangles, rectangles, and
hexagons—arranged in 2x2 and 3x3 tessellated grids (10 mm width,
1 mm thickness, 1 mm spacing) to investigate how unit shape
influences morphing behavior (Figure 6). The resulting deformation
patterns are governed by vertex connectivity (i.e., the number of
edges converging at each node) and the topological arrangement
of adjacent tiles, which together determine the structure’s degrees
of freedom, mechanical coupling, and global deformation modes
(Table 3).

Triangular pixels, characterized by six edges converging at each
vertex and internal angles of 60°, form highly constrained networks
that restrict local movement. As tessellation density increases, the
structure behaves as a collective sheet, producing broad, synchro-
nized deformations but fewer distinct bistable regions. These over-
constrained configurations favor large-scale curvature rather than
localized snapping.

Rectangular pixels, composed of four edges per vertex with 90°
angles, strike a balance between rigidity and flexibility. Their or-
thogonal topology enables moderate inter-unit coupling while still

Table 2: Comparison of magnetic, tape, and clip methods for fabric stabilization during 3D printing on pre-stretched textiles,

including tolerances and repeatability metrics.

Method Fabric Setup Time Risk Level Reusability Evenness Tolerances /
Stabilization Repeatability

Tape Unstable: Peels under 3-5 min: Reusable only Uneven +10-30% error:
high tension. Requires careful 2-3 times. tension. Large variability

taping. between prints;
cannot be biaxially
stretched.

Clips Somewhat stable: 10-15 min. Unsafe: May Reusable up Uneven +10-20% error:
Dependent on detach to~10 times.  tension. Moderate
placement. unexpectedly. repeatability with

slight variation.

Magnetic Frame (our Stable: Maintains 1-2 min: Fast Somewhat safe: Reusable 50+ Even: +3-5% error: High

method) uniform tension. setup. Handle magnets  times. Consistent in repeatability across

carefully. X/Y directions. 10 tests; minimal

variation in bending
angle.
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Bistability of 3D Prints on Pre-Stretched Fabric

icm
Stable State 02 I i

Primitive Geometry State 01 State 02 State 03 State 04

Figure 6: (a) Design Atlas illustrating bistability principles
through hexagonal global deformation. (b) Morphological
stable states across primitive geometries—circles, triangles,
rectangles, and hexagons. Orange solid lines denote bistable
regions, while orange dashed lines indicate monostable re-
gions.

allowing localized shear and bending, producing multiple bistable
configurations that increase with tessellation density—from four
stable states in smaller grids to over ten in larger arrays.

Hexagonal pixels, defined by three edges per vertex and 120°
angles, act as compliant hinge-like joints that efficiently propagate
deformation across the lattice. Their isotropic packing and geomet-
ric uniformity facilitate smooth transitions between monostable
and bistable states. Notably, the number of bistable states remained
constant (two) across different tessellation densities, indicating
stable, predictable deformation behavior.

Circular pixels, in contrast, lose structural bistability even when
the inter-pixel spacing is 1 mm, behaving as monostable membranes
with limited shape retention due to uneven stress distribution across
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the structure. Collectively, these topological differences define in-
trinsic mechanical constraints that determine whether deformation
occurs locally or propagates globally. (Table 4).

(a) Pixel Scale

2D Design

Prototype

Spacing = 0.5mm
Thickness = 1mm
r=0.5mm

r=10mm

r=2.0mm 0000000000

r=3.0mm 00000000

(b) Spacing 2D Design Prototype

Radius = 1.0mm
Thickness = 1mm

spacing = 3.0mm

spacing = 1.0mm

spacing = 0.5mm

(c) Thickness 0.5mm 1.0mm 5.0mm

Radius = 3.0mm
Spacing = Tmm

Top

Front

Figure 7: Hexagonal pixel arrays with varying inter-pixel
spacing (0.5-3mm). Arrays with 0.5-2mm spacing maintain
bistable configurations, while 3mm spacing results in monos-
table behavior due to insufficient mechanical coupling,.

4.2.2  Pixel Scale. The scale of each hexagonal pixel—ranging from
1 mm to 20 mm in width with a constant 1 mm inter-pixel spac-
ing—strongly influenced curvature formation and overall morphing
dynamics while maintaining snap-through bistability. Smaller pix-
els (0.5-2 mm) produced finely distributed deformations, enabling
continuous undulating surfaces that smoothly transitioned between
stable states. These configurations exhibited high coupling with the
fabric substrate, allowing stored elastic energy to propagate evenly
across the structure.

Table 3: Observed number of stable states across different primitive geometries and tessellation densities.

Primitive Geometry 2x3 Tessellation

3x3 Tessellation 4x4 Tessellation

Circle 1 (loses bistability; becomes
monostable)

Triangle 8

Rectangle 4

Hexagon 2

1 1
8 N/A
10 14
2 2
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Table 4: Design summary: relationship between pixel geometry, fabrication parameters, and morphing behavior usnig 3d

printer.

Geometry Thickness (mm) Inter-pixel spacing (mm) Radius Morphing Behavior

Circle (dots) 0.5-2.5 0.5-1.0 0.5-2  Mono-stable: Exhibits gentle undulation and local curvature when r < 1 mm
and spacing < 0.5 mm. Higher spacing (> 1 mm) loses bistability. Suitable
for wavy surface textures.

Rectangle 0.5-2.5 0.5-3.0 0.5-5  Bi-stable: Four-edge vertices allow localized shear deformation, producing
hinge like snappable, angled bending.

Triangle 0.5-1.0 0.5-3.0 0.5-5 Bi-stable: angles of 60°, form overconstrained networks that limit local
degrees of freedom and typically induce large-area, collective deformation

Hexagon (honeycomb) 0.5-2.5 0.5-3.0 0.5-5  Bi-stable: high packing efficiency promote continuous global deformation

Tessellation mixed 0.5-3.0 mixed  Multi-stable: Multi-stable: Mixed primitive geometries enable curvature

modulation, allowing selective control between large-area collective and
localized deformation

Rules of thumb: Smaller spacing (0.5-1.0 mm) (]) increases the energy barrier and enhances bistability.

Vertex connectivity (edges per node) dictates deformation scale: triangles—collective; hexagons—global; rectangles—localized.

In contrast, larger pixels (>3 mm) behaved as more isolated,
button-like elements that localized deformation within small clus-
ters (typically 2-3 units). The increased rigidity and reduced areal
density weakened inter-pixel coupling, leading to discontinuous
surface transformations and diminished global curvature.

4.2.3 Inter-Pixel Spacing. This experiment examines how inter-
pixel spacing influences the self-shaping stability of pre-stretched
textile structures (Figure 7). Hexagonal pixels—selected for their
uniform geometry and isotropic strain distribution—were arranged
with spacings from 0.5 mm to 3 mm. Optimal morphing occurred
within the 0.5-2 mm range, where stored elastic energy was ef-
ficiently released upon relaxation, producing strong, repeatable
dome-like deformations with clear bistable snap-through transi-
tions driven by uniform strain distribution and effective pixel cou-
pling.

Beyond 2.5 mm spacing, mechanical coupling weakened, limiting
in-plane force transmission and reducing out-of-plane deformation.
These structures exhibited diminished bistability and flatter, monos-
table morphologies, underscoring inter-pixel spacing as a critical
parameter governing the mechanical behavior and overall perfor-
mance of morphing fabrics.

4.2.4  Pixel Thickness. In addition to geometry, pixel thickness
plays a critical role in determining the magnitude and stability
of morphing behavior. An optimal thickness range of 0.5-2,mm
was identified. Within this range, the printed structures exhibited
strong elastic recovery and reliable bistable transitions, as the thick-
ness provided sufficient stiffness to maintain form while remaining
flexible enough to respond to fabric contraction.

When thickness exceeded 3,mm, however, the added mass and
rigidity of the printed regions began to suppress deformation, par-
ticularly on fabrics with lower elasticity. These thicker structures
resisted bending and often failed to return to their original state, re-
sulting in flattened or partially deformed morphologies. Conversely,
excessively thin prints (<0.5,mm) lacked the structural integrity
to retain curvature and were prone to delamination during post-
release relaxation.

Rectangle Pixel
Bending Angle (°)

Hexagon Pixel
Radius of Curvature (R)

Figure 8: (a) Bending Angle and Curvature Measurement
through Experimental and Simulation Analysis

4.3 Experimental and Simulation Analysis

To evaluate morphing performance across different pixel parame-
ters, we conducted a comprehensive geometric analysis focusing on
two key deformation metrics: the radius of curvature for hexagonal
configurations and the bending angle for rectangular patterns (Fig-
ure 8). To quantitatively estimate the energy barrier associated with
these bistable transitions, we conducted snap-through experiments
using calibrated weights.

This analysis was performed using two parametric scaling strate-
gies designed to isolate the effects of geometric proportion and spa-
tial coupling. In the first approach—proportional scaling (R1)—both
pixel width and inter-pixel spacing were increased simultaneously
while maintaining a constant width-to-spacing ratio. In the sec-
ond approach—fixed spacing (R2)—the pixel width and height were
increased incrementally, while the inter-pixel spacing was held
constant at 1mm and the thickness at 1mm, to isolate the influence
of pixel size on coupling strength and morphing performance. Each
parameter combination was tested across 15 repetitions to ensure
measurement consistency and statistical robustness.

4.3.1 Bending Angle and Radius of Curvature. For rectangular pixel
arrays under proportional scaling (R1), high bending angles ranging
from 80° to 94° were achieved at smaller pixel widths between
10-20 mm (Figure 9). As the pixel size increased beyond this range,
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the structures gradually flattened due to reduced in-plane tension
and increased gravitational loading.

In contrast, the fixed-spacing condition (R2) maintained bend-
ing behavior across a wider range of pixel sizes. Although the
overall bending angle decreased slightly with increasing pixel
width—largely due to added material stiffness and weight—the
structures continued to exhibit clear deformation even up to 30 mm
pixels. This result demonstrates that maintaining a constant inter-
pixel spacing of 1 mm preserves strong mechanical coupling be-
tween adjacent pixels, ensuring more uniform strain distribution
and sustained curvature despite the increase in scale.

Snap Weight vs Rectangle Width under Fixed Snap Weigh Width under and Constant
Constant Pixel-to-Spacing Ratio Pixel-to-Spacing Ratio
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Figure 10: Energy barrier required to trigger snap-through
transitions in rectangular (left) and hexagonal (right) pixels
under fixed 1 mm spacing and a constant pixel-to-spacing
ratio.

For hexagonal configurations, the curvature was quantified using
the standard arc approximation formula:

x2+ 72

R=
2r

)

Hye Jun Youn, Jun Kyu Choe, SooYeon Ahn, Marcello Tania, Serena Xin Wei Sara, and Hiroshi Ishii

where x is half the chord length (representing the horizontal span
of the arc), r is the sagitta height (the vertical distance from the
chord to the apex), and R is the resulting radius of curvature. This
method allowed for the precise estimation of dome-like deforma-
tions and provided a comparative basis for evaluating different pixel
dimensions.

Under proportional scaling (R1), as pixel size increased, the struc-
tures consistently exhibited smooth, ovule-shaped curvature char-
acterized by a large radius of deformation. In contrast, the fixed-
spacing configuration (R2) reveals the overall radius of curvature
gradually decreased with increasing pixel dimensions.

4.3.2 Bistability. Bistability for each prototype was evaluated by
placing calibrated weights at the center of a 3 X 3 pixel array while
keeping the fabric edges fixed to prevent boundary movement. The
displacement at the snap-through point was measured using pho-
tographic documentation and manual comparison of deformation
frames. This setup provided a consistent method to estimate the
minimum energy required to trigger shape change and to com-
pare activation thresholds across different pixel geometries and
configurations (Figure 10). We applied this procedure to both rect-
angular and hexagonal tessellations under two scaling strategies:
proportional scaling (R1) and fixed spacing (R2).

For rectangular pixels, proportional scaling (R1) achieved bistable
behavior at smaller widths (10-20 mm), but bistability declined
sharply beyond 20 mm and disappeared entirely around 25 mm.
In contrast, the fixed-spacing condition (R2) maintained bistability
even at larger pixel widths up to 30 mm. Although the bending
angle decreased slightly due to increased weight, the structures
preserved stable snap-through behavior, showing that maintaining
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Figure 9: (a) (Left) Experimental measurement of bending angles in rectangular tessellations with varying pixel-to-spacing
ratios (fixed spacing = 1 mm, thickness = 1 mm). (Right) Corresponding finite-element simulation results in ABAQUS. (b) (Left)
Measured curvature of hexagonal tessellations. (Right) Comparison with ABAQUS simulation results.
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Table 5: Summary of application prototypes linking geometry, key parameters, stability, and purpose.

Application  Geometry Type Key Parameters Stability Purpose
Ring Hexagonal tessellation Width: 0.5mm; Spacing: Bi-stable Conforming wearable that adapts to finger curva-
0.5 mm ture through bistable deformation.
Hairbrush Hexagonal lattice (scale-  Spacing: 0.5-1.5 mm; Thick- Bi-stable Foldable, impact-absorbing surface designed for
varying) ness: 1 mm transportation.
Morphing Typog-  Hybrid (hexagonal + rect-  Spacing: 1 mm; Thickness: Multi-stable  Expressive morphing typography combining local-
raphy (TEI) angular) 1.5mm ized and global deformation through polymorphic
tessellation.
Adaptive Mat Diamond / polymorphic ~ Variable spacing:  Multi-stable  Reconfigurable comfort surface that adjusts shape
lattice 0.5-2.0 mm through touch or applied pressure using regular
tessellation.
Gripper Hexagonal lattice Spacing: 1mm; Thickness: Bi-stable Passive gripping structure enabling object capture.

1 mm

a constant inter-pixel spacing of 1 mm ensures stronger coupling
and more reliable bistability at larger scales.

For hexagonal pixels, similar patterns were observed. Under pro-
portional scaling (R1), bistability diminished rapidly when pixel
width exceeded 25 mm and was lost entirely near 30 mm, result-
ing in flat, monostable morphologies. However, under fixed spac-
ing (R2), bistability was consistently maintained across all tested
pixel widths, with stable dome-shaped curvature and strong snap-
through transitions.

Overall, proportional scaling (R1) often lost bistability and mor-
phing fidelity at larger scales, whereas fixed spacing (R2) preserved
bistability and curvature across a wider range of geometries. These
results highlight the trade-off between scalability and energy effi-
ciency in morphing textile systems.

5 Applications

This section demonstrates the versatility of the PixBric system
through a series of application scenarios that exploit its pro-
grammable morphologies and tunable mechanical stability. Each
prototype directly builds on the design-space parameters estab-
lished in previous sections—linking pixel geometry, spacing, and
thickness to specific morphing outcomes. The case studies span
adaptive mat, wearable accessories, expressive typography, and pas-
sive gripping, collectively illustrating how parameter-driven con-
trol enables functional and aesthetic applications of programmable
textiles. (Table 5)

5.1 1D Array of Pixels for Accessories

We developed finger-conforming accessories using one-
dimensional arrays of hexagonal pixels, each with a 0.5mm
width and 0.5mm inter-pixel spacing. These linear ring prototype
structures exhibit inherent bistability, enabling them to retain
undulating geometries in their resting state while conforming
adaptively to body contours upon contact. The mechanical
flexibility embedded in the geometry allows the ring to deform and
recover without losing its structural integrity, accommodating a
variety of finger sizes without requiring changes to the base design
(Figure 11).

By parametrically modulating pixel spacing and scale along the
array, we achieved tunable curvature and directional flexibility

(a) 1D Array of Pixels for a Finger-Size Adjustable Ring

——

-

(b) Travel Hairbrush for Protecting the Bristles Through Bistability
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Figure 11: (a) Ring Adaptable to Various Finger Thicknesses
Using a 1D Chain with 0.5mm Spacing and 0.5mm Width;
(b) Bistable 3D-Printed Hairbrush Formed by Varying Pixel
Scale on Pre-Stretched Fabric.

suitable for wearables. This approach eliminates the need for size-
specific models or embedded electronics, instead relying on geo-
metric intelligence to create responsive, body-conforming struc-
tures. The resulting accessory combines comfort, adaptability, and
resilience in a lightweight, passive form. This design strategy high-
lights the broader potential of programmable morphing geometries
for creating adaptable, reconfigurable wearable systems—expanding
the design space for passive, form-fitting accessories that require
no active actuation or user-specific customization.

5.2 Foldable Hairbrush

This hairbrush prototype employs a tessellated hexagonal lattice
with scale-varying pixels, each incorporating a bistable, dome-
shaped pin. Unlike conventional hairbrushes that are prone to
fracturing under sudden force or during transport, the globally
bistable domes in this design enable reversible folding, effectively
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Shape-Shifting Tessellation Composed of Hexagons and Rectangles

Figure 12: The word “TEI” formed using a combination of
hexagonal and rectangular tessellations, each exhibiting mul-
tiple stable states.

redistributing impact forces across the structure. This passive me-
chanical response enhances durability, allowing the brush to absorb
greater loads without experiencing structural failure or permanent
deformation.

The bistable pins reliably return to their original configuration
once the applied force is removed, ensuring long-term resilience and
consistent functionality over repeated use. Dome geometries were
parametrically generated by modulating inter-pixel spacing within
a hexagonal grid, with curvature emerging from programmable
geometric differentials that tune snap-through behavior. This setup
allows uniform snapping across the brush surface, minimizing stress
concentrations and maximizing mechanical compliance.

Beyond durability, the bistable response supports practical im-
provements in portability: the domes can temporarily collapse to
reduce volume, protecting the pins during travel or storage and
enabling the brush to fit into compact spaces without specialized
cases. The design thus presents a robust, reconfigurable alternative
to traditional brushes—demonstrating the broader potential of mor-
phable textile-based materials in creating resilient, adaptable, and
user-friendly everyday objects.

5.3 Tessellation for Lettering

We developed a morphable lettering system using a hybrid tessella-
tion of hexagons and rotated rectangles. Leveraging multistability,
each pixel can snap between flat and dome-like states, enabling
reversible transitions across a variety of letterforms, including the
demonstration case of "TEI" (Figure 12).

Each pixel operates independently, with a 1mm inter-pixel spac-
ing between hexagons and rectangles. This arrangement allows
hexagonal regions to induce broader, global deformations, while
rectangular pixels support localized morphing without disturbing
surrounding areas. The programmable bistability enables selec-
tive actuation of specific regions. The geometric design ensures a
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balance between mechanical stability and flexibility, allowing for
controlled and repeatable reconfiguration.

Generating Complex Structures Through Hexagonal Parametric Design

Prototype

Figure 13: A fabric structure whose curvature is derived from
a 2D grayscale image, with pixel size mapped to brightness
values to encode shape.

5.4 2D-to-3D Transformation of Complex
Structures

Using a custom Grasshopper-based parametric design tool, we con-
vert 2D image data into morphable 3D textile structures through
the strategic placement of hexagonal honeycomb pixels (Figure 13).
This image-driven framework maps geometric parameters—such as
pixel size, spacing, and orientation—to luminance gradients and spa-
tial features extracted from the source image, enabling precise and
localized control over mechanical deformation behavior. Luminance
values are normalized and translated into pixel scale modulations,
where darker regions yield larger, more deformable hexagons, and
lighter regions result in smaller, stiffer ones.

By tuning these distribution rules, designers can embed spa-
tially varying curvatures that correspond to visual motifs. The
resulting structures exhibit both functional and expressive charac-
teristics—such as dome-like curvature, undulation, or flat resting
states—based solely on the pixel geometry and its spatial organiza-
tion.

5.5 Shape-Changing Mat: Responsive Surface
for Adaptive Comfort

We developed a shape-morphing mat based on a diamond tessel-
lation composed of bistable units that can be locally reconfigured
through direct physical interaction. Designed for outdoor or dy-
namic settings, users can selectively deform specific regions into
supportive geometries tailored to various postures or activities (Fig-
ure 14). Unlike conventional mats with static topologies, this system
enables on-demand morphological adaptation: pressing, folding, or
sliding targeted areas triggers snap-through transitions, shifting the
surface between multiple mechanically stable states.The mat can re-
main flat, fold into inward-facing contours for face-to-face seating,
or curve unidirectionally to support parallel sitting configurations.

Each bistable unit retains its deformed shape without continu-
ous energy input, allowing persistent configuration without the
need for actuators or external control systems. This passive, me-
chanically programmable system offers a lightweight and scalable
alternative to conventional adaptive surfaces. It can be reconfigured
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Adaptive Mat for Privacy/Collaboration Across Different Settings

2D Design  State 1 State 2 State 3 State 4

Figure 14: (Top) Shape-changing mat: a responsive surface
for interactions ranging from private to public. (Bottom)
A chart of tessellations—identical regular polygons, semi-
regular patterns, and polymorphic tessellations—showing
their resulting morphologies and number of stable states.

into functional topographies—such as backrests, raised platforms
for tools or meals, or ergonomic contours for resting—based entirely
on material-level design.

To explore the design space, we investigated regular, semi-
regular, and polymorphic tessellation strategies. Regular tessel-
lations, composed of a single polygon type (e.g., triangles, squares,
or hexagons), exhibit uniform mechanical behavior and bistabil-
ity. Square grids support orthogonal snapping, triangular grids
favor diagonal folding, and hexagonal arrangements enable glob-
ally continuous deformation. Semi-regular tessellations extend this
behavior by combining polygon types while maintaining consis-
tent vertex configurations (e.g., alternating triangles and hexagons),
supporting spatially varied morphing. Polymorphic tessellations
introduce irregular combinations of regular polygons, enabling lo-
calized tuning of bistability and region-specific functionality within
a single textile.

This approach supports the development of responsive furniture,
deployable structures, and architectural textiles that reshape in
response to real-time input—such as body pressure, environmental
triggers, or embedded sensor feedback—integrating input, structure,
and morphological response within a unified material platform.

Origami-Inspired Gripper

Figure 15: Origami-Inspired Gripper Demonstrating Tactile,
Passive Capture of Objects.

5.6 Origami-Inspired Grabbing Mechanism:
Tactile, Passive Object Capture

Drawing inspiration from origami-based folding mechanics, we
developed a passive gripper system capable of contact-driven actu-
ation through programmable mechanical instabilities (Figure 15).
The design leverages a tessellated array of bistable hexagonal units,
each engineered to transition between flat and curled configura-
tions in response to localized mechanical forces—such as the weight
of an object, finger pressure, or incidental touch—without requiring
motors, sensors, or external energy input. Upon contact with light-
weight items (e.g., a coin, a small tool, or a falling leaf), individual
units undergo snap-through instability, curling inward to capture
and hold the object through passive enclosure. This bistability also
functions as an energy-absorbing mechanism, helping to protect
falling objects from impact.

This bistable transformation not only enables mechanical locking
but also allows the structure to store and maintain elastic energy
within its geometric framework. Once actuated, the gripper remains
in its deformed state until manually reset, eliminating the need for
continuous energy supply or active control systems. By tuning pixel
scale, geometry, and spacing, the sensitivity and responsiveness of
the grip can be modulated, supporting customized interactions for
different object sizes and contact scenarios. This material-centric
approach emphasizes embodied interaction, wherein the interface
behavior emerges directly from its structural design and physical
configuration. this also behaves like energy absorbing protecting
falling object.

6 Discussion

This study introduces PixBric, a programmable morphing platform
that leverages bistable, pixel-based geometries printed onto biax-
ially pre-stretched fabrics to achieve controlled, reversible shape
transformations. By precisely tuning geometric parameters such as
inter-pixel spacing, scale, and thickness, PixBric enables a form of
geometric actuation that supports spatially programmable deforma-
tion patterns—ranging from discrete snapping units to globally co-
ordinated curvature. This system bridges the scale from microstruc-
tures such as bistable rings to macro-scale adaptive surfaces such
as shape-changing mats and reconfigurable textiles.

Our experimental results identified optimal design parameters
that maximize morphing fidelity and bistability. Specifically, pixel
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widths and thicknesses between 0.5-2mm exhibited the strongest
snap-through behavior, consistent curvature, and repeatable shape
retention without excessive stiffness or material fatigue. In addi-
tion, the morphology of each tessellated unit critically influenced
mechanical behavior. Triangular and rectangular geometries pro-
moted edge-aligned snapping, supporting directional morphing,
while hexagonal tessellations facilitated smooth, isotropic deforma-
tion across surfaces due to their three-edge vertex topology and
efficient space-filling.

Despite its versatility, PixBric currently faces limitations in scal-
ability. Fabrication via FDM 3D printing restricts both the surface
area and resolution of deployable designs. Future efforts should
explore scalable, continuous fabrication methods such as roll-to-
roll additive manufacturing, screen printing of thermoplastics, or
stencil-based deposition techniques to improve production speed
and expand the size of morphing interfaces. These methods could
support the creation of meter-scale deployable morphing textiles,
opening pathways toward applications in architecture, furniture,
or soft robotics. Additionally, advances in multi-material extrusion
and robotic printing systems may allow for the seamless integration
of structural and responsive elements across large surfaces.

Third, the interaction affordances and user experience of shape-
morphing textiles remain underexplored. While this work demon-
strates programmable structural transitions and morphing behav-
ior, real-world deployment—particularly in wearables, furniture,
or tactile interfaces—demands evaluation of comfort, durability,
reversibility under repeated use, and intuitiveness of interaction.
Investigating how users perceive, manipulate, and interpret these
morphing behaviors is critical to refining the functional language
of bistable materials. Longitudinal user studies and participatory
design approaches could reveal new affordances, co-opted uses, and
design patterns that were not anticipated in initial prototyping.

Lastly, from a theoretical perspective, this work contributes
to an emerging understanding of material computation, wherein
physical structure encodes not just form but dynamic function.
However, we have not yet formalized computational frameworks
to model, predict, and optimize morphing behaviors across com-
plex tessellation patterns. Future work could incorporate finite
element modeling, graph-based tessellation analysis, or machine-
learning-driven design optimization to extend the design space and
automate performance tuning. Furthermore, integrating feedback
mechanisms—such as embedded sensors—would enable closed-loop
systems capable of self-adjusting shape states based on real-time
sensing and interaction.

In summary, PixBric provides a strong foundation for reconfig-
urable material systems, yet its broader adoption will depend on
overcoming challenges of scale, material integration, and user expe-
rience. For TEI practitioners, PixBric serves as both a research frame-
work and a practical prototyping tool—its simulation-fabrication
pipeline enables designers, educators, and interaction researchers
to explore programmable morphology without requiring advanced
mechanical expertise. Continued development of fabrication, sim-
ulation, and evaluation methods in parallel will be essential to
fully realize the potential of programmable morphing textiles in
interactive environments, embodied interfaces, and responsive ar-
chitectural applications.
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7 Conclusion

PixBric embodies the theme of Tide + Tied by weaving together com-
putational design and textile-based material intelligence—uniting
the flowing potential of digital simulation and fabrication with the
grounded constraints of elasticity and bistability. It introduces a
cross-disciplinary language of shape change that is simultaneously
rigorous in its engineering foundations, expressive in form, tangi-
ble in interaction, and accessible in fabrication. Therefore, for HCI
and TEI researchers, this framework extends the understanding
of tangible structural formation through pixel-level precision and
computational simulation. For material scientists, it offers a more
rigorous insight into the reversible shape morphing of 3D-printed
structures on pre-stretched fabrics, achieved through variations
in geometry and spacing. It demonstrates the potential of struc-
tural geometry to serve as both the medium and mechanism for
interactive, morphable behaviors.
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