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Figure 1: DuoMorph overview. (a) Design tool for modeling and generating integrated G-code; (b) Fabrication of heat-sealed
pneumatic actuators (left) and subsequent printing of structures directly on top (right) using an FDM printer; (c) Preshaping
the pneumatic actuator with 4D-printed structures in hot water; (d, €) A mimosa-inspired interactive sculpture that folds when
touched and blooms when left alone. The flower is also fabricated through a same process.
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Abstract

We introduce DuoMorph, a design and fabrication method that syn-
ergistically integrates Fused Deposition Modeling(FDM) printing
and pneumatic actuation to create novel shape-changing interfaces.
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In DuoMorph, the printed structures and heat-sealed pneumatic
elements are mutually designed to actuate and constrain each other,
enabling functions that are difficult for either component to achieve
in isolation. Moreover, the entire hybrid structure can be fabricated
through a single, seamless process using only a standard FDM
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printer—including both heat-sealing and 3D/4D printing. In this
paper, we define a design space including four primitive categories
that capture the fundamental ways in which printed and pneumatic
components can interact. To support this process, we present a
fabrication method and an accompanying design tool. Finally, we
demonstrate the potential of DuoMorph through example applica-
tions and performance demonstrations.

CCS Concepts

« Human-centered computing — Interactive systems and
tools.
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1 Introduction

Pneumatic interfaces have gained significant traction in Human-
Computer Interaction (HCI) and soft robotics due to their light-
weight, compliance, and reversible actuation [27, 47, 48]. They have
enabled a wide range of applications, from shape-changing dis-
plays [10, 15, 48, 50] and haptic feedback [5, 7, 11] to multifunctional
robotic systems [16-18]. However, fabricating soft pneumatic ac-
tuators remains challenging. Casting approaches support complex
geometries but require molds and labor-intensive processes [22, 48].
3D printing provides digital fabrication capabilities, yet reversible
pneumatic actuators often rely on costly elastic-resin-based pro-
cesses such as SLA (Stereolithography) [38], while FDM-printed
actuators are typically irreversible due to material constraints[42].
In the meanwhile, heat sealing offers a low-cost and accessible al-
ternative that can produce diverse actuation behaviors with simple
tools, and is often adopted in making shape-changing interfaces
[15, 25, 27, 45].

Recent efforts have adapted consumer-grade FDM printers for
heat sealing, lowering barriers to entry [4, 47]. However, these
works largely stop at heat sealing alone, without exploring the inte-
gration of heat sealing with FDM printing. This raises several design
curijosities: What happens if we continuously print on sealed air
bags? How should the structural design and fabrication process be
tuned? How reliably can printed structures bond with the airbags?
And most importantly, what new capabilities emerge when the two
are combined?

Motivated by these curiosities, we developed DuoMorph, a de-
sign and fabrication method that synergistically integrates FDM
printing and pneumatic actuation to create novel shape-changing
interfaces (Fig. 1). In DuoMorph, printed structures and pneumatic
elements are designed to actuate and constrain each other, enabling
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functions that neither could hardly achieve alone. Moreover, the en-
tire hybrid structure can be fabricated in a single, seamless process
using only a standard FDM printer—including both heat sealing
and 3D/4D printing. This approach enables a streamlined, more
precise, and more consistent process, while significantly reducing
labor compared to preparing pneumatic actuators and printed parts
separately and then manually gluing and assembling them.

Based on this principle, we define a design space comprising four
primitive categories that capture the fundamental ways in which
pneumatic and printed components can interact. To support this
process, we present an integrated fabrication method and a design
tool that automatically generates G-code for production. Finally, we
demonstrate DuoMorph’s potential through a series of application
examples and performance evaluations.

The contributions of this work are threefold:

o A synergistic design strategy that leverages the interaction
between pneumatic actuators and FDM printed structures
to enable functions that either component alone can hardly
achieve.

e An integrated fabrication workflow and accompanying de-
sign tool that unify heat sealing and FDM printing into a
single streamlined process.

o Application demonstrations and evaluations that showcase
the expressive and functional capabilities of DuoMorph in
interactive systems.

2 Related Works

Pneumatic Interfaces. Pneumatic interfaces, emerging from the
field of soft robotics, have been widely studied in HCI [8, 19, 20, 36],
due to their potential to safely bridge the gap between machines
and people, a capability rooted in their inherent compliance and
adaptability [30]. Inflatable structures particularly offer several
advantages for interaction design, including being lightweight, cost-
effective, scalable, and easily stored [2, 47]. However, the fabrication
and control of these interfaces have been central research challenges
that have evolved over time [30].

Fabrication of early pneumatic actuators often involved tech-
niques such as molding and casting of silicone rubbers, which
required intensive manual labor and limited design flexibility for
complex geometries [30, 43]. Meanwhile, researchers explored a
more accessible and rapid approach using heat-sealed thermoplastic
films with embedded programmable folds, which allows the fabri-
cation of inflatable geometries [27, 31, 47, 48]. This approach was
extended with multilayer techniques that produce more complex
3D deformations and functionalities [16, 51], and was further de-
veloped by repurposing standard FDM 3D printers as heat-sealing
tools [4, 28].

While much of the research focused on the geometry of the
seal itself, some research has also explored how to enhance the
capability of these pneumatic structures by integrating external
or additional components. One approach involved the addition of
non-inflatable materials to control deformation. For example, PneUl
added multilayer structures with different mechanical or electrical
properties, such as paper or conductive thread [48], while Blow-
Fab engraved patterns with a resistant resin or heat-resistant film
onto plastic sheets to control the bending and texture of the final
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shape [44]. Others have added separate mechanical components to
enable more complex behaviors, such as passive check valves for
sequential control [3]. Furthermore, fluidic logic systems enabled
electronics-free control through custom valves and circuits [3, 6, 17].
Specific approaches include miniaturizing fluidic chambers for high-
resolution, sequential control [15], and more recently, designing
pneumatic "coding blocks" that function like software "If” or "For’
statements, enabling autonomous, decision-making behaviors [29].

To support creativity and rapid prototyping, previous research,
including Pneuduino, pioneered in modular hardware toolkits to
manage complex systems for pneumatic interfaces [12, 14, 26],
and further research was done to make them compact and more
comprehensive [23, 33, 37]. PneuBots [49] introduced a construction
kit with various inflatable modules and pneumatic connectors and
splitters, allowing users to assemble diverse structures.

FDM/SLA Printed Interactive Devices. Separate from inflat-
ables, FDM printing has been widely explored as a low-cost and
accessible approach for fabricating interactive devices. A signifi-
cant research direction explores 4D printing, where printed objects
are programmed to transform over time in response to external
stimuli [21]. FDM has been essential in this domain for creating
heat-activated composites, enabling complex deformations such as
the self-folding from 2D to 3D [1], the programmable bending of
linear structures [40], and the morphing of mesh surfaces [41]. Be-
yond shape transformation, the FDM process offers fine control, as
seen in quasi-woven textiles [9], 3D weaving [34], tunable hair-like
structures [39], and expressive textures created by manipulating
extruder parameters [35].

More recently, research has been focused on embedding pneu-
matic functions directly into FDM-printed artifacts. This includes
systems that integrate electronics-free pneumatic logic gates and
I/O directly into a 3D model’s geometry [32] and toolkits that pro-
vide libraries of printable pneumatic widgets for rapid prototyping
[13]. While these systems successfully embed pneumatic logic or
actuation, they remain distinct from methods that create inflatable
structures from soft films, requiring the combination of the FDM
print with a separate process like blow molding [42]. Beyond FDM,
Stereolithography (SLA) has also been utilized to create fluid-driven
devices [46].

Combination of FDM/SLA printing and Pneumatic Actua-
tion. A smaller body of work has sought to combine 3D-printing
and pneumatic actuation explicitly. Stereolithography (SLA) has
been used to fabricate reversible pneumatic actuators directly, though
these methods often rely on specialized and costly elastic resins [46].
FDM-based approaches, in contrast, while offering the potential
for multi-material printing, have still typically produced actua-
tors that are either part of a multi-step, hybrid workflow—such
as creating pre-forms for blow molding—or whose shape changes
are irreversible due to material constraints [42]. Other methods
repurpose the printer as a single-function tool, using its heated
nozzle solely to heat-seal separate thermoplastic films [4, 47] or a
speed-modulated ironing tool [28]. Therefore, the challenge of a sin-
gle, unified, low-cost workflow that uses a standard FDM printer to
seamlessly fabricate 3D structural components and create reversible,
heat-sealed inflatables remains largely unexplored. To address this
gap, we introduce a novel methodology that seamlessly integrates
FDM printing and heat-sealing in a single, accessible process.
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3 Design Space

Based on how the printed structures interact with the pneumatic
actuators, we propose a four-dimensional design space, categorized
according to the functions served by the printed structures as shown
in Fig. 2:

e Passive Deformation Structures, which respond to deforma-
tion of the pneumatic actuator;

e Constraining Structures, which regulate deformation of the
pneumatic actuator;

e Pre-shaping Structures, which impose a preset geometry
before actuation;

o Function-Extending Structures, which extend the capabilities
of the device beyond deformation

This section will explain these dimensions with example primitives.

Figure 2: The four-dimensional design space of DuoMorph,
categorized based on how the printed structures (black)
would interact with the pneumatic actuators (gray) .

3.1 Passive Deformation Structure

The printed structure can locomote or deform as the pneumatic
actuator inflates or deflates. For example, Fig. 3.a shows the printed
petals blooming simultaneously when the airbag is inflated. If the
structures are distributed across different chambers, they can also
be actuated asynchronously (Fig. 3.b). Moreover, a single structure
may span multiple chambers; in this case, it can move in different
directions depending on which chamber is inflated (Fig. 3.c).

3.2 Constraining Structure

The printed structures can also influence how pneumatic actua-
tors deform when inflated, serving as constraints. First, they can
be used to reconfigure the bending angle of an airbag, which is
conventionally tuned through sealing patterns and becomes fixed
once sealed. As shown in Fig. 4.a, a triangular slider along a rail
can stop the airbag at different angles, offering tunability. Second,
continuous printed layers on the airbag surface can reinforce spe-
cific regions, thereby controlling the actuator’s bending direction
(Fig. 4.b). Finally, connectors can be directly printed onto the airbag,
enabling easy assembly of multiple airbags into various configura-
tions (Fig. 4.c).
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Figure 3: Example printed passive structure. The structures
are actuated (a) simultaneously, (b) asynchronously, and (c)
toward different directions by the airbags.

Figure 4: Example printed constraint structures that can con-
trol how the airbags deform when inflated include: (a) struc-
tures that allow tuning of the bending angle, (b) patterns that
change or reverse the bending direction, and (c) connectors
that enable assembling multiple airbags into more complex
configurations.

3.3 Pre-shaping Structure

The pre-shaping deformation structure can deform the pneumatic
actuator into desired shapes using 4D printing techniques. Although
pneumatic actuators can achieve 3D deformation independently,
integrating 4D-printed structures offloads part of this responsi-
bility, simplifies actuator design, and frees internal chambers to
focus on other functions (e.g., enhancing the movement of passive-
deformation structures).

Fig 5 shows some example designs. In Fig. 5.a, the actuator made
from a TPU film effectively serves as—and replaces—the TPU layer
in conventional 4D printed structures. When heated, the printed
PLA layer contracts while the TPU film remains stable, forcing the
pneumatic actuator to bend upward to the side with the printed
structures (concave bending). The achievement of bending in the
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Figure 5: Example 4D printed pre-shaping structures that
can preshape the airbags. When heated, the primitives (a)
Bend toward the printed structure side (concave bending); (b)
Bend toward the other side (convex bending); (c,d) Deform
to complex shapes.

Figure 6: Example printed enabling structures that extend
the capabilities of pneumatic actuators beyond deformation:
(a) adding sensing capability, (b) tuning surface friction.

opposite direction (convex bending) is less straightforward. In con-
ventional 4D printing, this can be done by simply switching the
TPU layer from the bottom to the top. However, in the DuoMorph
fabrication process, the TPU film can serve only as the bottom
layer. To address this limitation, we propose the structure shown in
Fig. 5.b: here, the bottom continuous-arched pattern enables PLA
to adhere to the TPU film discontinuously, allowing this side to
contract upon heating. Meanwhile, the top side has a printed TPU
layer that constrains PLA shrinkage, causing the actuator to bend
downward. By combining these basic deformation modes, more
complex shape changes can be achieved (Fig. 5.c, d).

3.4 Function-Extending Structure

The printed structures can be leveraged to extend the capabilities of
pneumatic actuators beyond deformation, enabling new functions.
For example, by using conductive filament, structural features and
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circuit traces can be directly printed onto the airbag to add sens-
ing capabilities. As shown in Fig. 6.a, one primitive demonstrates
an airbag that inflates to bend when touched, then automatically
deflates and returns after fully bending. Another direction we ex-
plored is tuning the surface friction of the airbag. Fig. 6.b illustrates
a series of primitives with dot arrays of varying sizes and densities.
Experiments show that different patterns produce distinct levels of
friction adjustment (section.6.3)

4 Fabrication
4.1 Walkthrough

Our overall workflow is illustrated in Fig. 7, achieving integrated
fabrication of heat sealing and printing through FDM printers.
In the design phase, we developed and integrated multiple para-
metric tools (such as heat sealing and 4D printing) in the Rhino
and Grasshopper environment, and built a user interface based on
HumanUI to support integrated operations and improve produc-
tion efficiency. During fabrication, we used a standard single-nozzle
Bambu Lab A1 Series 3D printer for integrated heat sealing and
printing. If multiple filament types are required, manual filament
swapping or Bambu Lab’s AMS (Automatic Material System) can
be used. The musical prompt function acts as an audio reminder for
the next step so the user doesn’t have to keep an eye on the printer.

4.2 Digital Design

To help users understand the DuoMorph workflow and simplify
design and fabrication operations, we developed a GUI design tool
based on the Rhino 8 computer-aided design (CAD) tool and the
built-in Grasshopper plugin, shown in Fig. 8.a. This tool supports
users in converting custom planar sketches into G-code for heat
sealing airbags using 3D printers, and merging them with G-code
for other components requiring 3D printing to obtain the final
complete fabrication G-code.
The specific usage process is as follows:

(1) Define the printing region: Users first define the printable
area in the design tool based on their 3D printer’s build
platform dimensions. The tool then displays a corresponding
rectangle in Rhino’s workspace as a visual guide (Fig. 8.b).

S
£

m[ )| g
Suilsgnns 3Drn‘ndel GUI design tool ot D Cord

\ J

——— 1

b. Heat sealing

0. Film setting
Heat-insulating PTFE fabric _El.._) —
Heat-sealable material Run the file \—’/

(such like TRU fim) SRR ﬁ [”]

I Remave the
heat maslating PTFE fobrie [ 0USE
>

D e— _ |

Complete Continue

Figure 7: The overall fabrication pipeline.
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(2) Complete the design: Referring to DuoMorph’s design
space, example primitives, and prior work [27, 47], users
create heat-sealing patterns and 3D models of printed com-
ponents in Rhino. If another modeling tool is used, the model
can be imported into Rhino for the subsequent steps.
Generate heat-sealing G-code: After design completion,
users select the heat-sealing pattern and fabric type in the
tool (Fig. 8.a,b). The tool automatically converts the sketches
into G-code. It samples the paths at 0.5 mm intervals and
generates nozzle movements at speeds and heights optimized
for the selected fabric. For multi-curve patterns, the nozzle
lifts off the fabric between curves to avoid unwanted contact.
Generate 3D printing G-code using general slicing soft-
ware: Users export the 3D components as STL files via the
tool (Fig. 8.a,c) and slice them using standard third-party
slicing software (e.g., Cura or Bambu Studio), which offers
reliable settings for FDM printers. Because printing occurs
directly on heat-sealed fabric, users must disable features
like platform-based supports or brim that could damage the
sealed areas. The tool will also generate an alignment marker
in the STL to help position parts correctly in the slicing soft-
ware (Fig. 8.c).

Merge G-code: Users return to the design tool and select the
sliced 3D printing G-code. The tool automatically combines
it with the heat-sealing G-code into a single file. A pause
command and MIDI alert sound are inserted after the heat-
sealing phase, allowing users to inspect sealing quality and
prepare for printing (e.g., by removing heat-insulating PTFE
fabric) before continuing.

Export and run merged G-code: Once merged, users can
preview the complete G-code in the GUI, save it to a storage

—
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Upload 3D Printing Geade I
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Figure 8: The design tool. (a) DuoMorph design tool GUI,
which automatically (b) generates the G-code from sketches
to fabricate the heat sealing patterns and (c) merges with the
G-code for the 3D printing parts generated by general slicing
software.
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Figure 9: Materials used for heat-sealing and corresponding
settings.

device (e.g., an SD card), transfer it to the 3D printer, and
initiate the fabrication.

4.3 Heat Sealing Materials and Settings

4.3.1 Material Selection. Two commonly used sheet materials for
making airbags are adopted in this research: a 0.2 mm TPU film
(thermal conductivity~0.2 W/(m-K)) and a 0.2 mm nylon fabric
laminated with a 0.03 mm TPU layer (TPU-coated fabric, thermal
conductivity~0.25 W/(m-K)) (Fig. 9). The TPU film is softer and can
therefore be more easily shaped by 4D-printed structures, whereas
the TPU-coated fabric is stiffer and can better support printed
structures when the airbag is not inflated. Note that most off-the-
shelf coated fabrics are single-side laminated, and printed structures
adhere poorly to bare nylon. For this reason, it is recommended to
laminate the fabric surface intended for printing with an additional
TPU film.

When the airbag is sealed using a single type of sheet material, it
often, but not always, folds or bends toward the side in contact with
the nozzle [27]. In contrast, when the two materials are combined,
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Figure 11: Qualitative adhesion performance.

the airbag consistently deforms toward the TPU film side, owing
to its softer and more stretchable nature.

4.3.2  Heat-sealing Process (Fig. 10). Based on the supplier’s recom-
mendations, the nozzle temperature was set to 250 °C or 280 °C and
the heated-bed temperature to 50 °C or 70 °C, both determined by
the top-layer fabric. The print speed was fixed at 5 mm/s to ensure
reliable heat sealing during printing (Fig. 9). In addition, a protec-
tive PTFE fabric (0.1mm thick, thermal conductivity: 0.23 W/(m-K))
is a applied when sealing TPU film to prevent scratching of the
thin film. The PTFE fabric is as required for TPU-coated fabric to
protect the coating. Finally, the force exerted during Z-axis homing
at printer initialization is found to be sufficient for heat sealing. and
therefore no additional press distance is specified in the G-code to
increase force. Moreover, variations in film or fabric thickness can
be accommodated by the homing process, eliminating any need for
manual adjustment.

4.4 FDM Printing Filaments and Settings

4.4.1 Filament Selection. Three types of filament are used in this
research: PLA (Bambu), TPU (Bambu), and TPU-based conductive
filament (Qie feng). Among them, PLA and TPU are the most fre-
quently applied. Structures printed with TPU generally exhibit
stronger bonding with TPU films, owing to their chemical and me-
chanical compatibility (Fig. 11, left). Both TPU and PLA can adhere
reasonably well to TPU-coated fabric, likely because the fabric layer
reduces the elasticity compared to pure TPU film (Fig. 11,right).

> =——— Ffilmsetyp ———> Further Fixation ————> AutoZHoming ————> Heatseading ———> Complete

M
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TPU film
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TPU adhesive film ‘ F?Eﬂ%b ﬂgE ‘ the release paper
(" Hot-melt adhesive film i
| +
Bript be TPU-coated fabric s

Heat Sealing
Materials
Tape securing area TPU-cooted film

*Hond-lominated TPU-coated fabric

Figure 10: The detailed workflow of heat-sealing.
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Figure 12: The detailed workflow for FDM printing,.

Quantitative results of the bonding strength will be presented in
Section 6.1. The conductive filament is primarily employed to in-
troduce sensing capability.

4.4.2  FDM process. In this step (Fig. 12), a key difference from
conventional 3D printing is that a heated print bed may soften the
sheet materials—especially the TPU film—resulting in an unstable
substrate and poor print quality. Therefore, it is recommended to
keep the bed at room temperature (i.e., turn off bed heating), which
our design tool automatically sets in the exported G-code. Except
for setting the print bed temperature to 30 °C to prevent thermal
deformation of the pneumatic actuator, all other parameters can
follow the default recommendations of Bambu Studio for standard
3D printing. For 4D printing, configurations such as toolpath and
print speed can be set according to previous work. [1, 40].
Another point of attention arises in 4D printing is, when printing
structures for concave bending, it is advisable to add dissolvable
supports for the arch, particularly when the span is large (Fig. 13).
After printing, the support should first be dissolved in warm wa-
ter (30-40 °C) before placing the structure in hot water to trigger
deformation. Quantitative experiments to determine the optimal
designs of the arch structures will be presented in Section 6.2. In
addition, when the base of the arch structure in contact with the

-

PLA - /
TPU[PVA [filament) h¥s]
TPU Flim Ao

Figure 13: Additional treatment steps for 4D printing.

Insert tube
—

© TPU glue
il L

Figure 14: Two tubing assembly approaches.

sheet material is narrow, it is recommended to add a thin interme-
diate TPU layer to enhance the interfacial adhesion between the
PLA arch and the sheet material.

4.5 Post-processing

After heat-sealing and printing, the actuator can be trimmed and
the tubing manually assembled. The tubing can be assembled either
vertically or horizontally. For vertical assembly (Fig. 14.a), a hole is
cut in the actuator, and a valve is glued in place. The tube is then
connected to the valve. Alternatively, if a channel was reserved
during heat-sealing, the tube can simply be inserted horizontally
and secured with adhesive (Fig. 14.b).

5 Applications

To demonstrate the potential of Duomorph, we designed a set of
application artifacts, including a kinetic sculpture, a biomimetic
gripper, a desktop toy, and a massage neck pillow, each showcasing
how different DuoMorph structures can be integrated to achieve
expressive, functional, and interactive shape-changing interfaces.

% @ Pussive deformation
® Pre-shaping
® Constraining
® Function-Extending [sensin
® Airbag & Tubing

Figure 15: Kinetic sculpture integrating multiple types of
Duomorph structures.
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5.1 Kinetic Sculpture

This example leverages all four types of printed structures to create
plant-like kinetic sculptures that interact with visitors (Fig. 15.a).
The flowers are equipped with 4D printed strips at their bases, al-
lowing them to curl into cylinders when heated. The petals, printed
directly on airbags, bloom when inflated (Fig. 15.b,c). A large leaf
incorporates a 4D printed surface that bends the leaf after heated
but flattens once the air chamber inflates (Fig. 15.d). The mimosa-
inspired leaf integrates a 4D printed stem that curves a little bit to
shape the leaf after heated and contains a sensing layer to detect
human touch (Fig. 15.€). When touched, all airbags deflate, causing
the mimosa leaves to fold, flowers to close, and large leaves to curve.

5.2 Biomimetic Gripper

This gripper is inspired by the Venus flytrap and is enabled by
printed constraint, sensing, and friction-tuning structures (Fig. 16.a).
A surface coating constrains air deformation when inflated, while
dot-shaped protrusions increase friction during contact. In addition,
spike-like structures printed with conductive PLA filament serve as
sensors. As shown in Fig. 16.b, the gripper can respond to human
touch. Moreover, when in contact with conductive objects (e.g., an
aluminum foil ball), the sensors trigger the gripper to close around
the object (Fig. 16.c).

5.3 Customized Massage Neck Pillow

This neck pillow (Fig. 17.a) is pre-shaped by a 4D-printed frame,
which can be customized to the user’s neck dimensions for opti-
mal fit and conformity (Fig. 17.b,c). By embedding the geometric
curvature directly into the 4D-printed structure, the pillow nat-
urally aligns with the user’s cervical contour without requiring
continuous actuation. In addition, the 4D-printed frame offloads
the shaping and support functions from the pneumatic actuator,
allowing the actuator to focus exclusively on driving the inflation
of the printed massage dots. This division of roles not only simpli-
fies the actuator design but may also enhance the overall massage
performance by enabling more targeted and consistent actuation.

a
@ Airbag & Tubing

@ Constraining

® Func?ion-Exlending (sensing/
friction-tuning )

Figure 16: Biomimetic gripper inspired by Dionaea muscipula
(Venus flytrap).
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5.4 Desktop Toy

By integrating printed pre-shaping and passive deformation with
pneumatic actuation, we created a hedgehog-inspired desktop toy
(Fig. 18.a). The toy consists of two main components: an inner in-
flatable body and an outer 4D-printed shell that forms both the
skin and the spines. When heated, the outer shell undergoes a pro-
grammed shape transformation, rolling into a cone-like geometry
while the originally flat spines gently lift upward (Fig. 18.b). Once
mounted on the inflated inner body, the shell can further expand,
causing the spines to stand more prominently and enhancing the
overall expressive effect. Through repeated inflation and deflation
cycles, the toy produces rhythmic swaying and pulsating motions,
giving rise to a playful, engaging interaction reminiscent of a small
creature’s breathing or movement (Fig. 18.c).

® Pre-shaping
® Airbag & Tubing

® Passive deformation
® Pre-shaping
® Airbag & Tubing

Figure 18: Hedgehog-inspired desktop toy demonstrating
dynamic actuation.
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Figure 19: Tensile strength measurements for TPU film, TPU-coated fabric, and PLA/TPU combinations. (a) Test setup, (b) Test
restults, (c) post-separation contact surfaces across experimental groups.

The TPU film or TPU coating was torn before the printed part was detached in all cases.
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Figure 20: Shear strength measurements for TPU film, TPU-
coated fabric, and PLA/TPU combinations. (a) Test setup, (b)
Test restuls. (c) The TPU film and TPU coating were torn

before the printed part was detached in all these six cases.

6 Evaluation
6.1 Adhesion Strength

The adhesion strength between printed structures and sheet ma-
terials is one of the most critical parameters in Duomorph. To
evaluate the tensile strength, we printed cylindrical samples (diam-
eter: 10 mm, height: 40 mm) on different sheet materials vertically.

Then each combination was tested ten times using a universal test-
ing machine. As shown in Fig. 19, TPU film combined with regular
TPU filament and TPU-based conductive filament (groups i and v)
exhibited the highest tensile strength. In fact, the actual bonding
strength is even greater, as the TPU film itself ruptured prior to
separation. In contrast, TPU film or coating combined with PLA fil-
ament (groups iii and iv) demonstrated the weakest tensile strength.
And TPU-coated fabric combined with TPU filaments (groups ii
and vi) also exhibited relatively low tensile strength due to the
weaker adhesion between the hand-laminated TPU coating and the
nylon substrate. These results indicate that materials of the same
type exhibit significantly stronger interfacial adhesion, leading to
improved mechanical performance.

Shear force tests were conducted using a shear force tester, as
shown in Fig. 20.a. Thin brick-shaped samples (20 mm x 10 mm x 4
mm) were printed across the edge of different sheet materials, and
each combination was tested ten times. Fig. 20.b shows the results.
The actual shear strength will be even greater, as the TPU films
or coatings ruptured before the printed parts detached in all six
combinations (Fig. 20.c). This explains the similar results observed
within groups i, iii, v and groups ii, iv, vi, which primarily reflect
the force required to tear the TPU film or peel the TPU coating
from the nylon substrate.

For TPU-coated fabric, which is originally single-sided, the TPU
layer between the fabric and the filament was produced through
manual lamination. Although the manually laminated TPU layer
was thin (0.03 mm), the TPU filament penetrated into the woven ny-
lon gaps during thermal pressindue to minor plastic deformationg,
forming both micro-mechanical interlocks and molecular-level wet-
ting. As a result, the adhesion strength was higher for both TPU
and PLA printed structures compared to plain TPU film.



CHI *26, April 13-17, 2026, Barcelona, Spain

Li et al.

11(33%)

13(39%)

== TPU filamen
@ TPU film

Top view
1

Underside view
[ ——— ——

Side view

do heat sealing
TPU filem

Figure 21: Bending curvature results under different strip widths and bonding ratios. Red dashed line marks optimal circular
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Figure 22: Comparison of friction coefficients for different
printed surface textures and structures.

6.2 Concave Bending in 4D Printing

To investigate factors affecting concave bending curvature, we

prepared three sets of samples (widths: 3, 6, and 9 mm; length:

100 mm) printed on double-layer TPU films. For each width, six
bonding ratio patterns (bonding point width: 3 mm) were tested

to analyze the relationship between bonded area and curvature.

Other variables such as water temperature (100°C), material, and
fabrication process were kept constant.
As shown in Fig. 21, the results indicate:

(1) Lower bonding ratios (larger unbonded regions) produced
stronger bending, until limited by the curling stiffness of the
TPU film.

(2) At the same bonding ratio, wider strips resulted in greater
curvature.

(3) The optimal bending condition (approximating a closed cir-
cle, marked with a red dashed line) followed a diagonal trend:
as width increased, the required number of bonding points
also increased to maintain similar bending efficiency.

In summary, for large-area pneumatic actuators, wider concave-
bending strips are recommended to enhance curvature. For small-
area actuators, the design can be tuned more flexibly:

e To achieve strong curvature, use low bonding ratios or wider
strips.

e To achieve mild curvature, use high bonding ratios or nar-
rower strips.

e To form a near-perfect circular arc, select the appropriate
combination of width and bonding ratio along the optimal
curvature trend.

6.3 Friction Tunability

We also evaluated how different surface patterns influence fric-
tional performance (results shown in Fig. 22). All samples are fully
inflated and is tested with a 200g weight loaded. In general, adding
printed textures reduced the measured coefficient of friction, likely
due to decreased effective contact area. Alternativly, other type
geometries—such as flat surface patches or suction-cup-like fea-
tures—might significantly increase friction and adhesion. These
results highlight the design flexibility of Duomorph in tailoring
surface interaction properties for specific applications.

7 Limitations, Discussion, and Future Work

Single-Sided Printing. In the current workflow, structures can
only be printed on one side of the airbag, which introduces con-
straints that must be carefully considered during the design phase.
For example, achieving convex 4D bending requires specifically
designed bases to redirect the deformation to the printable side.
Another strategy is to leverage modular connectors so that multiple
prototypes can be joined back-to-back, enabling both sides of the
combined structure to host functional features.
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Figure 23: Adhesion strength comparison between manually
coated and industrially coated double-sided TPU fabrics.

Printing Height Limits on Unstable Substrates. Replacing
the conventional rigid build plate with a soft film introduces chal-
lenges in height control. During printing, deformation of the flexible
substrate can cause vertical displacement, leading to misaligned
layers or nozzle collisions. This issue is particularly evident when
using TPU film as the actuator material, as heating or pressure
changes can lift the surface. (In contrast, TPU-coated fabric, due
to its stiffness, shows minimal height variation.) To mitigate this,
we fixed the actuator to the platform with double-sided tape to
suppress displacement and reduced print speed to lower mechan-
ical impact. With these measures, we successfully printed TPU
filaments up to 7 cm tall on TPU film substrates. Looking ahead,
vacuum-based clamping systems specialized for thin-film materials
(e.g., [15]) could be adapted to clamp the films to further stabilize
the process.

Improved Double-Sided TPU-Coated Fabric. Most commer-
cially available TPU-coated fabrics are single-side coated, requiring
manual lamination of an extra TPU layer before FDM printing
(since nylon surfaces are non-adhesive to printed polymers). Heat
pressing or ironing TPU film onto textiles is possible, but manual
coating is highly quality-sensitive: trapped air pockets or uneven
pressure often produce weak bonds prone to delamination during
printing. To overcome this, we sourced machine-laminated double-
sided TPU-coated fabrics (~0.5 mm thick, about twice the thickness
of the single-sided variant we currently use). In a comparative ten-
sile strength test, the bonding strength with TPU filament increased
by approximately 3.2 times, while that with PLA filament increased
by about 4.3 times ( Fig. 23).

Structural Reinforcement via Weaving. During our research,
we found that TPU filament exhibits superior interfacial bond-
ing with TPU film, and is therefore often used as the first printed
layer to improve adhesion of rigid filaments such as PLA. However,
simple layer stacking remains vulnerable to delamination under
concentrated stress. To address this, we propose weaving-inspired
reinforcement: interlacing print paths or embedding interlocking
regions to create mechanical interlocks across layers and inter-
faces. This strategy has the potential to enhance tensile and shear
resistance, leading to stronger and more durable hybrid structures.

Multi-material support, generalization and durability. Com-
pared to SLA printing, FDM printing presents a lower barrier for
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multi-material fabrication and, by nature, SLA does not support
heat sealing. In this work, we explore two types of fabrics combined
with a range of printing filaments, enabling varied bonding out-
comes. Empirically, materials with similar properties tend to exhibit
stronger adhesion. Prior studies [4, 24] have begun to explore FDM-
based thermal bonding; however, they still present minor issues,
such as uneven finished surface. DuoMorph advances heat-sealing
quality by incorporating a protective PTFE fabric, achieving sta-
ble and smooth thermal bonding with FDM printers. This smooth
and reliable bonding surface further supports high-quality subse-
quent FDM printing directly onto the fabric. These efforts make the
technology theoretically more generalizable across different FDM
printers. In addition, durability tests demonstrate excellent per-
formance of DuoMorph prototypes. The airtightness of the seams
is outstanding: TPU-film-based airbags ruptured at the film be-
fore seam failure, while TPU-coated fabric airbags withstood the
maximum air pressure of the testing machine without leakage. In
another test, samples underwent 1,000 inflation-deflation cycles and
remained fully functional, with no detachment of printed structures
and no leakage. Detailed results are provided in the Appendix.

8 Conclusion

In this work, we introduced DuoMorph, a design and fabrication
approach that integrates FDM printing with pneumatic actuation
to realize novel shape-changing interfaces. By co-designing printed
structures and heat-sealed pneumatic elements, DuoMorph enables
actuation and constraint mechanisms that are difficult for either
modality to achieve alone. Importantly, the entire hybrid structure
can be produced in a single, seamless workflow using a standard
FDM printer, encompassing both heat-sealing and 3D/4D printing.
We formalized the design space through four primitive categories
that characterize the fundamental modes of interaction between
printed and pneumatic components. In addition, we developed a fab-
rication method and supporting design tool to operationalize this
process. Through example applications and performance demon-
strations, we showcased the versatility and expressive potential of
DuoMorph, ranging from kinetic sculptures and biomimetic grip-
pers to playful interactive artifacts and functional neck pillows . To-
gether, these contributions establish DuoMorph as a new pathway
for creating hybrid material systems that expand the possibilities
of shape-changing interfaces, and lay the groundwork for future
explorations in responsive, functional, and interactive design.
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Figure 24: Airtightness and resuability experiments. (a) Test setup, (b) Airtightness test results, (c) Tested airtightness sample

details, (d) A tested reusability sample details.

A Durability Test
A.1 Airtightness

The airtightness of three types of pneumatic actuators, fabricated
by combining two types of film/fabric, was tested using the setup
shown in Fig. 24.a. Air leakage was detected through visual ob-
servation of bubbles and by monitoring the air pressure drop. As
illustrated in Fig. 24.b and ¢, Groups 1 and 2 failed due to rupture of
the TPU film rather than seam failure, whereas Group 3 withstood
the maximum air pressure of the testing machine without leakage.

A.2 Reusability

Reusability was primarily evaluated by repeatedly inflating and
deflating 6 cm-diameter pneumatic actuators made of TPU film with
petal-shaped 3D-printed structures (Fig. 24.d), for 1,000 cycles under
60% of the maximum air pressure determined in the airtightness
experiment. Across five tested samples, none exhibited leakage after
1,000 cycles, and no 3D-printed structures detached. Only the TPU
film showed slight wrinkling due to minor plastic deformation.
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