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Abstract

During the last decade biomimetics has attracted increasing attention as well from basic and applied
research as from various fields of industry and building construction. Biomimetics has a high
innovation potential and allows for the development of sustainable technical products and production
chains. Fibre-reinforced structural materials found in plants and animals share many structural and
functional properties with fibre-reinforced compound materials and technical textiles. Therefore they
can be used in various ways as role models for novel biomimetic materials and structures. Interesting
properties that can be transferred from biological concept generators to bioinspired technical products
include high-loadbearing and vibration damping in (ultra-)lightweight branching regions, energy
dissipation and puncture resistance as well as elastic deformability without joints and hinges. Selected
approaches are exemplified by using actual developments in interdisciplinary R&D-projects of the
Plant Biomechanics Group Freiburg in collaboration with engineers, materials scientists and architects.

1. Introduction

Biomimetics is characterized by a high innovation potential and offers the possibility for the development
of sustainable technical products and production chains. For these reasons, biomimetics has attracted
increasing attention as well from basic and applied research as from various fields of industry and
building construction. The basis for all biomimetic R&D-projects is the huge number of organisms with
their specific structures and functions that have developed during evolution. Over the last decades new
fascinating insights into multi-scale mechanics and other functions of biological materials became
possible due to novel sophisticated methods for quantitatively analysing and simulating the form-
structure-functions-relationship on various hierarchical levels. On the other hand, new production
methods allow for the first time the transfer of many outstanding properties of the biological role models
into biomimetic products at reasonable costs [1, 2]. Within the framework of the Collaborative Research
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Centre TRR 141 “Biological Design and Integrative Structures”, interdisciplinary teams aim to explore
the potential of biomimetic materials and structures for a new smart kind of bioinspired architecture [3].

Fibres, polymers and minerals are the basis of most structural materials found in plants and animals.
Vertebrate bone, for example, consists of collagen molecules and fibrils embedded in a hydroxyapatite
matrix, and the cuticle of arthropods is mainly built up from chitin molecules in a more or less
sclerotinised protein matrix and sometimes additionally strengthened by calcite. The cell wall of higher
plants (embryophyta) consists of cellulose molecules and microfibrils in a complex matrix of
hemicellulose, pectin and lignin [4]. Therefore (most) biological structural materials are built of complex
polymer fibrils and fibres embedded in polymer or mineral matrices. This structure gives these materials a
unique combination of stiffness and toughness, often leading to a benign fracture behaviour as well as
inhomogeneous and anisotropic material properties which render the basis for the evolution of manifold
structural and functional evolutionary and ecological adaptations found in the different lineages of plants
and animals. Furthermore, fibre based anisotropic materials are the basis for the various types of motion
found in plants and animals. The interconnected woody vascular system found in cacti which serves for
water transport and stabilization [5] exemplifies the complexity and functionality of the fibrous skeleton
found in plants (Fig. 1).

[ 765

Figure 1. Complex system of lignified vascular bundles in a flat rounded shoot (cladode) of a prickly
pear cactus (Opuntia sp.) visible after decay of the water storing parenchymatous matrix tissue
(Saguaro National Park, Arizona, USA), © Plant Biomechanics Group Freiburg.

2. Results
2.1. Un-branched and branched fibrous composite materials

Fibre-reinforced compound materials and technical textiles share many structural and functional
properties with their biological counter parts and proved to be very suitable for the fabrication of
innovative biomimetic products [6-8]. Examples for light-weight materials with excellent mechanical
properties include biomimetically optimized un-branched and branched fibrous composite materials with
gradient structure, high stiffness, good vibration damping and benign fracture behaviour which are
developed in collaboration with colleagues from the University of Stuttgart, ITV Denkendorf and TU
Dresden. A patented example for a biomimetic un-branched fibrous composite material is the “technical
plant stem” which is inspired by structural and functional properties of bamboo, giant reed and horsetails
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[6,9]. This example shows that for biomimimetic products inspiration is taken often from more than one
biological concept generator.

Maceration Thin section Maceration

Figure 2. Branching regions of columnar cactus (Pachycereus sp.), dragon tree (Dracaena marginata)
and dwarf umbrella tree (Schefflera arboricola) which serve as concept generators for the
development of bioinspired branched fibrous composite structures, © Plant Biomechanics Group
Freiburg & TU Dresden.

Actual R&D-projects deal with the development of branched fibrous composite structures for which the
branching regions of dragon trees, columnar cacti and selected arborescent dicotyledons (e.g. dwarf
umbrella tree, Schefflera arboricola) serve as concept generators (Fig. 2) [7,8,10,11]. These branched
structures can be either realized by using glass fibre-reinforced polymers (GFRP) or carbon fibre-
reinforced polymers (CFRP) (Fig. 3). The field of potential applications is large and ranges from frames
(e.g. for motorbikes or bicycles) over bearing structures in machines, automobiles and in aerospace (e.g.
stringers) to highly load-bearing constructions in architecture, where especially carbon fibre-reinforced
polymers (CFRP) filled with light-weight free-floating concrete are of interest [11].

Figure 3. From the biological role model (branching region of dragon tree and columnar cactus) to the
bioinspired branched fibrous composite structure, © Plant Biomechanics Group Freiburg, TU
Dresden, ITV Denkendorf & ILK Dresden.
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2.2. Structural materials with a high energy dissipation capacity and puncture resistance

Other examples for which fibrous plant materials are used as concept generators are bioinspired fibre-
reinforced graded foams and ultra-thin-layer materials. They are inspired by fruit peels (pomelo, coconut)
and seed coats (macadamia) and represent examples for structural materials with a high energy
dissipation capacity and/or puncture resistance [12-14]. In the peel of pomelo (Citrus maxima), a large
citrus fruit, a graded foam-like structure consisting of individual cells which constitute the struts of the
foam is embedded in a three-dimensional network of lignified vascular bundles. This “construction”
enables the fruit to survive impacts from up to 15 m high without splitting open or suffering from any
other visible damage. The complex arrangement of graded foam and 3D-bundle network (Fig. 4) allows
for a very efficient transfer of local impacts (small contact area of impacting fruit with the surface) to a
global answer (involvement of a huge part of the peel/fruit volume in energy dissipation), and by this
enables the pomelo (peel) to dissipate more than 90% of the impact energy [12,14,15]. Seed coats and
fruit walls often represent very tough and puncture resistant protection layers sheltering the embryo and
nutrients from desiccation, mechanical damage (e.g. by frugivorous animals) and other harmful influences
(e.g. UV-radiation).

Figure 4. Pomelo fruit (A) showing the white peel (B) with foam struts (biological cells) embedded in
a three-dimensional network of (lignified) vascular bundles (C), © Plant Biomechanics Group
Freiburg.

Puncture resistant fruit walls and seed coats typically represent complex micro-laminated structures
consisting of consecutive layers of (highly) lignified fibres/fibre bundles and (round) sclereid cells
causing a combination of high toughness and stiffness which is fascinating as well from a technical as
from a biological point of view. Interesting examples for such puncture resistant protection layers include
the seed coat of macadamia (Macadamia integrifolia), which outcompetes other seed coats and nut shells
by a factor of three regarding the ratio of fracture force over wall thickness [13], and the endocarp (inner
layer of the fruit wall) of the coconut (Cocos nucifera) [14]. In collaboration with physicists, engineers,
material scientists and architects from the RWTH Aachen, TU Berlin, the Universities of Stuttgart und
Tubingen as well as with industrial partners, these plant structures were used as concept generators for
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diverse applications. The applications range from highly energy dissipating and puncture resistant
bioinspired materials for crash-boxes in cars or sheltering layers for transportation vessels of hazardous
goods over helmets and other kinds of (sports-)protectors to novel types of impact and earthquake
resistant building materials. These bioinspired materials can be produced on the basis of various classes
of technical materials ranging from metals and minerals/concrete to polymers [16, 17, 18]. Other
examples for innovative bioinspired fibre-based damping products include a shock-absorbing
transportation pallet with dampers that were inspired by bamboo culms and the kind of embedding of
hedgehog and porcupine spines in the tough skin of the respective animals [19].

2.3. Elastic architecture — the biomimetic facade-shading systems flectofin® and flectofold

Hinges and joints are regions of stress concentration in all technical moveable systems which often fail
and typically need a considerable amount of maintenance making them often to the “week and costs
expensive points” in technical constructions. Within the framework of elastic architecture we aim for
transferring structural and functional solutions found in deployable and/or moving plant organs which
move and alter shape without any localized hinge or joint into applications for a novel bioinspired
architecture. The role models include motions of various plants organs including flower opening,
deformation processes of fern false indusia shielding the sporangia, and trap movements of carnivorous
plants [20-26]. As a first type of application bioinspired facade-shading systems were developed by a
consortium of biologists, engineers and material scientists from the Universities of Freiburg and Stuttgart
and the 1TV Denkendorf. The biomimetic facade-shading systems flectofin® is inspired by the movement
of the violet perch of the bird-of-paradise flower (Strelitzia reginae) which opens due to the weight of a
pollinating bird landing on it in order to feed on the nectar at the base of the flower. The opening
movement represents a torsional buckling process of a cylinder open on one side and can be repeated
more than 3000 times without any material fatigue (Fig. 5).

Figure 5. Flower stand of the bird-of paradise flower with a violet perch acting as role model for the
hingeless biomimetic facade-shading system flectofin®. Demonstrator of the biomimetic facade-
shading system flectofin® actuated by bending of the backbone with hydraulic pistons at the base of
each module in various states of closing, © Plant Biomechanics Group Freiburg, ITV Denkendorf &
ITKE University of Stuttgart.

This biological concept generator was analysed and abstracted by the interdisciplinary team and rendered
the basis for the development of the the hingeless facade-shading systems flectofin® which was patented
in 2012 [25, 27-30]. Based on the mode of functioning of the flectofin® further bioinspired facade-
shading systems were developed and for example used by SOMA architecture (Vienna) and Knippers
Helbig Engineers (Stuttgart) in the One Ocean thematic pavilion at the Expo 2012 in Yeosu, South Korea
[29]. A recent development was inspired by the motion of the snap trap of the water wheel plant
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(Aldrovanda vesiculosa) in which the two leaf halfs, representing the two “cups” of the snap trap, are
closed by a slight bending of the midrib due to motion amplification [25, 30]. Both biomimetic facade-
shading systems were constructed using glass fibre-reinforced polymers (GFRP) and make use of the
anisotropy of the fibre reinforced compound material [30].

3. Conclusions

Fibre-reinforced structural materials found in plants and animals share many structural and functional
properties with fibre-reinforced compound materials and technical textiles and therefore can be used in
various ways as inspiration for novel biomimetic materials. Interesting properties that can be
transferred from biological role models to bioinspired technical products include high-loadbearing and
vibration damping in (ultra-)lightweight branching regions, energy dissipation and puncture resistance
as well as elastic deformability without joints and hinges [2]. New production methods (additive
methods, 3D-braiding pultrusion to name just a few) developed during the last decade(s) allow for the
first time to transfer many of the outstanding (mechanical) properties of biological role models into
biomimetic products at reasonable costs and will markedly widen the field of application and the
market chances of biomimetic products in the coming years. As a very interesting field of application,
biomimetic architecture became of considerably increasing interest during the last decade as it allows
to test biomimetic innovations already in a prototype state in future-bound buildings [3, 29].
Architecture furthermore allows for combining functional efficiency of the biomimetic solutions with
the aesthetics of the biological role models. In both cases we succeeded not only in abstracting and
transferring the mode of function of the biological role models into technical fagade-shading systems
but also in retaining the aesthetics of motion of the biological concept generators [29-31].
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