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Joule-Heating Conductive Filament

Figure 1: (a) A ThermoPixel can locally and selectively activate thermochormic material via Joule heating conductive filament.
(b) Re-configuring AR marker on 6 X 6 matrix ThermoPixels. (c) 3D printed chameleon artifact that locally changes color on

eyes and dorsal ridge

ABSTRACT

3D printed displays promise to create unique visual interfaces for
physical objects. However, current methods for creating 3D printed
displays either require specialized post-fabrication processes (e.g.,
electroluminescence spray and silicon casting) or function as pas-
sive elements that simply react to environmental factors (e.g., body
and air temperature). These passive displays offer limited control
over when, where, and how the colors change. In this paper, we
introduce ThermoPixels, a method for designing and 3D printing
actively controlled and visually rich thermochromic displays that
can be embedded in arbitrary geometries. We investigate the color-
changing and thermal properties of thermochromic and conductive
filaments. Based on these insights, we designed ThermoPixels and
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an accompanying software tool that allows embedding ThermoPix-
els in arbitrary 3D geometries, creating displays of various shapes
and sizes (flat, curved, or matrix displays) or displays that embed
textures, multiple colors, or that are flexible.
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1 INTRODUCTION

Desktop 3D printers facilitate the creation of complex physical 3D
objects directly from digital models. Harnessing the innate proper-
ties of thermoplastic filaments, 3D printed objects can be augmented
with functional properties such as capacitive sensing [11, 39, 40] and
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mechanical actuation [2, 29, 42, 50, 51]. 3D printed visual displays
crafted from thermochromic color-shifting filaments are another
emerging type of functional 3D printed prototypes. Thermochromic
materials, which alter their color in response to heat (around 32°C)
and return to their original hue upon cooling, offer the potential to
enhance functional 3D printing with objects that incorporate an
integrated visual interface. Examples of such applications include a
bracelet for body temperature sensing [5], and artifacts that change
color when heated for handwork [23].

While these color-changing displays embed visual cues directly
within the printed objects without requiring assembly of electronic
components (e.g., Liquid-crystal display (LCD) modules and LEDs),
and additional post-fabrication process [5, 23], they are, however,
passive elements that merely respond to the environment (e.g., body
heat or a heat gun), with limited control over the timing, the loca-
tion, and the modalities in which the colors change. The simplicity
of passive thermochromic materials comes with a trade-off in terms
of limited functionality and versatility. Particularly, global heating
diminishes the practicality of thermochromic filaments, as it de-
pends on external equipment like hot air blowers and offers limited
control, potentially risking damage to 3D printed objects through
excessive heat. In contrast, thermochromic ink applied on paper or
fabrics [9, 45] is a feasible option for constructing visually rich flat
displays. These works by selectively and actively heating electri-
cally conductive paths beneath the thermochromic ink, resulting
in visual interfaces that are controllable and predictable on 2D
substrates.

Inspired by these works, we propose a method for designing
and printing visually rich but active thermochromic displays that
can be embedded in arbitrary curved surfaces of 3D printed ar-
tifacts. Like prior work with paper or fabric, these displays rely
on selective resistive heating via conductive filaments, resulting
in color changes that are predictable, timely, and localized. This
paper delves in detail about the formulation and design of a color-
changing pixel primitive—the ThermoPixel—, which consists of a
compound multi-material structure made of a thermochromic shell
and an embedded resistive carbon-based heater. When current is
supplied to the heater, the ThermoPixel structure heats up selec-
tively and predictably, causing the surrounding shell to change
color without damaging the geometry’s neighboring part. This
independent control allows for constructing complex displays of
various shapes and sizes (flat, curved, flexible, matrix displays),
which serve different purposes and enrich the design space for
functional 3D printed prototypes. Moreover, our software interface
allows users to select and embed ThermoPixels within 3D objects,
focusing on the high-level functionalities and appearance of the
visual displays. The seamless integration of visual displays into
ordinary 3D printed objects holds significant potential for creating
functional 3D printed artifacts. To summarize, we contribute:

(1) The design, development, and evaluation of ThermoPixels, a
primitive for a 3D printed color-changing interface that can
be locally and selectively activated. This is complemented
by evaluations of the properties of thermochromic and con-
ductive filaments that form the rationale for conceptualizing
ThermoPixels and assist users in incorporating ThermoPix-
els into their 3D printed prototypes.
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(2) An open-source software pipeline with a step-by-step walk-

through that allows users to design and fabricate thermochromic

displays on arbitrary curved surfaces.

(3) The illustration of the design space for ThermoPixels with ex-
emplary applications of 3D printed color-changing displays
of different shapes, sizes, materials, colors, and functionality.

2 RELATED WORK

Our work is closely related to the literature on fabricating ink-based
2D and 3D displays and the use of thermochromic materials for
visual interfaces.

2.1 2D ink-based displays

Fabricating custom-shaped visual displays (from now on, referred
to these simply as displays) has been a subject of interest in recent
HCI research. Electroluminescence (EL) ink, which emits light in
response to the electrical current, has been widely applied to create
custom displays on 2D surfaces. Illumipaper [22] and PrintScreen
[32] introduced ink-injected 2D displays to render dynamic sta-
tus information, like those in digital screens, but the display can
be rolled and folded like physical paper. Similar to EL inks, Elec-
trochromic (EC) ink, which changes color in response to the electri-
cal current, can also be applied on 2D surfaces to fabricate custom-
shaped displays. TransPrint [17] shows a non-light emissive color-
changing interface on a transparent and flexible polymer sheet.
Furthermore, ECPlotter [18] introduces a toolkit for rapidly proto-
typing EC displays through a custom-built machine that deposits
conductive, dielectric, and EC ink in a predefined order. Electronic
ink (E-ink) is another alternative and widely known material used
for dynamic displays. Sweeney et al. [43] and Hanton et al. [13]
introduce how E-ink can be printed and personally fabricated on
various 2D shapes and objects by up-cycling existing devices (e.g.
Amazon Kindle). While these ink-based displays allow the creation
of a customized visual interface, they are either limited to 2D sur-
faces or require a manual but delicate fabrication process.

2.2 3D ink-based displays

Incorporating 3D displays into ordinary objects shows great po-
tential for interactive and ubiquitous physical interfaces. However,
accomplishing this is a challenging task, prompting a surge of recent
research dedicated to the development of novel fabrication tech-
niques. Su et al. [41] and Kong et al. [24] introduce 3D printed flex-
ible organic light-emitting diode (OLED) displays, demonstrating
a proof-of-concept fabrication pipeline for placing light-emitting
diodes on curved surfaces. However, these technologies are con-
fined to labs that have access to specialized printers that extrude
metallic nanoparticles and nanoelectronic components [24, 41].
ProtoSpray [14], a recent work on 3D printed displays, uses Elec-
troluminescence (EL) sprays on top of a 3D printed conductive
object, eliminating the masking process typically necessary for
fabricating EL displays. ProtoSpray can fabricate displays with indi-
vidual pixel control, and on curved surfaces, such as a dome and
wavelength geometries, enabling 3D printed artifacts to embed
light-emitting displays, with varied choice of color inks. While this
work has greatly advanced the fabrication process for 3D visual
printed interfaces, it also inherits the limitation of spray-based
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displays by adding post-printing fabrication steps that require time-
consuming and hands-on skill such as uniformly applying paints in
multiple layers (for dielectric and phosphor material), cleaning or
changing the airbrush to prevent any ink contamination from other
paints, and nally, demanding hours for drying the paint [26, 52].

Another fabrication method for producing a visual interface is
using photochromic material€olorMod 36 3D prints dense layers
of photochromic ink, andPhoto-Chromeledi9 allows to re-color
3D printed objects over and over via coating with photochromic
ink. However, both approaches require external devices such as
a camera for calibration, and a UV light source or a projector to
re-color the objects.

2.3 Thermochromic materials for displays

Thermochromic materials change color in response to heat, usually
around 32C, and revert when cooled. This reversible process has
led to their use in at, dynamic displays. For exampkhosphenes
[49 employs thermochromic watercolor on a heating plate to cre-
ate 2D interactive art. More recentlf,hermotior{55 presented a
3D graphical interface animated via uid channels. However, this
requires a complex fabrication process involving 3D-printed molds,
manual heating layers, and thermochromic inks, controlled by hy-
draulic circuits with hot water tanks $5. While there are other

e orts using thermochromic textiles 9], paper 25, and hydrogels
[53], they are primarily limited to 2D displays [9, 45].

Pushing beyond at surfaces, several recent worlks 23 55
have used thermochromic lamentin 3D printed objects to create vi-
sual interfaces for various geometries. For instance, Djukanovi¢.et al
[5] presented a 3D printed wearable watch with thermochromic
material to indicate the user's body temperature, which changes its
color from grey to orange when the body temperature goes above
37C (i.e., indicating fever)ChromoFilamenf23 3D prints ther-
mochromic material as a visual temperature sensor that indicates
when hot air is blown onto a printed object. Upon heat, the material
color changes and indicates which part of the surface are malleable
enough to be handworked.

While thermochromic material has already been introduced for
3D printed objects §, 23, these examples are limited to passive
visual sensors, which simply respond to environmental temper-
atures. In contrast, our paper motivations are closer to those of
2D thermochromic displays printed on papetq and textiles PJ.

As in these works, we also use heat as a source of stimulus for
selective activation of color-changing properties, but we expend
this approach to 3D printed objects, diverging from the 2D focus of
previous works. Although our work shares similarities withher-
motion[55 and ProtoSpray14), our method sets itself apart by
facilitating localized activation of thermochromic elements through
carbon-based conductive laments, and obviates the need for intri-
cate, manual fabrication procedures.

3 THERMOPIXEL: A THERMOCHROMIC
VISUAL MODULE

This section presents the design, development, and technical eval-

uation of a ThermoPixel a self-contained primitive representing
a single visual pixel for a 3D printed thermochromic display. It
can be turnedON and OFFindependently of other pixels, and its

CHI '24, May 11 16, 2024, Honolulu, HI, USA

Figure 2: (a) Naive heating design approach in which current
passes through the closest possible path (b) ThermoPixel
heater structure in which current ows through the top sur-
face of the geometry (c) ThermoPixel structure diagram (d)
the image of color-changing ThermoPixel's top surface (e)
Thermal image view of the ThermoPixels.

Figure 3: (a) heater design from at to angle 50 °(b) heater
structure above angle 50°. (c) Thermal image of heater struc-
ture with an angle of 50 °, in which heat is not fully distributed
across the entire geometry.

activation results in a color-shift of the pixel's hue. Structurally, a
ThermoPixel is a compound geometry consisting of two integral
componentsan outer shelinade of thermochromic material and
aninner heatemade of conductive material (Figure 2c). Its design
was guided by the material analyses outlined in section 6.

The thermochromic shell completely surrounds the inner heater
and has a thickness between 1 and 8 mm. Only the upper surface of
the shell serves as the color display, while the rest provides thermal
insulation to the module, ensuring that heat remains as much as
possible contained within the ThermoPixel and minimizing thermal
dissipation to neighboring ones.
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Figure 4: (a) Original slanted angled heater design (b) Slanted beams are moved to opposite sides (c), and a bridge is placed to
connect the beams. (d) New heater design with equal cross-section across the beam. (e) image of activated ThermoPixels with

slanted angle (f) thermal image of its heat distribution.

The internal heater is a conductive structure that approximates
the surface normal of the outer shell. It is made of two vertical
columnsand a at or slanted bridge connecting these. Each col-
umn has a footprint measuring 6x2 mm, a cross-sectional area of
12<< 2, and a variable height between 4 mm and 40 mm. The bridge
connects the columns with a smaller cross-sectide¢ 2). This
structure e ectively guides the electrical current from the bottom of
one column to the bottom of the other, passing through the narrow

bridge and causing this to heat up (Figure 2b). That is because, as

shown in prior work [29, along a single path, the area with the

and a vertical beam at di erent positions (red and blue in the Fig-
ure). We then placed a connecting bridge between the tips of the
beams. As Figure 4e shows, this new design ensures uniform cur-
rent ow across the whole length of the beams, resulting in the
thermochromic surface being fully activated (Figure 4f) and with a
color-transition temperature above 32.

3.2 Technical evaluation of ThermoPixels
To characterize and evaluate the behavior of Joule-heated Ther-

smallest cross-section (i.e., largest resistance) is also the one with moPixels, we conducted four studies aiming to answer the following

maximum power/heat dissipation (as explained by the equation
P=ER). This con guration ensures that the top of the ThermoPixel
is the hottest part of the module (i.e., >&2 and that it is, therefore,
capable of triggering the thermochromic e ect of the shell (Figure
2).

3.1 Design of slanted surfaces

Curved surfaces of 3D objects require ThermoPixels to be tilted to
approximate, at best, the surface normal and provide the maximum
surface contact for convection heating. This requirement implies
that the ThermoPixel top surface may be slanted or curved, adapting
to the contours of the surface at any angle to accommodate various
inclinations. This adaptability in the angle of a slanted surface is
essential to the design and is re ected in the construction of the
heaters. Based on the speci c inclination needed for the top surface,
we have developed two distinct slanted heater designs to meet these
requirements.

Heaters that are angled up to %8re conceptually identical to
the atones. Simply, the two beam structures have di erent heights
and connect those with a triangular slanted geometry (see Figure
3) that is parallel to the thermochromic layer (also tilted). However,
this approach fails to work correctly for angles greater than’sio
fact, as Figure 3c shows, the electrical current attempts to follow

questions: 1) How long does it take for ThermoPixels with shells of

varying thickness to turn on? 2) What is the range of acceptable
heights for the heating structures? 3) What is the maximum incli-

nation a ThermoPixel can be oriented? 4) How does ThermoPixel
a ect the neighboring non-color-changing areas?

3.2.1 Evaluation method: All ThermoPixels were printed on a
custom PCB with exposed pads (8 mm - Hot Air Solder Leveling
(HASL) surface nish - Figure 19a). The PCB was routed to expose
each pair of pads to an external power supply (Rhode and Schwards
NGA100), so to avoid manual wiring (as itlf), and at the same
time, ensuring a consistent and reliable electrical connection be-
tween the power supply and ThermoPixels (Figure 19). Vias (0.4
mm) placed on the pads contributed to further strengthening the
adhesion of the conductive lament with the copper substrate of
the PCB (Figure 19c).

We ensured that all samples had a target resistance of 100
(average: 93, SD: 5.8) through the annealing process (detailed in
section 6.2.2.) and wired them to a DC power supply. After powering
the samples with 100 mA for 60 seconds, we observed changes in
color using an HD and a thermal camera (FLIR One). The video
footage was used to compute, via a Python script, the duration of
the color-change transition. We judged a transition to be complete
when we observed the relative luminanceY, where Y = 0.2126R

the path of least resistance, staying at the bottom side of the corner +0.7152G + 0.0722B) of the pixel's top surface reaching a plateau

formed with the taller beam. As a result, the bottom part of the
ThermoPixel is heated at AT, but the top part is only at 2. This
causes the pixel to only be partially heated which is, in fact, the
very same problem that motivated the design of the bridge structure
(see section 6).

Therefore, for angles greater than $@ve solved this issue with
a new design. As shown in Figure 4, we constructed a slanted

a state when thermochromic material fully changes its color.

We chose to represent how color changed over time using the
relative luminance instead of the individual RGB channels because
the relative luminance best describes the color perception with
respect to the human eye's adaptation state, and because it is a
single linear measure that can capture the contribution of all RGB
components [46].
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