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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out
through ISO technical committees. Each member body interested in a subject for which a technical
committee has been established has the right to be represented on that committee. International
organizations, governmental and non-governmental, in liaison with ISO, also take part in the work.
ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matters of
electrotechnical standardization.
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Introduction

Biomimetic optimization methods are based on the knowledge gained from studying natural biological
structures and processes.

Structural optimization is a special branch of optimization dealing with the ideal design of components
while taking the current boundary conditions into account. Commonly optimized properties include
the weight, the load capacity, the stiffness, or the lifespan. The goal is to optimize one or more of these
properties by maximizing or minimizing their values.
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oaded and underloaded areas. Since almost every technical component for functi
exhibits changes in section and, hence, notches, minimizing notch stress is especiall

ructural optimization. In classic structural optimization, the notch shape factor, i.
entration factor on the notch, is reduced by selecting the largest possible radius of c
jotch or by utilizing the mutual interaction of notches and adding reliefinotches. T
otches are not changed by this procedure. The use of other notch shapes (Baud cun

puter-based biomimetic optimization tools, such as ComputerAided Optimization (CAO)
ption (SKO), modify the shape and topology of the component, respectively, and thus
tresses using the finite element analysis (FEA). Such todls have been available since 1
in industry. The need to use FEA for optimization in this case limits the number of po|
bh, because a powerful computer, special software,»and an expert are needed for if]
lemand for even simpler and faster methods that€annot only be used by specialists
onents, but also by design engineers, led to the development of the “Method of Tensil
ugh development of this method began in 2006'only, itis already being used for verified
ise it is easy to understand and apply. Theswide range of applications of biomimetic ¢
ods together with the relative ease with-which users are able to understand and apply

1gle Method, this is possible simplyby implementing the method in CAD systems.

Fery optimization means spegialization for the selected cases of load, service loading]
n. Other unconsidered loading conditions might even result in higher stresses in a cor

ile avoiding
nal reasons
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. the stress
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e shapes of
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ithmic spirals, etc.) was suggested as early as in the 1930s. But they are not widelly applied in
techmnology and are only used occasionally.
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[es users to perform component optimization early in the design process. In the case of the Tensile
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nponent.
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Biomimetics — Biomimetic structural optimization

1 Scope

The International Standard specifies the functions and scopes of biomimetic structural optimization
methods. They consider linear structural problems under static and fatigue loads. The methods
described in this International Standard are illustrated by examples.

Base

techpical components, computer-based biomimetic optimization tools are described a

Aide
The
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d on the biological model of natural growth and by use of the FEM optimization

1 Optimization (CAO), Soft Kill Option (SKO), and Computer Aided Internal @ptimizg
pburpose of these methods is an optimal materials application for weight.reduction
bility and lifespan of the components.

Fionally, a simpler and faster “Method of Tensile Triangles” is described that can be ug
n engineer. The wide range of applications of biomimetic optimization methods toget
jve ease with which users are able to understand and apply themethods enables user
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onent optimization early in the design process.

urpose of this International Standard is to familiarize usets with biomimetic optimizat
fective tools for increasing the lifespan, reducing théyweight of components, and pr
spread use of these methods in support of sustainahle development.

[nternational Standard is intended primarily for designers, developers, engineers, and

following documents, in whole 'er in part, are normatively referenced in this documnj
pensable for its applicationy For dated references, only the edition cited applies. |
ences, the latest edition of thé referenced document (including any amendments) appl

8458, Biomimetics —Terminology, concepts and methodology
394, General principles on reliability for structures

866, Mechanical'vibration and shock — Vibration of fixed structures — Guidelines for the n
rations andevaluation of their effects on structures

3823;.General principles on the design of structures for durability

Iso for all persons entrusted with the desigiizand evaluation of load-bearing structures
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3

erms and delinitions

For the purposes of this document, the following terms and definitions apply.

3.1

mechanical adaptive growth
appropriatereaction ofbiological structures, suchastreesandbones, to changing conditions (e.g. mechanical
loads) by locally adding material to high-stress areas or removing material from low-stress areas

EXAMPLE

3.2

Thicker annual rings.

algorithm
precisely described procedure to complete a task in a finite number of steps
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3.3
design space
volume available for a component

Note 1 to entry: The edges of the component to be designed shall not extend beyond the limits of the design space.

3.4

Computer Aided Internal Optimization

CAIO

method based on the finite element analysis (3.6) for the optimization of the local fibre orientation in
fibre composites with the goal of increasing their load capacity

3.5
Computer Aided Optimization
CAO
method for pptimizing the shapes of components based on the finite element analysis (3.6)

Note 1 to enfry: The stresses in highly stressed areas, such as notches (3.8), are reduced @and the comppnent
lifespan is in¢reased.

3.6
finite element analysis
FEA
numerical rhethod for obtaining approximate solutions of partial-differential equations subject to
boundary c¢nditions

Note 1 to enffry: In the engineering sciences, it is used as an analysis,method, for example, to answer queqtions
relating to stfuctural mechanics. With FEA, a complex structure isdivided up using small, simple, and interl{nked
elements (FEJA mesh). When boundary conditions (loads, bearings, etc.) and material properties are definedl, it is
possible to cdlculate stresses, deformations, etc. in any sectiof;of the complex structure.

3.7
shape optimization
modification of the surface of the component\to-modify a certain target function in a defined mgnner
(for exampl¢, to minimize stresses)

3.8
notch
concavities |n components that weaken a component locally due to the notch effect (3.9)

Note 1 to entfy: Such weak points'are not desired in most cases, but notches are used as predetermined brepking
points in certfain cases in order)to specify where the component should fail and to limit the load that can be placed
on the compdgnent.

3.9
notch effect
local arising of stress peaks on notches (3.8) subjected to a load

Note 1 to entry: The height of the peak usually depends on the size and shape of the notch (3.8). The stresses
decrease as the curvature is decreased and as the size of the notch (3.8) contour is increased.

3.10
Method of Tensile Triangles
simple graphical method for homogenizing stresses in components

Note 1 to entry: It can be used to reduce stresses in high-stress areas, for example, on notches (3.8), and increase
the component lifespan, as well as to remove underloaded areas and save material.

2 © IS0 2015 - All rights reserved
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3.11

Soft Kill Option

SKO

method for optimizing the topology (3.12) of components based on the finite element analysis (3.6)

Note 1 to entry: Lightweight design proposals are generated by successively removing low-stressed material
from the design space (3.3).

3.12

topology
relationship (position and orientation, for example) between the structural elements (holes, supports,

etc.) pfacomponent

TP oTTIeTTT

4 $ymbols and abbreviated terms

E modulus of elasticity

E variation of the modulus of elasticity, E = f{o0)
F force

M torque

T (x)z) thermalload

a coefficient of thermal expansion

Omisds equivalent stress according to von Mises

5 Principles of self-optimization.in nature and hence transferred
optimization methods

With{the help of the finite element analysis (FEA), numerous studies of biological load-bearing structures,
such|as trees, bones, claws, and\thorns, revealed that these load-bearing structures age optimally
adaplted to the stresses they afe)subject to and that the same design principles apply to al] structures.
The pxiom of uniform stress_has been shown to be a fundamental principle that applies| when load-
bear|ng biological structures, such as trees or the bones of mammals, grow. This axiom states that the
surfdce of aload-bearingstructure will not exhibit weak points (areas under high stress) or finderloaded
area$ (unnecessary-hallast or wasted material) so that a uniform stress is applied to the qurface. This
mechanically advantageous stress state is realized through adaptive growth. Trees, for example, detect
localfstress con¢entrations using internal receptors and repair themselves by growing adaptively. On
overloaded_areas, they grow annual rings that are thicker locally and therefore reduce sfress peaks.
Howgver, trees cannot remove superfluous material from areas relieved of stress, in contrast to the
bones of humans and animals.

The self-optimization of biological structures is not limited to their exterior structure; even their
inner structures are superbly adapted to the stresses they are subjected to. Adaptive mineralization
processes in bones make areas subject to higher stresses stiffer, while less stressed areas are softened
and finally removed.

In general, biological materials can be considered as fibre-composite materials consisting of several
components. In addition to the component mixture, other decisive factors contributing to their
extraordinary mechanical properties include the hierarchical organization of their molecules over
several orders of magnitude to form entire structures and the inner orientation of material adapted
to the force flow. In soft curves, the wood fibres in the trunk are deflected around imperfections, such
as knots, to follow the direction of force. The same applies to the wood rays which wrap around the
vascular cells in a corresponding manner. Even the cellulose fibrils forming the walls of wood cells
exhibit this type of optimization. On all scales in trees, fibres oriented in the direction of the force flow
can be found. The same applies to bones, which basically consist of plywood-like lamellae structures

© IS0 2015 - All rights reserved 3
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with tough fibres and more brittle material. Areas near joints, for example, on the femur (thigh bone),
are filled with trabecular bone, which is also referred to as spongiosa or cancellous bone. This type of
bone is a micro-framework made of fine trabeculae that fill the entire femoral head and neck and is
oriented to follow the flow of force.

As afundamental design rule, the axiom of uniform stress was implemented systematically in computer-
based methods first, which made it possible to apply this optimization principle for biological load-
bearing structures to any type of load-bearing structure. This is a major prerequisite for utilizing the
wealth of nature’s experience in technical designs.

Computer Alded Optlmlzatlon (CAO) and Soft Klll Optlon (SKO) are methods used in 1ndustry that were
developed tp . -
to homogeni
components
SKO provid
designer to
while simulf

ize stresses Local stress peaks are reduced wh1ch then increases the 11fespan 0
significantly, especially when they are subject to vibrating or alternating loads. Ifi‘con{
bs design proposals that do not contain underloaded material anymore. This lallow
identify the relevant paths of force in the component and design lightweight’components
aneously taking into account manufacturing limitations, for example.

puter Aided Internal Optimization (CAIO) allows designers to transferthe internal de
load-bearing structures containing fibres oriented in the direction of the force flg
re-composite materials using computer simulations and increase their load capacities

Finally, Com
of biologica
technical fiH

5igns
w to

derstanding of notch stress[ll and further development wark led to the purely graphical
Tensile Triangles”, which allows components to be optiniized with minimal effort{ The
1 methods developed contribute significantly to thetelimination of weak points dyring
ment process. In the case of the computer-based methods, its application results in Iqnger
and simulation times, but in the end leads to, shorter overall development times, fewer
and shorter test phases. The biomimetic structural optimization methods presented|here
s; further methods are under development,

A deeper uf
“Method of
optimizatio
the develop
calculation

prototypes,
are examplg

As defined 1§
when there
transferred
according td

n ISO 18458, a product or technology.is biomimetic when three criteria are met na
is a biological system available, the/model has been abstracted, and the model has
to a technical application in the form of a prototype at the minimum. As shown in Tal
these three criteria, the methods/described above fulfil the three steps given in ISO 1§

mely,
been
ble 1,
458.

The CAO met
hasbeen abg

hodisbiomimetic, becausethebiological systemisthe growth oftrees,apartofthis phenom
tracted to aload-adaptiveprocess, and this process has been implemented in simple algorit

enon
hms,

transferred

The SKO me
a part of thj
abstracted,

for designin|

Fo technical applicatiom;and is used in industry to optimize technical components.

thod is biomimetic,because the biological system used for SKO is the mineralization of |
s phenomenon has been abstracted to a load-adaptive process, and this process has

mplementeddmn simple algorithms, and also transferred to technical application. SKO is
i lightweight components.

bone,
been
used

The CAIO
wood fibres
process has
optimization of technical fibre composites.

nt of
| this
r the

etho@»is biomimetic, because CAIO is based on the biological system of the alignmsg
imtrees, a part of this phenomenon has been abstracted to a load-adaptive process, ang

hapn ~hetractnd
SEeHaRStracte e HRprementte e - SHnpre g oM SaRaanRSterreatoappecaton+

mnlamaontad in cirandn Algnyithne and trancfnrrnd £0 A licatian £

The Method of Tensile Triangles is biomimetic, because the Method of Tensile Triangles is based on
the system of stem root junctions of trees, a part of this phenomenon has been abstracted to a load-
adaptive process, and this process has been implemented in simple algorithms, transferred to technical
application, and is used in industry to optimize technical components.

Table 1 lists the methods for biomimetic structural optimization, their biological system, main aim, and
an example of use which shows their application in technology.
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Table 1 — Biomimetic structural optimization methods, their biological system, main aim, and
technical application

Method Biological system Main aim Technical application
Computer Aided adaptive growth of trees shape optimization microactuator
Optimization 2\ g ; for increasing the lifespan ; :

(CAO) or the load capacities of
components by stress
homogenization
b
9028 15KV X30] Lun WD48
\J
Soft Kill Option | mineralization process in bone |topology optimization
(SKQ) 7 for designing lightweight
j i ; WQ“ " ‘ components by removing
[ :
@ gt underloaded material

a
Computer Aided | alignment of fibre orientation |optimization of?iga fibre
Internal Opti- in trees direction for increasing
mization (CAIO) « the load ca@&ies of fibre
composi y adapting

osi
the lo ibre orientation

to the load

N

Method of Ten-
sile Triangles

shape optimization screw
for increasing the lifespan

or the load capacities of
components by stress
homogenization

D

6 A %ation of methods

6.1 Application range and limits

The optimization methods mentioned in this International Standard consider linear structural problems
under static load. The results of FEM can serve as static strength verification.

Where dynamic loads are in place, they may be transformed into equivalent static loads (ESLs).

NOTE Structures, optimized by these methods for static loads, will respond to dynamic loads as well, much
better than non-optimized structures.

The notch shape optimization is most effective when high numbers of load cycles are expected and for
components made of brittle material. Statically loaded ductile materials are little notch-sensitive and
can release stress by plastic deformation.

© IS0 2015 - All rights reserved 5
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The choice of the stress to optimize depends on the mechanical problem. Mostly, the von Mises stress or
normal stresses are used. If needed, other equivalent stresses can be implemented.

Several loadings can be analysed and optimized separately or as load collectives. Often, an optimization
of the critical cases is sufficient, but the results should be verified for all loadings.

Instable failure, e.g. buckling, is not covered by these methods. Therefore, optimization results are to be

checkedtot

hat effect.

In general, optimization results shall be verified by FEA or experiments. General principles on reliability
for structures are described in ISO 2394. To verify dynamic strength, vibration strength, and durability

of a structu

e 1S0 13823 and ISO 4866 mav be considered

6.2 Comyp

The CAO m¢|
concentrati

6.2.1 Stre

The procesg

Using finite
surface and

An FEA mog
basis for pe
principal ng
specifying t
simulated o

For examplg
temperaturg
of thermal 4
helps to avo
thermal exp
calculation
and, hence, 1

The therma
FEA mesh, W
layer is resd
can be cons
distribution

In addition 4

juter Aided Optimization (CAO)

thod is an aid for optimizing the shape of components. It was developed to cdunteract s
ns on critical sections in components through “growth”.

ss-controlled growth

elements as a basis, this can be achieved by determiningthe direction of the normal t
the stress values on nodes or with the help of the thermal displacement method.

lel and, as a rule, the von Mises reference stresses.calculated from the model serve 4
rforming a stress optimization. It is also possible to use other stress values, such a
rmal stress or other reference stresses, instead of von Mises stresses. The first step
he load and position conditions is to perforfivan FEA stress analysis. After that, grow
n the model based on the stresses calculated. This can be done in a variety of ways.

e, the second step may consist of modelling the applied stress distribution by a ficti
e distribution. A “soft” growth layer with constant thickness and a prescribed coeffi
xpansion is then defined. Reducing the modulus of elasticity to 1/400 of its original {
d deflection of the underlying structure, which means the growth simulated in the fol
ansion is restricted to thé soft boundary layer. Growth is now performed based on an
bf the thermal expansion o6f the material. In this case, the locations subject to higher st

displacements.calculated in this step are then added to the coordinates of the nodes d
hich createsahew mesh with anew geometry. Finally, the modulus of elasticity of the gr
t to its original value and a new FEA stress analysis can be performed. The optimiz
idered complete when geometric restrictions are reached or when a homogeneous s
is achieved (see Figure 1).

o'simulating growth, CAO can also be used to simulate shrinking, although stress-contn

o higher (fictitious).temperatures, expand more than those areas subject to less stress.

tress

of load-adaptive growth of a component can be simulated on a-€¢emputer by displacing the
surface of the component in the direction of its normal according to thédocal magnitude of the st

ress.
o the

s the
5 the
after
th is

kious

cient
ralue
'm of
FEA

ress,

f the
bwth
htion
tress

olled

growth is used more frequently in nature, as well as in technology.
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> FEA with service loading

\
Stress is low enough or N\ _ves

K geometric restrictions are reached?
no

Y

E/400 —E

O mises = T(X,y,Z), temperature

»

FEA with:

- thermal loading T(x,y,z) only

- E— E/400 in growth layer

- thermal expansion coefficient a # 0
only in the growth layer

mesh correction

>

Y
thermal displacements added to
nodal\point coordinates

optimization is finished -

Key
1 notch to be optimized
2 growth layer of uniform thickness

Figure 1< Schematic flowchart of the CAO method according to Reference |3]

6.2.2 ShrinKing

CAO gan,be used to shrink components using the same procedure as for stress-controlled grpwth. In this
methed;areaswithtow stressesaredefined-tobe“growthareas™ormoreappropriatety“shrink areas”.
Shrinking is performed just like in the previous subclause after executing an FEA stress analysis. In this
case, however, the displacement vector points into the material and not away from it. A value is specified
for the temperature that defines the point up to which the elements are allowed to shrink. To ensure
faster processing, it also makes sense to include a weighting factor in the calculation. However, do not
select weighting factors that are so large that the nodes of the mesh are moved out of the design space
when the shrink area shrinks to its minimum size. If the displacements are large, then problems can
arise in practice. Displacing the neighbouring nodes in the same direction can also help in this case. If the
displacements are large, then the mesh shall be regenerated. An iterative procedure is recommended for
this version of CAO and it is also recommended to perform a stress analysis after regenerating the mesh.

CAO growth and shrinking can be combined in a single process (see Figure 2).

© IS0 2015 - All rights reserved 7
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2,5
23

1,8
1,5
1,3

0,8
0,5
0,3

Key (b
1 iterative[progression of a CAO optimization O'\
2 shrinkagle area \%
3 growth a]rea 6\
NOTE High-stress areas appear darker. QQ<<
Figure 2 — Example of combined growth and shrinking on ¢\l§half-model of a perforated plate
subject to a tensile load
\$\
6.2.3 Finite elements in practical applications (F&@’

The finite el
optimizatio
commonly
plane symny
problems, b
shall be ens

The usual m
mesh in ord

If local notc
the entire sf

also be included so

procedure, 4
edge of the ¢

n method. The CAO method is performed using a mesh consisting of h-elements. The
sed element types when applyi a-the CAO method are 4-node quadrilateral element
letric and rotationally symmetric problems and 8-node hexahedron elements for sy
1t triangular and tetrahe@elements can also be used. When selecting the mesh ty|
ired that the intermedi(t) lements are also moved together with the mesh.

N stresses a
ress incr

he s

ement analysis[2] is an engineering to ’I@hich is used for calculations. It is not a biomimetic

most
s for
atial
pe, it

esh criteria (resoluas'gb, angle, aspect ratio) shall be taken into account when generatinlg the

br to model the s%g states with sufficient precision.

be optimized, then the growth area selected shall be large enough sa
caused by the geometry can be calculated and the surrounding area sk
t a homogeneous stress distribution can be generated. When using an iter]
the growth area should be increased, if new concentrations of stress appear o
growth area.

that
jould
ative

in the

Iflarge sections of the component are to be optimized using the CAO method, then the user should specify
appropriate growth areas. It is even possible to completely cover the component with a growth layer.

6.3 Soft Kill Option (SKO)

6.3.1 Principle of the SKO method

The SKO method according to Reference [3] is based on the principles of bone growth, which allow bones
to grow as lightweight structures and to be used to enhance human and animal mobility. Bone growth is
based on adaptive mineralization processes and can generally be described as follows: parts of the bone
subject to high loads are supplied with more minerals and, hence, become stiffer, while parts of the bone

subject to le

ss stress are actively reabsorbed.

© ISO 2015 - All rights reserved


https://standardsiso.com/api/?name=192eebdd17fb1b79074a2367aedf7fc3

ISO 18459:2015(E)

Bones are rebuilt by bone cells (osteoclasts and osteoblasts). Bones consists of a hard outer layer
(corticalis) that is filled with spongy bone (spongiosa or cancellous bone) in areas subject to high
loads. Inside the cancellous bone, the trabeculae transfer the load. The direction of the trabeculae is
determined by the direction of the load[3][4][5]. The trabeculae are therefore subject to compression and
tensile forces. Bending strain and, hence, underloaded material in the neutral fibres, are avoided just
like in a well-built timber frame construction. Near the bone shaft where bending is unavoidable, the
bone basically is a tube with a very stiff wall, which means load-bearing material has been moved to the
outer boundary. A good example of this is the human thigh bone (see Figure 3).

a) Cross-section of a thigh bone b) Patternief tension and compression lines

NOTH
patte

The micro-framework consisting of trabeculae and platelets can be recognized easily angl matches the
rn of tension and compression lines described by Reference\[4].

Figure 3 — Cross-section of a thigh bone

6.3.2 Implementing the SKO principle in‘the finite element analysis

The |
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valug

This
valug
This
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bKO algorithm simulates the integrdtion of cells into bones through their growth and 1
pss. Only the principle of softening'and, finally, removal of non-load-bearing material
ase, though. These mineralization processes in the bones are modelled on mechanical
by the finite elementanalysis.In this case, the modulus of elasticity is varied depending on|
hg in the component. The Giser defines a reference stress, whose height primarily deter}
tures will be formed-in the specified design space. The higher the value selected for th
s, the less material‘the optimized structure needs, because all material exhibiting
s than the referénce stress value is softened and finally removed.

procedure iSdterative. At the beginning of the optimization process, it makes sense to
 for the desired reference stress and to increase it incrementally until it reaches the d¢
incremental increase of the reference stress prevents the optimization from “removin
rialatthe start of the optimization and, hence, from disrupting any relevant load path

This

eabsorption
is applied in
components
the stresses
nines which
is reference
ower stress

select a low
bsired value.
g” too much
S.

method canbhe used aaci]y inall finite element solvers hv snecifuinag the madulus ofela

sticity of the

J J O
elements as a function of the temperature of the elements. The modulus of elasticity is usually mapped
linearly to the element temperature in this case, with a temperature of 0 representing the lowest modulus
of elasticity and a temperature of 100 the highest modulus of elasticity. These temperatures do not have
any physical meaning, but they make it easy to control the modulus of elasticity during optimization. It
is also possible in principle to control the modulus of elasticity using existing parameters, such as the
density or other defined parameters.

A typical SKO optimization procedure (see Figure 4) consists of the following steps.
a)

Specification of the boundary conditions and of the design space as a FE model with the most
uniform distribution of elements possible. The dimensions of the design space represent the limits
of the area available for designing the load-bearing component. The sizes of the individual elements

of the design space limit the fineness of the structures that will be formed in this case.
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b) In an initial FE calculation, all elements of the design space are assigned a constant modulus of
elasticity. This allows the stresses arising from the material characteristics and from the load
conditions to be determined.

c¢) The modulus of elasticity of each element of the design space is varied depending on the stresses
calculated in the previous FE analysis. This yields a distribution of the moduli of elasticity with high
modulus of elasticity values at locations subject to high stress and low modulus of elasticity values
at locations subject to little stress.

d) Calculation of the new stress distribution with the help of FEA using the new modulus of elasticity
distribution. In areas of the design space that need to be left untouched for functional reasons, the

Ly 1 £l PR | £ .1 PR ralafs L. pa |
originarvarge-orte-moats-orerasteity s rert anenatge:

e) After sdveral calculation cycles, the degree of separation between the areas with a highmodulus
of elasticity and those with a low modulus of elasticity is assessed. The final step is to rtemovg the

“soft” areas.
lF

- designarea

FEA run
with a constant modulus of elasticity £

Y
variation of modulus’of elasticity

E z/(0)

i
FEA run
with the varied modulus of elasticity £

\

no sharp separation
between soft and stiff areas?

yes

\

optimization is finished

|F

structure
| proposal

Figure 4 — Schematic flowchart of an SKO optimization according to Reference [3]

In the SKO method, areas subject to little stress are removed, while high-stress notches remain. A
subsequent CAO optimization can reduce the still remaining notch stress. The step-by-step application
of SKO and CAO leads to a lightweight design with a high fatigue strength.
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6.3.3 Examples of applications of the SKO method

6.3.3.1 Concept car

The vision behind the biomimetic concept car was to design a frame structure that could bear the load
surrounded by an ideally aerodynamic hull using the boxfish as an aerodynamic model (see Figure 5).

The boxfish was selected as a model because its shape ensures excellent utilization of the volume
available and simultaneously offers very favourable aerodynamic characteristics.

To obtain an ideal lightweight design of the frame, a structural optimization was performed using the

SKO
the s

The
and 1
inter]
boun
to de
were
perfy
of th

The
Somyd
fore

hen used in

ubsequent development process of the frame. N

estricted by specifications, such as the engine compartment, windows, do énings covers, and
ior space, on the other hand. The loads on the suspension turret of t icle werg defined as
dary conditions. The load cases used as the basis for optimization were.the same loadl cases used
fine the stiffness of a frame, i.e. torsion and bending load cases. In @tion, static equivalent loads
used to simulate the loads arising during a frontal, side, and rea crash. The opti
rmed using the loads mentioned above. The design suggestion&ee Figure 6) only contained 30 %
e total amount of initial material (utilization level = 0,3). {<

lesign space for the SKO optimization was defined by the exterior of the bogi(slrgon the one hand

Fesult of the SKO optimization was used as a design @osal for the development df the frame.

e of the features integrated into the design that are vi from the outside can be seen in Figure 7,
kample, the shape of the rear window and parts of&n roof structure.
&

\ —

mple in nature to a product or from a fish to an automgobile

Figu

© ISO

re 6 — Result of SKO optimization, an optimal frame in terms of stiffness and weight for the
loads applied
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Figure 7 — Concept car with recognizable effects of biomimetic optimization on the sl’ép} of
the vehicle [Source: © Daimler AG] (19

S

6.3.3.2 Ro¢cker arm (bb‘

N
Figure 8 shqws a rocker arm optimized using SKO. Compared to its original ver@n [see Figure 8 p)], it
was not only possible to save material but also to reduce the von Mises stre by 29 %. This made it
possible to manufacture the optimized version as a cast part and to reduce-manufacturing costs, pince
the original| version was designed to be manufactured by forging. Th ount of material savdd, in
combination} with the use of a lighter casting material, led to total wei vings of approximately 35 %.

d) Design based on the SKO design suggestion

@ design proposal

&?\ Figure 8 — SKO optimization of a rocker arm

o)

6.4 Computer Aided Internal Optimization (CAIO)

One advantage of fibre-composite materials is that they can be used to design high-strength, high-
stiffness, and lightweight structures. In conventional technical fibre composites, the fibres are often
cut when an interruption in the geometry, such as a hole, is encountered. This significantly weakens
the component. To utilize the potential of technical fibre composites, it is also necessary to orient the
fibres of technical components along the flow of force. If this is successful, then the fibres are subjected
to defined tensile and compressive stresses and the shear stresses between the fibres, which are critical
for fibre composites, are minimized.

CAIO allows determining a fibre orientation that can handle the applied forces and, hence, reduce the
shear stress on a component to aminimum for a prescribed load[3][Z]. The method is based on commercial
finite element programs. First, the model to be optimized is assigned an orthotropic material with an
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arbitrary orientation. A stress analysis follows the calculation of the optimized material orientations by
the CAIO routine. The CAIO routine then reads in the results of the stress analysis and calculates a new
orientation for the material axes based on these results. A new stress analysis is then performed on this
variable orthotropic material.

The shear stresses between the fibres are reduced after the first iteration by up to 90 % due to the
reorientation of the orthotropic axes of the material along the main stress trajectories. By iterating
the alternation of CAIO calculations and stress analyses, it is possible to reduce the shear stresses even
further. The steps involved when applying CAIO are shown in Figure 9.

Using CAIO, it is possible to illustrate the flow of force in a statically loaded component. Representing
the flow-offoree uoius streamtieshas-turnedottto-be pat tetat }_y Pt aetteat—Arelations lp between
the density of the streamlines and the stress gradients can be defined as desired in order_tp generate a
depejndency between the fibre density and the load placed locally on the structure.

FEA under working load
unidirectional orientation of the orthotropic axes

Y
CAIOQ calculation

— orientation of the local orthotropic axes
along the principal-stress-trajectories

Y
FEA under working.load
new calculated stress distribution with
optimized orientation of the orthotropic axes

Y

no sufficient reduction
of shear-stresses?

yes

Y

optimization is finished

Figure 9 — Schematic flowchart of the CAIO method according to Reference |3]

6.4.1 Example of the CAIO method: bent cylinder

Figure 10 showsabent cylinder and the fibre orientation calculated using the CAIO method|The bottom
vertical end ofithe structure is fixed and pressure is applied to the front, as shown in the top right of the
e. Theshomogeneous axial pressure load results in a homogeneous flow of force which {s visualized
u1dlstant f1bres or bars in the horlzontal section of the bent cylmder Inits Vertlcal sectjon, which is

t side of the vertical
sectlon the calculatlons result in tensﬂe cords that w1nd around the ten51le flbres running along the left
side and hold them together. In the horizontal part of the structure, the tensile cords form circular loops.
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Key

I prejsurerods
[ | tengile cords
1 fixefl

2 tengile cords
3 pregsure rods
4 axidl pressure

Figure 10 — Fibre orientation according to CA10!7] in a bent cylinder

6.5 Methpd of Tensile Triangles

6.5.1 General

The Method pof Tensile Triangles, in contrast to thethethods described above, allows optimizing the lifgspan
and/or the mpaterial usage of components in a purely graphical manner, i.e. without the use of a computlerl8l.

The optimized edge contour is geometrically defined. As a general rule, the contour is composgd of
two to threp isosceles tensile triangles. The size of the first tensile triangle determines the sizes of
the subsequent tensile triangles./Atransition, which usually forms a right angle, is covered by the first
tensile triangle, whose base angleis 45°. The base angle of each of the following tensile triangles if one
half of the previous tensile tfiangle. Correspondingly, the second base angle is 22,5° and the third|base
angle is 11,45°. The contour can be adapted to any design space by scaling accordingly.

The geometric construction is explained on a component by joining two parts with different cfross-
sectional arfeas (eg=shoulder fillet). On the sharp corner, the first tensile triangle with a base angle
of 45° is plafed«over the corner (see Figure 11) in the selected design space. This rounds the correr of
the base mqdelyand creates two points: point 1, which is located on the shoulder, and point 2, which
represents the otiier end of the My potenuse and 1S tocated oIt the UTinmer stiaft.

Another tensile triangle is inserted which starts at the centre of the hypotenuse (point 3) of the first
tensile triangle and ends on the thin end of the shaft. The end point (point 4) of this second hypotenuse
is determined by swinging an arc centred at the end of the first hypotenuse (point 2) with a radius equal
to the distance to the centre (point 3) of the first hypotenuse.

The third tensile triangle is created by repeating the construction above while centred at point 4. This
creates point 5 and point 6 as the starting and end points, respectively, of the hypotenuse of the third
tensile triangle [see Figure 11 a)]. After using the individual triangles to form the contour, three lines are
left and form the notch contour. These lines are labelled line 1 to line 3 in the order of their construction
see Figure 11 b)]. To avoid the stress peaks at the transition points between the tensile triangles, these
points are then rounded using the largest possible radii so that each arc swung is tangent to the outside
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contour of the tensile triangles. Alternatively, a good approximation of this edge contour can be obtained
using the tangent function in the range from 0 to 1,32.

5
b
3
a
1
b) c)
Key
a linel
b  line 2
¢ line3
d ormal 1
e ormal 2
Figure 11 — Procedure for constructing and rounding a contour according to the Method of

For yiniaxial load cases, placing.a‘tensile triangle contour in the notch will suffice. Mulf
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cont
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show
and {
origi
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Tensile Triangles[2]

re a combination of two.tensile triangle contours to round off the notch. The design s

iaxial loads
pace of each

ur is then designed aceording to the specified load conditions. In Figure 12, the prong on the

is subject to three-times the load of the other prong and the tensile triangle contour
rdingly requires mlore design space.

ing the growwth' of a fatigue crack by drilling holes at the ends of a crack is an old tq
n in Figure~13, the Method of Tensile Triangles can also be used to retard the grow

on this side

chnique. As
th of cracks

lit-like gaps instead of drilling holes at the tips of the cracks. Triangular slots can be pllaced on the

nal tipsiof the crack when the tension is uniaxial, such that the new ends of the redirect(
flécted into a compression zone. The ends of a crack are harmless when compressed a

bd crack will
hd the notch

stre

s of the deflection contour is low due to its optimized shape

6.5.2 Tensile triangles for saving material

With the aid of the Method of Tensile Triangles, it is also possible to identify and eliminate underloaded
material in a mechanical dead space, for example, in areas of transition between different cross-sections
that are almost free of force flows due to the sudden change of direction. The procedure is illustrated in
Figure 14. Applying the Method of Tensile Triangles reduces the angle of the shoulder from 90° to 45°. At
the same time, the stress on this notch is reduced using additional tensile triangles as described above.
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Figure 12 -

The right sid

— Tensile triangle contour to round off a notch with a two sided, n(;@)ymmetric
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F@ 13 — FE analysis of a slotted plate subject to a tensile load
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