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ABSTRACT
The manufacturing of nodal elements and/or ramifi cations with an optimised force fl ow is one of the major 
challenges in many areas of fi bre-reinforced composite technology. The examples include hubs of wind-power 
plants, branching points of framework constructions in building industry, aerospace, ramifi ed vein prostheses in 
medical technology or the connecting nodes of axel carriers. Addressing this problem requires the adaptation of 
innovative manufacturing techniques and the implementation of novel mechanically optimised fi bre-reinforced 
structures. Consequently, the potential of hierarchically structured plant ramifi cations as concept generators for 
innovative, biomimetic branched fi bre-reinforced composites was assessed by morphological and biomechani-
cal analyses. Promising biological models were found in monocotyledons with anomalous secondary growth, 
i.e. Dracaena and Freycinetia, as well as in columnar cacti such as Oreocereus and Corryocactus. These plants 
possess ramifi cations with a pronounced fi bre matrix structure and a special hierarchical stem organization, 
which markedly differs from those of other woody plants by consisting of isolated fi bres and/or wood strands 
running in a partially lignifi ed parenchymatous matrix. The angles of the Y- and T-shaped ramifi cations in 
plants resemble those of the branched technical structures. Our investigations confi rm that the ramifi cations 
possess mechanical properties promising for technical applications, such as a benign fracture behaviour, a good 
oscillation damping caused by high energy dissipation and a high potential for lightweight construction. The 
results demonstrate the high potential for a successful technical tran sfer and led to the development of concepts 
for producing demonstrators in lab-bench and pilot plant scale that already incorporate ‘solutions inspired 
by nature’.
Keywords: Branched fi bre-reinforced composites, columnar cacti, lightweight, monocotyledons, Y- and 
T-shaped ramifi cations.

1 INTRODUCTION
The production of an ever increasing number and diversity of fi bre-reinforced composites is driven 
by the high demand for lightweight materials with good damping, other benefi cial mechanical prop-
erties and high standards for excellent performance in structures that are subjected to extreme 
tension, torsion and bending forces and moments. In many technical applications, these loadings are 
highly dynamic and may occur in many millions of load-unload cycles. These extremely complex 
and numerous combinations of stresses and strains that act on a structure can ultimately lead to 
material fatigue and cracks and thereby become critical for the structural integrity of the component 
(Fig. 1) [1, 2].

This is especially the case for mechanical parts that are subject to vibration and impact loads in 
fast-moving objects such as cars, planes or windmills. The failure of these structures often have 
 catastrophic consequences and can lead to the collapse of the entire structure, e.g. the demolition of a 
windmill caused by the delamination of the rotor blades (www.forcechange.com) [3]. As 
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 fi bre-reinforced composites hold the potential to meet these high performance standards, the 
 production of such  structures is often very diffi cult and complicated by the complex shape of many 
parts, especially branched elements. The combination of two approaches, i.e. the development of 
innovative production techniques combined with a biomimetic optimisation of the inner and outer 
structures of the fi bre-reinforced composites, leads to novel bio-inspired structures with enhanced 
mechanical properties that are able to overcome the restrictions of classic engineering techniques for 
optimisation. The potential of nature as a role model for designing fi bre-reinforced components is 
very high as (i) it combines different substructures into a superordinate structure, thus enhancing the 
mechanical characteristics, a principle that is common in nature, and (ii) the laminated confi guration 
of technical products, e.g. a carbon-fi bre-reinforced epoxy resin and some plant stems, e.g. the lay-
ered structures of a bamboo shoot are highly comparable [4, 5]. The general potential of biomimetic 
approaches will be described for the specifi c example of branched technical fi bre-reinforced 
composites.

The methodological approach for developing ‘branched’ composite structures can be described as 
a ‘Top-Down process’ as defi ned by the Plant Biomechanics Group (PBG) Freiburg (Fig. 2) [4, 6].

2 MATERIALS AND METHODS

2.1 The biomimetic approach

An R&D project in biomimetics may be initiated by a specifi c technical challenge posed by an 
 engineer of a company (technology pull, ‘Top-Down process’) (Fig. 2). The solution is often not 
limited to the constraint of one particular application, but rather can be implemented in a large num-
ber of products and may even generate new technical applications. The search for adequate concept 
generators in nature is the following step (i). This screening covers a broad spectrum of biological 
organisms in order to fi nd the concept generators with the highest potential of ‘solving’ the technical 
problem. After the completion of the screening procedure, appropriate principles based on the struc-
tures and functions of one or more concept generators are identifi ed (ii). To analyse quantitatively 

Figure 1:  The technical challenges: nodal structures in motorbike-engineering and bicycle-
engineering. (A) The headset of a bicycle. (B and C) A subframe of a motorbike with 
fatigue crack (arrow).
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the form–structure–function relationships of the model plants, an array of methods, including 
 biomechanical tests as well as different light- and electro-optical analyses (see below), are used. The 
abstraction process is the next step (iii). This part of the project is highly important for the success 
of the whole project. The underlying principles that were found in the biological organisms are 
detached from these and translated to technical materials and structures. Simulations of the struc-
tures can help to shed light on the complex form–structure–function relationships in the plants and 
thereby can aid the abstraction process (iv). This knowledge transfer from the biologists to the engi-
neers forms the basis for assessing the possibilities for a technical implementation and makes it 
possible to carry out technical feasibility tests (v). In later steps, the natural structures are modelled 
and demonstrators are manufactured on the lab-bench scale and pilot plant scale prior to prototyping 
(vi). The biomimetically optimised structures are then fi nally introduced onto the market, accompa-
nied by fl anking measures from the industrial partner. This Top-Down process is in accordance with 
the newly defi ned guidelines 6220 [7] and 6223 [8] published by the VDI (Association of German 
Engineers/Verein Deutscher Ingenieure).

2.2 The structural and mechanical analyses of the arborescent monocots and columnar cacti

In the PBG of the University Freiburg, serial thin and semi-thin sections were made for analysing the 
morphology and anatomy of the branch-stem attachment regions of Dracaena and Freycinetia, two 
of the role models for branched biomimetic fi bre-reinforced composites [9–14]. 

The numerical structural analyses of stem–branches by fi nite-element analysis for the  investigation 
of geometric infl uences to the branch stiffness are performed at the Institute of Lightweight 
 Engineering and Polymer Technology (ILK) of the TU Dresden using 2D-models with shell 
 elements, which have been generated by a fringe pattern projection system (Fig. 3). 

For analysing the external and internal organisations of the branching regions in monocotyledons 
and columnar cacti in detail, scanning electron microscopy and microtomography were employed 
(Fig. 4). These methods allow transferring the morphology of the concept generators, e.g. Corryo-
cactus brachypetalus (Fig. 4A) into a 3D model of the organisation of the wood lamella (Fig. 4B) 

Figure 2:  The Top-Down process (technology pull) for developing biomimetically optimised 
branched fi bre-reinforced structures.
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that can be used as a basis for generating a fi nite-element model with 2 million volume elements for 
a structural analysis (Fig. 4C) [15]. Numerical simulations (Fig. 4D) [16] are used in order to inves-
tigate the  infl uence of the inner structure of the plant stems on the deformation behaviour and to 
draw conclusions on the optimal fi bre arrangement in technical composite structures. These arrange-
ments can then be integrated at gussets of technical fi bre-reinforced structures (see below). The 
required material properties, such as the directional-dependent Young’s modulus, Poisson’s ratio 
and shear modulus, for the simulation are determined in extensive loading tests on natural speci-
mens at the Institute for Botany (BTU) of the TU Dresden taking the material’s anisotropy into 
account (Fig. 5).

For this purpose, specimen cut out of the lignifi ed vascular tissue were tested in monoaxial tensile 
tests with optical deformation analysis in different angles to the stem axis at the BTU as well as at 
the PBG (Fig. 5). The axially oriented strands were used to assess the Young’s modulus in fi bre direc-
tion and the axial–tangential and axial–radial Poisson’s ratios (Fig. 5C). Owing to the small diameter 
of the vascular cylinder of the investigated species Corryocactus brachypetalus, ring-shaped speci-
men had to be used for measuring the Young’s modulus perpendicular to the fi bre direction (Fig. 5A). 
The shear modulus was calculated in a polar transformation of the Young’s modulus of ring-shaped 
specimen cut in an angle of 30° to the stem axis (Fig. 5B). For the missing material properties that 
are needed as input parameters for the fi nite-element analysis, appropriate assumptions were made.

Figure 3:  Oreocereus fossulatus. (A) Anatomical analysis; (B) CAD modelling (fringe pattern 
projection system); and (C) FE simulation.

Figure 4:  The stem–branch attachment regions of Corryocactus brachypetalus. (A) The external 
view of the wood cylinder; (B) the 3D-model of a stem based on Micro-CT data; (C) the 
mesh of the FE model; and (D) the simulation for displacement.
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Additionally, the biological concept generators were tested biomechanically at the PBG. These tests 
include breaking experiments in which a force is applied to a lateral twig until this twig breaks (Fig. 6), 
using similar methods as described in detail in [17]. This setup allows one to determine the force 
 necessary to break the twig (Fig. 6A) and the fracture toughness as well as the force and displacement 
(Fig. 6B) at fracture and to characterise different fracture modes (Fig. 6C).

3 BRANCHED FIBRE-REINFORCED COMPOSITES
Monocotyledons such as Dracaena and Freycinetia as well as columnar cacti such as Oreocerus 
 fossulatus (Fig. 3) and Corryocactus brachypetalus (Figs 4 and 5) show Y- and T-shaped branchings 
that in their angles resemble those of branched technical components. In these biological concept 
generators, isolated fi bres and/or wood strands run in a partially lignifi ed parenchymatous ground tis-
sue matrix, so that they form per se natural fi bre-reinforced composites (Figs 3, 4B, 7C and 8C). The 
plants are hierarchically arranged on at least fi ve levels: (i) the form of the branching (Figs 7B and 8B), 

Figure 5:  Material testing of lignifi ed vascular tissue specimen of Corryocactus brachypetalus in 
different angles relative to the stem axis: (A) perpendicular to the stem axis; (B) in an 
angle of 30°; and (C) parallel to the stem axis.

Figure 6:  Breaking experiments. (A) A schematic drawing of the geometry of the stem–branch 
attachment. The solid line represents a lateral twig before bending, the dashed line 
represents a lateral twig shortly before fracture, Fcrit is the critical force necessary to break 
the twig and d is the vertical displacement until fracture. (B) The exemplary force–
displacement curve measured for Dracaena refl exa by the fracture mechanics test setup 
shown in (A). (C) Sickle-shaped fracture mode (see [9]).
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(ii) the arrangement of the fi bre bundles (Fig. 7C) or wood strands (Fig. 8C), the course of the 
 individual fi bre bundles (Fig. 7C) or the wood strands (Fig. 8C), (iii) the anatomy of the fi bre bundles 
(Fig. 7D) or wood strands (Fig. 8D), (iv) the ultra structure of the fi bres or wood strands as well as 
(v) the gradients between the fi bre bundles/fi bres/wood strands and the matrix (Figs 7E and 8E).

Although the axes of both monocots and cacti are optimised at these hierarchical levels, the 
 morphology and hierarchical structuring of the stem–branch attachments differ in the two groups of 
plants, i.e. the angles, the course and the arrangement of the fi bre bundles or wood strands in the 
matrix are highly different (compare Figs 7 and 8).

In Dracaena, a network of somewhat helically, but mostly paraxially, arranged fi brous bundles in 
large parts of both the stem and branch has developed in the course of evolution as an adaptation to 
complex loading conditions. Furthermore, this has led to a complex interwoven pattern in the regions 
where the branch is connected to the stem (Figs 7C and 9C). In simple terms, the stem and branch 
can be considered to be (i) non-hollow tubes that are interconnected by (ii) a complex pattern of 
fi bres with a (iii) larger diameter at the interconnecting region.

Figure 7:  The hierarchical organisation of the natural concept generators (Dracaena sp., 
monocotyledons). (A and B) The form and diameter of the stem–branch attachment 
region, (C) the arrangement of the fi bre bundles and the course of the individual fi bres, 
(D) the anatomy of the fi bre bundles and (E) the schematic ultra structure of the fi bres as 
well as the gradients between the fi bre bundles/fi bres and the matrix.

Figure 8:  The hierarchical organisation of the natural concept generators (Cereus sp., columnar 
cacti). (A and B) The form and diameter of the stem–branch attachment region, (C) the 
arrangement of the fi bre bundles and the course of the individual wood strands, (D) anatomy 
of the wood strands and (E) the schematic ultra structure of the strands as well as the 
gradients between the strands and the matrix.
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In a similar manner, the wood strands in the stems and branches of columnar cacti are also more 
or less paraxially arranged showing a net-like interconnection (Fig. 8C), but in contrast, they form a 
very different pattern at the stem–branch interconnection (Figs 4B and 9A). The stems and branches 
of columnar cacti can be reduced to (i) woody tubes fi lled by a non-lignifi ed parenchymatous pith 
with an interconnection displaying a (ii) complex but differently arranged pattern of wood strands 
and (iii) often a smaller diameter at the interconnection (Figs 4A and 8B).

Different modes of fracture with distinct force–displacement curves were found as the fi rst results 
for the fracture mechanics in the monocotyledons and cacti. One of these modes of fracture of 
 Dracaena refl exa is sickle-shaped (Fig. 6C). This mode of fracture can be correlated with a force–
displacement curve that shows a benign breaking behaviour, i.e. with a long plastic range.

The transfer of the branched biological role models into technical products requires the use of 
modern techniques and methods. The braiding technique is predestinated to transfer the optimised 
structures of the plants, above all the fi brous bundles, into technical products and manufacture 
 tubular preforms [18, 19].

More specifi cally, the overbraiding technique or the 3D-rotary braiding technique is used to 
 manufacture braids of elementary shapes, which can be used as reinforcement of lightweight 
 structures [20–23].

Using these techniques, the Institute of Textile and Process Engineering (ITV) in Denkendorf has 
been able to manufacture Y-shaped branchings with enhanced gussets (Fig. 9B) that are very similar 
to the structures found in plants (Fig. 9A and C).

At the ILK, a variable braiding eye (Fig. 10A) allows for manufacturing technical branchings 
(Fig. 10D) with an enhanced hierarchical structuring following the arrangement in plants (see 
Figs 7–9 and [24]). With the variable braiding eye (Fig. 10A) the small parts of the braiding mandrel 
can be braided with a closed eye (Fig. 10B) where the distance between the deviation point of the 
fi bres and mandrel is very small. With an open variable braiding eye (Fig. 10C), the branched struc-
ture can be moved through before the mandrel is rotated and another branch of the structure is 
braided. In  addition to that, compared to braiding eyes with constant diameters the variable braiding 
eye enables a much more load-adapted fi bre deposition on the braiding mandrel with regard to the 
expected states of stress under loading conditions.

The potential fi elds of implementation of the branched fi bre-reinforced structures are similar to 
those of the ‘technical plant stem’, a fi brous composite structure developed by the PBG Freiburg and 
the Institute for Textile Technology and Process Engineering Denkendorf [25–27]. Additionally, the 
biomimetically optimised joints can connect tubular-shaped fi bre-reinforced composites and shall be 

Figure 9:  The natural and technical fi bre-reinforced composites. (A) Convoluted woody strands at 
the stem–branch attachment region of Cereus sp., (B) enhanced gusset of the fi bre-
reinforced composite produced at the ITV and (C) convoluted fi brous bundles in the 
stem–branch attachment region of Dracaena refl exa. Scale bars (width of green box): (A) 
4 mm, (B) 15 mm and (C) 3 mm.
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able to bear high loads and moments following the example of the branched biological role models 
(Figs 3–9). It is important to design these joints in a way that the continuation of the fi bres from the 
tubular structures through the joint and to the next tubular structure is guaranteed, similar to the 
stem–branch attachment structures in columnar cacti (Fig. 4B) and arborescent monocotyledons 
(Fig. 7C). The mechanical load capacity in the joint can be adjusted to be higher than the load 
 capacity in the tubes, if this is of technical interest. This can be performed by adjusting the amount, 
the diameter and the arrangement pattern of the fi bres in the joint and, following the example of the 
biological concept generators, by implementing these adjustments on several hierarchical levels. 
Our goal is also to reduce cracks that form through excessive notch stresses in the joints and thus to 
increase the lifespan and safety of components for vehicle engineering (Fig. 1), aerospace and many 
other areas of lightweight engineering.
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