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Abstract—Soft robotics are enabling new opportunities for
many applications in areas such as health care, agriculture,
education, and auto-motion. However, despite their potential
to advance user experience through soft and inherently safe
materials, existing approaches for building soft robotics are
often difficult to replicate without advance engineering skills
and hardware. We explore the potential of multi-material 3D
printing for developing custom interactive soft robotics. Our work
aims to encourage researchers, designers, and a wider general
audience of makers to explore new designs for interactive soft
robotics. First, we present a design and fabrication approach for
developing soft robotic widgets that are pneumatically actuated.
We then explore the potential of embedding interactive sensing
capabilities through multi-material 3D printing with conductive
and flexible filaments. Finally, we reflect on the potential of 3D
printing for enabling more people to design and build their own
soft robotic prototypes.
Index Terms—Soft Robotics, Fabrication, 3D Printing, Prototyping

I. I NTRODUCTION
Researchers have greatly expanded the application areas
of soft robotics from automation to medicine. However, its
fabrication is largely manual or requires high-end fabrication
tools, which are not accessible to lay users and researchers
from other areas. Many current soft robotics designs are also
limited in the number of shapes and deformations they can
express. Our work begins to explore the potential of utilising off the shelve multi-material Fused Deposition Modeling
(FDM) 3D printing to enable new opportunities for designing
and developing custom interactive soft robotic prototypes.
Specifically we explore the potential for pneumatic actuation
of 3D printed prototypes using flexible filament (Figure 1 top)
and enabling sensing capabilities through multi-material 3D
printing with conductive filament (Figure 1 bottom).
First, we present a design and fabrication approach for
developing soft robotic widgets that are pneumatically actuated
using a plug-in unit [3]. We then explore the potential of embedding interactive sensing capabilities through multi-material
FDM 3D printing with conductive and flexible filaments [1].
Finally, we reflect on the advantages and limitations of our 3D
printing approaches for enabling more people to design and
build their own soft robotic prototypes.
Our work explores the potential of democratising the development of soft robotics prototyping by encourage researchers,

Fig. 1. We use an electronic control module to allow designers to easily
control the actuation of our prototypes that are 3D printed using flexible
material (Top). Conductive material is used to enable capasitve sensing and
interaction capabilities (Bottom).

designers, and a wider general audience of makers to explore
new designs for interactive soft robotic prototypes through
multi-material 3D printing.
II. E NABLING ACTUATION
First, to enable pneumatic actuation of 3D printed soft
robotic prototypes we present MorpheesPlug [3]. MorpheesPlug is a toolkit to prototype shape-changing interfaces.
(Figure 1a) Users first use software to design a widget that
can express shape-change, such as length or curvature change.
(Figure 1b) They then 3D print the widget with an off-theshelf 3D printer. (Figure 1c) They plug the widget into a
control module that can adjust air pressure in the widget and
actuate the widget. (Figure 1d) An example application. The
printed shape-changing interface holds the umbrella and gently
pushes it towards user so that users can be reminded to take
the umbrella.
The pneumatic actuation here is inspired by these previous
efforts [6] [5] [9] [7] [8]. Despite the versatility of these related
approaches, their main shortcoming is ease of use, requiring
complex fabrication, and actuation techniques. We directly
tackle these challenges in two ways. First, we provide users
with an easy-to-use design environment for creating shape

change and deformation. Second, we uses inexpensive offthe-shelf fabrication equipment and material to create multiple
widgets, enabling a wide range of shape-change possibilities.

Fig. 2. MorpheesPlug [3] is a toolkit to design and develop pneumatically
actuated prototypes. (a) Software helps design and 3D model the prototype. (b)
Using flexible material we then 3D print the prototype. (c) A control module
adjusts air pressure and actuates the prototype.(d) An example application,
the printed shape-changing interface holds the umbrella and gently pushes
the umbrella towards user so that users can be reminded to take the umbrella.

A. User Study
We conducted a user study to evaluate interested if our
toolkit enables novices to create shape-changing interfaces
and also integrates with current practices. We invited both
novice and expert users in our study, in terms of 3D modeling
skills. We recruited 10 participants (age 25-64, female 2) and
analyzed the transcribed interviews from all the participates.
We specifically focused on the design rationale and wanted
to understand the usability of MorpheesPlug as a design and
fabrication approach.
As a general response, all participants were excited when
seeing our toolkit and example applications, showing both the
potential novelty and usability for designing SCIs. In terms of
reducing authoring time and complexity, all participants agreed
that the authoring time and complexity of designing from
scratch is reduced. Our toolkit also empowers new audiences
as complex 3D modeling can be a barrier for non-expert
users who want to step in the area of SCIs. The four novice
participants we recruited appreciated that our toolkit enabled
them to create 3D models without expert skills required. In
terms of integrating with current practices and infrastructures,
MorpheesPlug aimed to use existing, consumer-level tools for
fabrication. To achieve this, we built the design software as
a plugin for Fusion 360. Participants who had experiences
with Fusion 360 showed efficiency of creating their intended
designs. We also demonstrate how our toolkit can enabling
creative exploration by letting users explore the widgets and
their design parameters.

Fig. 3. Example 3D printed prototypes and applications developed.

B. Demonstrations
We present a range of applications to demonstrate the
capability of MorpheesPlug to express various shape-change
features in different scales (Figure 3). These applications were
created using our design environment, widgets, and modules,
but were manually actuated by the authors.
The anti-rain phone case is to show that MorpheesPlug
supports heterogeneous shape-changes and integration with
existing 3D models (Figure 3a). We combined three widget to
create a shape that bends from back of a phone can elongate.
We then combined them with a 3D model of a phone case
form the Internet.
Our Physical bar chart (Figure 3b) was specifically designed to replicate pin-based shape-changing interfaces (SCIs)
(e.g., [2] [4]). We wondered if MorpheesPlug could easily
replicate existing SCIs, and pin-based SCIs have been widely
used to introduce novel interactions and understandings of
SCIs.
The window blind is designed for an aesthetic purpose (Figure 3c). We created seven Auxetic widgets in three different
sizes, and then manually combined with added connecting
space between the neighboring widgets.
The posture-correcting cushion is to show that MorpheesPlug can handle high pressure and human weight (Figure
3d). When users sit on the cushion in an incorrect posture, it
can push them to remind them to sit correctly.

III. E NABLING S ENSING
Second, we propose a simplified rapid fabrication technique
that utilizes multi-material 3D printing for developing customizable and stretchable surfaces with interactive capabilities
embedded during the 3D printing process [1]. Our prototype,
FlexiWear, is a dynamic surface with embedded electronic
components that can adapt to mobile body shape/movement
and applied to applications in healthcare and sports wearables.

Fig. 4. We enable sensing capabilities through multi-material 3D printing
also follows a workflow pipeline consisting of 5 steps [1].

Our main contribution here is the design and fabrication
approach (Figure 4) for developing deformable surfaces with
integrated interaction and visualisation capabilities realised
through multi-material 3D printing. By integrating flexible
and conductive materials simultaneously during printing, we
rapidly create customizable interactive wearable surfaces, at
low-cost, where the tile design enables the surface to fit
around body parts. Our proof of concept prototype (Figure
5), is a thin and stretchable wearable surface that easily
adapts to on-body or in-garment movement and deformations.
Our fabrication approach and resulting prototype demonstrates
how multi-material 3D printing together with the specified
structural surface design offers rapid fabrication of deformable
and interactive wearables.

Fig. 5. Our 3D printed prototype with embedded capacitive touch sensing
and LED electronics. Demonstrating interaction techniques for pressing (A),
bending (B), and stretching (C) on the hand and integrated into a pair of jeans.

A. Design and Fabrication Approach
The main premise of our fabrication approach is to use
multi-material 3D printing to rapidly create flexible surfaces
that have embedded interactivity, are deformable, and can be
worn by a user. Figure 4 shows the end-to-end workflow of our
design and fabrication approach which consists of 5 steps (a-e),
where steps a and b are iterative. To demonstrate the versatility
of multi-material 3D printing for prototyping we developed
FlexiWear, a prototype device that can be worn on-body or
attached to a garments (Figure 5). The design comprises
of tiles (sizes 10–15 mm) that are linked by thin s-shaped
sections, which allow the device to bend and stretch easily.
Below we provide an overview of our workflow pipeline.
Figure 4 shows the workflow of our design and fabrication approach where for step a, we use Computer Aided
Design (CAD) software for 3D modeling a custom deformable
surfaces with interactive sections and areas for embedding
electronics. In step b, multi-material FDM 3D printing with
flexible filament is used to produce the deformable surfaces
that also support capacitive touch sensing capabilities using
conductive filament. Steps a and b are part of an iterative
process where the design 3D model can be readjusted after
printing test prototypes. For step c, we assemble the device
by placing electronic components into designated cavities in
the 3D printed surface and then ’sewing/threading’ together the
circuit using conductive thread. During step d, a small microcontroller such as an Arduino Nano or the wearable Adafruit
Gemma is used with Arduino IDE to program the electronics.
Finally for step e, once the surface is fully assembled and
functioning it can be attached either to the body using double
sided body tape, attached to clothing using pins, or other
objects using conventional double sided tape or super glue.
B. Interaction Capabilities
We introduce interaction techniques supported by our prototype (Figure 5), this includes; (1) capacitive touch sensing
and (2) deformation detection on skin and stretching with
movement using capacitive sensing.
Device Body Placement. We demonstrate interactions using
two body placement examples. Figure 5A-C shows our prototype as a hand worn device that wraps, glove-like, around the
wearer’s hand. Figure 5D-F shows our prototype integrated
into a pair of jeans to detect knee bends.
Touch Interactions. Our prototype detects proximity of
touch on tiles using capacitive thresholds set with the Arduino
Uno. The conductive filament tracks (Figure 1 bottom) spans
each row of tiles. The change in the capacitive sensing
raw value output is a result from the deformation of the
flexible filament and bringing the user’s finger closer to the
conductive filament (i.g., shortening the discharge cycle by
sensing proximity of a conductor).
Deformation Detection. Figure 5D-F shows our prototype
adapting to bend and stretch with electronic circuits (i.e.
a chain of LEDs) embedded within the prototype. Using
capacitive input from the conductive material, we can detect
human limb flexing and bending based on proximity of the

skin to the conductive tiles when the surface is stretched over
a joint like the knee or elbow.
On-body Interaction. Using capacitive sensing we can detect
when our prototype is not worn on the body. When the
prototype is placed on the non-conductive table (e.g. wood),
the capacitance reading is at its lowest. Once the device is
placed on skin, there is an increase in capacitance from the
conductive filament making close contact to the skin. This
enables the device to distinguish between worn and not worn
and could be used to control device modes, e.g. enter power
saving mode when it is not being actively worn.
C. Advantages of Approach
Tile Design. To create a prototype, a user only needs to
create one tile and one link in a CAD environment (e.g.
one square with a link). The set is then replicated e.g., copy
and paste) to form an array of tiles that are linked together.
Tiles and linkages can be modified and connected in different
configurations to change the overall shape and properties of
the prototype. We believe that this replication focused CAD
design approach reduces the complexity of the design process.
Reduced Complex Assembly Requirements. To reduce technical complexity and support a more accessible design and
development method, our approach consists of two primary elements that are integrated into a single-layer wearable surface:
(1) The multi-material surface layer that integrates flexible and
conductive filament during the 3D printing process to support
input capabilities without the need for additional electronic
sensors. (2) The additional layer of electronic components,
like LEDs, that are inserted within the 3D printed stretchable
surface for output visualizations.
Rapid Fabrication and Replicability. By utilizing multimaterial 3D printing, with integrated conductive and flexible
filaments, we can reduce the cost of time and provide fabricators with broad control of the prototyping process. Fabrication
and assemble of a fully functioning prototype using our
approach took, in total, 4 hours and 30 min. To demonstrate
the potential for replicability we built 25 prototypes in total,
21 of which have been used as toolkits for a Masters’ remote
workshop on prototyping wearable technologies.
D. Limitations
In terms of input and output electronics,capacitive sensing
and LEDs have been extensively used in hardware prototyping.
These components were used to demonstrate the generalizability and accessibility of our prototyping approach. Though
flexible printed electronics offer better conductors (silver
nanoparticles) over 3D printed conductors (graphene-based
filament), those techniques are not as affordable or accessible.
Post processing does require some assembly by hand such
as securing the conductive thread to the LEDs and placing
LEDs within the 3D printed enclosure. This does partly lose
some of the advantages that automated 3D printing brings,
nevertheless connecting the LEDs and placing them into an
enclosure is a menial task.

Circuit Limitations. Currently we only allow row-based
sensing and activation of LEDs as there is no electronic
connections between rows and all capacitors are in a series
in one row. This design decision was predominantly intended
to reduce the complexity of the 3D printed structure. For future
work a full matrix like configuration design for individual tile
sensing capabilities will be developed.
Flexibility and Stretching. The electrical wires, connection,
and architecture of the tiles create an anisotropic flexibility
with limited stretching. This means that the stretching ability
is limited along the length of the lines. This limited stretching
can be overcome by adding more lines to each link, much like
a spring has more coils to increase the length of stretch.
IV. C ONCLUSION
Our core motivation is to provide the research and design
communities with an alternative rapid and accessible means
of fabricating soft robotic prototypes. We demonstrate this
by first, presenting a toolkit for 3D printing pneumatically
actuated shape-changing prototypes, MorpheesPlug [3]. We
secondly demonstrate the potential of embedding capacitive
sensing capabilities through multi-material 3D printing with
conductive and flexible materials [1]. Both methods utilise
rapid and customizable design approach to enable more people
to design and build their own soft robotic prototypes.
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