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ABSTRACT

The HCI community has a strong and growing interest in
shape-changing interfaces (SCIs) that can offer dynamic affordance. In this context, there is an increasing need for HCI
researchers and designers to form close relationships with disciplines such as robotics and material science in order to be
able to truly harness the state-of-the-art in morphing technologies. To help these synergies arise, we present Morphino: a
card-based toolkit to inspire shape-changing interface designs.
Our cards bring together a collection of morphing mechanisms
already established in the multidisciplinary literature and illustrate them through familiar examples from nature. We begin by
detailing the design of the cards, based on a review of shapechange in nature; then, report on a series of design sessions
conducted to demonstrate their usefulness in generating new
ideas and in helping end-users gain a better understanding of
the possibilities for shape-changing materials.
Author Keywords
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INTRODUCTION

In recent years, many human-computer interaction (HCI) researchers have explored and revealed the numerous advantages
of shape-changing interfaces (SCIs); that is, interfaces that are
not limited to rigid and flat surfaces but can exhibit shape
deformation and non-planar forms [2, 88, 97]. This interest
in reconfigurable interactive devices for end-users has led to
the emergence of new interaction paradigms where users can
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Figure 1. Morphino card deck.

mold their devices or instruct them to reconfigure their form
to better suit a task. Designing the next generation of SCIs
requires designers to discover new insights into morphing
technologies, and to harvest interdisciplinary skills from other
research fields, such as material science, robotics and physics.
The need for better synergies between scientific fields has
already been highlighted by several HCI researchers [2, 87].
In an early attempt to address this challenge, Qamar et al.
[87] reviewed morphing technologies in material science and
discussed how these could be harnessed by HCI practitioners
in developing SCIs. The authors identified the need for a set
of tools to facilitate the adoption of these mechanisms, and
created an online database, MorphUI [75], to enable outputs
across different fields to be more readily accessed.
Here, we take a step further by incorporating Qamar et al.’s
shape-changing mechanisms into the development of a natureinspired tangible design toolkit—Morphino—for researchers
in SCIs to use, whether this be students learning about interaction design, or for more advanced researchers to readily
access forms of bioinspired shape-change for new research
directions or to solve present research problems. Morphino
consists of a set of cards with examples of shape-change in
nature, and each card is linked to one (or more) morphing
mechanisms found in the MorphUI database. Morphino aims
to: (1) provide HCI researchers with a new source of inspiration for designing SCIs using examples from nature; and, (2)
improve synergies between fields by linking these examples to
an existing database containing methods for transferring their
designs into real-life prototypes.

We design our toolkit based on morphing in nature, since
nature has inspired the development of physical and computational models, engineering systems and technological designs
in many fields; for example, the streamlined shape of the
Shinkansen bullet train in Japan was inspired by the bill of
the kingfisher to improve aerodynamic efficiency [55]; hookand-loop fasteners (Velcro) were designed after burrs of the
burdock plant for adhesion [116]; WhalePower wind turbine
blades were modelled after the flippers of humpback whales
to reduce noise, increase stability and capture more energy
from the wind [126]. Most bioinspired activity, however, is
directed towards the development of materials or structures,
not towards creating new methods of interaction nor towards
enhancing user experience with SCIs.
We begin by explaining the design of Morphino based on a
review of morphing in nature. Following this, we conducted a
study to understand how bioinspiration can affect the ideation
of SCIs, and to establish whether the card deck could facilitate
the implementation of these ideas.
RELATED WORK

We discuss the literature regarding bioinspiration in material
science, robotics and HCI, and different types of design tools:
SCIs, card-based, and bioinspired.
Bioinspiration in Material Science and Robotics

Scientists and engineers have often looked to nature for inspiration in designing strong, yet light structures that can change
shape. Examples of bioinspiration in robotics can be found at
varying length scales [62, 114], for example, in a robotic joint
inspired by jumping spiders [104], in worms that can be driven
through low-voltage current [92], in soft sheet actuators that
generate waves for locomotion similar to gastropods [124] and
in the implementation of rolling in robotics [8]. At a larger
scale, Xie et al. [131] explored different octopus species for
the design of soft actuators for gripping objects and Dementyev et al. [29] designed a skin-crawling robot for measuring
a range of body parameters, inspired by an inchworm mechanism. In material science, there has been a growing interest
towards 4D printing of shape-changing materials inspired by
the anisotropic properties of plant structures [40, 81].
Robotic systems, in particular, are often developed with the
intention of being placed far away from human activity, where
resilience is a desirable property [72, 100]. There are a few examples of how biologically-inspired robots interact with users
[1, 56, 105], however, while important factors in robotics include anthropomorphism, animacy, likeability, perceived intelligence and perceived safety of the robot [11], the significant
factor within HCI systems is the user experience.
Bioinspiration in HCI

In [51], the authors highlight how nature is a key source of
inspiration in the design of flexible and adaptable shapes for
interactive displays to improve usability and affordance. We
can find many examples in HCI, demonstrating the growing
trend towards bioinspired design in this field. At a small scale:
Kan et al. [58] explored colour, odour and shape-changing
materials through organic molecules that react to pH change.

Yao et al. [132] explored how living Bacillus subtilis natto
cells could be used to create humidity sensitive nanoactuators
for SCIs. Wang et al. [122] investigated the use of microbial
cells to create films that can reversibly change shape and
biofluorescence for wearable technologies.
At a larger scale: Cheng et al. [21] presented Mood Fern: an
artificial plant with leaves that respond to touch, similar to the
sensitive Mimosa [125]. The leaves are actuated using shape
memory alloys. Golhke et al. [42] developed and evaluated
bioinspired SCIs made from soft or malleable materials with
fluidic actuation. Wang et al. [123] exploited the hygroscopic
properties of protein, cellulose and starch to create shapechanging food. A similar principle has also been applied to
create self-folding 3D printed objects actuated by heat [6].
Design tools for SCIs

There has been a growing drive in the HCI community to
develop interfaces that can change their shape as a new method
for interaction with computers [2]. Several review papers have
been published in HCI that define different types of shapechange and their applications within interactive systems:
• Rasmussen et al. [88] presented a review of existing work
on SCIs and identified eight different types of deformation:
Orientation, Form, Volume, Texture, Viscosity, Spatiality,
Adding/Subtracting and Permability.
• Roudaut et al. [97] proposed the term shape resolution that
extends the definition of display resolution to SCIs. It is
based on the model of Non-Uniform Rational B-splines
(NURBS) and has ten features to characterise shape-change
mathematically. Kim et al. [61] refined this taxonomy to
include two new features: Size that incorporates Length,
Area and Volume, and Modularity.
• Sturdee et al. [108] contributed a meta-analysis of shapechanging design theory, along with a database of shapechanging prototypes and a categorisation of types of SCIs
including Enhanced 2D, Bendable, Paper and Cloth, Elastic
and Inflatable, Actuated, Liquid, Malleable, and Hybrid.
• Coelho et al. [26] adopted a technology-driven approach
with a taxonomy describing the technological properties of
shape-changing devices, including: power requirements, the
ability to memorise new shapes, and input stimulus, such as
voltage potential, or the ability to sense deformations.
• Qamar et al. [87] proposed a series of categories that focus on the mechanisms behind shape-change and created a
database—MorphUI [75]—to enable researchers in HCI to
access outputs from material science (see Figure 2).
Through a series of sketching workshops, Rasmussen et al.
[89] demonstrated that there are some instances in which
shape-change defined by shape vocabulary may be insufficient due to the complexity of the transformation. The authors
highlighted that the existing vocabulary needs to be further
developed or to be accompanied by (i) the dynamic physical
properties of its changes in shape, (ii) what the new shape
entails for the user, and (iii) how the actual interaction with
the interface occurs. Sturdee et al. [109] also proposed design
fiction on the subject of SCIs as an approach that could add
value to application and further prototype development.

gories (input, output, power, connection), that represent the
technical building blocks of smart objects. Card-based design
tools such as PLEX [70] and Positive Emotion Granularity
Cards [133] consider the emotional qualities of interaction,
whereas IDEO [53] contains Learn, Look, Ask and Try cards to
help designers plan projects and to suggest ways to approach
human-centred methods throughout the process.

Figure 2. Mechanisms of shape-change from the MorphUI database [87]

Summary: We can draw two conclusions: First, Qamar et al.’s
review [87] is the only attempt thus far to create a bridge with
other disciplines of science for designing SCIs; Second, current tools exist primarily for the early stages of idea generation
and transfer tools that enables these ideas and solutions to
be turned into real-life prototypes are still lacking. Morphino
is the first step towards this goal by linking the mechanisms
of shape-change in nature to an existing database of material
science and HCI research.
Card-based design tools

Card-based tools have already proven to be versatile and efficient for problem-solving: they are tangible idea containers
that help support divergent thinking and the exploration of
design spaces, they enable collaboration, and they trigger combinatorial creativity [14, 65, 71]. Cards typically contain text,
symbols and pictures, and are often colour-coded to form categories, which, combined with a set of rules, help to inspire
and guide the co-design process [12].
Wölfel et al. [130] offer a comprehensive review of eighteen
card-based design tools and define them in terms of five design dimensions including: the intended purpose and scope
of use, duration of use, methodology, customisation, and formal/material qualities. The authors identified three patterns
and suggested that designers should consider one of the three
main archetypes in the creation of new card sets:
• General purpose/repository cards that can be used anytime
during the design process and have basic or no instruction
for use. The cards are often sorted into different categories
without the option for customisation.
• Customisable cards that typically offer some degree of customisation; for example, giving the designer an option to
add notes to the cards, or to add additional cards to the card
deck. These cards tend to belong to the participatory design
group, with specific instructions for use and are mainly used
at a specific point in the design process.
• Context specific cards that are developed with a specific
design agenda or context in mind, and are therefore designed
to be used primarily at a specific point during the process
with specific instructions.
Within HCI, card-based kits have been developed across several themes; for example, in the Internet of Things design
space, Know-Cards [10] contains 162 cards across four cate-

Summary: While card-based design kits already exist within
HCI, there are a lack of tools specifically for designing SCIs.
By creating a set of cards that offer open-ended inspiration for
shape-change and linking them to existing literature on morphing materials, we aim to inspire researchers early during the
brainstorming process while also offering a method repository
to help provide solutions to problems that may occur at any
stage during prototype development.
Bioinspired design tools

Several design frameworks enable researchers to draw inspiration from nature in a systematic way. Fu et al. [36] proposed
an overview of bioinspired design tools that target the design
process. The Biomimicry 3.8 + Packaging Innovation Toolkit
[13] is a design method with a taxonomy to help users develop sustainable solutions by looking to forms, processes and
ecosystems in nature. It includes Nature’s Technology Summaries cards that describe biological strategies with a high
relevance for packaging products, and Riffler cards aimed at
enticing a larger exploration of the design space beyond “obvious” ideas. AskNature [9] is a web repository of approximately
1,700 biological strategies (classified around Biomimicry 3.8)
and 200 design ideas inspired by nature, directed at answering
innovative design challenges. Design by Analogy to Nature
Engine (DANE 2.0) [24] is an interactive tool to support biologically inspired design and is based directly on a StructureBehaviour-Function (SBF) ontology [41]. The tool contains
a collection of biological models for inspiration that are ordered and indexed by function and link to behavioural causal
explanations, along with structure box diagrams.
Fayemi et al. [34] reviewed existing processes, tools and practices for applying principles and strategies from biological
systems to engineering and technological designs. They presented a model of a problem-driven process and conducted a
series of workshops to assess the existing tools and methods,
such as AskNature, in order to develop a utility tree which will
help users select the most appropriate tools for implementing
bioinspired and biomimetic design in their own context. They
highlighted that developing transfer tools (i.e. taxonomies) in
combination with application tools (i.e. databases) is key to
the development of bioinspired technologies.
Summary: While these studies begin to show how nature can
inspire new interfaces between users and computers, no systematic tool has yet been proposed to facilitate bringing bioinspiration into the design process of SCIs or to help users
transfer their ideas into tangible prototypes. DANE 2.0 [24]
describes the major challenges of bioinspired design as (1)
finding biological systems that are relevant in a design context, and (2) understanding those systems so one can extract
and transfer the appropriate working principles. We develop
Morphino with the aim to address these challenges.

MORPHINO OVERVIEW

Stretching in nature

Morphino is a nature-inspired, card-based toolkit for the design
of SCIs. It includes a card deck, concept boards and is linked
to an existing database of shape-change research. Although
we propose a procedure in our design sessions, the cards may
be used freely, both during the early stages of design or when
looking for alternative solutions to solve a design problem.

Stretching in plants and animals is largely due to elastomeric
proteins (elastomers). Elastin, for example, is found in elastic
tissues in the human body, including those of arteries, skin,
lung and in cartilage. It gives the tissue a rubber-like property,
enabling it to return to its original shape after being poked,
pinched, stretched or contracted [99].

For the design of our cards we took inspiration from existing card-based kits such as [44] and [53], however, these
focus on different design contexts. We also tried to extend
the Biomimicry 3.8 deck, yet this was unsuccessful as these
cards focus on creating new structures and materials rather
than designing for interaction. To place Morphino within existing card-based kits we used the review by Wölfel et al.
[130] and found that our approach lies within the general purpose/repository cards that offer either a method repository or
aim to stimulate inspiration and lateral thinking.

The jumping and flying mechanisms of insects, such as fleas,
are enabled by resilin which is found in specialised cuticle
regions located near the hind leg [7, 32]. This elastomer acts
like a spring and enables a flea to be catapulted into the air
in less than 1 ms, once all the stored energy in the ‘spring’ is
released [19, 96]. Abductin also enables a spring-like hinge
mechanism in molluscs. The adductor muscle, which keeps the
shell closed, is opposed by an inner hinge ligament made from
abductin that causes the shell to spring open [57]. Repeated
opening and closing of the valves enables the swimming movement of many bivalve molluscs such as scallops, which can
open and close their shells about four times per second to
swim the distance of a few meters and escape slow-moving
predators [59, 120].

Each card has two faces: a title and image on one side and
an explanatory text on the back (Figure 3). A rotoscope on
the front helps users quickly understand how that organism
changes shape. A series of symbols on the reverse, referencing
the MorphUI [75] shape-changing mechanisms, provide ideas
of how designs could be implemented by linking to an online
database of existing research. The categories in this database
include: Elastomers, Auxetics, Rollable, Foldable, Inflatable,
Anisotropic, Multi-stable and Shape memory (see [87]). Below,
we provide the review on which the cards are based, and the
full deck can be found in the Supplementary Materials.

VENUS FLYTRAP

VENUS FLYTRAP
The Venus ﬂytrap exhibits one of
the fastest movements in plants.
When the hairs on its lobes are
triggered, the trap snaps shut in
approximately 100ms. This rapid
closure is actively controlled by the
plant and is a result of snap-buckling instability.

Snaps shut to capture prey

Spider silk behaves like rubber, yet it is one of the lightest,
strongest materials known to man. Spiders use their silk for
creating webs, wrapping prey, protecting offspring and as
a roping line to quickly evade predators. Arachnids produce
many types of silk; “Dragline” (or MA) silk is the toughest silk
produced by spiders and is used for abseiling or for framing
webs. It is very stiff, yet when immersed in water it undergoes
super-contraction by up to 55%, increasing its extensibility
[43]. Flag silk makes up the capture spiral of an orb web and
is highly elastic, enabling it to dissipate impact energy of prey
through stretching of the spiral threads [95, 121].
Unlike elastomers, auxetic materials get fatter when they are
stretched as opposed to thinner. Their internal geometry is usually engineered to enable this shape-change, however, a few
examples exist in nature, including nacre (mother-of-pearl)
[103], cancellous bone [128] and cat skin [117]. Cow teat tissue also displays auxetic properties and behaves like a knitted
fabric. This allows for a change in internal volume when the
teat is full of milk and is being suckled or milked [68].

Morphino

Inflation in animals
Figure 3. An example Morphino card: Venus flytrap.

MORPHINO CARDS

Morphing in nature has caught the interest of researchers
across many fields – from material science to robotics, to
medicine – due to the relatively large structural changes that
can be achieved with mild, ambient conditions and limited
chemical diversity [81]. While some of these mechanisms have
already been reviewed [81], here, we place an emphasis on
linking nature examples to existing literature.
In creating the cards, we selected 2-3 distinct examples from
each section below. Each example was linked to one or more
categories from the MorphUI database [75], depending on the
mechanism behind the shape-change, to provide methods for
implementation. These are summarised in Table 1.

Animals increase their size to communicate; for example, to
display deimatic behaviour or to signify and attract. Some
animals inflate for more functional means, such as to prevent
grasping by predators or to act as a deployable flotation device.
Deimatic behaviour:

Pufferfish, hooded seals and cobra snakes are a few examples
of animals that inflate their bodies or parts of their bodies to
find mates or to defend against predators. The long-spined porcupinefish can inflate itself by pumping water into its stomach,
increasing the volume of its body by up to three times its original size. As the fish swallows water, the pleats of its stomach
unfold into an existing peritoneal space. The collagen fibres
in the skin become stretched and the skin suddenly becomes
stiff, providing a rigid structure to support the spines, which
results in a highly effective mechanical defence system [17].

Organism

Categories

Organism

Categories

Organism

Human skin

Bat wings

Sea cucumber

Flea legs

Peacock train

Starfish

Mollusc hinge

Hornbeam leaf

Octopus arms

Spider silk

Ice plant

Cuttlefish skin

Cow udder

Pine cone

Venus flytrap

Porcupinefish

Tree branches

Bladderwort

Female cane toad

Three-banded
armadillo

Bittercress siliques

Frigatebird

Golden wheel spider

Wheat awns

Walrus

Mother-of-pearl
moth caterpillar

Sensitive plant

Ladybird wings

Butterfly proboscis

Cucumber tendril

Categories

Table 1. Morphino cards generated, linked to the respective categories from the MorphUI database [87]

When threatened, snakes commonly inflate their bodies to
appear larger than they are; for example, puff adders inflate
their entire bodies vertically and produce loud hisses as a
warning to other predators, compensating for their relatively
slow movement capability [134]. The female cane toad inflates
itself as a defensive mechanism to thwart successful takeovers
from rival males by preventing the males from grasping [18].
Courtship display:

Several species of birds inflate brightly coloured parts of their
bodies to attract mates. Usually this is combined with a series
of vocal calls. The frigatebird inflates a bright red gular pouch
as a display of courtship, enabling the male bird to give a
variety of calls such as drumming, reeling and purring [30].
The sage grouse exhibits a strut display comprising of the
inflation of the male’s esophageal sac, which is flaunted and
simultaneously used to produce a sound [127]. Bustards also
inflate their gular pouch in a courtship display [28].
Inflating for flotation:

When a walrus is ready to sleep, it directs air into chambers in
its throat called pharyngeal pouches to create a natural pillow
and flotation device, keeping its head above water. The sacs
are also used to make sounds during the mating season [73].
Origami-like folding in wings and plants

Some of the most intricate folding patterns that exist can be
found in the wings of animals, such as ladybirds, and in the
leaves of plants, such as the Miura folds in the hornbeam leaf.
Folding of wings and feathers:

Ladybirds and other beetles can fold and unfold their wings in
a fraction of a second, transforming from a walking insect to a
flying one. Their hind wings are hidden underneath the hardened forewings (elytra) whilst the insects are on the ground
and unfold just before flight [80]. Saito et al. [98] showed that
the wing veins have a curved shape (like the carpenters tape)

that plays a crucial role in enabling the wing to be rigid when
extended but stable when bent and folded for storage. The
ladybird first closes its elytra and then uses its shell to press
down on the hind wings, triggering them to fold based on an
intricate origami-style crease pattern (Figure 4(A)).
Bat wings consist of a highly anisotropic membrane containing
tiny muscles that control the membrane tension [111]. The
wings are manoeuvred skeletally through a series of flexible
bones with independently controllable joints, providing greater
than 20 degrees of kinematic freedom per wing. This enables
a high degree of control over folding and extension of the
wing [23, 94]; however, they are unable to initiate the same
degree of control in their wing area due to slacking in the
wing membrane [85]. Birds can change their wing shape and
maintain aerodynamic efficiency until the wings are tucked up
against the body, due to overlapping feathers that are controlled
by musculoskeletal mechanisms [86]. They have an anatomy
similar to human arms with an upper arm, lower arm and hand
connected to the body through the shoulder joint. This enables
birds to soar and glide in the air and adjust wing sweep mid
flight, but also independently fold each wing so they can fly
through small gaps not much larger than their body [107].
Peacocks unfold the long upper-tail feathers of their train and
raise them into a fan in a visual display of courtship [69].
Folding in plants (corrugation):

Wave-type, origami-like folding is also common in plants.
Some leaves, such as those from the common beech and hornbeam, have a corrugated ‘Miura-ori’ pattern, enabling them to
unfold as they emerge from the bud (Figure 4(B)) [118]. This
pattern allows simultaneous extension in two perpendicular
directions [27] and the greater the angle of corrugation from
the centre vein, the more compactly the leaf can be stored
but the longer it takes to unfold. [64]. Maple leaves have a
more complex, fan-type bellows pattern with seven elements
of corrugation, each connected to its neighbour [63].

Rolling for locomotion:

Figure 4. (A) Micro-CT scans of an unfolded (left) and folded (right)
ladybird wing [98]; (B) A typical hornbeam leaf with corrugation [64]
©1997 image reproduced with permission from the Royal Society.

Folding in plants (hygromorphic actuation):

A hygromorphic material is one that changes its geometry
in response to environmental humidity; its cellular structure
swells when the humidity increases and shrinks during drying. The seed capsules of the ice plant exhibit hydro-actuated
origami-like unfolding. When dry, five protective valves cover
the seed compartments, preventing premature dispersion of
seeds. When hydrated, each valve unfolds outwards and backwards over an angle of 150◦ within minutes. This is a reversible
movement due to anisotropic swelling of cellulose within the
plant cells [46]. Like the ice plant, pine cones are also hygromorphs, i.e. they respond to a change in relative humidity
by opening their scales when it is dry and closing when it is
damp, keeping the seeds contained [26]. As the cells of fallen
pine cones are dead, the mechanism of opening and closing is
passive and relies on the structure of the scales; the outer layer
of tissue expands when humid and shrinks when dried, while
the inner passive layer does not respond as strongly [91].
Anisotropy is an inherent characteristic of wood, which has
different properties in three perpendicular directions; axial,
radial, and circumferential, depending on the orientation of
the grain. This enables a tree to have a structure stiff enough to
support its weight, yet be flexible enough to bend in the wind
or to achieve better leaf display or height growth [129].
Rolling for protection and locomotion:

Many animals roll to protect their body from predators or to
alter their shape to move passively (under the influence of
gravity or wind) or actively by generating a propulsive force.
Rolling for protection:

Pangolins and three-banded armadillos have armoured shells
made up of scales for protection. When threatened, these animals curl into a ball and tuck in their tail to protect themselves
from predators [47, 90]. Similarly, the armadillo girdled lizard
has a thick armour on its body and sharp spines on its tail and
limbs. When threatened, this lizard takes its tail in its mouth
and rolls into a donut-shaped ball, using its armour and spines
as a shield [79]. Hedgehogs roll into a ball and use their spines
in a similar defence mechanism [48], however, it has been
suggested that the primary function of the spines is as a shock
absorber when a hedgehog falls from a height [119]. Several
insects also roll for protection, including isopods, such as
woodlice [25], myriapods, such as centipedes and millipedes
[22], and caterpillars, which cannot move quickly due to their
long body and movement mechanism: the travelling hump.

Animals that use passive rolling to escape predators include
the web-toed salamander, the golden wheel spider and some
types of woodlice – it enables them to achieve much higher
speeds than they would otherwise. The golden wheel spider,
for example, begins running, then flips its body sideways, curls
its legs into semicircles, and rotates down smooth sand dunes,
escaping predatory wasps by blurring its outline [49]. When
disturbed, the salamander can also assume a coiled position
and roll down the volcanic slopes in which it lives [38].
Some animals use active rolling to escape: the larvae of the
mother-of-pearl moth caterpillar lacks some of the protective
mechanisms of normal caterpillars, such as irritant hairs on its
body; however, within 60ms it can coil itself into a ball and
freewheel backwards away from danger [16]. It’s movement is
driven by a series of impulses; a characteristic also displayed
by the stomatopod shrimp which does backward somersaults
when washed up on a beach [20, 37].
Rolling for storage:

Butterflies and moths have a proboscis that is normally stored
as a spirally coiled structure beneath the head of the insect. For
feeding, the tube is unrolled in a similar manner to a measuring
tape (with a stiffer “trough” section to keep it extended) and
nectar is forcibly drawn through the tube [50, 66].
Stiffness- and texture-change in marine animals

Due to their tissue structure, some marine animals have the
unique capability to change their stiffness (e.g. sea cucumbers,
starfish) or skin texture (e.g. octopus, cuttlefish).
Hydrostatic skeletons:

Echinoderms, such as starfish, sea urchins and sea cucumbers,
can rapidly and reversibly change the stiffness of their connective tissues for locomotion and protection. Under control
of the nervous system, the mutable collagenous tissue can
alter from soft to hard within seconds due to changes in the
stiffness of a protein-rich interfibrillar matrix that bonds with
the collagen fibrils [74]. This enables the sea cucumber, for
example, to be flexible enough to move and squeeze through
narrow cracks inside rocks for protection, and then become
stiff enough to withstand large forces from surge currents, to
bury themselves into the seabed, or when they are bitten and
pulled by predators [76, 113]. A change in stiffness of the
body of a starfish enables it to flex its arms for movement, yet
become stiff enough to prize open a clam for feeding [77, 78].
Muscular hydrostats:

Octopus are able to exhibit many forms of shape-change. Their
arms have the unique ability to stretch by up to almost twice
their length, in addition to shortening, bending or twisting
at any location. They have almost an unlimited number of
degrees of freedom [67] due to their incompressible muscle
tissue, the volume of which remains constant as it stretches
and contracts, hence the term ‘muscular hydrostat’. There is
no skeletal structure; it is the muscle tissue that enables the
arm to change its shape yet also generate a force [60].
Cuttlefish and octopus are able to change their surface texture
for camouflage and signalling purposes [3]. A series of skin

folds (papillae) enable the surface of these cephalopods to
change from smooth to spikey in a matter of seconds, as a
response to visual cues (Figure 5) [45]. This allows the animal
to adapt to its surroundings and disguise its true outline [4].
The change in shape of the papillae is said to rely on a muscular
hydrostat mechanism, where the support of the papillae is
provided by muscle fibres rather than a skeletal structure, and
the shape and degree of its expression can be controlled [5].

A few plants, such as cucumbers [39], sweet peas [54] and
grape vines [15], have coiling tendrils that they use to anchor
themselves securely to trees and trellises and hoist up towards
sunlight. During climbing, the cucumber tendril elongates its
straight stem until it reaches something it can latch onto. It
then forms a left-handed helix at one end and a right-handed
helix at the other; the point at which the two helices meet is
known as a “perversion” (Figure 6). This coiling shortens the
stem and hoists the plant up towards the attachment point [39].

Figure 5. Left: Cuttlefish with many small dorsal papillae extended on
the mantle, head and arms. Right: Close-up of small dorsal papillae [4]
©2013 image reproduced with permission from John Wiley & Sons.

Rapid movement in plants

Many plants exhibit rapid movement, be that for defence (e.g.
sensitive Mimosa), for capturing food (e.g. Venus fly trap,
bladderwort) or for pollen and seed dispersal (e.g. wheat awns,
bittercress siliques) [101]. The Venus flytrap displays one
of the fastest movements in plants: when the small hairs on
the plant lobes are triggered, the lobes snap shut in about
100ms. This rapid closure is controlled actively by the plant
as a result of snap-buckling instability [35]. The rootless, freefloating bladderwort is an underwater carnivorous plant. The
stems below the surface have a series of long, hollow bladders
attached, each with a trapdoor at one end. The pumping out of
water causes a low internal pressure within the closed bladder,
thereby creating an elastic instability in the bladder walls [102].
When the hairs protruding from the trap door are triggered,
the trapdoor flexes inward and a pressure differential causes
a sudden influx of water and the trapdoor shuts. The bladder
then slowly resets to its initial state [93, 112].
The explosive dispersal of seeds is displayed by the sandbox
tree [110], in fungus spores [82], in bittercress siliques [115]
and in the filaree [33, 106]. As the bittercress plant dries,
stresses develop in layers of the valve and a rapid loss of
adhesion causes the valve to coil and the seeds to be flung
away from the plant [115]. In addition to explosive (primary)
dispersal, some plants, such as the filaree and wild wheat,
also exhibit hygroscopic (secondary) dispersal [84, 106]. The
dispersal unit of wild wheat has two pronounced awns. During
the day when it is dry, the two awns bend outwards, whilst
during the night when it is damp, they bend towards each
other; the resulting drill-like movement pushes the seed into
the ground, helping to increase its chance of survival [31].
Some leaves fold as a defensive mechanism; for example,
in response to touch. Within 4-5 seconds of stimulation, the
pulvini (organs containing motor tissue) execute curvature
and the sensitive Mimosa quickly folds its leaflets and pinnae,
drooping downward at the petiole attachment. The leaves also
droop at night or when exposed to rain or excessive heat,
preventing excessive loss of nutrients, and as protection from
herbivorous insects or desiccation [83, 125].

Figure 6. Helical morphology of a coiled cucumber tendril [39] ©2012
image reproduced with permission from AAAS.

DESIGN SESSIONS

We organised two sets of workshops across two institutions
to determine how Morphino affects the ideation of SCIs and
whether it guided users to learn about new morphing technologies from the material literature.
Participants

We conducted two workshops in country A and two in country
B. In total, 17 participants aged 22-43 years old attended the
workshops; 10 PhD students, 4 researchers and 3 lecturers
participated, with HCI backgrounds ranging from haptics, to
health to hand gestures for interface design. A few participants
had experience in SCIs (3) and the remainder were knowledgeable of GUI, TUI and SCI. The same participants attended
both workshops at each site, except one person who only attended workshop A #1 and was replaced in A #2. We ran the
workshops in two countries to have access to a larger pool of
participants. Two authors facilitated the workshop, but did not
interact with the participants during brainstorming.
We used the same scenarios across the sites. During the first
round of workshops (A #1 and B #1) participants were asked
to brainstorm ideas for a shape-changing handheld device, that
adapts to different tasks, for use on public transport. During
the second round of workshops (A #2 and B #2) held one week
after the first, their goal was to design a large shape-changing
display that could be used to communicate information in a
school/university setting. At each location we ran one workshop with Morphino and one without (see Table 2) and ensured
a different scenario was provided each week to minimise any
influence of the first round of workshops on the second.
Procedure

Each workshop lasted 60 minutes. We describe our procedure
in the format of a step-by-step guide for using the cards:

1. Introduction (5 min.): An introduction to the session was
given to the participants, along with an explanation of the
problem they have been given to solve. During the sessions
with the toolkit, the Morphino cards were also explained.
The participants were split into groups of 4.
2. Brainstorming sessions (20 min. per session): The participants were asked to sketch and describe their ideas, using
one “concept board” per idea (see Figures 7(A) and 7(B)).
During the workshop with Morphino, they were asked to
mention which card(s) were used to inspire their design.
3. Idea selection (5 min. per group): At the end of the sessions, participants were asked to pick their 3 best ideas.
4. Presentation (5 min. per group): The participants presented their ideas to other groups. The facilitator collected
all worksheets for later analysis of the generated ideas.
5. Feedback (5 min. per group): We held a group discussion with participants to understand how they generated
ideas and, where appropriate, how they used the toolkit, its
strengths and weaknesses, as well as potential uses. During
the second workshop, the discussion included comparisons
between generating ideas with and without the cards.
Analysis

The feedback from the discussion was recorded, summarised,
and analysed thematically to establish key patterns and themes.
We also counted the number of ideas generated by each group
and per MorphUI category to identify different types of shapechange used by participants and to determine whether Morphino had an impact on this. All ideas generated in the workshops are available in the Supplementary Materials.
Findings: Ideas and feedback
Number and examples of generated ideas

In total, participants generated 102 ideas and the total numbers
were similar for each workshop/location, regardless of whether
the kit was used (see Table 2).
Workshop
A #1
B #1
A #2
B #2

Materials

Total no. of ideas

Morphino kit
No materials
No materials
Morphino kit

29
23
28
22

Table 2. Total number of ideas generated in each workshop.

Ideas generated by the kit included novel ideas, such as an
inflatable conversation-starter to be used on a train, and a
knowledge tree where the branches show the concepts that
students have to learn and are stiff if mastered and soft if not;
as well as less unusual ideas, such as a foldable drinks tray for
tea and coffee on a train (Figure 7(A)).
Ideas generated without the kit included a table which changes
its height to encourage movement, a phone that can be
stretched from normal to widescreen mode for watching
videos, and an interactive folding map with origami fold out
landmarks (Figure 7(B)). In general, these ideas tended to
conform to more ‘traditional’ shape-changing concepts.

Figure 7. (A) Concept board from workshop A #1 (with Morphino); (B)
Concept board from workshop A #2 (without Morphino).

Categories of generated ideas

We assigned each idea to one or more MorphUI categories
(Table 3), where there were clear morphing mechanism(s) in
the description or title of the idea. The most popular categories
of shape-change were Inflatable and Foldable, which corroborates the findings in [87], where the authors highlighted these
as the most popular categories of shape-change in HCI literature. This indicates that, in general, the participants tended to
steer towards concepts that they were already familiar with.
MorphUI category
Elastomers
Auxetic
Rollable
Foldable
Inflatable
Anisotropic
Multi-stable
Shape memory
Undefined

A #1

B #1

A #2

B #2

5
3
2
3
8
0
2
1
9

3
0
1
12
2
0
0
0
4

1
0
1
4
3
1
0
0
19

1
2
5
5
9
1
0
1
3

Table 3. Categories of ideas generated in each workshop.

Workshop A #1, which used Morphino first, generated ideas
across all categories except for Anisotropic. When the same
participants took part in the workshop a week later (A #2),
without the cards, most of their ideas were general and did not
specify a form of shape-change; for example, the idea ‘Normal
height goes to standing desk to encourage movement’ does not
provide specific details of the shape-change, i.e., through unfolding of legs, or through a stretching or sliding mechanism,

for example. In some cases, the participants remembered some
of the principles on the nature cards from the previous workshop A #1, demonstrated, for example, by the idea ‘3D Display
to show animal shape-change, e.g. peacock expands like a fan,
puffer fish expands like a balloon’ which have clear references
back to the ‘peacock train’ and ‘porcupinefish’ cards.
Most of the ideas generated during workshop B #1, during
which participants did not use the Morphino kit first, fell into
the Foldable category. During the second workshop, B #2,
when the participants were introduced to the Morphino kit, an
increase in the number of ideas using Auxetic, Anisotropic and
Rollable principles was seen. This suggests that Morphino encouraged participants to adopt forms of shape-change beyond
those they already knew.
Use of the cards

In the workshops with Morphino, 25 out of 29 ideas were
created using the cards in workshop A #1; one of those ideas –
‘A toy swan: Origami toy for kids’ – was based on the symbol
of the Foldable mechanism on the card rather than the nature
example itself; similarly, ‘Wallet device: Semi-transparent or
open on front?’ was labelled as Folding, Elastomers, naming
the shape-changing mechanisms on the cards rather than the
example from nature. All of the ideas in workshop B #2 were
based on examples from the cards. This indicates that the
participants gravitated towards using the kit when it was available, whether that was through drawing inspiration from the
organism on the card, or using the shape-change categories.
Table 4 details the number of times each Morphino card was
used. The ‘Octopus arms’, ‘Cuttlefish skin’ and ‘Cow udder’
cards were used the most frequently (4-5 times each). Due to
the many forms of shape-change an octopus arm can take (i.e.
twisting, curling, stretching), it is unsurprising that this was the
most popular card used in the workshops. While ‘Cow udder’
and ‘Cuttlefish’ are more unusual shape-change mechanisms,
one possible explanation for their frequency of use could be
the simplicity in the rotoscope design and how quickly users
could grasp an understanding of the mechanism. Some cards,
such as ‘Bittercress siliques’ and ‘Wheat awns’, were not used
at all, likely due to the more complex and unfamiliar Multistable mechanism that these exhibit, and, given the duration
of the workshop, may require more time to comprehend how
this could be exploited in the design of SCIs.
Organism

#

Organism

#

Octopus arms
Cow udder
Cuttlefish
Spider silk
Porcupinefish
Frigatebird
Walrus
Female cane toad
Three-banded armadillo
Golden wheel spider
Butterfly proboscis

5
4
4
3
3
3
3
2
2
2
2

Human skin
Ladybird wings
Bat wings
Peacock train
Ice plant
Pine cone
Tree branches
Venus flytrap
Sensitive plant
Cucumber tendril

1
1
1
1
1
1
1
1
1
1

Table 4. Number of times a Morphino card was used in the workshops.

Findings: From the workshop discussions

An analysis of workshop discussions provided insights into
how the cards were used and how they affected creativity.
Impact of cards on idea generation

Some participants from both workshops admitted that initially
they were sceptical as to whether the cards would provide any
value, but were positively surprised by their usefulness:
“I think at first we started out with a few ideas that weren’t
on the cards and it felt at that point that I probably wouldn’t
use the cards. Then we went through the cards, looked at a
card for a period, chatted about it and came up with a bunch
of ideas from each card. Some cards that didn’t work and
some that really did.”
“The cards were surprisingly useful, in the sense that you
think you’ve got a load of ideas to start with but as soon as
you are running a bit dry, the cards really helped.”
The cards also helped participants to go beyond obvious
changes in shape:
“I feel like without the cards I probably would have only
done inflatable and folding stuff.”
“Also the spiders web, I probably wouldn’t have thought
about it in that context. I would have thought probably folding and inflatable, not stretching materials to that degree.”
The above decision to look at a spider’s web for inspiration led
to several unique ideas such as a temporary hammock that can
be spooled out of a phone and used in a packed train, and an
elastic net to secure (trap) luggage on a train or in a car boot.
Without the cards, participants reported relying on personal
examples to help ideation (e.g. in the school scenario they
remembered being a student). Some participants felt more free
to ideate without the cards as they could come up with their
own ideas, whilst others felt the opposite. This could be due to
individual differences as some participants may be more used
to ideating than others.
While the cards generally helped participants to develop new
ideas, they sometimes introduced constraints. Participants felt
the rotoscope was the most important part, but also reported
that at times they would simply try to copy the shape-change
mechanism described on the card and design a device that does
exactly the same thing, but in a different context. For example,
one group came up with an idea for a foldable origami swan
toy, while another designed an octopus-inspired device that
can be attached to a wall to mount a screen. However, others
admitted that while they started with copy-cat ideas, this then
led to more thoughtful discussions and more creative ideas:
“We only tried to fit the ideas at the start [...] but quite early
on ii turned into the ideas coming from the cards rather than
cards fitting the ideas.”
Nevertheless, all participants were confident in saying that the
cards affected their creativity because they were the starting
point of their thinking. They agreed that the session with cards
was the most useful in generating novel ideas as it forced them
to think outside of their comfort zone:

“[The cards] released my anxiety when starting: it frees
[you] from the problem of a blank page. There is something
to start from right at the beginning.”
“We saw things so weird in nature we felt free to have weird
ideas.”
Not only did the cards inspire the participants, they also helped
them to learn the framework on which they are based. Some
participants mentioned that they learnt about the shape-change
categories and discovered some they did not know about:
“Because there were some forms of shape-change that I did
not know before I saw the card, it brought a sense of realism
to what things can be done [...] I definitely learnt something,
there were categories I did not know, and it influenced the
idea of things I could do. The class of stuff would help me
more generally.”
Using the cards

The method of using the cards differed between participants.
Some spread the cards across the table, while others went
through one by one. A few felt lost with so many cards (30).
Some looked at the cards and read a few before ideating, which
helped them “fill their mind with a lot of random things” that
could then be combined before looking at the context. Participants mentioned that not all cards were appropriate for the
given scenario and they sometimes tried to fit ideas to the cards.
This led to a discussion on how ideation cards could restrict
designers, although the participants acknowledged that the kit
allows flexibility and if they started with a specific problem
in mind (as opposed to the broad scenarios we provided), the
cards could help them identify possible solutions:
“I found that there’s a lot of stimulation towards solutions,
but then actually in terms of problems [...] there’s no really
stimuli on that front.”
“I agree with the bottom-up vs. top-down thing [focusing on
problems vs solutions]. It makes you think of solutions before
you identify a problem [...] and this is the reverse of how I
would tackle a design problem.”
“One good thing about not having the cards is that we
thought more about the problem than the solution. I think
[...] the card leads you into a solution first way [...] that may
mean that the problems were less real with the cards, but the
solution were less real without the cards.”
The procedure we proposed is flexible depending on whether
the design team prioritises problems or solutions. A two-phase
design process could also be used; first without the cards to
better understand the scenario, and then add the cards later in
the process. One participant mentioned that we could provide
a library of deformable materials which could help participants
connect with tangible properties of shape-change.

from other fields. While the participants tended to steer towards familiar concepts, they also commented that they learnt
about forms of shape-change previously unknown to them.
For some participants, the cards left a lasting impact, since a
collection of ideas referred back to the cards and their mechanisms, even when the cards were no longer available to use.
This highlights how Morphino has helped to further bridge the
fields of HCI and material science. The next step would require participants to use technologies from the online database
[87] and attempt to turn their ideas into physical prototypes.
Using the nature examples on the cards led to participants
feeling more ‘free’ in generating ideas outside of typical shapechange in HCI. While they felt that not all the cards were
appropriate for the design scenarios given, they concurred that
Morphino provided an starting point for their thinking and
forced them to think of ideas outside of their comfort zone.
Nature has already proved to be a source of inspiration in other
fields and we believe that bioinspiration can also be beneficial
to the HCI community. Behind the field of SCIs is the concept
of Organic User Interfaces (OUIs), which originated with
the desire to adopt natural forms to design a better fit with
human ecology [52]. In [51] the authors highlight how nature
can inspire the design of flexible and adaptable shapes for
interactive displays to improve usability and affordance. We
hope that our work can inspire new research in this direction.
Compared to existing toolkits, in Morphino, we have successfully created a transfer-application tool that links a taxonomy
of shape-change to an existing database of implementation,
MorphUI. While transfer-application tools exist in other design spaces, this is the first of its kind specifically for SCIs.
Additional workshops with different participant groups, such
as UX and product designers, will aid in refining the toolkit.
Furthermore, the cards could also be expanded beyond SCIs to
include other forms of bioinspired design for the development
of new interaction techniques outside of shape-change.
CONCLUSION

While instances of bioinspired design exist in HCI, the many
examples in other fields illustrate that bioinspiration has the
potential to support divergent thinking and the exploration
of design spaces. Our goal with Morphino was to provide a
nature-inspired resource for new design ideas for SCIs and address one of the main challenges in supporting such activities,
by developing a tool to enable designers to transpose ideas into
real-life prototypes. We achieved this by linking Morphino to
an existing database of research. The results from our workshops demonstrate that, in addition to helping users generate
ideas outside of typical HCI shape-change (i.e. foldable, inflatable), Morphino improved the awareness of shape-change
mechanisms from material science, establishing it as another
successful step in improving the synergy between these fields.
ACKNOWLEDGEMENTS

DISCUSSION & FUTURE WORK

The workshops demonstrated that Morphino was not only an
inspiring resource for SCIs, but it also helped participants
move beyond typical foldable and inflatable mechanisms frequently used in HCI and consider new forms of shape-change

We would like to acknowledge the Engineering and Physical Sciences Research Council (grant numbers EPSRC
EP/N509619/1 and EP/P004342/1) and the French National
Research Agency (grant number ANR-15-CE23-0011-01)
who funded this work.

REFERENCES

[1] J. A. Adams, J. Y. C. Chen, and M. A. Goodrich. 2018.
Swarm Transparency. In Companion of the 2018
ACM/IEEE International Conference on Human-Robot
Interaction (HRI ’18). ACM, New York, NY, USA,
45–46. DOI:https://doi.org/10.1145/3173386.3177008
[2] J. Alexander, A. Roudaut, J. Steimle, K. Hornbæk, M.
Bruns Alonso, S. Follmer, and T. Merritt. 2018. Grand
Challenges in Shape-Changing Interface Research. In
Proceedings of the 2018 CHI Conference on Human
Factors in Computing Systems (CHI ’18). ACM, New
York, NY, USA, Article 299, 14 pages. DOI:
https://doi.org/10.1145/3173574.3173873

[3] J. J. Allen, G. R. R. Bell, A. M. Kuzirian, and R. T.
Hanlon. 2013. Cuttlefish skin papilla morphology
suggests a muscular hydrostatic function for rapid
changeability. Journal of Morphology 274, 6 (2013),
645–656. DOI:https://doi.org/10.1002/jmor.20121
[4] J. J. Allen, G. R. R. Bell, A. M. Kuzirian, S. S.
Velankar, and R. T. Hanlon. 2014. Comparative
morphology of changeable skin papillae in octopus and
cuttlefish. Journal of Morphology 275, 4 (2014),
371–390. DOI:https://doi.org/10.1002/jmor.20221
[5] J. J. Allen, L. M. Mäthger, A. Barbosa, and R. T.
Hanlon. 2009. Cuttlefish use visual cues to control
three-dimensional skin papillae for camouflage.
Journal of Comparative Physiology A 195, 6 (2009),
547–555. DOI:
https://doi.org/10.1007/s00359-009-0430-y

[6] B. An, Y. Tao, J. Gu, T. Cheng, X. Chen, X. Zhang, W.
Zhao, Y. Do, S. Takahashi, H.-Y. Wu, T. Zhang, and L.
Yao. 2018. Thermorph: Democratizing 4D Printing of
Self-Folding Materials and Interfaces. In Proceedings
of the 2018 CHI Conference on Human Factors in
Computing Systems (CHI ’18). Association for
Computing Machinery, New York, NY, USA, Article
Paper 260, 12 pages. DOI:
https://doi.org/10.1145/3173574.3173834

[7] S. O. Andersen. 1963. Characterization of a new type
of cross-linkage in resilin, a rubber-like protein.
Biochimica et Biophysica Acta 69 (1963), 249–262.
DOI:https://doi.org/10.1016/0006-3002(63)91258-7
[8] R. H. Armour and J. F. V. Vincent. 2006. Rolling in
nature and robotics: A review. Journal of Bionic
Engineering 3, 4 (01 Dec 2006), 195–208. DOI:
https://doi.org/10.1016/S1672-6529(07)60003-1

[9] AskNature.org. https://asknature.org. (n.d.).
Accessed: 2018-05-16.
[10] T. Aspiala and A. Deschamps-Sonsino. 2017.
Know-cards. http://know-cards.myshopify.com. (2017).
Accessed: 2019-05-20.
[11] C. Bartneck, E. Croft, and D. Kulic. 2009.
Measurement instruments for the anthropomorphism,
animacy, likeability, perceived intelligence, and
perceived safety of robots. International Journal of

Social Robotics 1, 1 (2009), 71–81. DOI:
https://doi.org/10.1007/s12369-008-0001-3

[12] A. Berger, W. Odom, M. Storz, A. Bischof, A. Kurze,
and E. Hornecker. 2019. The Inflatable Cat:
Idiosyncratic Ideation of Smart Objects for the Home.
In Proceedings of the 2019 CHI Conference on Human
Factors in Computing Systems (CHI ’19). ACM, New
York, NY, USA, Article 401, 12 pages. DOI:
https://doi.org/10.1145/3290605.3300631

[13] Biomimicry 3.8. http://biomimicry.net/. (n.d.).
Accessed: 2018-05-16.
[14] M. A. Boden. 1991. The Creative Mind: Myths and
Mechanisms. Basic Books, Inc., New York, NY, USA.
[15] A. J. Bowling and K. C. Vaughn. 2009. Gelatinous
fibers are widespread in coiling tendrils and twining
vines. American Journal of Botany 96, 4 (2009),
719–727. DOI:https://doi.org/10.3732/ajb.0800373
[16] J. Brackenbury. 1999. Fast locomotion in caterpillars.
Journal of Insect Physiology 45, 6 (1999), 525–533.
DOI:https://doi.org/10.1016/S0022-1910(98)00157-7
[17] E. L. Brainerd. 1994. Pufferfish inflation: Functional
morphology of postcranial structures in Diodon
holocanthus (Tetraodontiformes). Journal of
Morphology 220, 3 (1994), 243–261. DOI:
https://doi.org/10.1002/jmor.1052200304

[18] B. Bruning, B. L. Phillips, and R. Shine. 2010. Turgid
female toads give males the slip: a new mechanism of
female mate choice in the Anura. Biology Letters 6, 3
(2010), 322–324. DOI:
https://doi.org/10.1098/rsbl.2009.0938

[19] M. Burrows. 2009. How fleas jump. Journal of
Experimental Biology 212, 18 (2009), 2881–2883. DOI:
https://doi.org/10.1242/jeb.022855

[20] R. L. Caldwell. 1979. A unique form of locomotion in
a stomatopod—backward somersaulting. Nature 282,
5734 (1979), 71–73. DOI:
https://doi.org/10.1038/282071a0

[21] B. Cheng, A. Gomes, P. Strohmeier, and R. Vertegaal.
2014. Mood Fern: Exploring Shape Transformations in
Reactive Environments. In Proceedings of the 11th
Conference on Advances in Computer Entertainment
Technology (ACE ’14). Association for Computing
Machinery, New York, NY, USA, Article Article 60, 4
pages. DOI:https://doi.org/10.1145/2663806.2663818
[22] J. R. Chitty. 2011. Myriapods (Centipedes and
Millipedes). John Wiley & Sons, Ltd., Chapter 14,
255–265. DOI:
https://doi.org/10.1002/9780470960806.ch14

[23] J. Colorado, A. Barrientos, C. Rossi, and K. S. Breuer.
2012. Biomechanics of smart wings in a bat robot:
morphing wings using SMA actuators. Bioinspiration
& Biomimetics 7, 3 (2012), 036006. DOI:
https://doi.org/10.1088/1748-3182/7/3/036006

[24] DANE 2.0: Design by Analogy to Nature Engine.
http://dilab.cc.gatech.edu/dane/. (n.d.). Accessed:
2019-05-20.
[25] A. Darvizeh, S. Anami Rad, M. Darvizeh, R. Ansari,
and H. Rajabi. 2014. Investigation of microstructure
and mechanical behavior of Woodlouse shells using
experimental methods and numerical simulation.
Modares Mechanical Engineering 14, 7 (2014),
183–190. http:
//journals.modares.ac.ir/article-15-4178-en.html

[35] Y. Forterre, J. M. Skotheim, J. Dumais, and L.
Mahadevan. 2005. How the Venus flytrap snaps.
Nature 433, 7024 (2005), 421–425. DOI:
https://doi.org/10.1038/nature03185

[36] K. Fu, D. Moreno, M. Yang, and K. L. Wood. 2014.
Bio-Inspired Design: An Overview Investigating Open
Questions From the Broader Field of
Design-by-Analogy. Journal of Mechanical Design
136, 11 (2014), 111102–1–111102–18. DOI:
https://doi.org/10.1115/1.4028289

[26] C. Dawson, J. F. V. Vincent, and A.-M. Rocca. 1997.
How pine cones open. Nature 390, 6661 (1997),
668–668. DOI:https://doi.org/10.1038/37745

[37] R. Full, K. Earls, M. Wong, and R. Caldwell. 1993.
Locomotion like a wheel? Nature 365, 6446 (1993),
495–495. DOI:https://doi.org/10.1038/365495a0

[27] D. S. A. De Focatiis and S. D. Guest. 2002. Deployable
membranes designed from folding tree leaves.
Philosophical Transactions of the Royal Society of
London A: Mathematical, Physical and Engineering
Sciences 360, 1791 (2002), 227–238. DOI:

[38] M. García-París and S. M. Deban. 1995. A Novel
Antipredator Mechanism in Salamanders: Rolling
Escape in Hydromantes platycephalus. Journal of
Herpetology 29, 1 (1995), 149–151. DOI:

https://doi.org/10.1098/rsta.2001.0928

[28] S. J. Hidalgo de Trucios and J. Carranza. 1991. Timing,
Structure and Functions of the Courtship Display in
Male Great Bustard. Ornis Scandinavica
(Scandinavian Journal of Ornithology) 22, 4 (1991),
360–366. DOI:https://doi.org/10.2307/3676509
[29] A. Dementyev, J. Hernandez, I. Choi, S. Follmer, and J.
Paradiso. 2018. Epidermal Robots: Wearable Sensors
That Climb on the Skin. Proc. ACM Interact. Mob.
Wearable Ubiquitous Technol. 2, 3, Article Article 102
(Sept. 2018), 22 pages. DOI:
https://doi.org/10.1145/3264912

[30] A. W. Diamond. 1973. Notes on the Breeding Biology
and Behavior of the Magnificent Frigatebird. The
Condor 75, 2 (1973), 200–209. DOI:
https://doi.org/https://doi.org/10.2307/1365868

[31] R. Elbaum, L. Zaltzman, I. Burgert, and P. Fratzl. 2007.
The Role of Wheat Awns in the Seed Dispersal Unit.
Science 316, 5826 (2007), 884–886. DOI:
https://doi.org/10.1126/science.1140097

[32] C. M. Elvin, A. G. Carr, M. G. Huson, J. M. Maxwell,
R. D. Pearson, T. Vuocolo, N. E. Liyou, D. C. C. Wong,
D. J. Merritt, and N. E. Dixon. 2005. Synthesis and
properties of crosslinked recombinant pro-resilin.
Nature 437, 7061 (2005), 999–1002. DOI:
https://doi.org/10.1038/nature04085

[33] D. Evangelista, S. Hotton, and J. Dumais. 2011. The
mechanics of explosive dispersal and self-burial in the
seeds of the filaree, Erodium cicutarium (Geraniaceae).
Journal of Experimental Biology 214, 4 (2011),
521–529. DOI:https://doi.org/10.1242/jeb.050567
[34] P. E. Fayemi, K. Wanieck, C. Zollfrank, N. Maranzana,
and A. Aoussat. 2017. Biomimetics: process, tools and
practice. Bioinspiration & Biomimetics 12, 1 (2017),
011002. DOI:
https://doi.org/10.1088/1748-3190/12/1/011002

https://doi.org/10.2307/1565105

[39] S. J. Gerbode, J. R. Puzey, A. G. McCormick, and L.
Mahadevan. 2012. How the Cucumber Tendril Coils
and Overwinds. Science 337, 6098 (2012), 1087–1091.
DOI:https://doi.org/10.1126/science.1223304
[40] S. A. Gladman, E. A. Matsumoto, R. G. Nuzzo, L.
Mahadevan, and J. A. Lewis. 2016. Biomimetic 4D
printing. Nature Materials 15, 4 (2016), 413–418. DOI:
https://doi.org/10.1038/nmat4544

[41] A. K. Goel, S. Rugaber, and S. Vattam. 2009. Structure,
Behavior, and Function of Complex Systems: The
Structure, Behavior, and Function Modeling Language.
Artif. Intell. Eng. Des. Anal. Manuf. 23, 1 (2009),
23–35. DOI:
https://doi.org/10.1017/S0890060409000080

[42] K. Gohlke. 2017. Exploring Bio-Inspired Soft Fluidic
Actuators and Sensors for the Design of Shape
Changing Tangible User Interfaces. In Proceedings of
the Eleventh International Conference on Tangible,
Embedded, and Embodied Interaction (TEI ’17).
Association for Computing Machinery, New York, NY,
USA, 703–706. DOI:
https://doi.org/10.1145/3024969.3025039

[43] J. M. Gosline, M. W. Denny, and M. E. DeMont. 1984.
Spider silk as rubber. Nature 309, 5968 (1984),
551–552. DOI:https://doi.org/10.1038/309551a0
[44] K. Halskov and P. Dalsgård. 2006. Inspiration Card
Workshops. In Proceedings of the 6th Conference on
Designing Interactive Systems (DIS ’06). ACM, New
York, NY, USA, 2–11. DOI:
https://doi.org/10.1145/1142405.1142409

[45] R. T. Hanlon, J. B. Messenger, and J. Z. Young. 1988.
Adaptive coloration in young cuttlefish (Sepia
officinalis L.): the morphology and development of
body patterns and their relation to behaviour.
Philosophical Transactions of the Royal Society B:
Biological Sciences 320, 1200 (1988), 437–487. DOI:
https://doi.org/10.1098/rstb.1988.0087

[46] M. J. Harrington, K. Razghandi, F. Ditsch, L. Guiducci,
M. Rueggeberg, J. W. C. Dunlop, P. Fratzl, C. Neinhuis,
and I. Burgert. 2011. Origami-like unfolding of
hydro-actuated ice plant seed capsules. Nature
Communications 2, 1 (2011), 337. DOI:
https://doi.org/10.1038/ncomms1336

[47] M. E. Heath. 1995. Manis crassicaudata. Mammalian
Species 513 (1995), 1–4. DOI:

[58] V. Kan, E. Vargo, N. Machover, H. Ishii, S. Pan, W.
Chen, and Y. Kakehi. 2017. Organic Primitives:
Synthesis and Design of PH-Reactive Materials Using
Molecular I/O for Sensing, Actuation, and Interaction.
In Proceedings of the 2017 CHI Conference on Human
Factors in Computing Systems (CHI ’17). Association
for Computing Machinery, New York, NY, USA,
989–1000. DOI:
https://doi.org/10.1145/3025453.3025952

https://doi.org/10.2307/3504173

[48] J. J. Heatley. 2009. Chapter 16 - Hedgehogs. In
Manual of Exotic Pet Practice, Mark A. Mitchell and
Thomas N. Tully (Eds.). W.B. Saunders, Saint Louis,
433–455. DOI:

[59] R. E. Kelly and R. V. Rice. 1967. Abductin: A
Rubber-Like Protein from the Internal Triangular
Hinge Ligament of Pecten. Science 155, 3759 (1967),
208–210. DOI:
https://doi.org/10.1126/science.155.3759.208

https://doi.org/10.1016/B978-141600119-5.50019-6

[49] J. R. Henschel. 1990. Spiders wheel to escape. South
African Journal of Science 86, 3 (1990), 151–152.
[50] H.R. Hepburn. 1971. Proboscis extension and recoil in
Lepidoptera. Journal of Insect Physiology 17, 4 (1971),
637–656. DOI:
https://doi.org/10.1016/0022-1910(71)90114-4

[51] D. Holman and R. Vertegaal. 2008a. Organic user
interfaces: designing computers in any way, shape, or
form. Commun. ACM 51, 6 (2008), 48. DOI:
https://doi.org/10.1145/1349026.1349037

[52] D. Holman and R. Vertegaal. 2008b. Organic user
interfaces: designing computers in any way, shape, or
form. Commun. ACM 51, 6 (2008), 48–55. DOI:
https://doi.org/10.1145/1349026.1349037

[53] IDEO. 2003. IDEO Method Cards: 51 Ways to Inspire
Design. Card deck. (2003).
[54] M. J. Jaffe and A. W. Galston. 1966. Physiological
Studies on Pea Tendrils. I. Growth and Coiling
Following Mechanical Stimulation. Plant Physiology
41, 6 (1966), 1014–1025. DOI:

[60] W. M. Kier and K. K. Smith. 1985. Tongues, tentacles
and trunks: the biomechanics of movement in
muscular-hydrostats. Zoological Journal of the
Linnean Society 83, 4 (1985), 307–324. DOI:
https://doi.org/10.1111/j.1096-3642.1985.tb01178.x

[61] H. Kim, C. Coutrix, and A. Roudaut. 2018. Morphees+:
Studying Everyday Reconfigurable Objects for the
Design and Taxonomy of Reconfigurable UIs. In
Proceedings of the 2018 CHI Conference on Human
Factors in Computing Systems (CHI ’18). ACM, New
York, NY, USA, Article 619, 14 pages. DOI:
https://doi.org/10.1145/3173574.3174193

[62] S. Kim, C. Laschi, and B. Trimmer. 2013. Soft
robotics: a bioinspired evolution in robotics. Trends in
Biotechnology 31, 5 (2013), 287–294. DOI:
https://doi.org/10.1016/j.tibtech.2013.03.002

[63] H. Kobayashi, M. Daimaruya, and J. F. V. Vincent.
2000. Folding/Unfolding Manner of Tree Leaves as a
Deployable Structure. In IUTAM-IASS Symposium on
Deployable Structures: Theory and Applications,
Vol. 80. 211–220. DOI:
https://doi.org/10.1007/978-94-015-9514-8_23

https://doi.org/10.1104/pp.41.6.1014

[55] Japan For Sustainability 2005. JFS Biomimicry
Interview Series: No.6 "Shinkansen Technology
Learned from an Owl?" - The story of Eiji Nakatsu, 31
March 2005. https://www.japanfs.org/en/news/
archives/news_id027795.html. (31 March 2005).
Accessed: 2018-09-14.
[56] J. Jørgensen. 2018. Interaction with Soft Robotic
Tentacles. In Companion of the 2018 ACM/IEEE
International Conference on Human-Robot Interaction
(HRI ’18). ACM, New York, NY, USA, 38–38. DOI:
https://doi.org/10.1145/3173386.3177838

[57] G. A. Kahler, F. M. Fisher, and R. L. Sass. 1976. The
Chemical Composition and Mechanical Properties of
the Hinge Ligament in Bivalve Molluscs. The
Biological Bulletin 151, 1 (1976), 161–181. DOI:
https://doi.org/10.2307/1540712

[64] H. Kobayashi, B. Kresling, and J. F. V. Vincent. 1998.
The geometry of unfolding tree leaves. Proceedings of
the Royal Society of London B: Biological Sciences
265, 1391 (1998), 147–154. DOI:
https://doi.org/10.1098/rspb.1998.0276

[65] A. Koestler. 1964. The act of creation. Hutchinson.
[66] H. W. Krenn. 1990. Functional morphology and
movements of the proboscis of Lepidoptera (Insecta).
Zoomorphology 110, 2 (1990), 105–114. DOI:
https://doi.org/10.1007/BF01632816

[67] C. Laschi, B. Mazzolai, V. Mattoli, M. Cianchetti, and
P. Dario. 2009. Design of a biomimetic robotic octopus
arm. Bioinspiration & Biomimetics 4, 1 (2009), 015006.
DOI:https://doi.org/10.1088/1748-3182/4/1/015006
[68] C. Lees, J. Vincent, and E. Hillerton. 1991. Poisson’s
ratio in skin. Bio-medical Materials and Engineering 1
(1991), 19–23. DOI:
https://doi.org/10.3233/BME-1991-1104

[69] A. Loyau, D. Gomez, B. Moureau, M. Théry, N. S.
Hart, M. S. Jalme, A. T. D. Bennett, and G. Sorci. 2007.
Iridescent structurally based coloration of eyespots
correlates with mating success in the peacock.
Behavioral Ecology 18, 6 (2007), 1123–1131. DOI:
https://doi.org/10.1093/beheco/arm088

[70] A. Lucero and J. Arrasvuori. 2010. PLEX Cards: A
Source of Inspiration when Designing for Playfulness.
In Proceedings of the 3rd International Conference on
Fun and Games (Fun and Games ’10). ACM, New
York, NY, USA, 28–37. DOI:
https://doi.org/10.1145/1823818.1823821

[71] A. Lucero, P. Dalsgaard, K. Halskov, and J. Buur. 2016.
Designing with Cards. In Collaboration in Creative
Design (1 ed.). Springer International Publishing,
75–95. DOI:
https://doi.org/10.1007/978-3-319-29155-0

Journal of Bionic Engineering 7, 2 (2010), 134–141.
DOI:https://doi.org/10.1016/S1672-6529(09)60185-2
[81] K. Oliver, A. Seddon, and R. S. Trask. 2016. Morphing
in nature and beyond: a review of natural and synthetic
shape-changing materials and mechanisms. Journal of
Materials Science 51, 24 (2016), 10663–10689. DOI:
https://doi.org/10.1007/s10853-016-0295-8

[82] R. M. Page. 1964. Sporangium Discharge in Pilobolus:
A Photographic Study. Science 146, 3646 (1964),
925–927. DOI:
https://doi.org/10.1126/science.146.3646.925

[83] H. S. Patil and S. Vaijapurkar. 2007. Study of the
Geometry and Folding Pattern of Leaves of Mimosa
pudica. Journal of Bionic Engineering 4, 1 (2007),
19–23. DOI:
https://doi.org/10.1016/S1672-6529(07)60008-0

[72] B. Mazzolai and V. Mattoli. 2016. Robotics:
Generation soft. Nature 536 (Aug. 2016), 400–401.
DOI:https://doi.org/10.1038/536400a

[84] M. H. Peart. 1979. Experiments on the Biological
Significance of the Morphology of Seed-Dispersal
Units in Grasses. Journal of Ecology 67, 3 (1979),
843–863. DOI:https://doi.org/10.2307/2259218

[73] E. H. Miller. 1975. Walrus ethology. I. The social role
of tusks and applications of multidimensional scaling.
Canadian Journal of Zoology 53, 5 (1975), 590–613.
DOI:https://doi.org/10.1139/z75-073

[85] C. J. Pennycuick. 1968. A Wind-Tunnel Study of
Gliding Flight in the Pigeon Columba Livia. Journal of
Experimental Biology 49, 3 (1968), 509–526.
https://jeb.biologists.org/content/49/3/509

[74] J. Mo, S. F. Prévost, L. M. Blowes, M. Egertová, N. J.
Terrill, W. Wang, M. R. Elphick, and H. S. Gupta. 2016.
Interfibrillar stiffening of echinoderm mutable
collagenous tissue demonstrated at the nanoscale.
Proceedings of the National Academy of Sciences
(2016). DOI:https://doi.org/10.1073/pnas.1609341113
[75] MorphUI. http://morphui.com/. (n.d.). Accessed:
2019-09-01.
[76] T. Motokawa. 1984. Connective Tissue Catch in
Echinoderms. Biological Reviews 59, 2 (1984),
255–270. DOI:
https://doi.org/10.1111/j.1469-185X.1984.tb00409.x

[77] T. Motokawa. 2011. Mechanical Mutability in
Connective Tissue of Starfish Body Wall. The
Biological Bulletin 221, 3 (2011), 280–289. DOI:
https://doi.org/10.1086/BBLv221n3p280

[78] T. Motokawa and S. A. Wainwright. 1991. Stiffness of
starfish arm and involvement of catch connective tissue
in the stiffness change. Comparative Biochemistry and
Physiology Part A: Physiology 100, 2 (1991), 393–397.
DOI:https://doi.org/10.1016/0300-9629(91)90489-Y
[79] P. le F. N. Mouton, A. F. Flemming, and E. M. Kanga.
1999. Grouping behaviour, tail-biting behaviour and
sexual dimorphism in the armadillo lizard (Cordylus
cataphractus) from South Africa. Journal of Zoology
249, 1 (1999), 1–10. DOI:https://doi.org/https:
//doi.org/10.1111/j.1469-7998.1999.tb01055.x

[80] A. Muhammad, Q. V. Nguyen, H. C. Park, D. Y.
Hwang, D. Byun, and N. S. Goo. 2010. Improvement
of Artificial Foldable Wing Models by Mimicking the
Unfolding/Folding Mechanism of a Beetle Hind Wing.

[86] C. J. Pennycuick. 2008. Chapter 5 The Feathered
Wings Of Birds. In Modelling the Flying Bird.
Theoretical Ecology Series, Vol. 5. Academic Press,
105–134. DOI:
https://doi.org/10.1016/S1875-306X(08)00005-1

[87] I. P. S. Qamar, R. Groh, D. Holman, and A. Roudaut.
2018. HCI Meets Material Science: A Literature
Review of Morphing Materials for the Design of
Shape-Changing Interfaces. In Proceedings of the 2018
CHI Conference on Human Factors in Computing
Systems (CHI ’18). ACM, New York, NY, USA, Article
374, 23 pages. DOI:
https://doi.org/10.1145/3173574.3173948

[88] M. K. Rasmussen, E. W. Pedersen, M. G. Petersen, and
K. Hornbæk. 2012. Shape-changing interfaces: a
review of the design space and open research questions.
In CHI ’12: Proceedings of the SIGCHI Conference on
Human Factors in Computing Systems. ACM Request
Permissions, New York, New York, USA, 735. DOI:
https://doi.org/10.1145/2207676.2207781

[89] M. K. Rasmussen, G. M. Troiano, M. G. Petersen, J. G.
Simonsen, and K. Hornbæk. 2016. Sketching
Shape-Changing Interfaces: Exploring Vocabulary,
Metaphors Use, and Affordances. In Proceedings of the
2016 CHI Conference on Human Factors in Computing
Systems (CHI ’16). Association for Computing
Machinery, New York, NY, USA, 2740–2751. DOI:
https://doi.org/10.1145/2858036.2858183

[90] K. H. Redford. 1994. The Edentates of the Cerrado.
Edentata 1, 1 (1994), 4–10.

[91] E. Reyssat and L. Mahadevan. 2009. Hygromorphs:
from pine cones to biomimetic bilayers. Journal of The
Royal Society Interface 6, 39 (2009), 951–957. DOI:
https://doi.org/10.1098/rsif.2009.0184

[92] P. Rezai, A. Siddiqui, P. R. Selvaganapathy, and B. P.
Gupta. 2010. Electrotaxis of Caenorhabditis elegans in
a microfluidic environment. Lab Chip 10 (2010),
220–226. Issue 2. DOI:
https://doi.org/10.1039/B917486A

[93] J. H. Richards. 2001. Bladder function in Utricularia
purpurea (Lentibulariaceae): is carnivory important?
American Journal of Botany 88, 1 (2001), 170–176.
DOI:https://doi.org/10.2307/2657137
[94] D. K. Riskin, D. J. Willis, J. Iriarte-Díaz, T. L. Hedrick,
M. Kostandov, J. Chen, D. H. Laidlaw, K. S. Breuer,
and S. M. Swartz. 2008. Quantifying the complexity of
bat wing kinematics. Journal of Theoretical Biology
254, 3 (2008), 604–615. DOI:
https://doi.org/10.1016/j.jtbi.2008.06.011

[95] L. Römer and T. Scheibel. 2008. The elaborate
structure of spider silk: Structure and function of a
natural high performance fiber. Prion 2, 4 (2008),
154–161. DOI:https://doi.org/10.4161/pri.2.4.7490
[96] M. Rothschild and J. Schlein. 1975. The jumping
mechanism of Xenopsylla Cheopis I. Exoskeletal
structures and musculature. Philosophical Transactions
of the Royal Society of London B: Biological Sciences
271, 914 (1975), 457–490. DOI:
https://doi.org/10.1098/rstb.1975.0062

[97] A. Roudaut, A. Karnik, M. Löchtefeld, and S.
Subramanian. 2013. Morphees: Toward High "Shape
Resolution" in Self-actuated Flexible Mobile Devices.
In Proceedings of the SIGCHI Conference on Human
Factors in Computing Systems (CHI ’13). ACM, New
York, NY, USA, 593–602. DOI:
https://doi.org/10.1145/2470654.2470738

[98] K. Saito, S. Nomura, S. Yamamoto, R. Niiyama, and Y.
Okabe. 2017. Investigation of hindwing folding in
ladybird beetles by artificial elytron transplantation and
microcomputed tomography. Proceedings of the
National Academy of Sciences 114, 22 (2017),
5624–5628. DOI:
https://doi.org/10.1073/pnas.1620612114

[99] L. B. Sandberg, N. T. Soskel, and J. G. Leslie. 1981.
Elastin Structure, Biosynthesis, and Relation to
Disease States. New England Journal of Medicine 304,
10 (1981), 566–579. DOI:
https://doi.org/10.1056/NEJM198103053041004

[100] R. F. Shepherd, F. Ilievski, W. Choi, S. A. Morin, A. A.
Stokes, A. D. Mazzeo, X. Chen, M. Wang, and G. M.
Whitesides. 2011. Multigait soft robot. Proceedings of
the National Academy of Sciences 108, 51 (2011),
20400–20403. DOI:
https://doi.org/10.1073/pnas.1116564108

[101] T. Sibaoka. 1969. Physiology of Rapid Movements in
Higher Plants. Annual Review of Plant Physiology 20,

1 (1969), 165–184. DOI:
https://doi.org/10.1146/annurev.pp.20.060169.001121

[102] A. K. Singh, S. Prabhakar, and S. P. Sane. 2011. The
biomechanics of fast prey capture in aquatic
bladderworts. Biology Letters 7, 4 (2011), 547–550.
DOI:https://doi.org/10.1098/rsbl.2011.0057
[103] F. Song, J. Zhou, X. Xu, Y. Xu, and Y. Bai. 2008. Effect
of a Negative Poisson Ratio in the Tension of Ceramics.
Phys. Rev. Lett. 100 (2008), 245502. Issue 24. DOI:
https://doi.org/10.1103/PhysRevLett.100.245502

[104] A. Spröwitz, C. Göttler, A. Sinha, C. Caer, M. U.
Öoztekin, K. Petersen, and M. Sitti. 2017. Scalable
pneumatic and tendon driven robotic joint inspired by
jumping spiders. In 2017 IEEE International
Conference on Robotics and Automation (ICRA).
64–70. DOI:
https://doi.org/10.1109/ICRA.2017.7988692

[105] D. St-Onge, J. Y. Kwek, and G. Beltrame. 2018.
Behaviours and States for Human-Swarm Interaction
Studies. In Companion of the 2018 ACM/IEEE
International Conference on Human-Robot Interaction
(HRI ’18). ACM, New York, NY, USA, 42–42. DOI:
https://doi.org/10.1145/3173386.3177845

[106] N. E. Stamp. 1984. Self-Burial Behaviour of Erodium
Cicutarium Seeds. Journal of Ecology 72, 2 (1984),
611–620. DOI:https://doi.org/10.2307/2260070
[107] A. K. Stowers and D. Lentink. 2015. Folding in and
out: passive morphing in flapping wings.
Bioinspiration & Biomimetics 10, 2 (2015), 025001.
DOI:https://doi.org/10.1088/1748-3190/10/2/025001
[108] M. Sturdee and J. Alexander. 2018. Analysis and
Classification of Shape-Changing Interfaces for Design
and Application-Based Research. ACM Comput. Surv.
51, 1, Article Article 2 (Jan. 2018), 32 pages. DOI:
https://doi.org/10.1145/3143559

[109] M. Sturdee, P. Coulton, and J. Alexander. 2017. Using
Design Fiction to Inform Shape-Changing Interface
Design and Use. The Design Journal 20, sup1 (2017),
S4146–S4157. DOI:
https://doi.org/10.1080/14606925.2017.1352913

[110] M. D. Swaine and T. Beer. 1977. Explosive Seed
Dispersal in Hura crepitans L. (Euphorbiaceae). New
Phytologist 78, 3 (1977), 695–708. DOI:
https://doi.org/10.1111/j.1469-8137.1977.tb02174.x

[111] S. M. Swartz, M. S. Groves, H. D. Kim, and W. R.
Walsh. 1996. Mechanical properties of bat wing
membrane skin. Journal of Zoology 239, 2 (1996),
357–378. DOI:
https://doi.org/10.1111/j.1469-7998.1996.tb05455.x

[112] P. H. Sydenham and G. P. Findlay. 1973. The Rapid
Movement of the Bladder of Utricularia Sp. Australian
Journal of Biological Sciences 26, 5 (1973),
1115–1126.

[113] M. Tamori, K. Ishida, E. Matsuura, K. Ogasawara, T.
Hanasaka, Y. Takehana, T. Motokawa, and T. Osawa.
2016. Ultrastructural Changes Associated with
Reversible Stiffening in Catch Connective Tissue of
Sea Cucumbers. PLOS ONE 11, 5 (2016), 1–21. DOI:
https://doi.org/10.1371/journal.pone.0155673

[114] D. Trivedi, C. D. Rahn, W. M. Kier, and I. D. Walker.
2008. Soft robotics: Biological inspiration, state of the
art, and future research. Applied bionics and
Biomechanics 5, 3 (2008), 99–117. DOI:
https://doi.org/10.1080/11762320802557865

[115] K. C. Vaughn, A. J. Bowling, and K. J. Ruel. 2011. The
mechanism for explosive seed dispersal in Cardamine
hirsuta (Brassicaceae). American Journal of Botany 98,
8 (2011), 1276–1285. DOI:
https://doi.org/10.3732/ajb.1000374

[116] Velcro® . https://www.velcro.co.uk/about-us/history/.
(n.d.). Accessed: 2018-09-14.
[117] D. R. Veronda and R. A. Westmann. 1970. Mechanical
characterization of skin—Finite deformations. Journal
of Biomechanics 3, 1 (1970), 111–124. DOI:
https://doi.org/10.1016/0021-9290(70)90055-2

[118] J. F. V. Vincent. 2000. Deployable Structures in Nature:
Potential for Biomimicking. Proceedings of the
Institution of Mechanical Engineers, Part C: Journal of
Mechanical Engineering Science 214, 1 (2000), 1–10.
DOI:https://doi.org/10.1177/095440620021400101
[119] J. F. V. Vincent and P. Owers. 1986. Mechanical design
of hedgehog spines and porcupine quills. Journal of
Zoology 210, 1 (1986), 55–75. DOI:
https://doi.org/10.1111/j.1469-7998.1986.tb03620.x

[120] S. Vogel. 1997. Squirt smugly, scallop! Nature 385,
6611 (1997), 21–22. DOI:
https://doi.org/10.1038/385021a0

[121] F. Vollrath and D. Porter. 2006. Spider silk as
archetypal protein elastomer. Soft Matter 2 (2006),
377–385. Issue 5. DOI:
https://doi.org/10.1039/B600098N

[122] W. Wang, L. Yao, C.-Y. Cheng, T. Zhang, H. Atsumi, L.
Wang, G. Wang, O. Anilionyte, H. Steiner, J. Ou, K.
Zhou, C. Wawrousek, K. Petrecca, A. M. Belcher, R.
Karnik, X. Zhao, D. I. C. Wang, and H. Ishii. 2017a.
Harnessing the hygroscopic and biofluorescent
behaviors of genetically tractable microbial cells to
design biohybrid wearables. Science Advances 3, 5
(2017), 8. DOI:
https://doi.org/10.1126/sciadv.1601984

[123] W. Wang, L. Yao, T. Zhang, C.-Y. Cheng, D. Levine,
and H. Ishii. 2017b. Transformative Appetite:
Shape-Changing Food Transforms from 2D to 3D by
Water Interaction through Cooking. In Proceedings of
the 2017 CHI Conference on Human Factors in
Computing Systems (CHI ’17). Association for
Computing Machinery, New York, NY, USA,
6123–6132. DOI:
https://doi.org/10.1145/3025453.3026019

[124] M. Watanabe and H. Tsukagoshi. 2017. Soft sheet
actuator generating traveling waves inspired by
gastropod’s locomotion. In 2017 IEEE International
Conference on Robotics and Automation (ICRA).
602–607. DOI:
https://doi.org/10.1109/ICRA.2017.7989074

[125] M. Weintraub. 1952. Leaf Movements in Mimosa
pudica L. The New Phytologist 50, 3 (1952), 357–382.
https://www.jstor.org/stable/2429097

[126] WhalePower Corporation.
https://whalepowercorp.wordpress.com/the-science/.

(n.d.). Accessed: 2018-09-14.
[127] R. H. Wiley. 1973. The Strut Display of Male Sage
Grouse: a “Fixed” Action Pattern. Behaviour 47, 1
(1973), 129–152. DOI:
https://doi.org/10.1163/156853973X00319

[128] J. L. Williams and J. L. Lewis. 1982. Properties and an
Anisotropic Model of Cancellous Bone From the
Proximal Tibial Epiphysis. Journal of Biomechanical
Engineering 104, 1 (1982), 50–56. DOI:
https://doi.org/10.1115/1.3138303

[129] B. F. Wilson and R. R. Archer. 1979. Tree Design:
Some Biological Solutions to Mechanical Problems.
BioScience 29, 5 (1979), 293–298. DOI:
https://doi.org/10.2307/1307825

[130] C. Wölfel and T. Merritt. 2013. Method Card Design
Dimensions: A Survey of Card-Based Design Tools. In
Human-Computer Interaction – INTERACT 2013,
P. Kotzé, G. Marsden, G. Lindgaard, J. Wesson, and
M. Winckler (Eds.). Springer Berlin Heidelberg, Berlin,
Heidelberg, 479–486. DOI:
https://doi.org/10.1007/978-3-642-40483-2_34

[131] Z. Xie, A. G. Domel, N. An, C. Green, Z. Gong, T.
Wang, E. M. Knubben, J. C. Weaver, K. Bertoldi, and
L. Wen. 2020. Octopus Arm-Inspired Tapered Soft
Actuators with Suckers for Improved Grasping. Soft
Robotics 0, 0 (2020), 1–10. DOI:
https://doi.org/10.1089/soro.2019.0082

[132] L. Yao, J. Ou, C.-Y. Cheng, H. Steiner, W. Wang, G.
Wang, and H. Ishii. 2015. BioLogic: Natto Cells as
Nanoactuators for Shape Changing Interfaces. In
Proceedings of the 33rd Annual ACM Conference on
Human Factors in Computing Systems (CHI ’15).
Association for Computing Machinery, New York, NY,
USA, 1–10. DOI:
https://doi.org/10.1145/2702123.2702611

[133] J. Yoon, P. M. A. Desmet, and A. E. Pohlmeyer. 2015.
Positive Emotional Granularity Cards. (2015). https:
//diopd.org/embodied-typology-of-positive-emotions/

[134] B. A. Young, N. Nejman, K. Meltzer, and J. Marvin.
1999. The mechanics of sound production in the puff
adder bitis arietans (Serpentes: viperidae) and the
information content of the snake hiss. Journal of
Experimental Biology 202, 17 (1999), 2281–2289.
https://jeb.biologists.org/content/202/17/2281

