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Figure 1: A large-scale mesh structure (a) composed of user-adjustable, flexible beams. A person can manipulate the structure by
hand in order to sculpt the mesh into different forms. Each mesh edge is equipped with a length sensor (b-d), and the modules
can transmit their configuration to an external computer, where the geometry can be reconstructed (e-f). The now-digitized
geometry can serve as input to computer-controlled manufacturing processes, resulting in permanent, room-scale installations
that have been "sculpted" by non-CAD users (g).

Abstract
It can be hard to design a physical structure entirely within the
confines of a computer monitor. To better capture the interplay
between real-world objects and a designer’s work-in-progress, prac-
titioners will often go through a sequence of low-fidelity prototypes
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(paper, clay, foam) before arriving at a form that satisfies both func-
tional and aesthetic concerns. While necessary, this model-making
process can be quite time-consuming, particularly at larger scales,
and the resulting geometry can be difficult to translate into a CAD
environment, where it will be further refined.

This paper introduces a user-adjustable, room-scale, "shape-
aware" mesh structure for low-fidelity prototyping. A user phys-
ically manipulates the mesh by lengthening and shortening the
edges, altering the overall curvature and sculpting coarse forms.
The edges are equipped with resistive length sensors, and transmit
their configuration to a central computer. The structure can later

https://orcid.org/0000-0003-2910-1844
https://orcid.org/0009-0004-6044-4065
https://orcid.org/0009-0002-3562-2216
https://orcid.org/0009-0004-7680-1629
https://orcid.org/0009-0008-5199-3256
https://orcid.org/0009-0005-9970-1783
https://orcid.org/0009-0008-1430-2655
https://orcid.org/0009-0009-0116-9127
https://orcid.org/0009-0007-7602-0816
https://orcid.org/0000-0001-5933-1363
https://orcid.org/0000-0002-0948-3251
https://creativecommons.org/licenses/by/4.0
https://creativecommons.org/licenses/by/4.0
https://doi.org/10.1145/3746059.3747771


UIST '25, September 28�October 01, 2025, Busan, Republic of Korea Lin, et al.

be reproduced in software, connecting this prototyping stage to the
larger computational design pipeline.

CCS Concepts
ˆ Human-centered computing ! Human computer interac-
tion (HCI) .
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1 Introduction
From architecture to engineering, computers allow us to construct
physical forms that de�ne our environments and captivate the eye.
In the modern world, digital tools touch nearly every aspect of
this process: from parametric modeling, to global �le-sharing, to
toolpath generation for computer-controlled fabrication. But the
initial steps of a physical design � form-�nding in particular � often
bene�t from a tactile approach that software cannot always provide.
Designers need to assess how real-world objects will integrate with
their creations with respect to both usability ( �Is the luggage rack
too high?� �Do I have enough leg room?�) and aesthetic quality. For
this reason, practitioners will often make low-�delity prototypes �
many of them � out of foam, paper, or clay [19]. These mock-ups
deliver practical insights in real-time, and in some cases (e.g. clay)
allow the designer to make in-situ adjustments [38].

This hands-on step, however, is still quite siloed from the rest
of the computational design pipeline. To bridge this gap, we in-
troduce a room-scale, �shape-aware� mesh structure that can be
hand-sculpted into a variety of forms � and can transmit its con-
�guration to an accompanying software system in real-time. The
structure itself is a �exible gridshell with adjustable-length mem-
bers, capable of composing both single- and double-curved surfaces.
It serves as a tangible interface to computer-based tools.

Interacting with our system is straightforward: a user walks up
to the mesh and physically manipulates the edges and vertices, until
they are satis�ed with the resulting shape. Because the members are
�exible (constructed from thin �berglass panels), our mesh is well-
suited for modeling curved, �organic� surfaces (Figure 2). Resistive
length sensors, embedded into each member, are used to capture
this new geometry, smoothly connecting it to the full power of a
computational modeling pipeline.

This type of direct interaction, outside of a computer, has a
number of bene�ts. For user researchers, it allows for rapid iteration
of tangible prototypes, combined with the state-saving advantages
of a digital tool. For non-expert CAD users, it opens access to surface
modeling, facilitating the co-design of architectural spaces.

Concretely, our contributions are:

Figure 2: A user can shape our �exible gridshell structure by
hand (a-c), as real-time sensor data is captured. For instance,
a planar mesh (d) can be sculpted into an organic bench form
(e). Since the members of this mesh are equipped with length
sensors, the geometry can be reconstructed digitally (f,g) and
fabricated (h).

(1) An extensible, room-scale mesh surface composed of user-
adjustable, �length-aware� members.

(2) An energy-minimization routine for modeling bending-active
structures composed of variable-length, �exible beams.

(3) An end-to-end demonstration of the work�ow that our sys-
tem enables, in the context of an architectural design and
construction task.

We particularly intend for our system to serve as a form-�nding
tool for architects and designers. A typical studio will have many
tools for converting digital models into physical artifacts (laser
cutters, 3D printers, etc); but the physical-to-digital work�ow is
less well-established. Our system adds another tool to the studio's
arsenal: allowing designers to sculpt tangible forms, evaluate the
prototypes on-location, and then use the sensed geometry to con-
struct permanent installations.

More broadly, HCI researchers have been increasingly interested
in advancing tangible, shape-aware interfaces that provide direct
manipulation capabilities and real-time feedback during the design
process [24, 43, 45]. We advance this space by introducing a system
that combines multiple deformation capabilities (bending, length
adjustment, and rotation) within a single uni�ed interface.1

1Implementation available at https://github.com/jtgonz/SculptableMesh
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2 Related Work
Our approach bridges multiple research domains: design processes,
tangible interfaces, and digital twins. To properly situate our work,
we �rst examine the broader context of physical prototyping in
design before addressing the speci�c gap our system targets.

2.1 Physical Prototyping in Design Processes
Design processes typically progress through phases of increasing
�delity and speci�city [ 31]. Within this progression, physical pro-
totyping serves diverse purposes that vary by design stage and
objective. Early explorations may use physical artifacts to inspire
ideation, while subsequent stages might employ them to test func-
tionality [ 10]. These low-�delity iterations are important for under-
standing spatial relationships, ergonomics, and user interactions
in ways that digital models alone cannot convey [11, 25]. While
architectural designers do often build smaller scale models of their
designs, the complexities of human body-scale interactions with
architecture [27] can be much more directly investigated with full-
scale models [1].

Crucially, designers receive feedback from the properties and
constraints of physical media. This material �backtalk� [35] often
guides design decisions in ways di�cult to replicate in purely digi-
tal environments. (For instance, when an architect manually bends
a thin sheet of metal to explore a curved roof form, the physical re-
sistance suggests natural resting states that inform the �nal design.)
This type of embodied knowledge acquisition has been recognized
as fundamental to architectural thinking [8].

We do not position our system as a replacement for all physical
prototyping methods, many of which serve important purposes
outside our scope. Instead, we focus speci�cally on the transition
point between form-�nding and digital capture � a persistent chal-
lenge in design work�ows that has been identi�ed as a signi�cant
bottleneck in the creative process [14].

2.2 Digital Twins and Shape-Aware Materials
Digital twins pair physical objects with virtual representations [21]
� in our case, embedded sensors capture the mesh's geometry for
software reconstruction. Traditionally, digital twins are used in
the latter stages of the product life cycle, to track usage patterns
[22] or mechanical wear-and-tear [16]. Our work instead leverages
this concept earlier in the design process, bringing real-time digital
capture into the initial prototyping phase.

In the HCI community, researchers have explored similar ideas
through the development of "shape-aware" materials and struc-
tures [46]. These are physical objects that detect user manipulation
(i.e., extension, compression), and can stream this data to a con-
nected computer. This can be accomplished with directly-embedded
sensors [29], or by leveraging proxy objects [15] that work in con-
junction with external cameras to track deformation [37].

These structures have proven valuable as creative input devices
[12]. In puppetry applications [45], for example, users can control
digital characters by manipulating sensor-equipped "Tinkertoy-
like" modules. Advances in piezoresistive materials [5] have further
expanded these possibilities, enabling sensors to detect subtle physi-
cal interactions like squeezing or bending, and update digital models

in real-time. Subtractive design approaches [47] explore how digital
models can update in response to physical cutting or carving.

Particularly relevant to this work are devices designed to mea-
sure curves. ShapeTape [6, 18] is an early example: a handheld
rubber strip with �ber-optic bend sensors, which a user can manip-
ulate in order to model and capture curves in 3D space. More recent
methods have leveraged �exible circuit boards with onboard IMUs
[13] (to capture twist), and capacitive sensing of shifting, o�set
electrodes [36].

This has also led to the development of physical tools that
also have a degree of spatial awareness. HandSCAPE [23] is an
orientation-aware digital tape measure that captures both distance
and direction, enabling users to digitize �eld measurements. Simi-
larly, the SPATA tools [44] provide bidirectional transfer between
physical and virtual measurements through actuated calipers and
protractors.

Further leveraging this physical-digital link, researchers also
have created tabletop construction kits that augment hands-on pro-
totyping at the centimeter-scale. Systems like StrutModeling [24]
and NurbsForms [43] allow users to assemble deformable physical
components, which generate corresponding digital models.

Architectural design, however, often bene�ts from whole-body
interaction and collaborative shaping. Our work scales up shape-
aware principles to room-sized surfaces � addressing challenges in
sensing and mechanical design to enable multiple users to physi-
cally sculpt and evaluate their creations at room-scale. This allows
for the kind of intuitive, hands-on exploration that is crucial for
processes such as participatory design.

2.3 Room-Scale Physical Interfaces
Within HCI, several approaches have emerged for quickly proto-
typing large physical forms. Using the handheld Protopiper ex-
truder [4], for instance, a user can sketch physical wireframes of
furniture-scale objects in 3D space. At larger scales, similar truss-
like structures can be automatically deployed, from in�atable tubes
that are either heat-sealed [42] or tied in real-time [30]. Researchers
have also explored more modular approaches � assemblies of elec-
tronically integrated structures using both rigid pipes [48] and
polyhedral voxels [39].

Another direction focuses on recon�gurable architectural sur-
faces that can dynamically assume di�erent functional forms [17,
20, 41]. Though not explicitly designed to support direct manipula-
tion by users, these systems demonstrate compelling methods of
"rendering" low-�delity forms in physical space. If coupled with an
approachable user interface, such systems could be powerful tools
for in-situ reshaping of environments.

2.4 Participatory Design in Architecture
Participatory design actively involves stakeholders in the design
process [32]. Instead of designingfor users, architects using par-
ticipatory techniques will designwith users, acknowledging that
communities have unique insight into their own needs and daily
patterns of life [26].

When spaces are designed this way, communities often feel
greater ownership over the �nal result [33]. This collaborative
approach can strengthen the connection between people and place.
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