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ABSTRACT
The unique behaviors of thermoplastic polymers enable shape-
changing interfaces made of 3D printed objects that do not require
complex electronics integration. While existing techniques rely
on external trigger, such as heat, applied globally on a 3D printed
object initiating all at once the shape-changing response (e.g., hot
water, heat gun, oven), independent control of multiple parts of
the object becomes nearly impossible. We introduce ShrinkCells,
a set of shape-changing actuators that enables localized heat to
shrink or bend, through combining the properties of twomaterials —
conductive PLA is used to generate localized heat which selectively
triggers the shrinking of a Shape Memory Polymer. The unique
benefit of ShrinkCells is their capability of triggering simultaneous
or sequential shape transformations for different geometries using a
single power supply. This results in 3D printed rigid structures that
actuate in sequence, avoiding self-collisions when unfolding. We
contribute to the body of literature on 4D fabrication by a systematic
investigation of selective heating with two different materials, the
design and evaluation of the ShrinkCells shape-changing primitives,
and applications demonstrating the usage of these actuators.

CCS CONCEPTS
• Human-centered computing→ Human computer interac-
tion (HCI).
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1 INTRODUCTION
4D printing is a promising way to fabricate shape-changing objects
that can self-actuate without motors or actuators integration [15].
Recent advances in materials made it possible for on-the-market
thermoplastic polymers, such as PolyLactic Acid (PLA) and Ther-
moplastic Polyurethanes (TPU) which are commonly employed for
low-cost 4D printing, to exert programmed buckling behaviors via
their residual stress [7]; a heated polymer is stretched when 3D
printed, which can be relieved by re-heating it above glass transi-
tion temperature (Tg, over 70° C for PLA [1]). Many inspired HCI
researchers have proposed novel methods to take advantage of this
property of heated thermoplastic for actuation, controlling it by
adjusting the speed of the 3D printer’s nozzle [1], infill densities
[23], the layer thickness [31], or by combining mechanically dis-
similar materials [1, 20], such thermoplastic polymers on a paper
substrate [17, 29].

Existing 3D printed rigid artifacts designed to trigger a pro-
grammed shape-changing effect all at once are often heated via
external stimuli that are applied on the whole 3D printed surface,
such as a heat gun, hot water, or an in the oven [1, 30–32]. However,
global heating is nearly impossible to selectively control certain
portions of the object (perhaps close to each other) to heat and
therefore to actuate, to what extent, or in which order. In contrast,
other works [17, 20, 29] enable selective shape-changing of parts
in an object via localized resistive heating (using conductive ma-
terials). Yet, the printed artifacts require manual intervention or
an additional fabrication process to operate (e.g., heat-treatment or
manual assembly).

To this end, we propose ShrinkCells , a set of novel 3D printed
and rigid localized shape-changing actuators that can be sequen-
tially triggered via selective heating after 3D printing, requiring no
ad-hoc treaments for post-processing. Specifically, by combining
the resistive heating properties of conductive filaments [29] with
the shape-changing characteristics of 3D printable Shape-Memory
Polymer (SMP), we designed 3D printed mechanisms capable of
shrinking and bending, and a fuse mechanism that enables sequen-
tial activation of modular cells without the need for additional
electronics for control. The key benefit of ShrinkCells is that they
enable localized and timed shape transformation of multiple parts
of an object or within the object itself (e.g., unreachable by the user)
while conserving the properties of rigid 3D structures and avoiding
self-collisions.
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To summarize, we contribute:

� A systematic exploration of the heat-triggered shrinking ef-
fect of Shape Memory Polymers, and strategies for selectively
heating conductive PLA.

� The design ofShrinkCells, capable of actuation in di�er-
ent directions through selective heating, through a holistic
exploration of shape-changing primitives.

� The design and evaluation of a fuse mechanism that can be
combined withShrinkCellsto generate sequential actuation
using a single power source.

� A fabrication pipeline that allows users to embedShrink-
Cellsin custom 3D objects, and validation through a set of
applications.

2 RELATED WORK
Our work closely intersects prior works in 4D printed shape-changing
interfaces through various material driven approaches and fabrica-
tion techniques. These includes self-morphing interfaces that re-
spond to the environmental factors such as humidity [4, 24, 27, 34],
or pH of solutions [12, 28]. Some of these works [e.g.27] achieve
a remarkable expansion of volume by 150% from the original, re-
sulting in �at surfaces that bend which however, requires use of
a special hydrophilic UV-curable polymer. Other shape-changing
techniques leverage air pressure [18,33] or magnetic �elds Zhu et al.
[35] that react with 3D printing magnetic responsive structures.

As our work bene�ts from utilizing low-cost, o�-the-shelf �l-
aments that can be 3D printed with Fused Deposition Modeling
(FDM) machines, we closely study prior works to actuate such ma-
terials usingheat as a trigger for shape-changing behavior. The
next two subsections focus on heat-activated shape-changing 4D
printing.

2.1 Globally heated thermoplastic materials
Thermoplastic material behaviors have been extensively used in
many HCI research and digital fabrication domains because of their
shape-memory characteristics and malleability. Several works have
leveraged these properties to allow users to adapt or customize 3D
printed artifacts via manual deformations [9, 11, 13, 22]. However,
these works do not focus on the self-actuation of material (4D), so
they are not further discussed in this paper.

Another line of research focuses on self-folding 3D objects by
leveraging the built-in residual stress during the FDM printing pro-
cess. During 3D printing, the heated molecular chain of a polymer is
sheared and elongated across the printed direction, to be then �xed
via rapid cooling with the extruder fan [7]. This results in residual
stress built into the printed object that can be released when the
polymer is re-heated above its glass transition temperature (Tg),
causing bending along the printed direction [7].

Several prior works leveraged this behavior to achieve shape-
changing actuation using a single [31] or multiple materials [1],
large-scale surfaces [32], or time-dependent morphing [10] via
manual placement of a pre-stretched elastic membrane between
3D printed objects.ShrinCage[23], a closely related work, used
residual stress through in�ll density and metamaterial structure to
construct geometries that fasten around objects, allowing to adjust
them with perfectly �tting props.

However, these works use sources of heat that are globally ap-
plied to the overall printed object, like hot water or hot air from a
heat gun. These, in some cases, limit the applicability of the printed
objects (e.g. objects immersed in water cannot use electronics) pre-
venting a wide adoption of the discovery, and do not allow for
accurately selecting the parts of the objects to actuate.

2.2 Locally heated self-actuated shape-changing
interfaces

By locally heating part of an object, it becomes possible to achieve a
selective shape-changing memory e�ect for only the heated region
in the object. This principle was well exempli�ed byFoldio[17] and
Printed Paper actuators[29], two techniques that print conductive
ink or �lament on the top of a paper substrate or of a polymer tape
(3M VHB tape). When current �ows through the conductive mate-
rial, it generates heat thanks to the material's resistance (resistive
heating) [5]. When the heat rises to the glass transition temperature,
the conductive material [29] or the special polymer tape attached to
it [ 17], contracts, causing the paper to bend. The limitation of this
work is that only the conductive �lament to furnish heating is 3D
printed, while the target object is made of paper which could be too
weak to a�ord real-world applications and is manually fabricated
or assembled. The opposite approach is used byExoform[20], which
allows a user to 3D print custom PLA objects, but the source of heat-
ing and shape-changing � a multi-layer structure made of copper
tape, a 3M VHB tape, and carbon nanotubes and polyborosiloxane
� is manually applied on the top of the object.

Similar to these works [1, 20, 29], this paper presents a method
for localized resistive heating that can generate selective shape-
changing actuation. However, we uniquely create and evaluate rigid
plastic actuators (ShrinkCells) that are completely 3D printed thus
do not require manual assembly.

3 UNDERSTANDING SELECTIVE HEATING OF
SMP AND CONDUCTIVE MATERIAL

The proposed shape-changing mechanism ofShrinkCellsdescribed
in this paper is constructed using two o�-the-shelf polymer �lament
materials for FDM 3D printing: aShape Memory Polymer (SMP)
�lament, used for shrinking, and a carbon-composite conductive
�lament used for triggering the motion of SMP via local resistive
heating. In this section, we systematically study the heating and
shape-changing properties of these two materials.

3.1 SMP shrinking e�ect for di�erent
temperature and material thickness

SMP �lament (Kyoraku Co.) is a thermoreactiveTPUmaterial that
presents shape memory behavior when it reaches the glass transi-
tion temperature (Tg) of 60°C [26]. At this temperature the �lament
becomes malleable, and if stretched through the printing process,
its strong residual stress causes the material to shrink when heated.

Through a technical evaluation of material characteristics, we
�rst aim to understand how changes in temperatures (applied glob-
ally) a�ect the shrinkage of 3D geometries printed using SMP and
varying thicknesses (number of layers when the layer thickness is
�xed). We compare these results to the e�ects of temperature on
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Figure 1: (a) Average length of SMP and PLA samples with
di�erent number of layers after being heated, and (b) average
shrink rate with representative �ve heated geometries

PLA (manufactured by FlashForge), another thermoplastic mate-
rial which displays similar characteristics. We, therefore, created
samples in �ve thicknesses, 1 to 5 layers, each 0.2 mm, covering
the range 0.2 mm to 1.0 mm, and heated at six temperatures, from
70°C to 120°C with 10°C interval.

30 samples for each SMP and PLA material were created follow-
ing the speci�cations in previous work to obtain residual stress [1].
The printed samples have a dimension of 10 mm� 20 mm and
are constructed from 25 longitudinal paths along the shrinking
direction and 2 lateral paths (at the top and bottom of the struc-
ture) spanning the entire width of 10 mm. All the samples were
printed using a direct drive extruder (FlashForge Creator 3, with
0.4 mm nozzle diameter) at 200°C, with a speed of 5000 mm/min,
and following the same paths. While the lateral paths a�ect the
longitudinal shrinkage, their impact is minimal (at most 4%); there-
fore lateral paths are not considered as study parameters to �nd
the shrinkage behaviors of SMP and PLA across temperatures.

Samples were then placed all at once in an oven (Puhui T-962
Infrared IC heater) for 1 minute and then, after cooling, we mea-
sured their length (L) with a Vernier caliper to compute a shrink
ratio: 1 � ! �40C43• ! >A868=0;. In total, we heated 60 samples � 6
temperatures� 5 thickness� 2 materials.

The average length after shrinking across the six temperature
settings is reported per layer in Figure 1. SMP material shows
overall a greater shrinking e�ect than PLA (48% vs 3%), with a
maximum shrunk length of 13 mm (SD: 2.17, 65% from the original
length) for the 1-layer thick sample, compared to 2 mm (SD: 1.3,
10% shrink-rate) of PLA.

The number of printed layers also a�ected the shrink rate, by
damping the heat transition. Thus, for SMP, the sample with a single
layer (1 layer, 0.2 mm) shrunk 71% more than the thickest (5 layers)
sample. However, we also note that the thinnest layer is deformed
with warping imperfections probably due to the excessive heat than
it can endure.

3.2 Understanding Joule-heating in 3D printed
conductive �lament

This section describes the evaluation of the interplay between 3D
printed geometry using conductive PLA and the heat produced by
an electric current passing through a conductive element (an e�ect
known as Joule-heating or resistive-heating [5]). Understanding
this process is critical, in that, while previous work explores the re-
lationship betweenresistanceand the cross-sectional area of printed
conductive �lament[8], the characterization of how temperature
depends on printed geometry and supplied current (e.g., number of
layers, maximum current ratings) has not been studied.

Thus, we aim to assess three key parameters of Joule-heating a
conductive �lament; 1) themaximum current value for heating
the conductive material without damaging the 3D printed geometry;
2) how temperature changes as a function of thecross-sectional
area; and 3)heat distribution in single 3D printed body with
varying cross-sectional areas.

3.2.1 Materials, Dimensions, and method . For the following
experiments, we used theProtopasta[19] electrically conductive
composite PLA �lament, chosen for its ready availability and rated
with a volume resistivity of molded resin (not 3D printed) of 15
 /cm.

We 3D printed �ve conductive cuboid samples with 100% in�ll,
�xed length, and height (50<< � 1<< , as in [8]), but varying cross-
sectional areas, by linearly incrementing their width (0.8 mm to
2.4 mm with 0.4 mm intervals � same as nozzle size). This process re-
sulted in the following cross-section areas and resistances: 0.8<< 2

(25 
 ), 1.2<< 2 (18.2 
 ), 1.6<< 2 (14.3 
 ), 2<< 2 (13.3 
 ) and
2.4<< 2 (10 
 ). The relation between cross-sectional area and
resistance is shown in prior work [8].

These cuboids were then attached to two copper wires at the
extremities via two rectangular pads (4 mm� 4 mm) and connected
to a DC power supply. Pads were coated using silver paste (EL-
COAT, 1-3� 10� 5 
 /cm, 6 hours for drying) to minimize contact
resistance with the powering wires and to better allow currents to
�ow through the cuboids. The conductive cuboids were printed on
top of the PLA insulating substrate for better adhesion (Figure 2b).

Voltage and current from a DC power supply (Rohde and Schwarz
NGA100) were remotely controlled via serial communication and a
custom Python script running on a PC. The script samples at 1Hz
voltage (V), current (I), and power (P), and automatically shuts down
the power after the programmed duration. Temperatures were mea-
sured and recorded using a thermal video (infrared thermography)
on a FLIR One Pro (emissivity 95%). The recording was then later
analyzed via another Python script which used OpenCV [3] to ex-
tract the hottest temperature value on a legend for every second of
the recorded video.

Laboratory safety precautions were used in conformity with
institutional regulations: air �lters, ventilation for fumes, over-
current protection fuses, and no humans in the proximity of the
voltage source when teleoperated.

Experiment 1: Maximum current thresholds for continu-
ous joule-heating of conductive �lament

To better understand the design space, we �rst determined to
identify the maximum current threshold for the printed material.
We, therefore, powered the samples with the maximum ratings of
our DC power supply (200 V at 400 mA) with constant voltage mode
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Figure 2: Changes of resistance, temperature and power over time for �ve samples with varying cross-sectional areas. All
samples melted within 30 seconds

and simultaneously recorded those values for 60 seconds. For all
the samples, the recorded power values increased exponentially as
the temperature rose. On average, power peaked at 18.7 W (SD:3.7),
resulting in the temperature of 311°C (SD: 20.4) and eventually
melting the polymer around 23 seconds (SD: 3.9). Minimum and
maximum values for each cross-section are shown in Figure 2.

Figure 3: All �ve samples were damaged by excessive heat

The experiment shows two �ndings. First, the cuboid with large
cross-sectional areas heats up �rst (21 seconds vs. 28 seconds for
the smallest cross-section cuboid). This is because a large cross
section [8] corresponds to lower resistivity, allowing for a larger
amount of current to pass through the conductor and generate heat.

Second, the trend is exponential in the current load regardless
of the cross-section area. This phenomenon occurs because the �la-
ment's resistance drops due to the polymer's structural relaxation
beyond the glass temperature point (Tg � 70°C), forming stronger
adhesion between the layers [21]. This stronger bondage between
layers attains higher conductivity and consequently increases the
current �ow, further driving up the temperature.

For all samples, eventually, the average current peaked at 94 mA
(19 W), generating an average peak temperature of 311°C which
caused the �lament to melt and the power to shut. In conclusion,
these combined results demonstrate that the larger cross-sections
(lower resistance), the faster generated heat is, and that excessive
current causes the material to melt regardless of cross-section areas.

Experiment 2: Heat comparison of varying cross-sectional
areas with limited current

For the second assessment of material characters, we hypothe-
size that a wider cross-sectional area (lower resistance) will heat up

faster for a maximum current of 30 mA. This number was empiri-
cally derived from the data in Figure 2, which shows about 6.2 W
in correspondence to the material's nominal melting point of 170°C.
By setting this power threshold, we computed the current limit to
31 mA and approximated it to 30 mA. The experiment used the
same materials and method described above.

Figure 4: Temperature with 30 mA maximum current

The results (Figure 4) show that with the maximum threshold
current of 30 mA, no circuits melted. Furthermore, the wider cross-
section cuboid indeed heated �rst (4 seconds vs 15 seconds of the
thinnest), but it also had the lowest temperature (131°C). We note
that, despite their di�erent sizes, all samples powered with a current
limit of 30 mA reached the glass transition temperature of 70°C.
In fact, the hottest temperature was obtained by the thinnest of
the cuboid (172°C after 60 seconds) � the cuboid with the highest
resistance.

This is because, if the current becomes constant after reaching
the maximum threshold, power (P=I2R) becomes a function only of
resistance (if� 2 is a constantk, then P=kR). In other words,after
the material reaches glass temperature and the current reaches its
maximum, the temperature is further driven up by resistance alone,
meaning that thesmallercross-section areas generatemoreheat.

Experiment 3: Heat distribution for varying cross-sections
within a single geometry

In this �nal study, we aim to understand how heat is distributed
over a single body with varying cross-sections along the length.
From the previous experiment, we hypothesize that some portions
in the structure with higher resistance (i.e., smaller cross-section
areas) will also generate higher heat.

To systemically investigate all possible cases, we created cuboids
of three cross-sections multiple of0”8 << 2 (the smallest cross-
section in the previous study). This resulted in resistors of values:
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Figure 5: (a) Three resistors with varying cross-section, (b,c,d) the heat distribution for varying cross-section areas

' 1 = 0”8 << 2 = 4400
 , ' 2 = 3”2 << 2 = 1500
 , and ' 3 =
12”8<< 2 = 800
 (Figure 5-a), and printed them as a single solid
structure in all the possible unordered permutations: R1-R2-R3, R1-
R3-R2, and R3-R1-R2. The series-resistors amount to 7.4 K
 (� 5%
accuracy), which includes the pads (350
 per pad). As before we
applied a 200 V input voltage and 30 mA current limit.

The thermo-images in Figure 5-b,c,d illustrate that R1, the part
of the geometry with the smallest cross-section (0.8<< 2) and the
highest resistance (4400
 ) produces the largest amount of power
(3.96 W) with an average temperature of 115.2°C, while R3, the
parts of the geometry with the largest cross-section (12.8<< 2)
and the lowest resistance (800
 ) generated only 0.72 W with an
average temperature of 28.1°C (belowTg).

These experiments con�rm that, when 3D printed resistors with
varying cross-section areas are connected in series, the power is
internally distributed only as a function of the resistance of its parts
(as demonstrated through the previous experiment) regardless of
their order. This �nding is clearly visible in Figure 5, and it shows
the immediate applicability of being able to control which parts of
the conductive �lament should be heated, by purposely designing
parts of the geometry with smaller cross-sectional areas.

3.3 Material study summary and guiding
principles

In sum, we identify three key �ndings through the material ex-
ploration, that can be used for designing locally-heated activated
shape-changing actuators:

� The ideal SMP substrate thickness to maximize shrinking
without distortions is 2 layers (0.2 mm per layer)

� An appropriate current threshold for continuous Joule-heating
with conductive �lament must be set, depending on the
heated geometry (30 mA for the cuboids in our experiments)

� In a structure with varying cross-section, the parts with
lower cross-section (higher resistance) generates higher heat.

4 DESIGN AND EVALUATION OF SHRIKCELLS
We combine the properties of the SMP and conductive PLA �la-
ments and the �ndings from the previousMaterial sectionto create
shape-changing actuation primitives capable of shrinking and bend-
ing, calledShrinkCells. Speci�cally, with the aid of a dual nozzle

FDM printer (FlashForge Creator 3), we leverage both the shrink-
ing properties of SMP material when heated aboveTg, and the
ability to selectively heat a portion of a 3D printed object by de-
signing conductors with varying cross-sections. In this section, we
detail the working principles for the operation ofShrinkCells, the
implementation process, and the evaluation of actuated cells.

4.1 Principles of operation and design
A heated conductor sandwiched between two layers of SMP ma-
terial can generate su�cient heat to trigger the shrinking of the
SMP layers. Several prior works demonstrated the usage of heating
elements (e.g., copper) placed within a 3D object [9, 20] or on the
top of a paper substrate [17, 29] displaying buckling behaviors and
shape-memory e�ect. However, the conductive material cannot
shrink along with the surrounding material since structural shrink-
ing [2] is not possible. Therefore, the naïve approach of simply
layering SMP and conductive material produces an uncontrolled
buckling behavior that tears the object apart (Figure 6).

Therefore, we designed a zigzag mechanism that is sandwiched
by two SMP layers on each side. This mechanism provides continu-
ous heat, and shrinks together with the surrounding SMP layers,
without causing a buckling e�ect (Figure 6). By placing two conduc-
tive zigzag patterns on two separate layers isolated by a single SMP
layer, we can also achievebending, by allowing for shrinking only
at one side of the geometry (i.e., shrinking either the top or bottom
zigzag mechanism, or the left or right side of each mechanism).

Figure 6: Buckling behavior of SMP layers when naïvely
heated vs.ShrinkCells 's folding behavior
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