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Application

Figure 1: With FluxLab, the user first converts the target 3D body into a FluxIO-based structure using an interactive design
editor—FluxEditor. The generated model is then printed on an SLA 3D printer with silicone resin, and the spring SMA and wire
are inserted into the body in a post-printing process. Finally, the user trains desired shape-changing behaviors using a machine
learning classifier with a deformation authoring tool—FluxShaper—which exports reusable auto-generated code in custom

applications.

Abstract

We present FluxLab, a system comprising interactive tools for cre-
ating custom 3D-printable shape-changing devices with integrated
deformation sensing. To achieve this, we propose a 3D printable
nesting structure, consisting of a central SMA channel for sensing
and actuation, lattice-based padding in the middle for structural
support and controllable elasticity, and parallel helix-based surface
wires that preserve the overall form and provide anchoring struts
for guided deformation. We developed a design editor to embed
these structures into custom 3D models for printing with elastic
silicone resin on a consumer-grade SLA 3D printer and minimal
post-printing assembly. A deformation authoring tool was also de-
veloped for users to build a machine learning-based classifier that
distinguishes desired deformation behaviors using inductive sens-
ing. Finally, we demonstrate the potential of our system through
example applications, including a self-deformable steamer bowl
clip, a remotely controllable gripper, and an interactive desk lamp.
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1 Introduction

Shape-changing interfaces have opened up new possibilities for
interactive systems that adapt their physical forms in response to
user inputs and environments. They enable rich, embodied expe-
riences that go beyond the capabilities of traditional static inter-
faces [1, 9]. Recent advances in materials for 3D printing and 3D
printable structures have presented a promising approach for mak-
ing shape-changing systems more accessible with commercially
available hardware. To create 3D printable shape-changing devices,
researchers have explored integrating soft materials in 3D-printed
objects [8, 18, 37, 60], applying environmentally reactive material
composition in 3D printing [2, 49, 54, 55], embedding 3D printable
kinematic mechanisms [4, 13, 19, 20, 66], and creating pneumat-
ically controllable 3D-printed bodies [16, 28, 46, 52]. Similar to
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approaches that empower rigid 3D-printed objects with interactiv-
ity [15, 25, 38, 43], sensing and actuation capabilities can be added
to 3D-printed shape-changing devices either using conductive 3D
printing materials [5, 9, 40] or interfacing with external sensors and
actuators [11, 32, 53, 65]. Despite these advancements, designing
and fabricating such shape-changing systems with integrated sens-
ing and actuation behaviors remains technically demanding, often
requiring specialized materials, complex mechanical integration,
and tightly coupled sensing-actuation pipelines.

To address these challenges, we introduce FluxLab—a system
designed to support experienced makers and researchers in creat-
ing custom shape-changing devices with integrated deformation
sensing capabilities for interactivity. With this system, we aim to
demonstrate tool support for a complete pipeline of making inter-
active physical computing devices, encompassing shape-changing
mechanical design, fabrication, and integrated sensing control. At
the core of the system is FluxIO, a structural design method that
defines how to embed sensing and actuation channels directly
within 3D-printed forms. The method employs a three-layer 3D-
printable architecture (Fig. 1&2): a central channel that houses a
shape-memory alloy (SMA) spring serving both as an actuator and
a deformation sensor, a lattice padding layer for structural sup-
port and controlled flexibility, and a parallel helix-based surface
wireframe as an outer layer that preserves the overall shape and
selectively scaffolds solid areas for guided deformation, such as lat-
eral bending. FluxIO leverages a single SMA component to perform
both functions—powering shape change and detecting deformation
through inductive sensing—and demonstrates how sensing and ac-
tuation can emerge from the same material element and geometric
design.

To convert custom 3D models into FluxIO-based shape-changing
objects, we developed an interactive design editor, FluxEditor, that
implements the FluxIO method and enables users to configure the
output deformation behaviors. The resulting models can be printed
on a consumer-grade stereolithography (SLA) 3D printer with an
off-the-shelf spring SMA inserted and fixed in the printed object
during the post-printing process. To enable deformation recogni-
tion, we also developed a deformation authoring tool, FluxShaper,
that takes in the inductive signals when the SMA is connected to an
external evaluation board and trains an ad-hoc machine learning-
based classifier to recognize various deformation interactions, such
as bending and twisting, using inductive sensing (Fig. 1). The built
classifier and executable code snippets are exported for custom
interactive applications. With FluxLab, we demonstrate several ap-
plications, including a self-deformable steamer bowl clip, a remotely
controllable gripper, and an interactive desk lamp. While our work
explored the potential of making actuators and sensors in a uniform
3D printable structure, through the specialized SLA 3D printer and
material, we envision that FluxLab provides a reproducible and
extensible framework for integrating actuation and sensing into
3D-printed forms and will enrich the field of 3D printable inter-
activity with further investigation and evaluation of alternative
accessible mechanisms and materials.

In summary, this paper contributes:
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(1) FluxIO, a structural design method with a three-layer 3D
printable design that can be integrated into 3D models and
parameterizable for deformation sensing and actuation;

(2) FluxEditor, an interactive design editor that converts cus-
tom 3D models into shape-changing devices with deforma-
tion sensing and actuation capabilities by integrating the
proposed three-layer structure;

(3) FluxShaper, a deformation sensing tool for makers to build
a machine learning-based classifier to recognize desired de-
formation behaviors via inductive sensing; and

(4) A suite of example applications that demonstrate the defor-
mation sensing and shape-changing actuation created with
our system.

2 Related Work

Our work builds on prior research that explores methods for embed-
ding sensing or actuation capabilities into 3D-printed objects. It also
relates to approaches for programming and controlling interactive,
3D printable devices.

2.1 3D Printable Objects with Integrated
Sensing Capabilities

Recent research has explored embedding external sensors [21, 63]
into 3D-printed objects to enable sensing capabilities, such as de-
tecting bending [41], pressure [61], acoustic [12], and hand ges-
tures [26]. However, these approaches typically require precise
placement and manual assembly of external components, making
the fabrication process error-prone and time-consuming. Besides
using external sensors, conductive materials have been applied to
3D-printed deformable objects to create 3D printable sensors for
sensing user interactions, such as touching or stretching [43, 44, 60].
To support deformation sensing with conductive materials, re-
searchers have explored integrating conductive filaments into spe-
cialized structures that enable deformation. For example, resistive
sensing-based approaches such as LattiSense [40] and DefSense [5]
embed conductive TPU within lattice or internal channels, enabling
predictable changes under deformation. Capacitive sensing-based
methods, such as MetaSense [9], MorphIO [34], and SenSequins [27],
incorporate embedded structures like metamaterial, porous, or se-
quins structures to produce measurable capacitive variations during
deformation.

Different from prior research, our work focuses on using induc-
tive sensing through coils in a spring SMA to detect deformation
behaviors, eliminating the need for precise alignment of embedded
electronics or conductive materials through minimal post-printing
assembly. Inductive sensing has been shown to offer several advan-
tages over resistive and capacitive methods, including a relatively
larger sensing range [7, 22], higher sensing resolution [6, 10, 57],
and suitability for use with spring-shaped structures to detect com-
plex deformations [3, 23, 24, 39].

2.2 3D Printable Actuators

Previous work on 3D-printed mechanical actuators has explored
various methods, including motors [38, 58], pneumatics [42, 50],
and hydraulic systems [29, 59]. For example, Ramakers et al. [38]
used standard DC, servo, and stepper motors to achieve the desired
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mechanical movements. Savage et al. [42] embedded predefined
pneumatic tube-based routes in 3D-printed models to develop in-
puts and logic for interactive devices. Yan et al. [59] proposed meth-
ods for creating hydraulic actuators with an affordable SLA 3D
printer. However, these approaches often require bulky setups and
precise control, making it difficult for novices to create portable,
accessible, and functional actuators. Shape-memory actuators, in-
cluding shape-memory polymers (SMPs) and SMAs, offer potential
solutions to these challenges. Prior work has demonstrated that
both SMPs [31, 62] and SMAs [33, 36] can return to a pre-deformed
shape when heated by embedded circuits, and can be re-deformed
upon cooling. By controlling heat input, researchers can control
these shape changes. SMAs, in particular, offer higher recovery
stress and better fatigue resistance, making them more suitable for
long-term and repetitive deformation [51]. As a result, SMAs have
been increasingly embedded into 3D-printed structures through
tailored mechanical designs [20]. This approach enables the fabri-
cation of compact, self-actuating mechanisms without relying on
bulky motors or pneumatic systems, lowering the entry barrier for
creating shape-changing devices.

Our work focuses on embedding the spring SMA into 3D-printed
lattice structures, serving a dual purpose — enabling both deforma-
tion sensing and shape changing, unlike previous approaches that
typically support only one of these integrated capacities.

2.3 Design Tools for 3D Printing Interactivity

Our work also relates to the body of research that focuses on devel-
oping tools to enable end-users to design and fabricate 3D-printed
devices with desired behaviors [9, 15, 45]. Similar to prior work that
converts 3D models into specialized structures [13, 14, 19, 30, 48, 56],
our work comprises an interactive design editor that allows the
user can directly edit and preview the generated geometric results
in real time. Previous work suggests a user-friendly interface for
end-users, especially novices, to customize 3D designs through
parameterization without knowing the underlying mechanisms.
For example, Ondulé [13] employs easy-to-control sliders and but-
tons for the end-user to adjust the stiffness of the embedded spring
in 3D models. Our work applies the concept in the design editor,
where the end-user focuses on tuning their high-level intent, such
as the overall elasticity of the 3D body, rather than the detailed
lattice structures. In addition to an interactive design editor, our
system also provides a deformation authoring tool that enables
the end-user to configure desired deformation behaviors of the 3D-
printed object. Inspired by the sensing authoring tools in previous
work [5, 9, 64], our tool guides the end-user through collecting
sensor data, labeling deformation behaviors, and training classi-
fiers. This allows the end-user to prepare the optimal deformation
sensing toolkit for their custom applications. The design editor and
deformation authoring tool provide a streamlined pipeline for cre-
ating responsive, shape-changing devices, eliminating the need for
domain knowledge of mechanical design or deformation sensing.

3 FluxIO Design

To convert a custom 3D shape into a soft, shape-changing part
with integrated sensing capabilities, we introduced FluxIO, a lattice-
based structure that houses an SMA spring for both sensing and
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actuating purposes (Fig. 2a). FluxIO consists of three key compo-
nents: an SMA spring (center), lattice-based padding (middle), and
surface wireframe (outer). An off-the-shelf SMA spring is securely
housed in the central cylindrical channel as the core element for
the input and output capacities: inductive sensing when the current
goes through the SMA coils and actuation when the SMA is heated.
Surrounding the channel, the 3D body is filled with lattice struc-
tures to provide homogeneous padding and deformation when the
SMA is actuated. Finally, to approximate the model’s appearance
and accommodate for deformation, parallel helix-based wires are
used to form a wireframe that conforms to the original body shape.
With the lattice structures evenly distributed around the central
channel, a default uniform compression is yielded when the SMA
is heated. However, the solid surface regions can be preserved to
translate the compression into controllable lateral bending (Fig. 2b).
Below, we describe each component in detail.

Gyroid-Based
Latfice Structures

N : Parallel Helix Cable
] Structure

.

Figure 2: The integrated FluxIO mechanism comprises three
components (a): a two-way Nitinol SMA spring (inner),
gyroid-based lattice padding (middle), and parallel helix-
based surface wireframe (outer). (b) A solid surface anchor
can be added to produce lateral bending.

3.1 SMA-Based Actuation and Sensing

A two-way Nitinol SMA spring is embedded into the 3D-printed
body to provide sensing and actuation capabilities in a uniform
form with a series of coils. The SMA spring contracts when heated
and expands and returns to the original state when cooled by itself
without any pullback mechanism. As the SMA spring connects
model parts, the two connecting parts move closer or apart under
temperature control, exhibiting salient shape-changing movements
(Fig. 3b). In the meantime, the SMA becomes a coil-based inductor
when the current travels through the coils. When the SMA deforms,
the coil-based inductor situated inside the body alters its length,
resulting in a change of the magnetic field flux built up by the
coils (Fig. 3a). The inductance signals yielded are recognized as
distinct deformation behaviors—compression, extension, bending,
twisting, compression+twisting, extension+twisting—using a machine
learning-based classifier.

3.2 Lattice-Based Padding for Controllable
Shape Changing

To ensure a uniform shape change along with the actuation of the

central embedded SMA spring for control, we added lattice struc-

tures as the compliant padding structures around the SMA channel

(Fig. 2a). The lattice structures offer two benefits: (1) The repeating
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