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Figure 1: High-level overview of our computational design pipeline: (a) Our pipeline begins with an input model and the user
selects different areas on the model’s surface to turn into touchpoints; (b) computes a graph-based path to serially connect the
touchpoints; (c) generates an internal circuit design to embed capacitive sensors inside the object; and (d) fabricates the object
and internal circuit using multi-material 3D printing to be used as a sensing interface with only 1 or 2 wire connections.
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ABSTRACT

Producing interactive 3D printed objects currently requires labo-
rious 3D design and post-instrumentation with off-the-shelf elec-
tronics. Multi-material 3D printing using conductive PLA presents
opportunities to mitigate these challenges. We present a computa-
tional design pipeline that embeds multiple capacitive touchpoints
into any 3D model that has a closed mesh without self-intersection.
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With our pipeline, users de ne touchpoints on the 3D object's sur-
face to indicate interactive regions. Our pipeline then automatically
generates a conductive path to connect the touch regions. This path
is optimized to output unique resistor-capacitor delays when each
region is touched, resulting in all regions being able to be sensed
through a double-wire or single-wire connection. We illustrate our
approach's utility with ve computational and sensing performance
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aesthetics [Olberding et a2013; Zhu et al2020a], and space ef-
ciency [Dahiya et al. 2009] while simplifying (dis)assembly [He
et al. 2022; Wen et aR025] and reducing costs [Rupavatharam et al
2023]. This bridging can lead toward the broad vision of 3D printing
objects that are fully interactive and ready to be used straight o
the printer.

To this end, our primary contribution is a computational design

evaluations (achieving 93.35% mean accuracy for single-wire) and pipeline that leverages multi-material printing to embed multiple

six application examples. Our sensing technique supports exist-
ing uses (e.g., prototyping) and highlights the growing promise to
produce interactive devices entirely with 3D printing.
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capacitive touchpoints into any 3D model that has a closed mesh
without self-intersection (Fig. 1). Our approach focuses on abiding
by the given geometric constraint of a 3D model as opposed to
modifying it. After users select touchpoints and wiring connection
point(s) on the model's surface, our pipeline employs a graph-based
path nding algorithm to serially connect the touchpoints (Fig. 1b)
and then uses the resulting path to generate conductive traces (i.e.,
3D printed resistors) between each pair of touchpoints through
a serpentine trace space- lling algorithm (Fig. 1c). These conduc-
tive traces are optimized to achieve electrical resistance across the
user-de ned touchpoints to exploit a phenomenon called resistor-
capacitor (RC) delays. By creating unique RC time delays for all
touchpoints, each touchpoint can be capacitively sensed using only
asingle-wire or double-wire connection (Fig. 2).

Achieving interactivity with a single-wire is the extreme case of
minimal instrumentation. Our secondary contribution is a thorough

and Michael L. Rivera. 2025. Computational Design and Single-Wire Sensing Investigation of how to achieve this extrema and its mathematical
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and computational boundaries. This approach enables interactivity

Graph1, 1 (October 2025), 19 pages. https://doi.org/10.1145/3745778.376665M 3D printed objects for an extensive range of 3D geometry while

1 INTRODUCTION

Despite recent advances, the overall design and manufacturing pro-

cess to fabricate interactive 3D printed objects is time-consuming
and fragmented. Embedding o -the-shelf electronic components
(e.g., sensors [Wang et.&020; Zhu et al2020a] or LEDs [He et al

even improving overall sensing reliability (cf. Sec. 9.5). Prior works
have also leveraged multi-material 3D printing with conductive
materials to create interactive objects. However, these objects ei-
ther still require signi cant instrumentation (e.g= wires linked

to a microcontroller to enable touchpoints) [Palma et ak024;
Pourjafarian et al2019; Schmitz et 82015, 2019]. Our work high-
lights how we can fabricate interactive objects irrespective of their

2022; Savage et al. 2014]) into 3D prints is a popular approach, ad-complex geometry with minimal instrumentation.

hering to the traditional design process that separates form (i.e.,
designing a 3D model) and interactivity into two individual pro-

We demonstrate the scalability, computational performance, ro-
bustness, accuracy, and applicability of our approach with corre-

cesses. However, this approach introduces two challenges. First, sponding technical evaluations. For scalability, our approach can

it requires users to desigaroundthe electronic components and
their prede ned shapes and dimensions. This constraint makes it
di cult to integrate electronics into complex geometries, such as
curved or organic shapes or thin-walled structures with limited
bounding volume (e.g., sword, robotic tactile sensors [Kohlbrenner
et al. 2025]). Second, it requires users to have extensive knowl-

edge spanning electronics, computer-aided design, and fabrication.

embed 20 touchpoints into a 3D object using a single-wire con-
nection when there is at leastOmmof distance between each
pair of touchpoints. This distance can be further reducedl@mm
through parameter adjustments. Our sensing evaluation highlights
real-time recognition of 93.35% mean accuracy for the single-wire
connection and 89.49% mean accuracy for the double-wire connec-
tion by testing with 8 di erent objects. The higher accuracy of the

Each step is compartmentalized to a dedicated software, such that a single-wire connection is further validated by our robustness evalu-

change requires modifying subsequent steps through extensive trial
and error. Our work is motivated by the following questiohow

ation. Also, through this robustness evaluation, we further discuss
how to better improve the recognition accuracy for both single-

can we e ectively streamline the process of manufacturing interactivewire and double-wire connections. Our six applications Stanford

3D printed objects?

Multi-material printing can help address these challenges while
presenting new design opportunities. Namely, it can bridge the
two aforementioned processes (i.e., form, interactivity) into one

Bunny, MIDI Drumpads, Hilbert Curve, Chinese Character (Power),

Chinese Lion, and Globe demonstrate our method's exibility in

supporting a range of geometries with varying complexity (Fig. 9).
The source code of our computational design pipeline and supple-

streamlined process. As one example, we can use conductive la- mental materials can be found at https://github.com/d-rep-lab/3dp-

ments to 3D print electronics, such as wires and resistors, directly
into the target object and minimize post-instrumentation. Mini-
mizing instrumentation can enhance durability [Zhu et.&020a],

singlewire-sensing. A video demonstration of our sensing tech-
nigue can be found in the supplemental materials.
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Figure 2: Capacitive sensing for the Stanford Bunny: (a) overall schematic on how the ve touchpoints are connected via

conductive traces (colored blue) and connected in series to a microcontroller's circuit using

two wires; (b) the circuit diagram

corresponding to (a) with the representative resistance and capacitance measurements. Each colored dashed wire corresponds to
a case when a point is touched (e.g., orange: tail, green: foot); and (c) the voltage change measured at the microcontroller's receive
pin when a point is touched. (d f) correspond to (a c) but the Stanford Bunny is connected in parallel to a microcontroller's

circuit using onewire.

2 RELATED WORK

Our work builds on prior research that demonstrates ways to com-
putationally design and fabricate interactive objects and capacitive
sensors with 3D printing.

2.1 Interactive 3D Prints Using Electronics

Electronic components (e.g., motors, LEDS) o er versatile func-
tionalities and are the backbone of most interactive devices we
encounter. The most popular interactivity mechanism for modern
3D printed objects is embedding or attaching o -the-shelf electronic
components to 3D printed objects [Ballagas et2018]. However,
integrating o -the-shelf electronic components into 3D prints can
be challenging. An individual must design an object around these
components, ensuring that they can be inserted and wired accord-
ingly post-fabrication [Ballagas et aP018; Groeger et aP016;
Palma et al2024; Peng et a2015; Savage et.&013; Swaminathan

et al. 2020].

Computationally designing the location of electronic compo-
nents can reduce design labor as well as minimize instrumentation.
For example, SurfCuit [Umetani and Schmidt 2017] and MorphSen-
sor [Zhu et al 2020b] allow makers to computationally preview
component placement (e.g., resistors and integrated circuits) on the
exterior surface of an object and then manually connect them with

sensing. Similarly, ModElec [He et.&022] further reduces manual
labor of wiring by generating 3D-printable conductive traces with
A* search algorithm [Hart et al. 1968].

While these approaches help reduce design challenges, their
methods still must account for the external physical electronic
components. This reliance can in uence the design of the object
(e.g., prevent a small footprint) and still requires signi cant wiring
and/or assembly, especially to integrate sensors. In contrast, our
work aims to fabricate electronics as part of the 3D printing process,
contributing to emerging research on 3D printable electronics [Es-
palin et al 2014; Flowers et a2017; Goh et ak021; Macdonald
et al 2014]. In our approach, conductive traces are automatically
generated and 3D printed inside an object to act as resistors. This
approach supports any 3D models that have a closed mesh with-
out self-intersection, reduces the need for manual assembly, and
minimizes the use of additional electronic components.

2.2 3D Printed Capacitive Sensors

Capacitive sensing is a popular technique to capture touch input on
devices by capacitively coupling the human body to a conductive
material (e.g., an electrode or wire). We refer readers to Grosse-
Puppendahl et a[2017]'s survey highlighting how capacitive sens-
ing has been used in various human-computer interaction (HCI)

conductive tape once the object is 3D printed. DefSense [Bacher contexts. Embedding conductive materials including conductive

et al 2016] computationally designs channels so that wires and
sensors can be embedded into a 3D print to enable deformation

lament into 3D printed objects can enable capacitive sensing.
These 3D printed objects generally fall under two categories: they
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Figure 3: A computational design pipeline to create a freeform interface with embedded capacitive touchpoints. Rounded
rectangles represent output data or physical objects. Arrows represent di erent processes. Each image at the bottom is the
corresponding output data (i.e., rounded rectangles) from the computational pipeline.

are either designed with a conductive bottom surface that can
be sensed on touchscreen devices [Schmitz e2@21, 2017] or
with conductive regions that can be wired to an external micro-
controller [Bae et al2024; Burstyn et aR015; Palma et a2024;
Schmitz et al. 2015].

Our approach aligns with the second category. Several prior
works [Alalawi et al 2023; Bae et a2024; Burstyn et aR015; Ike-
matsu and Siio 2018; Kato et &020; Palma et a2024; Schmitz
et al. 2015, 2019; Takada et aD16] demonstrate techniques to
generate electrical traces within a 3D model. The resulting 3D
printed objects have multiple touchpoints for sensing once they
are connected to a microcontroller. However, the majority of these
approaches [Burstyn et aR015; Ikematsu and Siio 2018; Kato et al
2020; Palma et aP024; Schmitz et aP015, 2019; Takada et al
2016] still require signi cant instrumentation (e.g= wires con-
nected to a microcontroller to sensetouchpoints). In contrast, our
work focuses orminimal instrumentationrequiring only either
a single-wire or double-wire connection(s) (Fig. 2). Our previous
work [Bae et al 2024] also explored how to reduce instrumentation
but is limited to only network-like geometry (i.e., spheres and cylin-

In a capacitive sensing circuit, when a user touches a conductive
element (e.g., electrode), the user's body and the element become
capacitively coupled [Grosse-Puppendahl e24117]. This coupling
induces anRC delayin the sensing circuit. RC delay is the time
required to charge a capacitor in a circuit through a particular
amount of electrical resistance. Increasing the resistance in a circuit
will generally increase the amount of time needed to charge the
capacitor, thereby creating a larger RC delay. If each conductive
element in a circuit needs a di erent amount of time to charge
when touched, we can infer what is being touched by measuring
the time needed to reach a prede ned voltage threshold (e.g., 2.5V)
on a microcontroller. In our pipeline, the electrical resistance for
each conductive touchpoint is optimized to achieve a di erent RC
delay by varying the length of the conductive trace between each
pair of touchpoints.

Fig. 2illustrates this sensing principle with the Stanford Bunny as
our freeform interface. As shown in Fig. 2@ps indicates the base-
line in which no touchpoints are touched. Touching the bunny's tail
requires8psto reach the voltage threshold, while its foot requires
28us. Using this approach, we can detect multiple capacitive touch-

ders) [Rossignac 2005]. This severe constraint cannot generalize points by connecting the 3D printed object to a microcontroller

to arbitrary 3D forms. Our current approach lifts this constraint
by supporting any closed, non-self-intersecting mesh, regardless of
geometric or topological complexity. This capability expands the
design space to fabricate complex geometric models with intrinsic
interactivity, eliminating the need for post-processing. Furthermore,
we deepen the technical foundation of this minimal instrumentation
approach by systematically optimizing the circuit design needed
to enable accurate single-wire sensing of multiple touchpoints (cf.
Sec. 6.3).

3 PRINCIPLE OF CAPACITIVE SENSING WITH
RC DELAY

Our computational design pipeline enables embedding multiple
capacitive touchpoints within a 3D object such that all touchpoints
can be sensed using only a single-wire or double-wire connection
(Fig. 2). We provide a short introduction to capacitive sensing using
RC delay, which is the key principle underlying our approach.

with either two (Fig. 2a c) oronewire (Fig. 2d f). A single-wire
connection results in a parallel circuit, while the double-wire con-
nection results in a series circuit. The di erence between these
two circuit con gurations results in di erent possible ranges of RC
delays (Fig. 2c vs. Fig. 2f).

4 COMPUTATIONAL DESIGN PIPELINE
OVERVIEW

The main objective of our computational pipeline is to embed mul-
tiple capacitive touchpoints into a freeform model. Our pipeline
can work for any 3D models that have a closed mesh without self-
intersection. To achieve this goal, our computational pipeline (Fig. 3)
is divided into three stages: interface design (Sec. 5), automatic cir-
cuit design (Sec. 6), and fabrication and use (Sec. 7).

Interface Desigrinthis rst stage, the designer prepares a freeform
model by either 3D modeling with a CAD software or uploading
an existing 3D model. Afterward, the designer (1) selects where the
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