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Because plants are considered immobile, they remain underrepresented as concept
generators for soft robots and soft machines. However, plants show a great variety of
movements exclusively based on elastic deformation of regions within their moving
organs. The absence of gliding parts, as found in the joints of vertebrates and insects,
prevents stress concentration and attrition. Since plants have no central control
unit (brain), stimulus-sensing, decision-making and reaction usually take place
noncentrally in the hierarchically structured materials systems of the moving organs,
in what can be regarded as an example of physical intelligence. These characteristics
make plants interesting models for a new group of soft robots and soft machines
that differ fundamentally from those inspired by animals. The potential of such plant-
inspired soft robots and machines is shown in six examples and is illustrated by
examples applied in architecture and medicine.

Motion is usually perceived by humans to be associated
with animals, whereas plants are commonly considered as
being largely immobile. This is because the visible changes

Introduction
Movement and adaptive motion represent characteris-
tic aspects of life and are found in representatives of all

organismal kingdoms. A look at the involved processes in
living beings and especially in plants and animals makes
it obvious that such processes are characterized by the
deep integration of the actuating (motor) parts in the mov-
ing body and a genuinely embedded elasticity of motion.
Among many other aspects, this fundamentally distin-
guishes motion processes in living organisms from those of
technical devices, which are characterized by a separation
of the actuating/propelling parts from the moving body. In
technical devices, typically rigid structures are moved with
rotating wheels.

in the position of moving animals normally take place within
time scales from tenths of seconds to several seconds making
them easily recognizable for human visual perception. From
an evolutionary point of view, this recognition was probably
important for the survival of early humans who were hunters/
gatherers and sometimes the prey of other animals.

As a consequence of the internal structure of limbs in ver-
tebrates and arthropods, motion causes (1) stress concentra-
tion in the localized gliding joints and (2) wear attributable to
friction, making these joints prone to fatigue and failure. In all
of these mentioned aspects, plants differ from the previously
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PLANTS AS INSPIRATION FOR MATERIAL-BASED SENSING AND ACTUATION IN SOFT ROBOTS AND MACHINES

discussed animal groups, which represent the most impor-
tant models for “conventional” (i.e., non-soft) bioinspired
robots. Plant movements are based on the elastic deforma-
tion of larger regions of the moving organ itself, without any
gliding parts being involved. Therefore, stress concentration
and wear from friction are largely avoided or at least mark-
edly reduced. On the one hand, visible changes in position
during plant motion typically take place (very) slowly within
time scales between several minutes (e.g., the opening and
closing of pine cones) to hours (e.g., the circumnutation of
searcher twigs and tendrils of lianas) to days or weeks (e.g.,
growth processes). On the other hand, some plant motions are
extremely fast and happen within milliseconds (e.g., in motile
traps of carnivorous plants) or even microseconds (e.g., spore
discharge in ferns)."> Both time scales make the recognition
of plant movements by our visual system difficult, if not
impossible. This could be the main reason that plants are
mostly considered as static and are still underrepresented as
concept generators for soft robots and soft machines, despite
their fascinating motion patterns and their low error-prone
bending zones.>*

To understand the potential of plants for soft robotics, we
need to have a closer look at the three basic types of plant
movements: tropisms (e.g., phototropism, geotropism, thig-
motropism, chemotropism); nastic movements (e.g., thigmo-
nastism, seismonastism, hydronastism, photonastism); and
autonomous movements. Tropistic movements are mediated
mostly via growth processes and are relatively slow. They
represent vectorial movements, in which the direction of
reaction is determined by the direction of the stimulus. Nas-
tic plant movements can be much faster (especially if stored
elastic energy is released) and are actuated typically by turgor
changes or swelling/shrinking processes attributable to humid-
ity changes (e.g., pine cone opening and closing, snap-trapping
in the Venus flytrap). The direction of reaction is independent
of the direction of the stimulus, but is predetermined by the
structure and form of the reacting organ. Autonomous move-
ments, which are induced by internal stimuli, are typically
mediated via growth processes and/or turgor changes. They
are often of medium speed (e.g., the circumnutations of the
searcher stems and tendrils of lianas).!>> Currently, nastic
plant movements are by far the most dominant concept gen-
erators for plant-inspired soft machines or soft robots. In con-
trast, tropistic movements are rarely used, but are of particular
interest for adaptive motion.*™

In order to achieve the successful transfer of plant motion
principles (including their material-based sensing and actua-
tion mechanisms) to biomimetic soft robots or soft machines,
detailed analyses of the form-structure—function relationships
of the involved plant tissues and organs and their inherent
materials systems are indispensable. Materials systems in
plants are characterized by their scale-overarching mechanical
properties, their hierarchical structuring comprising up to 10
orders of magnitude.’ Interesting plant-inspired motile devices
include materials systems with high load-bearing capacity at

little mass and various self-induced properties (e.g., self-repair
or self-cleaning ideally with material-based sensing).?

From the multitude of plant structures that can serve as
models for motile bioinspired structures, we focus on six
examples in this article. Pine cone scales and silver thistle
bracts, which both show nastic hygroscopically actuated mul-
tiphase motion, serve as models for self-adaptive protection
flaps in building hulls and in a self-locking soft machine. Nas-
tic turgor-driven motion with or without speed-boosting mech-
anisms have been the inspiration for pneumatically actuated
cellular actuators and a novel type of artificial Venus flytrap
(the latter having speed-boosting mechanisms). Autonomous
movements in liana searcher stems and tendrils serve as con-
cept generators for bioinspired robot arms, artificial tendrils
and a novel self-adaptive orthotic device. In these cases, actua-
tion modes differing from those in the biological models (e.g.,
growth, turgor changes, lignification) have been chosen during
the biomimetic transfer process.

Hygroscopic plant motions: Movement
without consumption of metabolic energy
Plants are able to react to environmental stimuli, such as
light or touch, with a variety of movement responses. A
famous example is the Venus flytrap, which, upon being
touched by an insect, rapidly shuts its snap-trap so that
the animal is caught,'® only reopening the trap after diges-
tion or an unsuccessful attempt.!! This iconic snap-trapping
motion has served as an inspiration for various types of
artificial Venus flytraps (see “Novel artificial Venus fly-
trap systems: Going beyond biology” section). Many of
these responses are costly for the plants in terms of the
consumption of metabolic energy. However, plants have
also evolved a strategy enabling them to move in response
to humidity changes as the environmental trigger, but with-
out investing metabolic energy. This “cost-free” adaptivity
is rendered possible by the development of hygroscopic
tissues consisting of dead cells, which can passively take
up water from the environment (entailing swelling) and
can later release it via evaporation (entailing shrinkage).
The fine architecture of the individual hygroscopic cells
and cell walls dictate the water-driven deformation at the
microscale, whereas the form and interplay of tissues with
their different swelling/shrinking properties are responsible
for the meso- and macroscale movement responses of the
respective plant structure.'>!3 Plants have evolved hygro-
scopically driven motions in a multitude of organs, which
are often involved in the release and dispersal of seeds and
spores, such as capsules, cones and awns (e.g., References
14 and 15). All hygroscopic plant motions represent nastic
plant movements with a predetermined motion pattern and
sequence.

Such hygromorphs are “classically” described as bilayer
structures in the literature, each incorporating a hygro-
scopically active layer and a passive resistance layer,!®!”
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which, when fixed together, produce bending upon changes
in humidity. However, a recent study has shown that a
classical textbook example of hygroscopic bilayer actua-
tion, namely the seed scale of pine cones, is indeed a much
more complex composite structure consisting of numerous
functionally important layers.'> Each pine cone features
along its axis numerous helically arranged seed scales that
all bend downward when it is dry (entailing the opening
of the cone and seed release) and bend upward under wet
conditions (entailing cone closure with safely enclosed
seeds) (Figure 1a). The closure of the cone is initiated by
water entering the individual seed scale primarily through
its adaxial epidermal tissue. The water is then taken up
by the so-called brown tissue and sclerenchyma strands
and passively transferred to the rest of the scale by dif-
fusion and the locally increased pressure of the swollen

-
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tissues. The sclerenchymatous strands additionally form the
resistance layer and soften upon swelling, leading to a
mechanical “unlocking” of the scale and enhancement of
its compliance. The water finally reaches the sclereid layer,
which is very prominent at the basal part of the scale (termed
the bending zone). The sclereid layer swells predominantly
in a longitudinal direction, thereby driving the bending of
the scale. In summary, the four tissue types involved in the
motion of the seed scale of the pine cone have different
functions and act as motors (sclereids), water barriers and
transducers (epidermises, brown tissue, and sclerenchyma
strands) and a resistance layer with hydraulically switchable
mechanical properties (sclerenchyma strands) (Figure 1b).
Recent studies show that the sclerenchyma strands them-
selves may additionally act as actuators increasing and
speeding up the scale movement.'®
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Figure 1. Pine cone actuation, functional morphology, and biomimetic self-sufficient compliant systems. (a) A pine cone shows sequential seed
scale movements during the drying-induced opening sequence. The time scale is indicated. Figure adapted from Reference 19. (b) Schematic top
view (left) and longitudinal section (right) of a pine cone seed scale. The various, functionally important, tissue types (epidermises, sclereids, scle-
renchyma, brown tissue) are indicated with a color code. The bending zone at which the actuating sclereid tissue is most prominent is highlighted
by the gray box. Figure adapted from Reference 15. (c) Multiphase motion of a 4D printed scale structure consisting of copolymer strands with
embedded cellulose fibrils as the actuating layer (analogous to the actuating sclereid layer in the natural seed scale) and ABS polymer strands as
the resistance layer (analogous to the sclerenchymatous strands). The structure performs reversible sequential motion steps during drying (i.e.,
first, a change of transverse curvature [flattening of the artificial scale] and, afterward, a change of longitudinal curvature). Image adapted from
Reference 21. (d) Vision of a modular smart-building skin consisting of shingle-like structures exhibiting tropistic behavior for sun-tracking behavior
(to give optimal shading) and nastic behavior for fast hull closure upon an increase of environmental humidity. Figure adapted from Reference 24.
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Alterations in tissue dimensions and in overall scale
size and morphology result in various movement behav-
iors, which is most presumably one of the reasons for the
orchestrated pine cone opening and closing processes with
sequential scale bending motions. Similarly, orchestrated
motions can be found, for example, in the inflorescence
heads of the silver thistle (Carlina acaulis ssp. simplex)
whose surrounding involucral bracts bend sequentially
toward the head upon an increase of humidity, thereby
protecting the central flower head.!” The strict morpholog-
ical predetermination of such so-called nastic hygroscopic
plant motions in terms of their movement patterns and
time scales, their complete detachment from any influenc-
ing metabolic processes and their functional resilience®*?!
make them excellent concept generators for biomimetic
approaches. Numerous studies, especially in the field of
biomimetic architecture, have shown that self-sufficient
compliant systems (e.g., for smart building hulls) can
be achieved using natural and/or (bioinspired) technical
bilayer materials systems.'>*2?* However, problems inher-
ent to many layered hygro-actuators are (1) the occurring
moisture gradients; (2) the delamination of the materi-
als systems caused by repetitive swelling and shrinking
cycles (i.e., the separation of the functional layers during
deformation); (3) their slow response times attributable
to the passive process of water displacement through the
motile structures, especially when they are of architectur-
ally relevant dimensions; and (4) limitations attributable
to increases in the weight of the actuated structure. These
topics and issues have been discussed and possible future
research approaches for their solution are proposed in Pop-
pinga et al.**

Novel 4D printed scale structures capable of multiphase
movement sequences’ (Figure 1c¢) and compliant systems
showing tropistic motion responses (i.e., light tracking) with
their motion depending on the direction of the triggering
stimulus have recently been developed.? Further inspiration
taken from pine cone architecture could make it possible
in future approaches to develop self-sufficient compliant
systems consisting of numerous programmable functional
layers with short response times, exhibiting multi-respon-
siveness (i.e., sensitivity to various stimuli), precisely fine-
tuned stimulus thresholds and high functional resilience and
combining nastic and tropistic movement behavior. In the
sketch presented in Figure 1d, we envisage a smart biomi-
metic building hull that regulates the climate of the build-
ing through autonomous shading and “breathing” responses
during various weather regimes by such a combination of
nastic (humidity-dependent) and tropistic (light-direction-
dependent) movements. Furthermore, the mechanical cou-
pling of actuator domains (i.e., arrays of several actuating
units) represents a promising aspect for future studies aimed
at gaining a better understanding of kinematic amplification
principles.

Liana stems and tendrils as inspiration

for actuators and self-lashing systems

Lianas with their specific non self-supporting growth habit,
which relies on various types of attachment to their host
structure,?® provide many ideas for technical transfer. These
include orthotic devices inspired by the twining attachment of
liana stems (see “Technical transfer and computational design
of liana-inspired medical orthoses and self-locking mecha-
nism inspired by silver thistle bracts” section) and robot arms
inspired by the intertwining of liana searcher stems. These
braided searchers enable not only a wider reach with reduced
material investment, but also a discrete change in flexural stiff-
ness along the braid. Flexural stiffness increases in a stepwise
fashion, with each additional stem increasing stiffness by more
than two orders of magnitude from the apical single leading
searcher stem to the base of the braid formed by four inter-
twined searcher stems.?’

In addition to twining around a support or using adhe-
sive roots,”®3% many plants attach to a support via coiling
tendrils (contact coiling) or attachment pads®'-*? that “grasp”
or affix themselves to the support, respectively. Once they
are attached, these tendrils can also coil along their own axis
(free coiling) (Figure 2a) (e.g., Reference 33). Thereby, they
shorten, pull the plant closer to its support and form a spring-
like and energy dampening structure (e.g., References 32 and
34). Tendrils have long attracted the interest of scientists,>* >’
with biologists continuing to unravel the functional principles
behind their movements. Recently, tendrils have also attracted
the attention of soft roboticists who have mimicked contact
coiling for grasping®® " and axial shortening by free coiling
for actuators. 38394144

Plant tendrils coil because of a difference in length between
their opposing sides, an effect produced by osmotic effects
(turgor change, [i.e., water displacement]), differential
growth33333% or contractile fibers.***” During free coiling,
the intrinsic curvature of the tendrils created by the length dif-
ference causes the formation of a particular spring-like shape:
The tendril falls into a minimum of two helices of opposite
handedness.*®* We have observed that, during the free coiling
of the tendrils of the blue passion flower (Passiflora caerulea),
their central tissue begins to lignify (and thus to stiffen) uni-
laterally (i.e., asymmetrically) (Figure 2a), indicating that dif-
ferential tissue maturation also contributes to coiling. In older
tendrils, the central cylinder is fully lignified, fixing the tendril
in the coiled position. Finally, the tendril dies (senescence),
but remains mechanically functional,’! without further costs
of metabolic energy.

As in the biological model, coiling in many technical and
biomimetic implementations is based on a strain mismatch
between two materials. To this end, Cheng et al.,** Gerbode
et al.,*’ and Meder et al.*’ report bonding a prestrained sili-
cone rubber ribbon to a relaxed ribbon, with the formation of
a helix upon release of the prestrain. The tendril developed
by Meder et al.*’ has a polycaprolactone core surrounded
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Figure 2. Tendrils of the passion flower P. caerulea in the premature state (i.e., uncoiled [left] and in the mature state showing contact and free
coiling [right]). The insets show cross sections of the tendrils at three different developmental stages during which the central tissue lignifies
(cross sections: red =lignin-specific phloroglucinol-hydrochloric acid straining) (a). Passiflora discophora stem attached via multiple tendrils show-
ing adhesive pads (b) that act together when the stem is placed under tension (c) and thus allow the plant to sustain higher forces before failing/
detaching than would be the case for individual tendrils (d, €). Thick black arrows indicate direction of force application. Figure (d) adapted from

Reference 31.

by a resistive heating element embedded in a relaxed silicon
elastomer layer that controls the spontaneous coiling of the
out-of-equilibrium bilayer by a solid-to-liquid phase transition
upon heating (Figure 3a). Cheng et al.*> have incorporated a
conductive polyester yarn into a non-prestretched layer that
contracts like a spring when a current is applied (Figure 3b).
Instead of using (prestretched) silicone rubber ribbons, Kanik
et al.** make use of the different coefficients of thermal expan-
sion of a high-density polyethylene (PE) layer bonded to a
cyclic olefin copolymer elastomer (COCe) layer in a thermal
drawing process. Inducing plastic deformation in the PE layer
in a subsequent cold drawing process results in a coiled spring
that can then be actuated by heating. The robotic tendril pre-
sented by Hu and Alici* is also based on a strain mismatch
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between two layers comprising, in this case, a pneumatically
actuated extensible layer and an inextensible layer.

Although not being a bilayer in the true sense of the word,
a structure that is similar in terms of its internal design has
been produced by Wu et al.>° using an off-centered core—shell
co-electrospinning system. The nanoscale helical fibers con-
sist of a poly(m-phenylene isophthalamide) (Nomex) core in
a polyurethane shell (Figure 3¢). Even though the primary
application of these fibers is described as being in nonwoven
material, one can well imagine their use in the field of soft
robotics. The production of helical structures by electrospin-
ning is well reviewed by Silva et al.’" A different approach,
which is not based on bilayers, relies on nickel-titanium (NiTi)
shape-memory alloys for producing technical tendrils.>**! Yet
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Figure 3. Various types of artificial tendrils. Tendril consisting of a silicon elastomer bilayer with an embedded polycaprolactone (PCL) core sur-
rounded by a resistive heating element that controls spontaneous coiling of the out-of-equilibrium bilayer by a solid-to-liquid phase transition

(a) (adapted from Reference 40). Tendril consisting of silicon elastomer bilayer with an embedded polyester yarn that contracts when a current

is applied (b) (adapted with permission from Reference 42. © 2018 American Chemical Society). Setup for producing nanoscale helical fibers via
off-centered core-shell co-electrospinning (c) (adapted with permission from Reference 50. © 2015 American Chemical Society). Tendril-inspired
gripper actuated using an osmotic strategy based on the electrosorption of ions (d) (adapted with permission from Reference 39).

another principle uses an osmotic strategy based on the elec-
trosorption of ions to actuate (“inflate”) a preformed tendril-
inspired gripper®? (Figure 3d).

This brief and certainly not exhaustive overview demon-
strates the great interest in artificial tendrils. Surprisingly little
attention, however, has been paid to the way that multiple ten-
drils interact. Figure 2b shows that the alternating individual
tendrils each pull the stem of the passion flower P. discophora
closer to the points of fixation, resulting in the conspicuous
zig-zag shape that highlights how tightly the stem is lashed to
the substrate. When pulling on a stem, we find that even ten-
drils more than 1.5 m away from the point of force application
are strained and, hence, that the load and energy dissipation

are distributed between multiple tendrils that act together.
Indeed, our quantitative tensile tests on stem segments bear-
ing multiple tendrils (Figure 2c) clearly show that their fail-
ure force is well above that of individual tendrils (Figure 2d,
e).’! The tendrils are therefore not loaded sequentially and
fail one after the other; on the contrary, they act together in
a parallel coupling. The arrangement of multiple tendrils not
only increases the force necessary for stem detachment, but
additionally represents a “fail-safe-system” with high energy
being needed before detachment. We assume that the coiled
appearance of these tendrils is not only advantageous for
the dissipation of energy, but also makes the interaction and
simultaneous loading of several tendrils possible. The use of
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completely straight tendrils would require their lengths to be
well harmonized, a difficult feat to achieve in both plant and
technical implementations. A novel type of self-coiling tendril
is currently being developed in an interdisciplinary project
with the aim of testing our predictions concerning the interac-
tion of natural tendrils with a system of artificial tendrils.>?

Much can still be gleaned from the biological models,
especially with regard to the interaction of several (actuated)
anchoring systems. For instance, the maintenance of reversible
actuability is often not necessary and a two-stage process can
be programmed in which the anchor obtains its final mechani-
cal properties only after the termination of the movement. Fur-
ther, we can reasonably rely on several (cheap) anchor points,
rather than trying to perfect individual anchors. This is espe-
cially important if the substrate is unpredictable, as in safety
nets, for example.

Technical transfer and computational

design of liana-inspired medical orthoses

and self-locking mechanism inspired by silver
thistle bracts

Advances in computational design and digital fabrication have
enabled the technical transfer of various plant functions to our
engineered systems. In particular, additive manufacturing has
been proven to be well suited for preprogramming spatial and
temporal movements that are triggered in response to envi-
ronmental stimuli (a process termed 4D printing®*) by emulat-
ing the features of motile plant structures at increasingly high
resolutions and accuracy.

The fused filament fabrication (FFF) method is ideal
for producing bioinspired self-shaping materials systems.
Not only are the printing technology and filament materials
low cost and widely accessible, but the extrusion process of

FFF inherently creates mesoscale directional features through
the paths of material deposition. By controlling the extrusion
of natural fiber composites in the FFF process, it is possible
to encode an anisotropic and hygroscopic structure analogous
to the cellulose microfibrils in plants, allowing their passive
movements to be mimicked in 4D printed materials systems.>*

Through a material-programming and 4D-printing frame-
work developed for choreographing the sequence and qual-
ity of filament deposition, a combination and range of mate-
rials can be precisely positioned at the mesoscale, resulting
in a multimaterial and multilayered mesostructure.>® Vari-
ations in the trajectory pattern, printing layer height, spac-
ing between extrusion paths and flow of extrusion have a
compounded impact on the resulting directional stiffness
and elasticity of the materials system and on its bending
direction, orientation, and magnitude (Figure 4a—c). By
utilizing the intuitive geometric descriptors from existing
CAD workflows, individual functional regions within a net-
worked assembly can be assigned with specific materials
properties to be directly translated into the fabrication data
necessary for producing the desired self-shaping behavior.
Thus, this integrated computational design approach allows
the construction of intricate mesostructures (0.5 mm resolu-
tion) within macroscale parts (as large as 300 mm), while
simplifying the complexity of designing highly differenti-
ated materials systems.

Fundamentally, the ability to tailor the mesostructure
expands the possibilities for the further transfer of functional
principles from biological structures to 4D printed materi-
als systems. The bilayer structure of the pine cone scale has
been transferred to composite systems at an abstracted level
enabling bending in a single curvature and orientation.'®
However, 4D printing allows the programming of consecutive

Actuating

Restricting
material i

material

Bending
direction

Figure 4. Material programming and 4D printing of bioinspired self-shaping materials systems based on the fabrication parameters of FFF-based
3D printing. (a) Processing parameters include the nozzle size N, layer height H, and toolpath spacing of the active A and restrictive R filaments
and the resulting extrusion paths P. Bending can be tuned via the mesostructure design: for example, (a) the amount of curvature can be set and
(b) various curvatures can even be combined together in different configurations (c). Figure adapted with permission from Reference 56.
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motions such as the transversal and subsequent longitudinal
bending transformation observed in pine cone scales.?!

Besides the pine cone are a myriad of plant role models
with functionalities yet to be transferred to technical sys-
tems. The flower head (inflorescence) of the silver thistle
(Carlina acaulis ssp. simplex), for example, is surrounded
by rows of bracts that expose the inner inflorescence for pol-
lination during dry and favorable conditions. In wet condi-
tions, the rows of bracts bend inward in a sequential man-
ner, fully shielding the inflorescence to protect it from rain
(Figure 5a). This sequential movement has been studied in
4D printed materials systems by tuning the mesostructure
porosity and thickness and by adding a blocking layer with
tunable moisture permeability.'” Four-dimensional printing
has thus been shown to modulate successfully the speed of
actuation separately from the desired curvature (Figure 5b),
thereby allowing similar curvatures to be reached in dramati-
cally different time scales under the same actuation conditions,
as demonstrated in a self-locking soft machine in which the
timing becomes critical for two parts to intersect without col-
liding (Figure 5c).

Plants have evolved a multitude of clever strategies for
their survival, some of which have enormous potential for
abstraction and transfer to the technical domain in order to
provide a solution to a problem. The air potato (Dioscorea
bulbifera) is a climbing plant that has been observed to twine
around smooth supports while squeezing them with consider-
able force to prevent slipping as it ascends to great heights.
The mechanism of force generation has been found to origi-
nate from the delayed expansion of stipules at the leaf base;
these stipules stiffen the helical stem through tensioning and
markedly increase the contact forces applied to the support
around which the stem is twined.?® As the quality of squeez-
ing is strong and yet smooth and continuous, this two-phase
tensioning mechanism presents a promising opportunity for
improving the comfort and fit of assistive wearable devices
that need to adapt slowly over time. As such, 4D printing has
been used to construct an integrated material system compris-
ing two sub-mechanisms (Figure 6a) reproducing the twin-
ing and tensioning behavior exhibited by the role model.* D.
bulbifera naturally exhibits stipule growth at discrete points,
spaced approximately three gyres apart on the stem. However,
a 4D printed bioinspired orthotic splint has been customized
with an increased number of tensioning mechanisms pro-
grammed with further actuation delay (Figure 6b) resulting in
higher squeezing forces than found in nature and demonstrat-
ing the functional possibilities of computational design.

Potential applications of bioinspired 4D-printing extend
beyond adaptive orthoses to self-shaping architectural ele-
ments. Indeed, the reduction of operational energy related to
regulating the interior climate of buildings represents a major
ecological challenge.”’ In light of the increasing demand for
energy efficiency, current work is underway on the develop-
ment of the next generation of bioinspired adaptive shad-
ing elements for weather-responsive building envelopes.*®

Four-dimensional printed self-shaping materials systems that
operate autonomously in response to natural shifts in environ-
mental conditions, requiring neither electromechanical devices
nor operational energy, represent a step toward a more resilient
and sustainable future.

A cellular actuator inspired by bulliform cells

of grass leaves

From the variety of plant motions movable but hinge-less
structures are of particular interest, because they can serve as
suitable models for technical developments that guarantee a
long service life without costly maintenance or replacement of
broken hinges. A prime biological model for durable technical
applications is the hinge-less motion of grass leaves triggered
by the turgor changes of their bulliform cells.>*%° Within the
framework of a biomimetic technology pull process, Mader
et al.®! have abstracted this biological principle and applied
it to a pneumatically driven biomimetic cellular actuator for
facade-shading systems at the architectural scale.

In the grass families Poaceae, Juncaceae, and Cyperaceae,
fan-shaped groups of huge epidermal cells (so-called bulliform
cells or motor cells) occur on the adaxial (=upper) side of
the leaves (Figure 7a-b). If the groups of bulliform cells are
concentrated either directly on the midrib of the grass leaf or
in two strands left and right close to the midrib, the leaf halves
exhibit a cross-sectional V-profile. The leaf halves are closed
under drought stress and can open again under sufficient
water supply. When the bulliform cells become turgescent and
increase their volume by swelling, the leaf halves open around
the midrib.®® Damage experiments of the bulliform cells sup-
port the hypothesis that prestresses in the closed leaf, caused
by the other leaf tissues, have to be actively counteracted by
a high turgor pressure in the bulliform cells in order to open
the leaf.®! The leaf halves close again when the turgor is low
and the volume of the bulliform cells shrinks.®® Experiments
on maize leaves indicate that the cuticles of bulliform cells
are more permeable to water than the cuticles of the other
epidermal cells. Thus, during leaf dehydration, bulliform cells
shrink more than the epidermal cells.®? The pivotal region of
the motion is located in the midrib area. Vascular bundles
together with sclerenchyma struts between the upper and
lower leaf epidermis serve as spacers giving the leaf lamina
its integrity (Figure 7a-b).

This turgor-dependent motion and change in the geom-
etry of grass leaves is currently interpreted as being a revers-
ible response to water limitation and heat stress. Under
drought stress, which causes low turgor, the folding reduces
the exposed leaf surface and thus transpiration and protects
the leaves from dehydration and overheating. Because the
stomata in grass leaves are located on both the upper and
lower side of the leaves, folding can significantly reduce free
transpiration from the stomata on the adaxial side. When the
water supply is sufficient (i.e., at a high turgor), the leaf is
unfolded and flattened (Figure 7a—b). This increases pho-
tosynthesis because of the higher sun exposure of the leaf
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Figure 5. (a) Sequential shape-change in the silver thistle (C. acaulis ssp. simplex). (b) A 4D printed aperture with six flaps taking turns to bend
until completely opened. (c) A 4D printed soft machine is shown inserting its slot into the locking flaps. Figure adapted with permission from
Reference 19.

surface. Moreover, folding of the leaf also has a mechani- completely folded dehydrated leaf (height a/2~3.0 mm,
cal side effect as to its flexural rigidity under gravitational width 26~0.67 mm) has an approximately 80 times higher
loading. Compared to an entirely flat and fully turgescent axial second moment of area in direction to gravitational
leaf (width a~6.0 mm, average height 56~0.335 mm) a loading. Additionally, it can be assumed that the elastic
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Helix
mechanism

Pocket
mechanism

Figure 6. (a) The biomimetic process starting from the investigation and understanding of D. bulbifera to the production of a bioinspired

4D printed material system and wearable application. (b) A close-up of the many tensioning mechanisms of the 4D printed orthotic splint pro-
totype; the mechanisms are populated at a higher density than that occurring naturally in the plant role model, illustrating the advantages of the
computational design framework. Figure adapted with permission from Reference 56.

modulus of the entire leaf structure does not change mark-
edly under drought stress as turgor-independent scleren-
chyma plays the major stiffening role in terms of struts
between the upper and lower epidermis. Thus, we hypoth-
esize that the increase of the axial second moment caused
by leaf folding overcompensates for the (slight) decrease
in elastic modulus and the folded leaf is markedly stiffer in
bending under gravitational loading than the unfolded, but
turgescent leaf.

The turgor-triggered motion in the grass leaves represents
(like the hygroscopic movements) a nastic movement with a
predetermined motion sequence.®*** In contrast to the hygro-
scopic movements of the “dead” plant tissues described in
“Hygroscopic plant motions: Movement without consump-
tion of metabolic energy” section, metabolic energy is

needed for the turgor changes initiating the motion in the
grass leaves.

Mader et al.®! performed a detailed form—structure—func-
tion analysis of the opening and closing motion of the leaves
of Sesleria nitida, which belongs to the grass family (Poaceae).
The motion driven by groups of bulliform cells arranged to the
left and right of the midrib was the basis for the transference
of this action into a technical motile structure. Mader et al.®!
incorporated all essential insights, such as geometry, shape and
arrangements of the bulliform cells and the pressure-depend-
ency of the motion, into a finite element analysis as a prereq-
uisite for the development of a biomimetic pneumatic cellular
actuator (Figure 7¢). The first prototype of the cellular actua-
tor consisted of a row of single cells with compliant hinges
positioned on a plate. When the pneumatic pressure applied to
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Figure 7. (a) Unstained cross section of an entire leaf of S. nitida. The purple rectangle indicates the
image detail shown in (b). (b) Microscopic image stained with Acridine Orange that highlights lignified
tissues in yellow. The contours of the leaf and the bulliform cells are outlined in black. Note: ab-ep,
abaxial epidermis (=lower epidermis); ad-ep, adaxial epidermis (=upper epidermis); bc, bulliform cells;
ch, chlorenchyma; mr, midrib; sc, sclerenchyma; sc-mr, midrib sclerenchyma; vb, vascular bundle;
vb-mr, midrib vascular bundle (= midvein). (c) Finite element model of one leaf half opening and closing
dependent on the turgor pressure (P) in the fan-shaped bulliform cell group.

application without the copy-
ing of all details of the bio-
logical model. Therefore,
similarities and dissimilarities
can be found. The similarities
between the plant model and
the cellular actuator are the
cellular structure, the fluid-
mediated volume change of
cells, and the reversible move-
ment of the entire component.
The dissimilarities are found
with regard to the movement
(folding of leaf halves ver-
sus bending of the cellular
actuator), the fluid (hydrauli-
cally driven plant movement
versus pneumatically driven
deformation of single actuator
cells), and the power (turgor
pressure in the bulliform cells
versus pressurized air in the
technical cells).5!

Novel artificial Venus
flytrap systems: Going
beyond biology

Over the last two decades,
the mode of function of
snap-trapping in Dionaea
muscipula (Venus flytrap) has
become much better under-
stood and artificial Venus
flytraps (AVFs) have increas-
ingly moved into the focus of
the R&D of bioinspired and
biomimetic robots.®” If the
trigger hairs on the trap lobes
of D. muscipula are mechani-

each individual cell was increased, the cells became wider at
the upper side and the entire structure bent upward (Figure 8).

Because the size of the technical cells can span from
centimeters to meters, the pneumatic cellular actuator has
the potential for being applied on an architectural scale. To
illustrate the feasibility of the concept as a bending actuator,
the design and dimensions of the technical cells were chosen
according to the prototype size of the bioinspired facade-shad-
ing system Flectofold.®>“° It has been successfully integrated
into the midrib of the Flectofold, where the bending of its
midrib controls the hoisting of its wings and, thus, the amount
of shading.

In the framework of biomimetics, the functional principle
of kinetic amplification has been transferred to a technical
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cally stimulated twice within
a certain time frame (20-30 s
at room temperature),®® the
trap reacts with a snap-buckling and fast closure movement
of its bistable lobes (within 500 ms)'!"*7-%-7* (Figure 9a).
The trap’s fast movements, decentralized decision-making,
mechanical memory, and energy-harvesting capabilities are
of particular interest for use in autonomous robots, as these
must also perform (fast) actions on an energy-efficient basis
and gather energy from the environment.

Esser et al.%” provided a detailed overview of AVF sys-
tems up until mid-2020. Since then, a few novel systems
have been published highlighting new uses and production
techniques for AVFs, such as snap-buckling joints for grip-
pers,’” small-scale liquid—crystal elastomer grippers with
magnetically printed liquid metal circuits for heating,”®
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40 mm
—

Figure 8. (a) Finite element model of a single technical cell. An
increase in air pressure (P) inside the cell causes the vertical cell
wallls to tilt outward. (b) Finite element model of a row of cells under
increased air pressure resulting in a bending motion. (c) Physical pro-
totype of the biomimetic cellular actuator. The structure, consisting of
a row of pneumatic cells attached to a plate, lifts an external mass of
0.5 kg (with reuse permission from Reference 61).

and an AVF utilizing 3D printing to program multista-
bility into structures morphing in response to changes in
temperature.77

Such products were the inspiration for our novel AVF sys-
tems with which we were able to pass (partly) a Venus-flytrap
functional Turing test when Venus-flytrap-like motion and
energy requirements were considered.”>’® We benchmarked
our systems to their biological role model and characterized
them in terms of motion kinematics (motion path, closing time
and speed, acceleration, etc.) and energy requirements.

Our first environmentally triggerable AVF system, the
Venus Flyflap, combines, in a novel way, the motion prin-
ciples of two carnivorous plants into one system. The AVF
represents an example of a bioinspired development that “goes

beyond biology.” The system closes like Aldrovanda vesicu-
losa (waterwheel plant) via the kinematic coupling of the trap
lobes to the bending backbone,’* which represents the actua-
tion system, causing a motion amplification, and snaps open in
an “inverse” snap-buckling such as that of the Venus flytrap.”®
The AVF is driven by four state-of-the-art actuation systems
(Figure 9b): (1) pneumatic actuation closing and opening the
trap lobes by pushing and bending the AVF midrib (Figure 9c¢);
(2) thermal actuation via shape-memory springs closing in
reaction to changes in ambient temperatures above 65°C; (3)
a contactless magnetic drive via a permanent magnet attached
to the closing structure moving up and down in response to
a rotating magnetic field; (4) the locking of the system in an
open state and its unlocking via a stimulus combination of
humidity (>65% RH) and a rise in temperature (>65°C) utiliz-
ing a bilayer of shape-memory polymer and hydrogel.”

The pneumatically actuated AVF mimics and combines the
motion principles of D. muscipula and A. vesiculosa and per-
forms similarly to the biological models with regard to closing
time and speed within its five phasic motions (Figure 9c). The
system closes within 300 ms and snaps open within 60 ms
(Figure 9d). The kinetic energy requirement for the motion (20
to 80 mJ) and the energy consumption of the actuation system
(1 J for pneumatics)” is less than the energy requirements of
the biological models (9.66 1).”%” The presented AVF sys-
tem is the first developmental step toward a fully autonomous
multi-responsive AVF system.

Our second system is the first bioinspired mechanical
unit cell-based fully 3D printed AVF® and originates from
novel bending unit cells further developing the KinetiX sys-
tem published by Ou et al.’° This mechanical metamaterial
consists of rotating polygon type auxetic structures, enabling
planar and spatial shape changes, such as uniform scaling,
shearing, bending, and rotating, through a variation of posi-
tion and the angle of hinges and plates. The system utilizes
unit cells with oppositely titled walls to generate doubly
curved surfaces mimicking the curvature and appearance of
a Venus flytrap lobe. Two of these surfaces are connected by
a central actuation unit cell mimicking the A/drovanda mid-
rib and form the AVF. The system is printed fully assembled
and ready to use from the printer bed. By compressing the
central unit in 2D by kinematic coupling, a 3D curvature
inversion and closure of the trap lobes occurs within 250 ms
(depending on the applied force) (Figure 9¢).”® For curva-
ture inversion, 0.8 to 1.5 N is needed with a force minimum
after passing the 0° curvature line (Figure 9f). This novel
unit cell AVF can be further miniaturized and will form the
basis for an autonomous gripper and support structures for
soft machines performing complex motion sequences in the
future.

These systems can be employed in plant-inspired robotics
as attachment, manipulation, or energy-harvesting structures
equipped with photovoltaic elements within harsh environ-
ments.%” For such systems to cope with harsh environmental
conditions, the research focus must lie in the development of
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Figure 9. (a) The biological role model D. muscipula (Venus flytrap) is shown in an open and closed state; the trap consists of two trap lobes con-
nected by a midrib. If prey deflects the trigger hairs twice within a certain time, the trap lobes close in a fast snap-buckling trap motion. Figure a is
adapted from Lin et al.”® under the terms of the Creative Commons Attribution License (CC BY). (b) Schematic overview of the actuation principles
of the artificial Venus Flyflap.”® Contact-less magnetic actuation is achieved through a rotating magnetic field driving a magnet attached to one
lobe ear in an up and down motion closing the artificial Venus flyflap (AVF) lobes periodically. In response to a rise in ambient temperature above
65°C, a spring made of a shape-memory alloy contracts and pulls the lobe ear down closing the trap lobes. A pneumatic drive is used to open and
close the AVF repeatedly for motion analysis. A combination of humidity (>65% RH) and temperature (>65°C) unlocks the system for motion, as
the bilayer of the shape-memory polymer and hydrogel becomes flexible and the hydrogel expands. In the dry and cold states, the system can be
locked in an open state. (c) Pneumatic actuation has been used to characterize the five phasic opening and closing motions of the Venus Flyflap.
(d) The opening motion is the fastest (<70 ms) of the five phases. Figure ¢ and d adapted from Tauber et al.”® under the terms of the Creative Com-
mons Attribution License (CC BY).”® (e) Side view of the unit cell-based AVF held at the central actuation unit. The system closes within 250 ms

in response to a horizontal force being applied to the central unit. It inverses its lobe curvature, such as the Venus flytrap, passing a 0° curvature
line (dashed line). Trap lobe motion paths are tracked and highlighted. (f) Force—displacement diagram during closure of the unit cell-based AVF.
During curvature inversion, the force drops from 0.8 to 1.5 N down to 0.2 to 0.3 N with a force minimum after passing the 0° curvature line at 7 mm
displacement. Different colors represent different demonstrators tested.

a low complexity system with low wear and low to no main-
tenance. The novel AVF system presented here represents
the first step toward fully autonomous structures for grippers
and energy harvesters, as they already meet the requirements
of low energy, low complexity, and autonomy. In addition,
the two presented AVF systems represent the first systems
capable of passing the Venus flytrap functional Turing test
in motion kinematics and energy requirements.

Discussion and conclusion

Animal-inspired robots have a long history starting in the
1990s, with insect-inspired six-legged robots becoming
increasingly “animal-like” in their motion sequences since
the 2000s.818? Nevertheless, because of their modes of
actuation and especially the use of mostly “hard and sim-
ple” solid materials, these artefacts differ markedly from
their biological models, particularly with regard to details
in their motion sequences. The development of soft robots
inspired by, for example, octopus arms or plant roots started
mainly in the 2010s and was a paradigm shift toward more
life-like appearances and motions based on elastic deforma-
tion. “Soft” viscoelastic polymer-based materials and mate-
rials systems were mainly used for these robots, 8398386
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However, the types of actuation, which typically depend on
external energy sources and wiring, showed only rudimen-
tary autonomous material-immanent actuation and sens-
ing, which is otherwise characteristic for the living concept
gencrators.

Nevertheless, the functions of the biological models
and, to an increasing amount, the underlying hierarchical
structuring of the used materials systems were successfully
mimicked, creating even more life-like types of robots. In
the last five years, additional technically interesting func-
tions of biological models (e.g., self-repair, self-adaptability,
better sensor-actuator coupling, and even energy autonomy)
have been incorporated in bioinspired soft robots and soft
machines, >6:883:8486-88 £or this next generation of soft
robots, plant models have proven to be very helpful, espe-
cially because of the multifunctional materials systems
of their motile structures. Such materials systems show a
high level of structural and functional integration combin-
ing sensor, actuator, movable element and support structure
and often displaying extraordinarily high functional resil-
ience and robustness. The last-mentioned has been estab-
lished for fossil char-coalified conifer cones, which hygro-
scopically open and close even after ~15 million years.?’
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Hygroscopic structures are prime models for energy auton-
omy as they harvest energy directly from the environment;
in other words, they do not require metabolic energy (as in
plants) or any wiring for external energy supply (as in soft
machines). The (main) reasons for the evolution of these
complex, widely autonomous, and sometimes energy-inde-
pendent materials systems in plants are assumed to be their
modular structure and their lack of a central control unit
(i.e., a brain). These features necessitate that sensing and
(re)acting take place in a decentralized manner across the
various modular plant organs or structures, making plants
highly appropriate concept generators for novel smart mate-
rials systems. Such types of hierarchically organized and
highly functionally integrated plant-inspired materials sys-
tems can be seen as a prerequisite for the next generation
of increasingly autonomous, self-sufficient, soft robots and
soft machines.* State-of-the-art production methods such
as 3D/4D-additive (micro-) manufacturing, 3D-braiding-
pultrusion, and laser spinning allow the transfer of many
outstanding properties of biological models to biomimetic
materials systems at reasonable costs. These methods enable
the production of complex materials systems from small to
large, combining a wide range of hierarchical levels (analo-
gous to living nature). Additionally, an increased function-
alization of the interfaces found in biological models could
lead to the production of even more sophisticated materials
systems, further advancing soft robots and soft machines.’

The development of plant-inspired soft robots and soft
machines based on the form—structure—function relationships
of biological models raises the questions of whether plants
use embedded energy and have an embedded intelligence, two
concepts widely discussed in soft robotics. Embedded energy
definitively exists in many motile plant structures, as estab-
lished nearly two decades ago by the physical considerations
of Mahadevan and colleagues with regard to the necessity of
speed boosts for (ultra-) fast plant movements.®% Virtually all
fast plant movements rely on the release of stored or embodied
elastic energy. Prime examples are the fast active traps in car-
nivorous plants (e.g., Reference 71), the “explosive” seed dis-
persal mechanisms as found in Hura crepitans, Impatiens sp.,
or Hamamelis sp.,”° and the spore release structures of some
ferns and mosses (e.g., References 91 and 92). The question
of the existence of embodied intelligence in plants, however,
is not so easy to answer.

Embodied intelligence ... is the intelligent behavior in
embodied and situated agents through ... the strict cou-
pling between the agent and its environment (situated-
ness), mediated by the constraints of the agent’s own
body, perceptual and motor system (embodiment).
[Citation from Cangelosi et al.’®]

A definition of embodied intelligence from the Hand-
book of Computational Intelligence®® (but omitting the parts
specific for computers and brains) suggests that embodied

intelligence can also be attributed to plants. Embodied intel-
ligence in plants is encoded in the structural setup of their
motile materials systems, which have evolved an ability to
react to environmental stimuli in a way that is advantageous
to the survival of the plants. Examples include the envi-
ronmentally triggered opening and closing movements of
conifer cones and other plant seed pods, the active trapping
mechanisms in carnivorous plants, and some self-sealing
processes. Because all of these processes depend on the
structural setup and the physical properties of the materials
systems in the plant organs that react to the environmental
physical stimuli (e.g., humidity, light, touch...), the term
physical intelligence seems more appropriate’* than that of
embodied intelligence. Indeed, complex plant structures,
which consist of many individual motile elements (e.g., pine
cones), show an even higher and much more complex func-
tional integration. The orchestrated, entirely material-based
opening of some pine cones, in which the helically arranged
cone scales open one after another from cone base to top,
can even be seen as a kind of physical swarm intelligence
that is encoded in the materials system of the scales. By this
the release of seeds is ensured, as the successive and orches-
trated movement of the scales avoids mutual blockage of the
scales (and, concomitantly, a prevention of seed release),
which could occur if the latter opened randomly. Orches-
trated opening is especially found in pine species with very
dense scale arrangement and cone structure (e.g., Pinus jef-
freyi), whereas in species with less dense scale arrangement
in which no mutual blocking can occur (e.g., Pinus nigra),
no or only rudimentary orchestration occurs. This orches-
trated system alone may provide manifold inspiration for
future technical applications.

For the presented plant-inspired soft machines and struc-
tures for facade shading and medical applications, we have
focused on short-term movements of plants and plant organs
that typically occur on a time scale between milliseconds and
hours. For assessing the full potential plants for bioinspired
research also long-term adaptations of plant as, for example,
growth processes in woody plants should be considered. Addi-
tionally, field experiments will contribute to a better under-
standing of the complex interplay of (uncontrolled) natural
environmental stimuli and the reactions of plants to them.
Nevertheless, experiments under (semi-)controlled conditions,
as possible in the Botanic Garden greenhouses, or under fully
controlled conditions, as in phytochambers, are indispensable
for (first) analyses of the stimulus—response chain and for a
quantitative analysis of the form—structure—function coupling
under controlled stimuli, which is the basis for all biomimetic
transfer.

The above considerations clearly demonstrate that (bioin-
spired) materials research is a key technology for the next gen-
eration of soft robots and soft machines and is, in our opinion,
extremely important for the further improvement and minia-
turization of intelligent control systems.
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