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Preface

Dear reader,

the Munich area is an important center of lightweight design: it hosts major
industries, including aerospace or automotive, several renowned universities
and research centers. It has been an epicenter of innovation and academic
research for decades. In 2003, the Technical University of Munich, the Uni-
versitat der Bundeswehr, and the University of Applied Sciences in Munich
initiated the first symposium on lightweight design to promote the local net-
works of industry and academia. Over the years, this has turned into a
national platform for the exchange of ideas and research activities. Expe-
rienced and young professionals from both, industry and academia, present
their recent work at the Munich Lightweight Symposium. Summaries of
most talks are now available for the first time as Proceedings (Tagungsband
zum Miinchner Leichtbauseminar 2020) as an online book by Springer. We
are pleased to present our conference now to a larger audience and hope you
enjoy it.

Best regards

January 2021 Simon Pfingstl
Alexander Horoschenkoff

Philipp Hofer

Markus Zimmermann
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stiffness and damping
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Abstract. Engineers have always faced the challenge of solving conflicting ob-
jectives such as high stiffness combined with high damping. Structurally opti-
mised components are used, especially by pushing lightweight construction. This
design adaptation of component mass and stiffness generally has a negative effect
on the dynamic component properties, as both the natural frequencies are shifted
and component damping is reduced. In the majority of applications, the resulting
vibrations are undesirable and must be reduced by suitable mechanisms. For ex-
ample, vibrations in the vehicle can lead to a reduction in driving comfort or to a
reduced service life.

One approach to solving conflicting objectives is the targeted integration of ef-
fects into components through additive manufacturing. In this paper, the effect-
engineering on a laser beam melted motorcycle triple clamp is illustrated. The
triple clamp is a highly dynamically loaded structural component where un-
wanted vibrations occur due to road unevenness, leading to critical hand-arm vi-
brations. This paper focuses on the simulative design of the triple clamp. The
triple clamp is topology-optimised and extended by the effect of particle damp-
ing, so that the component is optimised in terms of stiffness, damping and mass.
The optimisation also makes it possible to achieve a high degree of functional
integration by saving 20 components. The effect of particle damping is experi-
mentally evaluated by preliminary studies, which show that component damping
can be increased by up to a factor of 20. The laser powder bed fusion (LPBF)
makes it possible to store unmelted powder in the interior of the component in a
targeted manner and thus produce particle-damped structures inside the triple
clamp.

Keywords: Laser powder bed fusion (LPBF), Particle damping, Additive man-
ufacturing (AM), Functional integration, Design for additive manufacturing
(DfAM), Effect-engineering
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1 Introduction

In recent years, the design for additive manufacturing (DFAM) has been supple-
mented and improved by more and more methods to design and manufacture even more
efficient products [1-6]. In the field of DFAM, the design of assemblies offers great
potential [7,8]. Any optimisation of existing individual parts cannot be as good as re-
thinking the entire assembly design [7,8]. One obstacle in the design of assemblies is
the restriction of the design space due to design limitations. These design limitations
can occur at points where two or more areas with conflicting design specifications meet,
for example high stiffness and high damping [9]. Thus, the question arises how these
limits can be overcome and shifted in order to develop more efficient products and to
raise potentials.

The laser powder bed fusion (LPBF) has so far been characterised by its ability to
produce stiffness-optimised components with a minimum of material. Recently, it has
also become possible with this production method to integrate damping elements lo-
cally in vibration-prone areas [10-21]. For this purpose, unmelted powder is left inside
the component. In keeping with the "Complexity for free" [22] principle, "Damping for
free" applies to additively manufactured components, since neither mass nor costs in-
crease with increasing damping compared to the additively manufactured reference
component [21]. Here, a reduction in vibration by a factor of more than 20 can be
achieved from a few Hz up to several kHz. Thus, the LPBF makes it possible to solve
the conflict of objectives between high stiffness and high damping.

In this paper a method for the design of effect optimised components with regard to
stiffness and damping is presented. The effect of particle damping is evaluated on laser
beam melted bending beams made of AISi10Mg. These results are then transferred to
a motorcycle triple clamp as a demonstrator. Here the assembly of the triple clamp is
considered in order to realise a high degree of functional integration. The motorcycle
triple clamp is designed and optimised for the conflicting objectives of stiffness, mass
and damping. The stiffness of the triple clamp is one of the criteria for riding safety
[23]. At the same time, critical hand-arm vibrations must be reduced so as not to impair
driving comfort and health [24]. The damping elements previously used in triple clamps
reduce stiffness and thus driving safety. The triple clamp is simulatively optimised with
regard to stiffness by carrying out a topology optimisation. Subsequently, particle-filled
cavities are integrated into the component, thus integrating the effect of damping. The
effect of the particle damping is estimated for the motorcycle triple clamp from the
damping curves of the parameter study.

2 Theoretical background

2.1 Hand-arm vibrations

Excessive vibration in the hand-arm area can not only reduce comfort, but can also lead
to illnesses over a longer period of time, which are also known as Hand-arm vibration
syndrome (HAVS) [24-27]. HAVS can lead to vascular, neurological and muscular-
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skeletal disorders [24-26]. These disorders are recognised throughout Europe as occu-
pational diseases [26].

Vascular disorders are characterised by pale or white fingers, especially in cold
weather [24,26,28]. This disorder, known as Raynaud's phenomenon, is due to a tem-
porary interruption of the blood supply to the fingers [24,26,28]. The sense of touch
can be impaired or completely lost [24,26]. In addition, finger mobility is restricted. In
general, the risk of accidents when handling machines is increased [26]. The Ray-
naudian phenomenon occurs in northern countries with colder climates in about 80-
100 % of the workers exposed to high exposure levels at work [28]. Even in the general
male population, this value is between 1.5 and 14 % [28]. The effects of the vascular
disturbances depend on the amplitude, frequency, direction, impact and duration of the
vibration exposure [26].

If exposure to vibration occurs over a long period of time, vascular symptoms may
worsen and neurological disorders such as carpal tunnel syndrome (CTS) may also oc-
cur. [26]. The effects on healing are lower in neurological diseases than in vascular
disorders [28].

Prolonged vibration stress can also lead to muscular diseases such as pain in the
hand-arm area and a reduction in muscle/gripping strength and to arthritis or tendinitis
[24,26]. Fig. 1 schematically shows the occurring consequences of HAV.

ISO 5349-1 can be used for the calculation and assessment of vibration exposure
[26]. According to EU Directive 2002/44/EC, measures must be taken to reduce vibra-
tions for workers from a daily exposure limit value of 2.5 m/s?, related to 8 hours. The
maximum permissible daily exposure action value is 5 m/s?. Persons exposed to an
acceleration of 2 m/s? for less than 8 hours can be expected to suffer minor hand-arm
disorders. [26].

One of the first studies on hand-arm vibrations of motorbikes was conducted in 1997
among police motorcyclists [24,29]. It was found that finger numbness, finger stiffness
and shoulder pain are common [24,29]. In addition, in everyday driving situations from
approx. 2 hours of driving time, it is to be expected that the exposure to vibrations is
higher than specified in international guidelines [30-32]. Further measures to reduce
vibrations must therefore be considered. Vibrations on the motorcycle can be caused
by the engine, by unfavourable mass moments of inertia, imbalances or by external
forces such as road unevenness [23,32,33].

Vascular disorders: Neurological diseases: Muscular diseases:
Raynaud-Syndrom Carpal tunnel syndrome (KTS) Muscular weakness

Fig. 1. Possible diseases caused by hand-arm vibrations (HAV)
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2.2 Measures to reduce hand-arm vibrations on motorcycles

In the following, measures are presented for motorcycles to reduce vibrations caused
by road unevenness and engine vibrations.

In order to reduce vibrations caused by uneven road surfaces, tyres play a central
role due to their suspension and damping properties [23]. In addition, spring and
damper elements are integrated in the stem so that the wheel can follow the uneven road
profile in a vertical direction, but the motorcycle and rider do not make any vertical
movements [23]. In order to optimally adjust the damping properties in the stem, semi-
active or in rare cases also active damping systems are used [23]. As a rule, you can
choose between different driving modes, which can be set to either comfort (high damp-
ing), sport (high driving safety combined with low damping) or a compromise of both
[23]. Thus, there is always a conflict of objectives between driving comfort and driving
safety. [23]

Rubber elements for engine mounting in the frame or an elastic decoupling of the
handlebars from the frame help to reduce the transmission of engine vibrations to the
hands [23]. It is important to note that the connection between the engine and the frame
must be as rigid as possible in order to achieve sufficient driving safety. Thus there is
a conflict of aims between stiffness and damping [23]. Particularly in the case of sports
motorcycles, vibrations with the associated loss of comfort are accepted in order to
achieve a high level of driving safety [23].

This raises the question of how high damping can be achieved at the same time as
high stiffness in motorcycles, while keeping the mass low. One solution is, for example,
the integration of particle damping in the handlebars [34].

2.3 Use of laser beam melted particle dampers

Laser Powder Bed Fusion (LPBF) is a manufacturing process in which the compo-
nent is built up layer by layer by local melting of powder [2,35]. Furthermore, with
LPBEF it is possible to leave unmelted powder inside the component and thus integrate
the particle damping effect into the component [16,19]. Through the combined forces
of inelastic impacts and friction, either particle/particle or particle/wall interaction, ki-
netic energy is absorbed from the vibrating main structure resulting in increased damp-
ing [36,37]. A simplified diagram of a particle damper is shown on the left side in
Fig. 2. On the right side in Fig. 2 the effect of particle damping is shown qualitatively
related to the initial situation without particle damping. A clear drop in amplitude can
be seen in the frequency transfer function (FRF) of the particle damped curve. This
amplitude reduction is also effective over a wide frequency range from a few Hz to
high-frequency applications up to several kHz [21,36,38—40]. This applies both to cold
and cryogenic applications [41] and to warm temperatures of up to 2000 °C or more
[37,42]. In addition, the particle dampers can be designed so that they hardly affect the
stiffness and mass [10,37,43]. Another advantage is that this is a passive measure that
does not require additional energy [36,37].
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Fig. 2. Schematic diagram of a particle damper [21]

3 Design of a motorcycle triple clamp

In order to reduce critical hand-arm vibrations on the motorcycle, a motorcycle triple
clamp is designed in this chapter under the aspects of high stiffness and high damping
with low mass at the same time. In the first step a method for the design of stiffness and
damping optimised components is presented. Afterwards the effect of particle damping
is quantified by a parameter study. Based on this, the loads at the triple clamp are iden-
tified and the developed method is applied to the motorcycle triple clamp. For this pur-
pose, the stiffness to weight ratio of the triple clamp is optimised by means of a topol-
ogy optimisation. Subsequently, cavities for particle damping are integrated in the vi-
bration-prone areas of the triple clamp, which are identified from a modal analysis.
Finally, a static simulation is carried out to verify the mechanical strength.

3.1  Methological approach

The procedure for designing a stiffness and damping optimised component is shown
in the form of a flow chart in Fig. 3 and is described in detail below. In order to solve
conflicts of objectives during component design with regard to high stiffness combined
with high damping, particle damping must be selected as a suitable measure. For ex-
ample, the particles can be integrated in the area of the neutral fibre, thus enabling a
component design optimised in terms of stiffness and damping.

Subsequently, the critical mode shapes, natural frequencies and occurring forces
must be identified and calculated, since the effect of particle damping is highly non-
linear [21,44,45] and is influenced by it. As there are usually no damping values for
these boundary conditions, they must be quantified. For this purpose simulation meth-
ods like the Discrete Element Method (DEM) or experiments like a parameter study
can be performed. For a parameter study the set-up has to be chosen in a way that the
load cases (tension, compression, bending or superposition) correspond to those of the
structural component to be optimised. By means of the parameter study, damping
curves are determined as a function of different excitation forces, natural frequencies
and cavity volumes, so that the damping of the structural component to be optimised
can be estimated.
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After the effect of particle damping has been proven and quantified, the desired
structural component can be designed with regard to stiffness and damping. In the first
step the stiffness to weight ratio is improved by structural optimisation, e.g. topology
optimisation. In particular for the results of a topology optimisation, which are usually
available in STL format, a surface smoothing and reverse engineering must be carried
out. Based on this, cavities can be integrated into the structural component. For larger
cavities, internal structures can sometimes be used to support overhangs or provide ad-
ditional stiffness. The cavities should be integrated in the areas of the highest ampli-
tudes that can be determined from a modal analysis. The desired degree of damping can
be determined by the size of the cavity, which can be estimated from the previously
determined damping curves (either from the DEM or parameter study). Subsequently,
the component lifetime has to be verified simulatively. Finally, the structural compo-
nent must be manufactured and the component properties must be compared to the re-
quirements by means of test bench trials.

3.2  Determining the load conditions on the motorcycle stem

In this work a motorcycle triple clamp of a Ducati Monster 1100S is optimised. The
motorcycle triple clamp is part of the stem and has a decisive influence on the driving
stability. The corresponding CAD data of the original model are available under [46].
Altogether, the three load cases constant speed, cornering and emergency braking are
considered for the design of the triple clamp. In order to determine the contact forces
at the triple clamp, an FE model of the front wheel guide is constructed.

For the calculation of the braking force, the maximum case is assumed that the rear
wheel in particular loses contact with the road surface and the entire weight force acts
on the front wheel. In addition, it must be ensured that the motorcycle does not roll over
due to braking too hard. Thus, the braking force can be calculated according to eq. 1
[47,48]. It should be noted that a possible air resistance F, during braking was ne-
glected.

Fo_max = min[g-m-g ; mg (p-b)/h] )

The friction coefficient between tyre and road can be assumed to be u = 1.4
[23,47,48]. This can be achieved under optimal conditions, on dry and non-slip asphalt
as a road surface and with an appropriate tyre mixture [23]. The maximum permissible
total weight of 390 kg is defined as the total vehicle mass m. p represents the wheelbase
and b and 4 the distance between the rear wheel and the centre of gravity in the hori-
zontal and vertical directions respectively (see Fig. 4).
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Fig. 4. Forces on the motorcycle during emergency braking

This results in the following expression for the braking force:
Fpmax = min[1,4:390 kg-9,81 m/s? ; 390-9,81-(1450 mm-625 mm) / 650 mm]  (2)
Fomax = min[5356 N; 4855 N] = 4855 N 3)

When the brakes are applied to the brake disc, a force Fy, is generated, which can be
calculated as follows [47-49]:

Fa= Fpmaxdw / dg=4855 N-570 mm / 286 mm = 9678 N 4)

Here d\y represents the diameter of the wheel and d; the diameter of the brake disc.
Due to equilibrium conditions, the force F4 acts both on the brake disc and on the wheel
axle.

In addition to the braking force on the wheel, the rider's arm force with which he or
she supports himself or herself on the handlebars must be considered during emergency
braking. The arm position is of decisive importance for the arm power. For a relaxed
sitting position on the bike, an angle a = -30° is assumed before the emergency stop,
which indicates the position of the handlebar grip in relation to the horizontal plane
through the shoulder joint. In addition, the angle f = 30° is assumed, which indicates
the position of the handlebar grip in relation to the median plane of the driver's body.
The distance of the handlebar grip / is set at 75 % of the maximum arm reach. Accord-
ing to Rohmert a standing man is able to apply a force of 186 N per arm under these
boundary conditions [50]. Since in normal situations a man can only apply 30 — 40 %
of the absolute force, the absolute force must be taken into account during emergency
braking [51]. A safety factor of s = 2 is also applied.

Fhandiebar = Frand (0, B, ) / s = 186 N/ 0,3-2 = 1250 N ®)]

When cornering, the total weight of the motorbike is loaded on both tyres and must
be divided and can be calculated according to eq. 6.

Fxy=mg u blp =390 kg:9,81 m/s>1,4 625 mm/1450 mm = 2308 N (6)
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For the force Fx . in vertical direction the unevenness of the road surface must be
taken into account. On European roads, the overload factor x is usually between 3 and
5 [23]. In the following, an overload factor of 3 is assumed, because if the overload
factor is too high, the road contact would be lost during cornering.

Fx-=m-g blp x=1390 kg-9,81 m/s*625 mm/1450 mm-3 = 4947 N @)

For constant driving straight ahead, an overload factor of x = 5 is taken into account
due to unevenness of the road surface. Air and rolling resistance play a minor role and
can be neglected.

F.=m-g b/px=390kg9,81:625 mm/ 1450 mm-5 = 8245 N ®)

3.3  Parameter study of the triple clamp

The dynamic properties of particle damping are determined by a Design of Experi-
ment (DoE) by investigating the relevant parameters natural frequency, excitation force
and cavity volume. The DoE is performed in the form of a parameter study (26 param-
eter combinations) using laser beam melted bending beams, since it is assumed that the
critical vibration modes of the motorcycle triple clamp resemble a bending mode. In
addition, AlSi10Mg was chosen as the material, as the original model of the triple clamp
was cast from high-strength aluminium.

To carry out the test, the beams are supported on foam and excited to oscillate by
means of an automated impulse hammer. The vibrations are measured by an accelera-
tion sensor and the damping is calculated using the Circle-Fit method. Fig. 5 shows an
example of a frequency transfer function (FRF) for three 5x5x200 mm beams. Here a
broadband amplitude reduction of 600 - 18000 Hz can be seen for the particle-damped
beams. The particle damped beams have a cavity of 10 % or 20 % of the total beam
volume. Thus, even in filigree structures the effect of particle damping can be used if
the cross-section of the cavity is larger than 4 = 3 mm?. Further test series show that
the damping can be increased by up to a factor of 20 and are described in detail in [21].
In total, the beams are excited to vibrations from 10 to 180 N, thus characterising the
frequency- and force-dependent damping curve.
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Fig. 5. a) Frequency Response Function of three 5 x 5 x 200 mm?® beams, b) Automated im-
pulse hammer excitation of the beams, ¢) CAD model of the particle-filled beams [21]

3.4  Topology optimisation

To optimise the stiffness and mass of the motorcycle triple clamp, a topology opti-
misation is carried out. For this purpose, the extended design space is built up as a first
step and is shown in Fig. 6. Thereby, attention was paid to the high level of functional
integration. For the topology optimisation the force reactions are determined in Ansys
Workbench 2020 from an FE model of the motorcycle stem at the mounting points of
the telescopic forks and the handlebars. For this purpose the load conditions of constant
driving, cornering and emergency braking are taken into account. Due to the high forces
of sometimes more than 5 kN in different load conditions, high component stresses re-
sult which exceed the permissible stresses of AISi10Mg, so that the steel 1.2709 is se-
lected as material for the motorcycle triple clamp and used for the topology optimisa-
tion. The mass target for the optimisation is 1 kg. The result of the topology optimisa-
tion is shown in Fig. 6. Here it can be seen that the surfaces still have to be smoothed
and prepared. Using the Refopology-Tool from Autodesk AliasAutoStudio2021, the ge-
ometry could be reconstructed within a few hours. The functional surfaces are then
detailed in Autodesk Inventor. The reconstructed result from the topology optimisation
is shown in Fig. 6.

In total 21 individual components of the original triple clamp are brought together.
These include the triple clamp, handlebar mount, damping elements, cockpit brackets
and various mounting elements.
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Fig. 6. Steps of topology optimisation for the motorcycle triple clamp

3.5 Insertion of cavities for the integration of particle damping

To integrate the effect of particle damping into the triple clamp, a modal analysis is
carried out in the frequency range up to 2500 Hz and the areas with high vibration
amplitudes are evaluated. The modal analysis is carried out for the motorcycle stem so
that the influence of neighbouring components on the vibration modes and natural fre-
quencies is taken into account. Two vibration modes are shown in Fig. 7. It is noticeable
that the vibrations occur primarily at the mountings of the telescopic forks and handle-
bars. Accordingly, the cavities are placed in these areas (see Fig. 8). In addition, parti-
cle-filled cavities are provided in the areas of the cockpit mount and the steering head
bearing.

Fig. 7. Modal analysis of the motorcycle stem — left: /=286 Hz, right: /= 2489 Hz
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Fig. 8. Integration of particle-filled cavities in the motorcycle triple clamp

3.6  Proof of static strength

A static simulation is carried out to prove the strength of the triple clamp with cavi-
ties under the maximum loads. The stress simulation has shown that the alloy 1.2709
has sufficient strength, as this material can withstand 10° load cycles up to 400 N/mm?
and is therefore fatigue resistant [52,53]. An aluminium alloy could not have withstood
the corresponding loads. Fig. 9 shows the stress analysis for the three load conditions
emergency braking, cornering and constant driving.

Fig. 9. Proof of static strength - left: emergency braking, middle: cornering,
right: constant driving

4 Discussion

This paper describes a method for the design of effect-optimised components with
regard to stiffness and damping and resolves their conflict of objectives. The presented
method was demonstrated by means of the application example of a motorcycle triple
clamp. The first part of the method, the stiffness and strength design, could be success-
fully proven by simulation. The transferability of the damping values from a parameter
study to the demonstrator has not been carried out at this time, but will be investigated
in further work. Furthermore, the effect of particle damping for the load conditions
torsion, tension/compression and their combination can be quantified in further work,
which was not the subject of this paper.
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In addition, it is conceivable to adapt this method for a multi-criteria effect optimi-
sation. For example, for flow-optimised thin-walled geometries with external force ap-
plication, such as aerospace components. The multi-criteria effect optimisation may
become more and more important in the future, since the continuous development of
the LPBF system technology allows the production of larger and larger components. In
the case of large components, it will be of great interest to integrate the damping ele-
ments directly into the interior of the component in order to push the design limits and
increase the degree of functional integration and component performance.

A further potential could be raised if the presented method is supported by a com-
puter aided engineering environment. Up to now, a variety of different software is re-
quired, starting with the characterisation of the damping from the parameter studies,
FEM simulation up to the reconstruction. If the interface problems are overcome, for
example, the free-form geometries of the cavities in the structural component could be
built up in a parameterised way. In this way, the size of the cavity could be varied by
means of a simulative parameter study and the structural component could be evaluated
in terms of stiffness, damping and strength within a very short time. At the same time,
the manufacturing restrictions of additive manufacturing could be permanently
checked. It would also be possible to use a generative design approach for the creation
of the cavities. Through this interaction and interlocking of the computer tools, the
component could be better adapted to the requirements.

From the results of the motorcycle triple clamp it can be concluded that the effect of
particle damping is particularly suitable for components that are designed with regard
to the conflicting objectives of stiffness vs. damping. From static simulation results for
the motorcycle triple clamp, it could be determined that the strength remains approxi-
mately constant after the insertion of cavities. This is particularly interesting for com-
ponents that are subjected to bending stress, so that the cavities are integrated in the
areas of the neutral fibre (Damping for free). However, dynamic test bench trials still
have to be carried out here for evaluation.

An estimation of the damping values for the motorcycle triple clamp is difficult be-
cause the steel alloy 1.2709 was chosen as material for the triple clamp due to the high
stresses. Therefore, the results of the parameter study for the A1Sil0Mg alloy can only
be transferred to a limited extent. For this purpose, a parameter study for 1.2709 will
be carried out in further work.

Due to the change of material, the triple clamp has become approx. 20 % heavier
compared to the original model, from mo = 1.286 kg to mp = 1.55 kg. However, some-
times when good damping in the triple clamp is demonstrated, damping elements at
other points in the motorcycle can be simplified or omitted. This could save further
weight, assembly work and costs.

Alternatively, the assumptions regarding the high loads on the triple clamp can be
quantified by reverse engineering and thus sometimes be lower. This would make it
possible to switch to an aluminium or titanium alloy.
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5 Conclusion

In this paper a method for the design of effect optimised components was presented
under the aspect of high stiffness combined with high damping. The core of this method
is the use of particle damping as a measure for vibration reduction. The effect of particle
damping is quantified with the help of a parameter study within the framework of a
DoE, as this is highly non-linear and time-consuming to simulate, thus ensuring trans-
ferability to real structural components. The effect of particle damping is proven for the
AlSi10Mg alloy from 600 to 18000 Hz and in some cases the damping can be increased
by a factor of more than 20.

The developed method for the design of effect optimised components regarding stiff-
ness and damping is illustrated by the application example of a motorcycle triple clamp.
By means of laser powder bed fusion, the particle-filled cavities can be integrated di-
rectly into the interior of the component in the low-stress areas of the component,
around the neutral fibre. The insertion of particle-filled cavities could be realised even
with topology optimised results. The static strength could be proved simulatively for
the material 1.2709.

Due to the high non-linearity, it is difficult to explicitly evaluate the effect of particle
damping for the triple clamp, as it depends on force, natural frequency, natural shape
and cavity volume. On average, however, a damping increase of factor 3-5 is expected
for different bending modes if the triple clamp would be made of AISi10Mg.
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Abstract

Polygon meshes and particularly triangulated meshes can be used to describe the
shape of different types of geometry such as bicycles, bridges, or runways. In engi-
neering, such polygon meshes can be supplied as finite element meshes, resulting
from topology optimization or from laser scanning. Especially from topology optimi-
zation with low member size settings, frame-like polygon meshes with slender parts
are typical and often have to be converted into a CAD (Computer-Aided Design)
format, e.g., for further geometrical detailing or performing additional shape optimi-
zation. Especially for such frame-like geometries, CAD designs are constructed as
beams with cross-sections and beam-lines, whereby the cross-section is extruded
along the beam-lines or beam skeleton. In our research, automatic parameterization of
polygon meshes into a subdivision surface representation is tried out. For this pur-
pose, the beam-lines are approximated by computation of curved skeletons, which are
determined by a homotopic thinning method. These skeleton lines are transformed
into a subdivision surface control grid by using the Euclidean distance transformation.

1 Introduction

Various applications such as animation design, topology optimization, or 3D laser
scanning apply discrete triangulated meshes to represent the surface of a 3D geome-
try. Triangulated surfaces describe the shape of the object by separating the boundary
surface into discrete triangles. Engineering applications for manufacturing, optimiza-
tion, or design modification require a parametric representation such as constructive
solid geometry (CSQG) or free form surfaces of the geometry [1], [2]. The boundary
representation of an object can be reconstructed with primitive surface types [1]-[3]
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or free form surfaces [4]-[6], which is called boundary representation surface (Brep).
Primitive surface types are typically used for (CSG) [1]-[3], whereas free form sur-
faces are used for the reconstruction of organic geometries [4]-[6].

The manual parametrization of these polygon meshes can be time-consuming and
can lead to inaccurate approximations or altering the topology. Geometric reverse
engineering attempts to redesign a parametric shape and topology of representations
such as polygon meshes [1]-[3] or volumetric geometries [7]. Most of the approaches
perform a so-known mesh segmentation [8], where the boundary of the geometry is
split into several patches [1]-[3]. Afterward, the surface of the geometry can be para-
metrized in surface types like primitive surfaces [1]-[3] or nonuniform rational B-
spline (NURBS) surfaces [4], [5]. This segmentation only results in surface parametri-
zation [1]—[3] so that the topology itself is not covered quite well. Therefore so-called
curve (middle line) or surface skeleton (middle surface) can be used for part segmen-
tation [8]-[10], which can lead to a more beam-line representation [7], [11], [12].
These curve skeletons serve as a reasonable shape descriptor for tube-like organic
geometries [13]. Such geometries can be derived in topology optimization for linear
elasto static, heat transfer, or considering both [14].

In our approach, a homotopic thinning method from the authors of [15] is chosen to
determine the skeleton of 3D volumetric images, which ensures topology preserva-
tion. The authors of [11], [12], [16] uses parametric cross-sections, whereas we rather
use a parameterization directly at each skeleton point that defines a radius, which is
derived from the underlying concept of medial balls [17]. Medial balls are an alterna-
tive shape description that uses maximum in-described balls which are defined by the
center of the ball and the radius [13], [18]. Therefore, for curve skeleton, a tube-shape
polygon mesh should be applied [13].

Based on that, we perform a Euclidean distance transformation, which serves as an
approximation for the boundary distance and thus for a correlating radius of each
skeletal point. The following figure shows the desirable parameterization using a
skeleton and a corresponding skin representation of the polygon mesh. By moving
two skeleton nodes upwards (orange arrows), the underlying parameterization serves
for shape adjustment. Additionally, the shape around each point can be scaled by a
corresponding radius.

a) Polygon Mesh b) Skeleton c) ,,Skin“ of the Skeleton (Subdivision Surfaces) d) Shape Adjustment

Fig. 1. Parametrization of the polygon model a) Polygon mesh b) Derlved skeleton
¢) Subdivision surface control grid resulting from the skeleton and the radius
d) Shape adjustment by changing the skeleton

Subdivision surfaces divide the control grid by an iterative refinement [19]. This pa-
rameterization can be used for different tasks such as shape optimization [20], shape
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reconstruction, and reverse engineering [19], [21]. Our main contribution will be the
fully automated of polygon models in topology optimization into a skin-based subdi-
vision surface representation so that the subdivision control grid is bounded to the
skeleton.

2 State of the Art

A 3D segmentation for CAD applications can be achieved by various methods such as
spectral analysis, clustering, region growing, skeleton-based methods [8] or applying
machine learning [22], [23]. The state of the art of this article refers to the skeleton-
based methods, where first, the skeleton is extracted, and then the cross-sections are
determined. Another option is to determine first the cross-section and then to con-
struct the skeleton [24], which is not further discussed in this article. For other con-
cepts, we refer to the summary of segmentation methods in [8] or more recent publi-
cations [2], [10], [22], [23], [25].

Typically, the skeleton is used to approximate the beam-line or the extrusion direc-
tion. Therefore, different skeletonization methods, such as contraction or homotopic
thinning, can be used. In the recent publications of [11], [12], the beam-line is approx-
imated by a contraction method, which is presented in [26]. Contraction methods act
on the polygon mesh and iteratively push the boundary until the surfaces intersect
each other [27]. These can result in a 1D curve or 1D/2D curve/surface skeletons. The
contraction method is only applied to the boundary of the geometry, whereas thinning
methods erode a volumetric representation. In a recent article, the authors in [28] uses
directly the medial axis transformation for the estimation of curve/surface skeletons,
which can despite to the contraction method of [26], fully cover the original shape
[13]. These skeletons often cover the noise of the boundary, so that pre and post-
processing steps is often required [13].

The authors of [7] use a thinning based approach for the calculation of the skeleton
for 2D use cases. The topology optimization is performed on pixel elements and can
therefore be processed with methods of digital image processing. In a more recent
article of [29], the authors use the homotopic 3D thinning method of [15] for 3D cas-
es. This method offers the advantage to ensure correct topological representation in
the curve skeleton if no cavities are located in the object. The thinning method is ap-
plied to a solution of a topology optimization on finite elements represented as voxels.
Afterward, these finite elements serve as a volumetric representation. In our approach,
we use the homotopic thinning method of [15] to determine the binary skeleton and
ensuring topology preservation in the skeleton itself, similar to the method described
in [29]. During thinning, the resulting skeleton is located inside the object so that the
endpoints have to be pushed back using cross-sections to cover the shape. So despite
the authors of [29], we extend the endpoints on open branches until the boundary is
hit. If a beam-line representation is established, the corresponding cross-section can
be determined. The authors of [12] use manually defined elliptical and spherical
cross-sections. Despite the manual selection, the authors of [11], [28]-[30] automati-
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cally uses shape properties such as radius of circular cross-sections [11], [30] or the
local radius [28], which can be calculated using the Euclidian distance between the
triangulated mesh and a corresponding skeleton segment [11], [30] or the radius of the
medial ball [17], [28]. Alternatively, the radius can be approximated by an additional
size optimization [29]. Using the beamline and the corresponding cross-sections the
authors of [11], [12], [29], [30] extrude the cross-section along the skeleton-curves
using cylindrical primitives [11], [29], [30] or elliptical cross-sections [12]. For a
smooth surface, these extruded cross-sections can be furthermore blended [12] or
combined with spheres on the cylindrical parts [29]. Despite the primitive cross-
section of [11], [12], [29], the authors of [16] manually determine surface skinning
with B-spline cross-sections to cover the shape of the topology optimization. There-
fore, the whole smooth geometry is directly defined by the control grid and does not
require any blending processing. In our approach, we use a skin representation similar
to [16]. However, we rather use subdivision surfaces instead of B-Splines due to its
flexible topology of nonequal number control grids along a surface segment [20],
[31]. The cross section parametric surface is approximated similar to the methods in
[11], [30], by applying the distance transformation on the binary image.

3 Parametrization

To fully parametrize an object, the presented method uses a homotopic thinning
method, which requires a digital image. The following figure shows the steps from the
rasterization to the parametric model acquisition. The steps are separated into action
flow and data flow.

Polygon

o 3D Binary
Mesh Rasterization

. Image
Binary o
Skeleton . Thinning

Extend End Points Extended

Skeleton

Bgundary Eucledian Distance
Distance Transformation

Skeleton
with
Radius

Merging Skeleton and
Distance

Skin
Parametrik Subdivision Surfaces
Model (Skin Model)

Legend

Data Data flow
Object >

= Control flow
Action —

Fig. 2. Parametrization Steps

In the first step, the polygon mesh of the topology optimized model is rasterized into
volumetric pixels (Voxels) of a 3D binary image using the implementation [32] of the
method [33]. On that image, a homotopic thinning method of [15] is applied so that a
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skeleton representation (red voxels) is acquired. The endpoints on open branches are
extended towards the boundary of the model. Based on the volumetric representation,
a Euclidian distance transformation is calculated, which serves as a radius for the
parametrization. Then, the corresponding radius is mapped to the points of the skele-
ton, where red voxels represent a small radius and blue voxels a large radius. These
points and the corresponding radii are transferred to a skin subdivision surface repre-
sentation. The following figure shows the iterative of the subdivision of a cube con-
trol grid where the rectangle grid is iteratively subdivided into a sphere like object.

Skeleton
Point

Distance Transformation

2r

2r
. —

Control Grid (Cube) 1 Iteration 2 Iteration 3 |teration Approximation

Fig. 3. Subdivision Surfaces of a cube and the approximation of the control grid by the radius

The control grid is approximated with the value from the distance transformation of
the corresponding skeleton point. The rectangle length and width are two times the
size of that distance value.

While the control grid is estimated by the distance value, the beam-lines are set to
the corresponding skeleton segment. By calculating the line curvature change of a
fitted B-spline based on [34], [35], each binary skeleton segment is reduced to a few
numbers of topology preserving line segments. Due to the digital representation of the
skeleton, a fixed curvature criterion can be chosen. In our use cases, we use as a sepa-
ration criterion a line curvature value of one. If the maximum curvature along the
skeleton segment is higher than these criteria, the segment is split into two segments
on the highest curvature position. The following figure shows the estimation of beam-
lines using the skeleton by analyzing the curvature and the topology. Each junction
point, endpoint, and an additional point is connected to a skeleton.

Sl ] High Curvature Additional Point

Fig. 4. Estimating beam-lines and inserting additional points on high line curvature

Straight skeleton segments are reduced to lines with one start and one endpoint. The
marked segment in Fig. 4 is separated into two segments due to the high curvature. In
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the following chapter, the proposed method is tested on several different topology
optimized objects and one train/bus frame.

4 Parametrization of Topology Optimization Results

The experimental part is separated into two sections, fully automated subdivision
surface parametrization and shape adjustments on the skin subdivision surface. In the
first section, the parametrization of the polygon mesh into subdivision surfaces is
covered. The second section covers the flexible shape adjustment using subdivision
skin shape modification. The visual examples show the rasterized model, the extract-
ed chains, the distance transformation, and the corresponding skin parametrization. To
cover the advantages and disadvantages of this method, we present examples that
fulfill the necessary property for curved skeletons of the underlying concept of medial
balls [13], [17], and some with a thin-walled shape.

4.1 Fully Automated Skin Subdivision Surface Parametrization

The following figure shows the five rasterized examples followed by a distance ap-
proximation. The thin-walled samples (2,3,4) shows a small thickness variation due to
the thin representation so that the thickness values are similar (red). Sample one and
five shows a thickness variation where blue represents a high and red a small thick-
ness. Afterward, the rasterized object is skeletonized and split into several skeleton
segments. These segments represent the beam-line with one start and one endpoint.
Based on these segments and the distance, the skin parametric can be built by using
the diameter as the length for the quadratic control grid.

Table 1. Subdivision surface parametrization in topology optimization

Use Case Rasterized Distance Skeleton Segments Skin Parametric Subdivision Surface

1

154 %
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Additionally, frame-like geometries similar to topology optimization, such as the
frame of a bus or train, can also be reconstructed. The following sample shows the
skin subdivision surface parametrization applied on a train/bus frame.

Fig. 5. Skin subdivision surface parametrization on a train/bus frame structure

4.2  Shape Adjustment on Skin Subdivision Surfaces

The parametrization of objects of a non-tube-shaped geometry such as the thin wall
samples (2,3,4) can lead to small diameters for the shape parametrization. Due to the
flexible underlying concept of skin-based modeling, the geometry can easily be ad-
justed by moving the skeleton control points to improve the shape coverage. Addi-
tionally, the size of the sphere at the corresponding point can be changed so that the
overlay is increased. The following figure shows the adjustment of sample three.

Comparison Shape Adjustment Adjusted Comparision Subdivision Surface
Original/Parametric Skin Subsurface Model Original/Adjusted

Original Object

Parametrized

i*“ig. 6. Shape adjustment of sample three

First, the skeleton points are moved to the location of the orange arrows. Second, the
radius of the skeleton points is changed in size. So, by moving two control points and
by changing six times the radius, the parametrized skin subsurface model matches the
original shape visually.
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5 Conclusion

This article presents an automated parameterization of polygon meshes into a para-
metric representation using subdivision surfaces, especially in topology optimization.
For this purpose, we estimate the beam-lines with a skeleton determined by a homo-
topic thinning method. By additionally using the Euclidean distance transformation,
the skeleton lines are transformed into a subdivision surface control grid. This proce-
dure is tested on five topology optimized samples. Parameterization with the thinning
approach followed by a distance approximation leads to promising results covering
the topology and shape of tubular objects as presented by the first and last example in
Table 1. If the cross-section is not circular, shape fitting by scaling the control grid
surfaces is required. The curvature criterion based on the B-spline fit reduces most
skeletal segments to a few beam-lines. While this criterion results in a reasonable line
cut for samples one, two, four, and five, sample three must be adjusted, as shown in
Fig. 6. The manual shape adjustment of the skin subdivision area representation of
sample three shows a more flexible and promising parametrization. With a small
number of interactions, the shape can be changed until the original representation is
covered. For further research investigations, the proposed subdivision skin surface
parameterization can be extended to cover rectangle control grids. Additionally, the
cutting criteria using line curvature should be extended to additionally covering the
normal vector along the skeletal segment. While this approach is limited to organic
tube-like objects, the parametrization can also be extended to arbitrary cross-sections.
Additionally, despite to frame like objects, the surface skeleton can extend the beam
like parametrization to a thin wall like subdivision parametrization.

6 Acknowledgment

This study was funded by the German Federal Ministry of Economic Affairs and En-
ergy (ZF4428401BZ7) in the context of the research network [raSME and ZIM. Re-
sponsibility for the content of this publication lies with the authors.

References

1. R. Béniere, G. Subsol, G. Gesquiére, F. Le Breton, and W. Puech, ‘A comprehensive pro-
cess of reverse engineering from 3D meshes to CAD models’, Comput.-Aided Des., vol.
45, no. 11, pp. 1382-1393, Nov. 2013, doi: 10.1016/j.cad.2013.06.004.

2. V. Vidal, C. Wolf, and F. Dupont, ‘Mechanical Mesh Segmentation and Global 3D Shape
Extraction’, 2014.

3. S. Gauthier, W. Puech, R. Bénicre, and G. Subsol, ‘Analysis of digitized 3D mesh curva-
ture histograms for reverse engineering’, Comput. Ind., vol. 92-93, pp. 67-83, Nov. 2017,
doi: 10.1016/j.compind.2017.06.008.



26

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

M. Denk et al.

A. Ben Makhlouf, B. Louhichi, M. A. Mahjoub, and D. Deneux, ‘Reconstruction of a
CAD model from the deformed mesh using B-spline surfaces’, Int. J. Comput. Integr.
Manuf., vol. 32, no. 7, pp. 669—681, Jul. 2019, doi: 10.1080/0951192X.2019.1599442.

B. Louhichi, G. N. Abenhaim, and A. S. Tahan, ‘CAD/CAE integration: updating the CAD
model after a FEM analysis’, Int. J. Adv. Manuf. Technol., vol. 76, no. 1, pp. 391-400, Jan.
2015, doi: 10.1007/500170-014-6248-y.

Y. M. Yoely, O. Amir, and 1. Hanniel, ‘“Topology and shape optimization with explicit
geometric constraints using a spline-based representation and a fixed grid’, Procedia Man-
uf-, vol. 21, pp. 189-196, Jan. 2018, doi: 10.1016/j.promfg.2018.02.110.

M. Bremicker, M. Chirehdast, N. Kikuchi, and P. Y. Papalambros, ‘Integrated Topology
and Shape Optimization in Structural Design*’, Mech. Struct. Mach., vol. 19, no. 4, pp.
551-587, Jan. 1991, doi: 10.1080/08905459108905156.

A. Agathos, 1. Pratikakis, S. Perantonis, N. Sapidis, and P. Azariadis, ‘3D Mesh Segmenta-
tion Methodologies for CAD applications’, Comput.-Aided Des. Appl., vol. 4, no. 6, pp.
827-841, Jan. 2007, doi: 10.1080/16864360.2007.10738515.

D. Reniers and A. Telea, ‘Part-type Segmentation of Articulated Voxel-Shapes using the
Junction Rule’, Comput. Graph. Forum, vol. 27, no. 7, pp. 1845-1852, 2008, doi:
10.1111/5.1467-8659.2008.01331 .x.

C. Feng, A. C. Jalba, and A. C. Telea, ‘Part-Based Segmentation by Skeleton Cut Space
Analysis’, in Mathematical Morphology and Its Applications to Signal and Image Pro-
cessing, Cham, 2015, pp. 607-618, doi: 10.1007/978-3-319-18720-4_51.

A. Nana, J.-C. Cuilliére, and V. Francois, ‘Automatic reconstruction of beam structures
from 3D topology optimization results’, Comput. Struct., vol. 189, pp. 62-82, Sep. 2017,
doi: 10.1016/j.compstruc.2017.04.018.

T. Stangl and S. Wartzack, ‘Feature based interpretation and reconstruction of structural
topology optimization results’, in Proceedings of the 20th International Conference on
Engineering Design (ICED15), Jul. 2015, p. Vol. 6, 235-245.

A. Tagliasacchi, T. Delame, M. Spagnuolo, N. Amenta, and A. Telea, ‘3D Skeletons: A
State-of-the-Art Report’, Comput. Graph. Forum, vol. 35, no. 2, pp. 573-597, May 2016,
doi: 10.1111/cgf.12865.

M. Denk, K. Rother, and K. Paetzold, ‘Multi-Objective Topology Optimization of Heat
Conduction and Linear Elastostatic using Weighted Global Criteria Method’, in Proceed-
ings of the 31st Symposium Design for X (DFX2020), Bamberg, Sep. 2020, pp. 91-100,
doi: 10.35199/d£x2020.10.

T. C. Lee, R. L. Kashyap, and C. N. Chu, ‘Building Skeleton Models via 3-D Medial Sur-
face Axis Thinning Algorithms’, CVGIP Graph. Models Image Process., vol. 56, no. 6,
pp. 462-478, Nov. 1994, doi: 10.1006/cgip.1994.1042.

P.-S. Tang and K.-H. Chang, ‘Integration of topology and shape optimization for design of
structural components’, Struct. Multidiscip. Optim., vol. 22, no. 1, pp. 65-82, Aug. 2001,
doi: 10.1007/PL00013282.

H. Blum, 4 Transformation for Extracting New Descriptors of Shape. M.I.T. Press, 1967.
K. Siddiqi and S. Pizer, Eds., Medial Representations: Mathematics, Algorithms and Ap-
plications. Springer Netherlands, 2008.

P. Keller, M. Bertram, and H. Hagen, ‘Reverse engineering with subdivision surfaces’,
Computing, vol. 79, no. 2, pp. 119-129, Apr. 2007, doi: 10.1007/s00607-006-0191-1.



Fully Automated Subdivision Surface Parametrization for Topology . .. 27

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

K. Bandara, T. Riiberg, and F. Cirak, ‘Shape optimisation with multiresolution subdivision
surfaces and immersed finite elements’, Comput. Methods Appl. Mech. Eng., vol. 300, pp.
510-539, Mar. 2016, doi: 10.1016/j.cma.2015.11.015.

V. Estellers, F. Schmidt, and D. Cremers, ‘Robust Fitting of Subdivision Surfaces for
Smooth Shape Analysis’, in 2018 International Conference on 3D Vision (3DV), Sep.
2018, pp. 277-285, doi: 10.1109/3DV.2018.00040.

M. Denk, K. Paetzold, and K. Rother, ‘Feature line detection of noisy triangulated
CSGbased objects using deep learning’, in Proceedings of the 30th Symposium Design for
X, Jesteburg, Germany, Sep. 2019, vol. 30, pp. 239-250, doi: 10.35199/dfx2019.21.

P. Wang et al., ‘3D shape segmentation via shape fully convolutional networks’, Comput.
Graph., vol. 76, pp. 182—192, Nov. 2018, doi: 10.1016/j.cag.2018.07.011.

M. Mortara, G. Patane, M. Spagnuolo, B. Falcidieno, and J. Rossignac, ‘Plumber: a meth-
od for a multi-scale decomposition of 3D shapes into tubular primitives and bodies’, 2004.

H. Xu, M. Dong, and Z. Zhong, ‘Directionally Convolutional Networks for 3D Shape
Segmentation’, in 2017 IEEE International Conference on Computer Vision (ICCV), Ven-
ice, Oct. 2017, pp. 2717-2726, doi: 10.1109/ICCV.2017.294.

A. Tagliasacchi, I. Alhashim, M. Olson, and H. Zhang, ‘Mean Curvature Skeletons’, Com-
put. Graph. Forum, vol. 31, no. 5, Art. no. 5, 2012, doi: 10.1111/j.1467-
8659.2012.03178.x.

A. Sobiecki, H. C. Yasan, A. C. Jalba, and A. C. Telea, ‘Qualitative Comparison of Con-
traction-Based Curve Skeletonization Methods’, in Mathematical Morphology and Its Ap-
plications to Signal and Image Processing, 2013, pp. 425-439.

J. Mayer and S. Wartzack, ‘Ermittlung eines Skelettierungsverfahrens zur Konvertierung
von Topologieoptimierungsergebnissen’, in Proceedings of the 31st Symposium Design for
X (DFX2020), Bamberg, Sep. 2020, pp- 111-120, doi:
https://doi.org/10.35199/dfx2020.12.

G. Yin, X. Xiao, and F. Cirak, ‘Topologically robust CAD model generation for structural
optimisation’, Comput. Methods Appl. Mech. Eng., vol. 369, p. 113102, Sep. 2020, doi:
10.1016/j.cma.2020.113102.

J.-C. Cuilliére, V. Frangois, and A. Nana, ‘Automatic construction of structural CAD mod-
els from 3D topology optimization’, Comput.-Aided Des. Appl., vol. 15, no. 1, pp. 107-
121, Jan. 2018, doi: 10.1080/16864360.2017.1353726.

K. Miller, L. Reusche, and D. Fellner, ‘Extended subdivision surfaces: Building a bridge
between NURBS and Catmull-Clark surfaces’, ACM Trans. Graph., vol. 25, no. 2, pp.
268-292, Apr. 2006, doi: 10.1145/1138450.1138455.

P. Min, binvox. 2004.

F. S. Nooruddin and G. Turk, ‘Simplification and Repair of Polygonal Models Using Vol-
umetric Techniques’, IEEE Trans. Vis. Comput. Graph., vol. 9, no. 2, Art. no. 2, 2003.

P. Dierckx, ‘Algorithms for smoothing data with periodic and parametric splines’, Comput.
Graph. Image Process., vol. 20, no. 2, pp. 171-184, Oct. 1982, doi: 10.1016/0146-
664X(82)90043-0.

P. Dierckx, Curve and Surface Fitting with Splines. USA: Oxford University Press, Inc.,
1993.



A Concept Towards Automated Reconstruction of
Topology Optimized Structures Using Medial Axis
Skeletons
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Abstract. Through continuous topology optimization the design within product
development of structural loaded components is enhanced by using maximized
lightweight potential. At the same time the product development process is
accelerated due to a reduced number of design cycles. Because topology
optimization yields an optimized material distribution, the designer is not
required anymore to iteratively work out the basical geometric shape. However,
optimized material distribution itself neither follows design rules, nor does it
provide parametric relations within parts. Instead, a redesign has to be done in
order to fulfill manufacturing requirements and to obtain a parametric CAD-
model. This takes effort in time and expert knowledge.

For the reason of a consistent development approach under assistance of
computer aided methods, a concept is presented, that is demanded to solve the
task of redesigning topology optimization results in parametric CAD-models in
a semi-automated manner. To achieve this, medial axis skeletons are used for
analyzing the geometric data firstly, and, in a second step, for rebuilding CAD-
models. They are taken as references for common CAD-functionality whereby a
parametric and history-based modeling structure is generated. Though open
challenges exist in further automation and consideration of manufacturing
techniques, this represents a basical approach on how to use the medial axis for
reconstruction.

Keywords: Topology Optimization, Medial Axis Skeleton, CAD.

1 Redesign of topology optimized structures

Having to define the geometry of a structural component during design stage in the
product development process (PDP), design engineers are free to use structural optimi-
zation tools like topology optimization (TO). In the common approach with solid iso-
tropic material penalization (SIMP), this finite element based iterative method deter-
mines a structural optimized material distribution for a given loading situation [1, 2, 3].
Saving repeated design cycles, an initially overall design space this way directly results
in a design proposal [1]. In addition to time savings in the PDP, this allows the con-
struction of load-specific-designed, functional lightweight structures [1, 2, 3].
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However, because the design proposal is derived from a discretized mesh-model, it
is far from being a finalized, fully-designed part [1, 3]. Instead the design proposal usu-
ally consists of a triangulated surface representation (STL-file). It neither meets manu-
facturing requirements nor parametric or feature-based model representation. Even the
surface representation is typically characterized by an unsmooth boundary, where in a
designer’s interpretation, for example, a flat face would be (see Fig. 1) [1].

Design proposal Manual reconstruction

Fig. 1. Model data at significant design stages (design space from [4]).

While manufacturability is a must, for a productive product development it is also nec-
essary to have access to a part model that is easy to modify. This is reached through a
parametric, feature-based and -if desired- history-based modeling structure. Therefore
the design proposal has to be specifically redesigned in a new CAD-model correspond-
ing the demands of the PDP. [5]

For usual, the task of redesign is done manually. Despite its requirement in expertise
on engineering design, this is a time consuming process, especially for complex
shapes [5].

More automated software tools allow for an assisted redesign, for example in remod-
eling the surface with NURBS-patches. While this can be time saving, its result is still
a surface model with very restricted, or no parametric relations nor design history. [5]

Another approach is the skeletonization-based abstraction of geometry followed by
partially automated redesign with common CAD-features. In [5] a method is presented,
that uses a skeletonization algorithm to convert the topology optimization result in the
decomposed shape of simple curves. These curve lines afterwards are used as refer-
ences for sweeping cross sections. By means of this principle, the result will be a ref-
erenced, still modifiable, volumetric part. Within this method there is user input and
interaction necessary, e.g. to refine the skeleton with curve splines. Further user inter-
action is required for the sweeping feature or for the redesign of connection elements.
The curve skeleton abstraction is beyond that not generally suited for the abstraction of
topology optimized geometry. In [6] the author concluded challenges to abstract sur-
face-like geometry with curve skeletonization algorithms. [5]

Nevertheless, the approach of skeletonization-based topology reconstruction is the
method that meets the PDP’s demands in parametric model-structure. The advantages
on the one hand, lie in the ability to abstract the principal shape of a geometry with
skeletons [7], on the other hand, in the similar design practice to CAD-design through
the use of common CAD-functionality [5].
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For the reason of a more assisted and faster development process subsequent to the
application of topology optimization, the task is to develop an approach for automated
topology reconstruction using skeletonization methods, and meeting the demands of
the PDP, as well as manufacturing requirements of basic manufacturing technology. In
the following sections, insights into this task are given, and a possible semi-automatic
concept is presented.

2 An approach towards a more automated reconstruction of
topology optimization results

2.1  Analysis

In 1969 Blum gave a definition of skeletons for 2D-objects: it is the locus of centers of
maximally inscribed circles [8]. Blum’s definition found use in further development in
the field of computer graphics and subsequent skeletonization algorithms [9]. It was
extended into the third dimension and used for surface reconstruction [10]. Here, the
set of centers and their respective radii together are the so-called medial axis trans-
form [9, 10]. While computing the exact medial axis transform is difficult, a simplified
approximation is less computational expensive and more useful [10].

What exactly makes a skeleton, is up to definition according to [7]. Thus, to this day,
there are several more skeletonization methods to be distinguished [7], making the
curve skeleton used in [5] one amongst many. While this one falls under the terms of
curve skeletons (consisting of one-dimensional curves), the so-called surface skeletons
also contain surface elements. The medial axis skeletons belong to this latter cate-
gory. [7, 10]

In the presented approach to restructuring topology optimized results, two main steps
are declared. The first one is the analysis-step, where the geometric shape has to be
abstracted. The second step is the synthesis-step, which describes the redesign on the
basis of the prior decomposition (see Fig. 2).

Mesh pre-processing

Analysis

Skeleton conversion & decomposition

Skeleton surface definition

4 Remodeling and feature generation

Fig. 2. Basic steps in the presented approach of topology restructuring

Synthesis

Initially, it is aimed for a conversion of the design proposal into information suited for
reconstruction. This means, that structural topology optimized results, as various as
they can be, are able to be captured by a defined scheme of decomposition.
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To achieve this, medial axis skeletons are used. With them, the triangulated design
proposal can be skeletonized. As soon as the optimization is done, a triangulated surface
of the design proposal is extracted. This needs to be pre-processed to obtain a watertight
STL-file without edge interferences or overlapping facets (Fig. 2, 1). If the exclusively
subtracted material distribution is triangulated alike, this geometry can be skeletonized,
too. In each case there are two skeletal forms obtained — one inside (“skeleton’) and
one outside (“skeleton complement”) the geometry [7, 10].

Due to the calculation of maximal inscribed balls in the medial axis transform, the
skeleton is strongly related to the geometric shape by the additional information of each
of these balls’ radius. In terms of topology reconstruction from a design proposal, this
information is to be seen as local cross section thickness. Because the STL-file repre-
senting the design proposal is a discrete data set (set of xyz-coordinates plus connec-
tivity), the skeleton with the cross section information again is a similar discrete data
set. Compared to principally other skeletonization algorithms, the local thickness infor-
mation is advantageous [11], as it is assumed, that the topology-restruct-method has to
gather as much information as possible for a viable decomposition.

For decomposition, it’s furthermore possible to separate the geometry in distinctive
classes. One option is to differ effective surfaces and accompanying geometry ar-
eas (ES), as well as the structural connection between those, the lead support structure
(LSS) according to [12]. The redesign task then consists of rebuilding ES and LSS. This
separation scheme is thought to fit to topology optimized geometry in terms of regular
and irregular geometric shape. As initially mentioned, topology optimized material dis-
tribution typically doesn’t show geometric primitives [1, 2, 3, 5]. However, in the prod-
uct design of structural components, the interface areas to neighboring parts are usually
predefined. Accordingly, these sub-areas of the geometry are excluded from the opti-
mization beforehand (frozen area) [1, 2, 3]. This way their principally regular geomet-
ric shapes can be found in the design proposal as geometric primitives. By dividing in
ES and LSS, it’s possible to capture the geometric primitives as effective surface ac-
companying geometry and all of the optimized material distribution as LSS.

Besides the ES which should be redesigned through geometric primitives, the LSS
has to be provided with another reconstruction scheme. The medial axis skeleton is
capable of abstracting a surface representation from the LSS, but can’t be reconstructed
directly into construction geometry. A thinkable option is to approximate the boundary
of the medial axis skeleton to define one or more distinctive surfaces. Together with
the information about cross section thickness and the geometric primitives at interface
areas, this would be the decomposition of topology optimized structures (see Fig. 2, 2).
The decomposition is the result of the analysis-step.

2.2 Synthesis

After firstly analyzing the design proposal, the second main step consists of rebuilding
the structural geometry in order to gain a parametric model for further use in the PDP.
Since the desired method is expected to suit general redesign tasks to fit in the PDP, the
conceptual synthesis-step preferably has to be generally applicable.
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In the presented approach, the decomposition is used to reconstruct the lead support
structure followed by the predefined effective surface geometry. The ES accompanying
geometry is adopted from the earlier phase of the specification of frozen area in
TO (see Fig. 2, 4). Though this transition of geometry from the design space stage into
the stage of redesign could be done in a small amount of time, it’s suited for automation,
since it’s always a similar, repetitive task. If there is no data to frozen areas in the TO
available and the design proposal itself is the only input into the topology reconstruc-
tion, the automated redesign of ES immediately gets more challenging because of the
now necessary identification of those ES. An option to do so, would be, to use an algo-
rithm for primitive detection [13]. Suited to identify geometric primitives in point
clouds [13], it could be adapted for the automated reconstruction of ES.

Redesigning the LSS in the synthesis-step is done on basis of the decompositions
skeleton boundary and cross section radius. The skeletal boundary defines one ore more
skeletal surfaces which approximate the design proposal’s geometry. These surfaces
have to be constructed in the CAD-environment, which again is a task to be auto-
mated (see Fig. 2, 3). Challenges herein lie in the identification of an explicit surface
boundary and distinctive surface patches, as well as the guaranty of generally applica-
tion. How to best redesign CAD-geometry from this kind of data has to be investigated.
One possible way is to shape each surface in the surface-set in a way that it fits the
medial axis skeleton, and offset it afterwards to both sides with an extrude-like opera-
tion at the same time to yield a volumetric body (see Fig. 2, 4). The offset distance is
taken from the information about the cross section radius. Finally some chamfers and
rounding are inserted where necessary. At the end of the synthesis-step, a parametric
CAD-model is available.

3 Redesign of a turbine engine bracket with a more automated
approach to reconstruction of topology optimization results

The presented approach should be demonstrated with the practical example of a turbine
engine bracket. The design space geometry (see Fig. 1) originates from a public idea
challenge, where the manufacturer asked for the best additive-manufacturing-design in
terms of functional and lightweight aspects. Within the list of entries, it’s evident that
the TO was widely used to determine a principal geometric shape. [4]

After a corresponding topology optimization, the analysis-step is entered. Herein, the
design proposal is prepared for the skeletal conversion through cleaning and isotropic
re-meshing, resulting in an input-surface-mesh (see Fig. 3, 1). Then the curve and sur-
face skeletons are computed (Fig. 3, 2a and 2b). The surface skeleton is computed with
a voronoi-based method as a discrete scheme of the medial axis transform, related to
the algorithm described in [10]. Within the computation, the input-surface-mesh is
slightly smoothed. The connectivity of skeletal nodes origins by the connectivity of the
input-surface-mesh [9]. As described above, the medial axis transform is the set of cen-
ters of maximally inscribed balls and their respective radii. Plotted altogether, the balls
form the so-called union of balls, which is a surface-approximating geome-
try (see Fig. 3, 2¢) [10].
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As soon as the medial axis transform is available, the boundary of the skeleton is
computed (see Fig. 3, 2d). The algorithm detects boundary points of the medial axis
skeleton, but does not differ between possible sections of the medial surface they could
belong to. While this is up to user intervention and requires his interpretation for now,
it is an opportunity for enhancement of this approach.

Analysis

Synthesis

Fig. 3. Data representation at basical steps in the presented approach towards a more

automated reconstruction of topology optimized structures. A turbine engine bracket

acts as demonstrator: 1. pre-processed surface mesh; 2. decomposition data; 3. CAD-
reconstruction-data; 4. resulting CAD-geometry

The first steps in the synthesis start with the automated loading of the decomposition
data into the CAD-system. Then the skeletal boundary is turned into a bounding spline
and a skeletal surface created by this spline (Fig. 3, 3a). During the creation, the surface
is oriented to contain relevant sections of the curve skeleton. This is done to inherently
imitate the basical shape of the design proposal. Afterwards the skeletal surface is off-
setted in the left and the right perpendicular direction and connected through a loft-
operation. Next, the recently created volume body is thickened in the planar direc-
tion (see Fig. 3, 3b). Now, the ES are reconstructed (see Fig. 3, 3¢). In the final moves,
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the geometry is manipulated with boolean operations to combine the geometry on the
one hand, and to subtract sections, which cross the design space, on the other hand.
Lastly, some chamfers and roundings are inserted, and the CAD-model reconstruction
is completed (see Fig. 3, 4). Due to the use of built-in functionality in CAD, a design
history is obtained, opening up the freedom to subsequent changes at any place.

4 Summary and Outlook

By the means of the presented concept, load-specific designed lightweight structures
can be designed within a continuous process in the PDP. Important aspects are the ge-
ometry analysis based on medial axis skeletons and the synthesis of construction ge-
ometry.

The presented approach to automated reconstruction of topology optimized struc-
tures does not yet provide a fully automated solution. In the synthesis-step, user inter-
vention is necessary to define the surface, to reconstruct the geometry of effective sur-
faces and to apply the feature-input for CAD-functionality. Although there is potential
for automation in this part of the workflow, the advantage is the kind of procedure itself,
with its resulting parametric and feature-based geometry. The analysis-step is widely
automated. The skeletonization with the medial axis transform requires no intervention.
Enhancements can be done in automated definition of the boundary of the skeleton, and
the creation of the CAD-surface bounded by this spline. Here, the possibility of con-
verting the medial axis skeleton to a parametric surface-representation, like a NURBS-
surface for example, should be investigated. This way the analysis, right from the start
of abstracting the design proposal, up to the point, where the data is imported into the
CAD-system, is reasonably automatable, and therefore drastically accelerated com-
pared to the manual reconstruction process.

For future development, the challenge of a more automated synthesis could be ad-
dressed with pre-defined geometry elements. Further the manufacturing requirements
need to be specifically considered at the same time. The information on local cross-
section-thickness can be used for both aspects, exploiting the skeletonization approach
to a higher level. In its current form, the presented approach already assists the topology
redesign in interpreting the design proposal through the various decomposition data.
Adjoining, the presented synthesis-procedure is a scheme, a design engineer can con-
sult, when having to redesign topology optimized structures.
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Abstract. CHIME (Copernicus Hyperspectral Imaging Mission for the
Environment) is part of ESA’s Sentinel Expansion Program for which
OHB System AG in Oberpfaffenhofen, Germany has been selected as
the instrument prime contractor. In this paper we present the develop-
ment of the ultra-stable stiffness architecture for the instrument struc-
ture. Backed by a trade study of different structural concepts with a
focus on the opto-mechanical decoupling, assembly integration and test
accessibility, and the demanding optical performance criteria, we derive a
robust solution: The main stiffness element is a central monolithic CFRP
(Carbon Fiber Reinforced Plastic) torus, on which several sub-elements
are mounted for precise positioning of the highly-sensitive optical ele-
ments, creating a modular 3D optical bench. We demonstrate the use of
topology optimization for design concept finding considering mass and
performance criteria. The paper concludes with the results from a bread-
board test campaign and an outlook on the next development steps.

Keywords: Opto-mechanics, monolithic CFRP, Space Telescope, Opti-
cal Instrument, Topology Optimization, Breadboard Testing

1 Introduction

The CHIME mission is ESA’s future hyperspectral imaging mission in a sun
synchronous LEO orbit continuously mapping the earth surface at 30m ground
resolution in the full Visible and Near Infrared wavelength range from 400 to
2500nm at 10nm spectral resolution. A multi-satellite constellation at an altitude
of 632km ensures timely revisit of ground points. Thales Alenia Space, France
is the mission prime contractor with OHB System AG, Germany being instru-
ment prime contractor. OHB’s know-how and experience from the German Space
Agency’s hyperspectral Satellite EnMAP[4] program have been used throughout
the phases A and B1 to develop the CHIME instrument and mission concepts,
securing the best possible solution while managing the associated risks at rea-
sonable costs. All elements of the optical and electro-optical imaging chain are
held by a single stiffness-providing element, a central monolithic CFRP torus,
creating an ultra-stable stiffness architecture for the instrument’s structure. This
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creates a design with robust margin on the demanding stability requirements of
this mission in Line-of-Sight stability, pointing accuracy and spatial and spec-
tral co-registration of the recorded data. This paper gives an overview over a
comprehensive design trade study activity which was conducted in the phase
A /B1 system study to obtain the conceptual layout of the structural sub-system.
Furthermore, the detailed design process of the spectrometer sub-structure via
topology optimization is discussed. Finally, results from a structural hardware
test are presented and an outlook into the next project phase is given.

2 Design Trade-Offs

The structural architecture of the CHIME instrument is driven by the following
key parameters:

— Ensure structural integrity against environmental loads (launch environ-
ment, thermal loads) whilst minimizing mass.

— Consequent frequency decoupling between spacecraft, instrument primary
structure and instrument sub-systems to minimize response amplitudes caused
by micro/launch vibrations and thus limit related design loads.

— Minimize global thermo-elastic deformations in space to comply with allo-
cated optical performance budget.

— Provide adequate iso-static interface (IF) decoupling to minimize the impact
on optical performance due to thermo-elastic distortion and IF tolerances.
This also ensures good test-ability on sub-system level.

— Provide sufficient free space and unobstructed view between sub-systems to
allow for Assembly, Integration and Test (AIT) handling and alignment.

To achieve those, partially contradicting, criteria in the best possible manner,
we performed a comprehensive trade study. The general process flow of it is
summarized in Figure 1. It should be noted that the Finite Element (FE) models
are shown only for illustration purposes to represent the general idea of a closed
versus a more open design concept using different materials and/or material
combinations.

2.1 Honeycomb Panel Design

One option resulting from the material trade is a compound of honeycomb com-
posite panels which constitute a 3D optical bench in a non-classical sense. The
FE model of such a design concept is shown in Figure 1 at the top. Depending on
the material combination used, this panel concept has the potential to exhibit low
thermal expansion which in turn leads to relaxed thermal control requirements.
In a mixed material situation where CFRP is used for structural elements and
glass or aluminium is for optical elements, adequate opto-mechanical decoupling
is needed in-between the different elements and sub-systems of the instrument.
The FE analysis of the panel design in the traded material combination showed
that CFRP sandwich panels with aluminum core perform best with respect to
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Fig. 1. Process flow of material trades and concept trades yielding the final CHIME
instrument structural concept. The chief array of the optical path is shown in magenta.

the given stiffness requirements. Their beneficial stiffness to weight ratio makes
honeycomb sandwich panels typically the preferred choice for classical 2D optical
benches as for example used in the Meteosat Third Generation instruments [2].
However and most importantly, the 3D arrangement of the CHIME instrument
panel design obtains its stiffness only on an ensemble level, i.e. only if all panels
work together and maintain their relative alignment, is the structure stiff enough
to provide the necessary functionality. To realize this, the necessary design, man-
ufacturing and AIT efforts become prohibitive and thus extremely costly if the
CHIME instrument was realized by a pure honeycomb panel design.

2.2 Monolithic Metal Design

In contrast to a differential design composed of several sandwich panels, a mono-
lithic metal design concept is investigated next. One possible design of such a
concept is shown in Figure 1 at the bottom (along with the chief array of the
optical path in magenta). Since stability is identified as the key decision driver,
it is clear that a monolithic metallic design shows a high thermal deformation
creating the need for a highly sophisticated Thermal Control System (TCS).
However, the number of structural IFs is minimal and no adhesives are used
which increase the predictability of such a monolithic metal structure. In addi-
tion, the AIT accessibility is provided by definition. On the other hand, the mass
required to achieve adequate stiffness is larger than for the honeycomb panel
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design concept. Due to the large size of the CHIME instrument, subtractive
manufacturing of a corresponding monolithic metal structure yields significant
schedule and cost risks and should therefore be avoided.

2.3 CFRP Frame Design

Hinging upon the advantages of both the panel design and the monolithic design,
a design made from CFRP frame structures is investigated next. This merged
concept is shown in Figure 1 on the right. The conceptual idea is that the
instrument is built around a central torus-like hollow CFRP frame structure
(made from monolithic CFRP composite with no honeycomb) which is light-
weight and provides the necessary opto-mechanical stiffness through a single
element. The overall instrument mass is about 450kg. Having one central stiffness
providing element increases the predictability of the entire stiffness architecture
and thus greatly improves the robustness of the instrument design. At the same
time it provides advantageous thermo-elastic stability and maximum access for
AIT activities through an open frame concept. The rough dimensions of the
instrument outline are 2.8m by 1.2m by 1.4m.

Due to the generally very low global thermal expansion of CFRP, the proposed
design concept is rather insensitive to any thermal environment temperature
fluctuation in space. Therefore, the degradation of optical performance due to
thermo-elastic effects is negligible. This simplifies the entire instrument concept
as it does not require a highly sophisticated TCS, i.e. no need for high operational
temperature stability of the instrument.

The proposed structural architecture follows a consequent IF and frequency de-
coupling approach with the first eigenfrequency of the hard-mounted instru-
ment at 53Hz. Thanks to CFRP as the main material, stiff and light-weight
primary and secondary structures with excellent thermo-elastic performance are
obtained. The torus-like hollow CFRP frame structure mounts directly onto the
platform while all electro-optical and opto-mechanical sub-systems as well as
secondary structures connect to this central stiffness element. The CFRP bench
performance and initial design has been optimized in several FEM-driven design
iterations and the general manufacturability is confirmed by a predevelopment
activity (see Section 4 for more details).

The CFRP main frame carries the telescope unit which consists of 4 glass mir-
rors. All four mirrors connect isostatically to the CFRP main frame via dedicated
CFRP sub-frames or directly via kinematic mounts. Towards the rear and bot-
tom of the instrument, a spectrometer unit support structure is isostatically
mounted to the main frame. A detailed design approach for this Spectrometer
Mounting Structure (SMS) is discussed in Section 3.

One major drawback of CFRP is the moisture release and thus shrinkage of
the structure in vacuum and potential contamination of the optical components.
The shrinkage and therefore the caused misalignment of the optics has been
quantified by a dedicated hygro-elastic analysis. The analysis confirms that the
hygro-elastic distortion of the proposed structural architecture can almost en-
tirely be compensated by various means (e.g., refocusing mechanism). In terms
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Non-Design
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1. Design Domain Definition 2. Thresholded Density Field 3. Smoothed Iso-Surface

4. Reconstructed CAD Geometry 5. Remodeled FE Mesh 6. Integration of Optimized Structure

Fig. 2. Topology optimization process flow from the definition of the design domain
for the SMS to the integration of the derived optimal structure into the CHIME in-
strument.

of potential contamination, an analytical assessment of the water contribution
and primary deposition areas in vacuum has been performed, to confirm the
suitability of the proposed CFRP material.

3 Spectrometer Mounting Structure Design and
Optimization

To highlight the computational design approach used to identify the CHIME
instrument design concept, the design and optimization process of the spectrom-
eter structure is discussed next. The goal is to design a SMS which connects the
spectrometer unit to the main CFRP frame.

To explore the design space of the SMS, topology optimization[3] is employed.
The geometrical design domain along with non-design domains (for optical path,
calibration mechanism, kinematic mounts) is defined as the starting point of the
optimization process flow. Furthermore, the mechanical boundary conditions and
load introduction zones are being defined. The optimization problem is formu-
lated as a mass minimization problem subject to displacement constraints on
the spectrometer accounting for the extreme stability requirements (sub-micron,
sub-arcsec) on the SMS. A worst-case displacement envelope is being used within
the optimization considering three different gravity-release load cases. The ob-
tained density distribution, thresholded at 10%, is shown in Figure 2 at the top.
Using this thresholded density, a smoothed iso-contour is extracted in a post
processing step. Using density-based topology optimization, a non-intuitive, de-
sign concept for the quite complex SMS was obtained in a systematic way. The
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final solution is comprised of a network of trusses which connects four IF points
at the top with two tilted IF planes holding the spectrometer at the bottom. At
the same time it is ensured that the geometric envelops of the calibration unit
and the optical path are not violated. It can also be seen that the complex final
structure obtained by topology optimization can be approximated quite well by
one-dimensional bars using CAD. Based on the reconstructed CAD geometry,
a simplified beam model is created and re-analyzed to verify the stiffness of
the SMS. Using computational design optimization, a non-intuitive design for
the SMS comprised of uniaxial struts is identified which fulfills the performance
requirements at minimum mass.

Overall, a design solution for the SMS is identified which allows the spectrometer
kinematic mounts to all have equal length. Additionally, having the mounting
frame strictly above the spectrometer allows for unrestricted access to the focal
plane assemblies. This greatly simplifies future AIT efforts.

4 CFRP Frame Hardware Test

To verify the manufacturability and the achievable stiffness performance of the
main CFRP frame, a predevelopment activity was performed during the phase
B1. In the frame of this activity, the frame design was further detailed in terms
of internal stiffening, load introduction zones, wall thickness and cross section
geometry. In this respect, OHB builds upon extensive CFRP frame heritage from
SUNRISE Solar Observatory[1] and the LIDAR Instrument ALADIN([5]. Finally,
a section of the main CFRP frame was manufactured as a breadboard and used
for static load testing as shown in Figure 3.

Fig. 3. Breadboard of the main CFRP frame (left) and the corresponding FE model
used for static load testing.

To mature the technology readiness of the structure sub-system, static load tests
were performed. In a first step, the verification of the technology maturity was
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done via a specimen static test program representing the critical splice. This
CFRP sample program was used to quantify the effect of different manufactur-
ing techniques on the mechanical properties of the material. In addition, the
manufactured main frame breadboard is used for static strength testing under
different load cases (out-of-plane tensile test and in-plane tensile/shear test).
Overall, a good match (less than 30% relative difference) between numerical
predictions and physical measurements is obtained for the performed static test
cases. To eliminate any settling effects and verify the repeatability of the physical
experiments, multiple load and unloading cycles were performed. The results of
this predevelopment activity do not only demonstrate the technology readiness
in terms of manufacturability but also underline the superior performance of the
proposed CFRP frame concept in terms of expected structural behavior.

5 Conclusions and Outlook

This paper summarizes the design and optimization tasks performed in the phase
A/B1 system study for the CHIME hyperspectral instrument yielding a fully
compliant instrument structure concept. Due to highly challenging performance
requirements, a non-classical design approach was taken where the structural
architecture (FEM) was optimized and matured first, before only at the very
end a mechanical model (CAD) was derived from it. Several different structural
architecture concepts were explored until the final, CFRP frame solution was
obtained. This highly modular concept exhibits superior thermo-elastic behav-
ior, maximum AIT accessibility and easy manufacturability via a single central
stiffness element. All optical elements are mounted iso-statistically onto this
central CFRP frame via CFRP sub-frames. Density-based topology optimiza-
tion was used to derive a truss structure for mounting the spectrometer unit
to the instrument main frame. Finally, a breadboard of the main CFRP frame
was manufactured and tested in the course of a predevelopment activity. In the
subsequent project phases the focus will lay on detailing the proposed stiffness
architecture as a whole. While the manufacturability of the main CFRP frame
has been demonstrated, all sub-frames as well as the joining concepts need fur-
ther detailing. Using the already existing breadboard of the main CFRP frame,
thermo-elastic and hygro-elastic measurements are planned for numerical model
correlation and extrapolation of the frame behavior to the entire CHIME instru-
ment.

References

1. Bittner, H., Erdmann, M., Haberler, P., Hartel, K., Barthol, P. and Curdt, W., Base-
line design of the SUNRISE Telescope, Proc. SPIE 5489, Ground-based Telescopes,
2004;

2. Durand, Y., Hallibert, P., Wilson, M., Lekouara, M., Grabarnik, S., Aminou, D.,
Blythe, P., Napierala, B., Canaud, J., Pigouche, O., Ouaknine, J., and Verez, B.,
”The flexible combined imager onboard MTG: from design to calibration”, Proc.
SPIE 9639, Sensors, Systems, and Next-Generation Satellites XIX, 2015;



Design and Optimization of Ultra-Stable Fine-Pointing ... 43

3.

4.

Geiss, M. J., Level-Set-XFEM-Density Topology Optimization of Active Structures:
Methods and Applications, Dissertation, University of Colorado at Boulder, 2018;
Hofer, S., Forster, K., Sang, B., Stuffler, T., Penne, B., Kassebom, M., Kaufmann,
H., Miiller, A., Chlebek, Ch.: EnMap Hyperspectral Mission - The Space Segment,
Hyperspectral Workshop 2010 Frascati, Italy, 2010;

Kaiser, C., Widani, C., Héartel, K., Haberler, P., Lecrenier, O., Buvat, D., and
Labruyere, G., Development and verification of a high-performance CFRP struc-
ture for the space-borne lidar instrument ALADIN, Proc. SPIE 10567, International
Conference on Space Optics — ICSO 2006;



Lightweight engineering design of nonlinear dynamic

Nomenclature

\Y sensitivities w.r.t. z (total F, right-hand side of accelera-
derivative) tion constraints

0 partial derivatives w.r.t. x Foxt external force

9 . A F seudo load

% partial derivative Fi):wdo Ir)esidual force

() scalar F, quadratic velocity term

) vector d damping

) matrix e 4D identity matrix

) 3D matrix i time step index

- . J Jacobian w.r.t. q

g 4D matrix J Jacobian w.r.t. ¢

systems with gradient-based structural design
optimization

Erich Wehrle[0000—0002—5760—4468] and Veit Guﬂer[OOOO—0002—3349—2406]

Free University of Bozen-Bolzano, Universititsplatz 1, 39100 Bozen, South Tyrol, Italy

{Erich.Wehrle, Veit.Gufler} @unibz.it

Abstract. Reducing the weight of a system leads to lower forces being exerted,
which in turn allows for lower requirements and an even lighter system. This
“virtuous circle of lightweight engineering design” can especially be present
when designing dynamic systems. Design optimization is a tool to enable and
exploit this favorable phenomenon. This work introduces a unified approach to
reap the benefits of optimally designed lightweight systems in structural dynamics
and multibody dynamics. An efficient gradient-based optimization framework has
been implemented and this is explained and demonstrated. The centerpiece of
this optimization methodology is the design sensitivity analysis applied to the
time integration with a nonlinear solver. A semi-analytical approach is chosen to
balance computational effort and implementation effort, where the sensitivities are
derived via direct differentiation with numerical differences for the sensitivities of
the system parameters. Nomenclature is introduced to simplify these equations for
a more lucid description showing the intrinsic equivalence of the solving routines
of structural dynamics and multibody dynamics. The method is shown on the
practical example for the optimal design of a hydraulic engineering mechanism.
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1 The Virtuous Circle of Lightweight Engineering Design

The lightweight engineering design philosophy is exemplified by the Virtuous Circle of
Lightweight Engineering Design. With less structural mass, the structural requirements,
motorization requirements or both are reduced and therefore the structural mass can in
turn be reduced again. This can continue until some theoretical minimum is reached.
The virtuous circle design philosophy is magnified when looking at dynamic machines.
This stands in stark contrast to the vicious circle of excess structural weight. Here extra
structural mass increases the structural or motorization requirements, which in turn
results in more weight, ending in a concept which no longer is able to fulfill design
requirements..

| structural mass

syuowaImbor feinonms “Burpeoy t

l

Fig. 1: Virtuous Circle of Lightweight Engineering Design

Efficient structural design optimization is an effective tool in entering the Virtuous
Circle of Lightweight Engineering Design. Gradient-based optimization using analytical
sensitivity analysis is especially efficient. Although structural design optimization has
been brought to maturity for linear elasto-static structures [1, 9, 17], questions remain in
areas of multiphysics, dynamics and nonlinearity. Structural dynamics and multibody
dynamics are briefly introduced and the analytical design sensitivities using direct
differentiation derived. Structural dynamics covers structural analysis under dynamic
loading and behavior. Mechanisms and mechanical systems consisting of multiple bodies
connected by joints are modeled and analyzed with multibody dynamics.
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2 Sensitivity analysis of nonlinear dynamic systems

The centerpiece of efficient gradient-based design optimization is the sensitivity analysis.
The categorization of sensitivity analysis is shown in fig. 2. The semi-analytical approach
combines aspects of numerical and analytical sensitivities, using the analytical derivative
of the governing equation with numerical sensitivities of the system parameters, i.e.
the system matrices, e.g. mass and stiffness matrices. In this work a semi-analytical
approach will be introduced unifying the calculation between structural dynamics and
rigid multibody dynamics and their sensitivities. In doing so, the following sections
builds and expands on the work of [1, 16].

sensitivity analysis

numerical <————— semi-analytical ——————— analytical
backward differences central differences forward differences direct differentiation adjoint variable method

/

Fig. 2: Categorization for types of design sensitivity analysis

For transient analysis studied here, numerical time integration is needed with an
integrated linear solver, which is called at every time step. In turn, sensitivity analysis
must also be performed in this same fashion. It is most effective from an implementation
view to use the same solving routine for both primal and sensitivity analysis. The unified
code accepts matrices of higher dimensions to work properly. The flowchart and main
building blocks are shown in fig. 3, which will be explained below for both structural
dynamics and rigid multibody dynamics.

This will be shown using direct differentiation, which is best used (i.e. more efficient)
when the number of optimization functions considered (i.e. sum of the number of
objectives and number of constraints) is higher than the number of design variables. The
adjoint variable method is more efficient when the number of design variables exceeds
the number of optimization functions. This rule of thumb, though, does not consider the
implementation complexity and effort.

3 Structural dynamics

3.1 Governing equation

In this section, the governing equation for structural dynamics will be introduced. In the
second subsection, the sensitivity analysis will be derived and the nomenclature used
throughout is introduced.
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3.1.1 Primary analysis The governing equation for structural dynamics is described
here by the force equilibrium equation,

Frt)=m(qt)i(t)+d(gt)q(t) +k(q,t) q(t) = For (1) =0, (D)

where m is the mass matrix, d is the damping matrix, k is the stiffness matrix, ¢ is
time, ¢ is the position vector, ¢ is the velocity vector, ¢ is the acceleration vector, I’
is the external load vector and F'j is the residual force vector, which is zero when in
equilibrium. The mass, damping, stiffness and external force are collectively referred to
as the system parameters, while the acceleration, velocity and position are collectively
the state variables. Here the solving of the governing equation is referred to as the primal
analysis. We will use a compact notation in which the dependence is not explicitly shown,

Fpr=mj+dq+kq—F. =0 ()

3.1.2 Sensitivity analysis The direct differentiation of governing equation (2) results
in
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Applying the chain rule on each term and rearranging, leaves the same form as the
primal governing equation,

VE, —qu+qu+qu =0, (5)

ﬁ)seudo =

where the pseudo load is defined by

Epsesto = (0Fex + 1., 00) —(2m + 30 00) i~ (24 + Ja 0) 4~ (2% + 1x 94) 0
(6)
The following nomenclature to show partials of the partial derivatives with respect to

the design variables (to contrast them from total partial derivatives V (-) = %):
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The Jacobians of the system variable are defined here by,

=

1 -9(0) - 22
Iy =3(0) = 85)(;’ ©)
1y =1 (Q) - 88(:')' (10

For linear structural dynamics, the system parameters are independent of position and
the total derivative is equal to the partial derivative, e.g. Vm = dm. The partials can be
directly implemented for a fully analytical sensitivity analysis or calculated numerically,
as the case is here, for a semi-analytical method.

3.2 Time integration

3.2.1 Primary analysis To solve this dynamic problem, the time integration will be
shown here with Newmark-38 method [14] with accelerations as the primary variable.
This is carried out by solving eq. 2 for the accelerations at each time step (here ¢) using
the predicted displacements and velocities,

. . . 1 .
g ="lg+ A" g+ (2 — 5) At (11)

Zpred

i _ i1 _ i1
Qyea = 4T (1—7)At"™4, (12)
where the left superscript ¢ is the current time step, the left superscript ¢+ — 1 is the
previous time step, At is the time increment, while S and ~ are the time integration
constants. After updating the system parameters and calculating the acceleration, the
effective mass and effective force are assembled,

gcﬂ:@JrvAﬁngﬁAtZé, (13)
Fop=Foq =44, —E'0, (14)

and then the following equation is solved for acceleration,

m G = Fur ()

Zg:zg _|_18At21g’ (16)
g="q AL (17)
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3.2.2 Sensitivity analysis The sensitivity analysis within the time integration is car-
ried out completely analogously to the primary analysis, though using matrix-valued
terms for the sensitivities instead of vectors of the system responses. For the prediction
this becomes

Vprea = 7' Vg+ ATV + G - 5) A1V, (18)
Viprea = "'V + (1 —7) AtV (19)
resulting in the following effective mass sensitivity and effective force sensitivity:
Ve = Vm +yAtVd + SAPVE, (20)
VEer = VFei —Vd'q, 4" Vipea = Vh'q  —E'Vapea. (21
Then the following equation is solved for acceleration sensitivity:
Ve 'V = VFe. (22)
The predicted sensitivity values are then corrected, giving
'Vq = "Vpea + BA? 'V, (23)
Vi = "Viprea +7At'V§. (24)

3.3 Nonlinear solver

3.3.1 Primary analysis In the general form, the system parameters (mass, damping,
stiffness and force) are dependent of the state variables (acceleration, velocity and
position), therefore a nonlinear solver is needed. The methodology here is general and
this specific case will be shown with Newton—Raphson method,

OF R

——A¢+ Fr =0, (25)
aj =

which requires then the Jacobian of the residual with respect to the accelerations, denoted
here as J ;..

3.3.2 Sensitivity analysis For the sensitivity analysis, the Newton—Raphson step is
v
oV

AVj = YE, 26)

where the Jacobian of the residual sensitivity with respect to the acceleration sensitivity

v
is compactly denoted by Jv . Via expansion of the partial derivatives, it is found that

this value is the Jacobian for the primary analysis times the four-dimensional identity

matrix .
v

Ivre = drag, @7
allowing the use with a conventional solver
iy AVG = -V E . (28)
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4 Rigid multibody dynamics

Rigid multibody dynamics is the analysis method for problems of several bodies con-
nected via kinematic constraints. Previous studies of sensitivity analysis with multibody
analysis include [10, 2, 19]. Building upon these, the derivation is shown below catego-
rized into the building blocks introduced above, the critical primal equations and their
derivatives for the sensitivity analysis.

4.1 Governing equation

4.1.1 Primary analysis Analogously to sensitivity analysis with structural dynamics,
we find the design sensitivities for multibody dynamics. The governing equations are
shown here using the Lagrangian multiplier form leading to a system of differential—
algebraic equations (DAE). In its most generic form, the index-3 DAE with holonomic
constraints, is written as follows:

+ I A = Fou (0:0:t) + F, (¢:4:1) (29)
@ (g,t) =0. (30)

The multibody problem is implemented here using an index-1 differential algebraic
equation to avoid numerical issues associated with the index-3 formulation. As such the
constraint function is differentiated twice with respect to time, resulting in

mi+JIpA=Fo+F,, (31)
ob

J =—— —J:q 32

Jo g o9 20 (32)
F

where the velocity-based forces are put together. Rewriting this equation in matrix form

gives
m JE [ F.+F
Fr= [J@ (Sp] [;ﬂ - [4’“1; U] =0. (33)

C

4.1.2 Sensitivity analysis The sensitivity analysis of the governing equation (33) is
again carried out with direct differentiation, resulting in

_[(mis| | Vd _
ER - |:J45 Q :| E - Epseudo - Qa (34)

where the pseudo load is a function of the total derivatives of the system parameters.
It is important to note that this, as with structural dynamics, has the same form as the
primal problem, enabling the use of the same solving procedure.
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4.2 Time integration

The time integration and its sensitivity follows the pattern introduced above for struc-
tural dynamics. For rigid multibody dynamics, the updates are carried out from the
accelerations ¢ and is unnecessary for the Lagrangian multipliers from the kinematic
constraint equations ). For the sensitivity analysis, the acceleration sensitivities Vg are

used to update velocity and position sensitivities, as with structural dynamics, see § 3.2.

4.3 Nonlinear solver

4.3.1 Primary analysis The nonlinear solver is applied to the sensitivity analysis in
multibody dynamics analogously to structural dynamics. The primary variables, i.e.
those for which we are solving for, are acceleration and the Lagrangian multiplier of the

kinematic constraints [ q A] T, giving
LA Ag
|:£FR QFR} [A/\} +Fr=0, (35)
where \ oF
Ira = 25 GO

4.3.2 Sensitivity analysis For the sensitivity analysis, the Newton—Raphson step is

v AVON vq
|:JVFR JVFR:| AV +VFE, =0, 37)
where
VA OVFg
Lvrn = Hon (38)

As with structural dynamics, the expansion of the partial derivatives results in the
Jacobian for the primary analysis times the four-dimensional identity matrix,

v

Jvrg = iFR% (39)
v o
Jvr, = Jrre. (40)

e

With this, the same solving routine can be used and the necessary Jacobians have already
been calculated in the primal step.

S Numerical example — Optimal design of a hydropower intake
rack cleaning mechanism

Multibody dynamics is applied to the Tyrolean weir cleaning mechanism shown in fig. 4.
A Tyrolean weir is a water intake system for hydroelectric power plants developed for
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rivers with steep slope and high sediment transport. Water flows over a weir into a canal,
where it is collected and forwarded to the pipeline and the turbine. A trash rack prevents
particles, e.g. stones and branches, from entering at the intake. The cleaning mechanism
is installed to clear the rack of particles that block water from the intake. The mechanism
consists of a hydraulically driven cleaning rack that forces particles from the trash rack
and these are then washed away by the water flow.

4 cleaning rack
A and/
3
piston B ] >
cylinder ) motion
11
A I 2

(a) Cross section of Tyrolean weir (b) Multibody system (c) Optimal designs

weir canal

Fig. 4: Tyrolean weir cleaning mechanism

Design optimization of a Tyrolean weir cleaning mechanism is shown in [8] where the
mechanism is modeled as planar multibody system and the sensitivities are computed
with a reduced time integration method. Here, the mechanism is modeled in three-
dimensional space and the sensitivity analysis is performed with the direct differentiation
method shown in § 4. The Newmark-3 method is used for the time integration and
Newton—Raphson iterations are performed for both the primal and sensitivity analyses.

The mechanism consists of three moving bodies: the cylinder, the piston rod and the
cleaning rack. These bodies are connected by three revolute joints and one prismatic
joint. For the design optimization, three geometric and one hydraulic design variables
are used to define the mechanism. The objective function is a multi-objective function
with the minimization of the maximum force inside the joints that is approximated
by the Kreiselmeier—Steinhauser function [11] and the pump flow rate multiplied by a
weighting factor. Lower forces cause lower strains and stresses inside the components
and enables to reduce the weight. Therefore, the energy consumption and the costs of the
mechanism can be reduced. The optimization is limited by three constraint functions.
The first constraint function defines an opening angle of at least 20 ° between the fully
open cleaning rack and the fixed trash rack to allow the water to enter easily into the
plant. The second constraint function defines a maximum cleaning time of 8 s in order to
keep the energy losses caused by the cleaning process low. The third constraint function
limits the stroke of the hydraulic cylinder to a maximum value of 500 mm, which was
given by a limited budget for the hydraulic cylinder. The mathematical formulation of
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the optimization formulation is given by

I){ll;’l FKs (Eres) + 0.01 Vg
9(43(0750) -1
such that g (x) = gga(x] b1
r 1
8s (41)
T

where x = [Hﬁ A A

Vs]
m J3 01 [4] [ Feu+Ey
A
b

- LI, 0.
h

governed by Fp =

[l
lohs
o 111

ollo

The semi-analytic sensitivity analysis was used in the design optimization. Tab. 1
and fig. (5) compare the introduced semi-analytic method and the numerical sensitivity
method with forward differences using different values for the perturbation Ax. The
sensitivities of the objective as well as of constraints 1 and 2 show convergence of the
numerical sensitivities to the semi-analytical value with ever smaller perturbations. Con-
versely, this is not the case with the sensitivity of the third constraint (time of operation).
Therefore, no perturbation value gives satisfactory results. Further, the direct sensitivity
method drastically reduced the computation effort from 7, + 1 system evaluations (ca.
25 min per evaluation) to two system evaluations. Thus the theoretical speedup was
achieved.

\i A\ 104V92 Vgs

= 100
(0]

g 600 6 3 80
[}

% 400 4 2 60
S 40
2 200 2 1 20
;«3 0 0 0 0

107%107*107%107% 107%107*107°107° 107*10"*107%10® 107%10"*107°107°

Perturbation Ax; relative to x;

Fig.5: Relative difference of numerical sensitivities with respect to semi-analytical
sensitivities

Multiple optimization runs with the second-order algorithm NLPQLP [4, 15] from
different start designs were performed. The optimizations converged to two different
optima, which turned out to be equal from a qualitative point of view. The found optima
are shown in fig. 4c. They can be considered as a mirrored design were the values of the
lengths ¢+ and /g are interchanged, leading to the same maximum joint force without
violating the constraint functions.
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6 Conclusion

Cast within the Virtuous Circle of Lightweight Engineering Design, a unified approach,
including a simplified nomenclature, was introduced for the sensitivity analysis of struc-
tural dynamics and rigid multibody dynamics. The analysis has been divided in three
elementary building blocks and the respective equations are derived and implemented.
These are then integrated into a gradient-based design optimization framework, and the
optimization results are shown. The advantages in speedup and accuracy are all shown.

Although successful in the example shown, this method has the limitations com-
mon with gradient-based optimization. Nonsmooth, discontinuous and bifurcated opti-
mization functions may cause convergence problems, especially when in the objective
function. This can partially be avoided by using the lightweight engineering design
formulation where the mass is the objective function, which a smooth and continuous
function. Ill-conditioned optimization problems can be successfully handled with non-
gradient algorithms (see e.g. [6, 5, 12, 13]) and approximation methods (see e.g. [3, 18,
D).

The logical extension of this work is to derive and implement the equations for the
adjoint variable method. While direct differentiation has advantages in its implemen-
tation and generality, the adjoint variable method has the edge of computational effort
when the number of design variables is larger than the number of optimization functions
(number of objectives plus the number of constraints). This becomes more apparent with
great numbers of design variables as the case with shape and topology optimization.
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Abstract.

Machining of fiber reinforced composites remains a challenging process at the
end of the value chain. Malfunctions of machinery and bad surface quality cause
a tremendous loss of value and need to be reduced to increase competitiveness in
lightweight applications. Monitoring of machining steps can be carried out by
many different techniques and strategies all with their unique benefits and draw-
backs. These provide information about machining hours, wear status of the tool,
potential malfunctions of the system and can estimate the quality of the machin-
ing process. This contribution presents an approach to fuse different sensing sys-
tems on the hard- and software side to combine the information of different sys-
tems that provide a consolidated basis for the analysis of the machine status, tool
status and machining quality. To this end we present results from a sensor fusion
approach to measure acoustic information during the machining and the software
framework UHU that was developed to provide a blueprint for a real-time capa-
ble environment for CNC feedback control and machining quality documenta-
tion.

Keywords: CNC machining, carbon fiber reinforced polymers (CFRP), condi-
tion monitoring, data fusion.

1 Introduction

The current production landscape is characterized by various trends. On the one hand,
companies are faced with the need to flexibly produce smaller batch sizes in order to
meet the increasing demand for individualized products without loss of productivity.
On the other hand, technical developments offer new, previously unknown and thus
unused possibilities for process support and improvement [1].

Machining of fiber reinforced materials - essentially milling, turning, finishing and
drilling - is a process step that is essential for the fabrication of the final product as none
of the production technologies of fiber reinforced materials immediately results in the
final shape or surface quality required. However, the requirements posed to machining
of these materials are constantly increasing. Tool life should be increased, contours
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should be milled more precisely and faster, the load capacity of the tool should be in-
creased and downtimes of machines should be minimized. This is especially the case
in series production, where repetitive processes need to be continuously improved and
economically optimized.

Hence there is a strong trend towards exploitation of process data acquired by sens-
ing technologies during machining of fiber reinforced materials to address these needs.
However, integration of new sensing systems is sometimes costly and existing data
sources inside conventional CNC machines may sometimes prove already as efficient
means to solve some problems. Nevertheless, there is a serious gain in results when
combining different data sources from different sensing systems. We present some re-
cent work out of the project “WiR Augsburg” to provide a sophisticated framework for
fusion of sensing systems as well as data fusion steps to move from rudimentary data
acquisition systems to decision making “smart” machinery exploiting state-of-the-art
artificial intelligence algorithms.

2 Hardware fusion

As seen in figure 1, the typical data acquisition systems found for monitoring of ma-
chining operations can be categorized into roughly three main types. There is classical
machine data from CNC machines or turn tables comprising the continuous recording
of tool position, tool or work piece velocity, overall operation conditions and many
more. Into the same category fall systems which are already used on a broad basis for
the controlling of the machinery, such as force/torque control systems to measure cut-
ting forces as well as to collect 3D or 6D information about the loads acting on the tool
[2-5]. Typical for the hardware in this category is that these systems are readily inte-
grated into the machine controller and results may be extracted directly via industrial
bus systems such as Profinet or OPC/UA.

As second category one can identify the acoustical monitoring systems. In this con-
text, this can methodologically be split into three different sub-categories of measure-
ment systems that are already established. Namely, these are vibration analysis systems
and monitoring systems for acoustic emission, whereas the latter may be subdivided
further into burst and continuous acoustic emission. There are existent standalone so-
lutions for each of those types which typically are a serious financial investment. They
have shown much potential to provide additional insight in the machining process, yet
may not easily be integrated in existing shop floor solutions when it comes to use of
industrial bus systems. We recently proposed a hardware fusion solution [6, 7] to inte-
grate the required sensing capabilities into one sensor system. This is attached to one
data acquisition unit, whereas differentiation between signal interpretation for vibration
analysis or acoustic emission monitoring is done on the software side as will be ex-
plained next.

As third category we can identify camera monitoring systems that move along with
the tooling to inspect the machining operation. For most applications of machining of
fiber reinforced materials, it was identified that these systems do not provide much use
cases, as the mixture of abrasive dust particles and fibers as well as lubricants or water
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inhibit a good view during the process and may degrade the optics over time. Never-
theless, scenarios with post-processing inspection via optical systems may prove useful,
given the optics are properly protected during machining and enough time is provided
for fog clearance after machining [8, 9]. These systems are currently all considered

custom-made equipment.
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Fig. 1. Flow chart of hardware fusion steps for machining of fiber reinforced materials.

3 Software fusion

As an input from the different data acquisition systems one expects time series data
packages, which are either one-dimensional (scalar values as function of time) or two-
dimensional (vector or array values as function of time). In the present use case these
are data streams of machine data, sensor voltage readings of acoustic sensors or image
arrays of camera systems. Typically, these data streams are sampled at vastly different
frequencies, so one key item is to provide a common time stamp for the whole data
basis. Depending on the planned use of the data this determines the next processing
steps. If the sole purpose of data acquisition is merely documentation, time lags do not
cause much harm and real-time capability is not important as long as the system can
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dump the data during down-times of the machinery. However, as contrasting require-
ment, if online controlling of the CNC machine is intended (e.g. to change the tool
when it is wearing out or to protect the work piece after tool breaks) real-time efficiency
is crucial.

For the latter we developed the software framework Ultra-Highlevel-Ultrasonics
(UHU) which is based on the aspect that the acoustic sensors provide the highest sam-
pling rates considered (>10MSPS) and hence the software framework needs to be ca-
pable to process this data stream in real-time. Moreover, the UHU environment is in-
tended to incorporate other data streams such as force/torque data streams or to inte-
grate camera systems to operate on a common platform. The UHU approach sequen-
tially processes packages of fixed time intervals of the data stream in a multi-core par-
allelized environment in a combination of edge and cloud computing as described in
[10]. The core capabilities are based around a two-step feature extraction. For the first
step, basic features in the time and frequency domain are extracted. A combination of
those features for each package over a varying time span is then forwarded to decision-
making algorithms (e.g. adaptive machine learning algorithms) which turn the low level
features into high level predictions like tool wear status, location of defects, etc. There-
fore, a backbone in form of a training database is linked via an interface. At the same
time, other protocol and documentation steps may be delivered from the software or
fed into a digital twin, so to complete the view of the current machining operation. For
machining of fiber reinforced composites, the analysis of the acoustic signals also pro-
vides insight on the machining quality as well as on the tool wear status [2-5, 11-13],
which can be delivered to a graphical user interface or can be directly reported into a
shop floor QS system or database via an OPC/UA interface.

4 Conclusions

We proposed a software environment to combine data streams of different established
monitoring methods for CNC-machining. The data intensity of the acoustic monitoring
methods shows the highest demand regarding data throughput. Therefore, any hard-
and software environment capable to deal with this data streams may in general be used
to simultaneously acquire the other data streams resulting from the machine operation,
from force/torque sensors or likewise instrumentation. The presented UHU environ-
ment was used to acquire such data during real production processes and will be con-
tinuously optimized for integration of advanced condition monitoring techniques and
prognosis algorithms.

Acknowledgments. This paper presents results of the research project “WiR Augsburg
— Wissenstransfer Region Augsburg”, which is funded by the Federal Ministry of Edu-
cation and Research (BMBF) within the program Innovative Hochschule.
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Abstract. To produce hollow-shaped, lightweight composite structures made out
of fiber reinforced polymers (FRP), many manufacturing processes require a
shape-giving tooling in form of a core. Additive manufacturing (AM) offers the
potential to fabricate such tools and production aids with increased geometric
complexity and functionality at reduced costs and lead time. An AM core can
remain inside the produced composite part and provide additional functionality
such as the integration of metallic inserts. A core can also be removed from the
final composite part to reduce the part mass. To enable the removal of a core, a
promising approach is to use AM to design and produce a core in form of thin-
walled shell that integrates breaking lines. After curing of the composite part, the
breaking lines are used to break and disassemble the core into smaller patches,
which are removed through an opening of the cured composite part. To stabilize
the core shell during composite production, it is filled with a filler material such
as salt. Although AM break-out cores offer many benefits, only a limited amount
of works exists that study such cores. Therefore, this work contributes novel con-
cepts for the design of AM break-out cores. The focus lies on the use of perforated
and continuous breaking lines to enable a controlled fracture of cores. A case
study demonstrates their application to produce parts of a motorcycle including
the flow intake and tank structure. After the case study, the work discusses pos-
sible improvements and outlines future research directions.

Keywords: Composite Production, Tooling, Pull-able, Peel-able, Removable,
Break-out, Core, Additive Manufacturing, Motorcycle, Flow Intake, Tank.

1 Introduction

To produce lightweight composite structures made out of fiber reinforced plastics
(FRP), many manufacturing routes require tools such as cores, mandrels, and molds
[1]. Processes for production of FRP parts include autoclave curing, filament winding,
braiding, bladder molding or resin transfer molding. In case of autoclave curing, tools
such as cores are used as shape-giving elements to drape and cure pre-impregnated fiber
material (prepregs). During curing of the composite part, the core must withstand ele-
vated pressure and temperature conditions and provide sufficient support and stability
to ensure the accurate production of the composite part.

Tooling aids such as cores can either remain in the final composite part or be re-
moved after the production process. Integrating a core inside a part can have advantages
for part production, assembly, and operation. The integration of cores makes it possible
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to increase part stiffness, integrate metallic inserts and interfaces, and position produc-
tion aids [2][3][4][5][6]. However, cores that remain inside the produced composite
part can also have disadvantages. They may not fulfill any function during operation
and increase the part mass as dead weight.

Therefore, a number of prior works investigate cores that are used for production but
are removed from the final produced composite part [1]. To remove a core from a cured
composite part, one approach is to fabricate the core out of special materials such as
low-melting alloys or dissolvable materials. After autoclave curing, this allows to re-
move the core as a sacrificial tooling through a washout or melting process. However,
such materials are usually quite expensive, and a complete removal may take a long
time or require special equipment. Another approach is to use inflatable or foldable
cores that form a shape-giving tool under pressure. Although the release of pressure
enables a fast removal, the attainable tool shapes can be limited. A further approach is
to use a multi-piece tooling, which is assembled from multiple modules. A drawback is
that the attainable tool complexity may be limited or require an increased number of
modules thereby increasing the effort for tool assembly and disassembly.

A number of studies investigate additive manufacturing process (AM) [7][8] such as
binder jetting (BJ), fused deposition modeling (FDM), and selective laser sintering
(SLS) to fabricate removable cores. Prior studies utilize BJ of water-soluble sand [9] or
FDM of dissolvable materials [10]. AM processes are also used to produce removable
break-out cores [11][12][13][14]. In this case, a core is designed as a thin-walled shell
that integrates breaking lines. After curing of a composite part, breaking lines are used
to break and disassemble the core into smaller patches. The patches can be removed
through an opening of the part. Prior works fabricate polymer-based break-out cores
using FDM and SLS. To stabilize the core during autoclave curing, the core is filled
with salt as a cheap and temperature-resistant filler material with a low coefficient of
thermal expansion [9][15].

The use of additive manufactured break-out cores with integrated breaking lines of-
fers many advantages. Firstly, break-out cores made from SLS or FDM do not require
special materials, equipment, or the need for a re-melting or dissolution process. Sec-
ondly, the use of AM makes it possible to cost-efficiently produce break-out cores for
hollow composite parts with complex-shaped geometry at a reduced lead time. Thirdly,
AM break-out cores can provide design features to insert functional elements such as
load introductions that are co-cured with the composite part. This enables the produc-
tion of highly functionally integrated and lightweight composite structures.

Despite these advantages only a limited amount of prior works investigates AM
break-out cores with integrated breaking lines. Therefore, this work aims to further
elaborate on the concept of AM break-out cores and their application. After providing
background information on the basic manufacturing route in Sec. 2, the work presents
novel ideas for the design of break-out cores in Sec. 3. The focus lies on the design of
perforated and continuous breaking lines. Sec. 4 demonstrates the application for the
production of parts of a motorcycle that are made from autoclave curing of FRP prepreg
material. Sec. 5 discusses the results and outlines necessary improvements for the de-
sign and removal mechanism of AM break-out cores. Sec. 6 finishes the work with
main conclusions and future research directions.
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2 Additive manufactured break-out cores

This section describes the basic manufacturing route that is utilized to fabricate com-
plex-shaped composite structures using additive manufactured break-out cores that
serve as a sacrificial and removable tooling. The manufacturing route is based on a
number of preliminary works [9][12][15]. The main steps are displayed in Fig. 1.
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AM core with filler winding bagging & core & filler
material process curing material

Fig. 1. Manufacturing route for the production of hollow composite structure using removable,
AM break-out core that is filled with filler material during processing (adapted from [1]).

The first step consists in the design and fabrication of the core, which is used as a
shape-giving tooling for the layup and curing of composite material. The core is de-
signed as a hollow, thin-walled shell that integrates a number of breaking lines. Along
the breaking lines, the core possesses a reduced wall thickness and notches to achieve
a controlled fracture of the core along these lines. To fabricate the core, AM processes
such FDM or SLS are employed. This allows producing a core with a complex-shaped
geometry, which features breaking lines and can also integrate other design features,
for example, to insert production aids or metallic load introductions and interfaces that
are co-cured with the composite part.

In the next step the core is filled with a granular filler material that supports the shell
during composite production and prevents a collapse or local deformation of the core.
The filler material acts as a temporal support and is removed from the core after the
curing steps. Prior works use salt as a cost-efficient filler material, which has a high
temperature resistance, low coefficient of thermal expansion, and provides sufficient
stiffness under compression. Based on its good flowability, salt also has the benefit to
fill hollow spaces with intricate design features. After filling the core, it is enclosed
with plugs. The filled core is further prepared by applying a release agent or release
film. This prevents salt leaving the core and avoids a bonding between core and com-
posite part, which allows separating and removing the core after the curing step.

In the following step composite material (e.g. prepreg) is draped on the core and
cured in an autoclave. Alternatives for composite production are out-of-autoclave pre-
pregs, filament winding, wet layup techniques, or resin transfer molding.

In case of autoclave curing, the next step includes bagging (e.g. adding of bleeder,
breather, and release film) and curing under increased pressure and temperature to con-
solidate the prepreg. In the next step the part is unpacked, and the plugs of the core are
opened to remove the filler material (e.g. washing out of salt).
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To remove the core inside the composite part, the core is disassembled using the
integrated breaking lines. The core is sequentially broken long the breaking lines into
smaller patches, which are removed through openings of the cured composite part. For
this purpose, the opening needs to be designed to provide sufficient access to crack and
pull-out the patches. After core removal, the cured composite part is further post-pro-
cessed. This includes milling of functional interfaces and finishing of part surfaces.

3 Design of breaking lines

AM processes such as FDM or SLS of polymers are suggested to fabricate the core
as a thin-walled shell with integrated breaking lines that are utilized for core removal.
The design of the breaking lines is crucial to achieve a controlled breaking and removal
of the core from the inside of a cured composite part.

One key idea presented in this work is to use breaking lines in form of a perforated
pattern of predetermined breaking points. As an example, Fig. 2 shows a tube-shaped,
thin-walled core with perforated breaking lines. They partition the core into parallel-
oriented patches. A close-up view displays main design parameters of the breaking
lines. These include the gap width and bridge width of the perforated breaking line,
wall thickness of the core, and reduced wall thickness along the breaking line.

Hollow AM
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Fig. 2. Thin-walled break-out core with perforated breaking lines defined by of gap width wgp,
bridge width wayidee, wall thickness ¢ of core, and reduced wall thickness #ui at breaking line.

As a demonstration example, Fig. 3 (A) displays a simple test specimen. It is made
out of ABS (acrylonitrile butadiene styrene) using FDM with a flat orientation on the
build space. By pulling the patch a fracture is initiated, which propagates along the
perforated breaking line as shown in Fig. 3 (B). The fracture mechanism corresponds
to out-of-plane shearing and tearing (fracture mode III). The patch of the core is pulled
using integrated leashes or peeled with pliers. The sequential pulling and removal of
patches results in the disassembly of a core into smaller patches. These patches can be
removed through an opening of a cured composite part. The opening of the composite
part needs to provide sufficient access for core removal and pulling of patches.
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Pull patch Crack propagation

(A) (B)

Fig. 3. (A) Pulling of FDM-printed ABS patch with pliers; (B) Initiation and propagation of
crack along predetermined, perforated breaking line.

The design freedom of FDM and SLS allows designing break-out cores with differ-
ent shapes and configurations of breaking lines. Breaking lines can have various notch
sizes, shapes (e.g. semicircular, U- and V-shaped notches), and perforation patterns. It
is possible to use different layout strategies to partition the core into patches. Further-
more, one can leverage different fracture modes to pull and break the patches of a core.
To decrease the number of patches that need to be removed, one promising approach is
to design a core with a single continuous breaking line. As an example, Fig. 4 shows a
test specimen, which integrates one continuous breaking line along a spiral-shaped
pathway. Main design parameters are given in the figure and include the wall thickness
of the core shell, wall thickness along the breaking line, and patch width.

o QR = Noteh ,

min

| |

W '[ waich

"l\:.
= B

Leash Breaking line
(spiral pattern)

Fig. 4. Test specimen of break-out core with spiral-shaped breaking line defined by patch width
Wparch, Wall thickness ¢ of core shell, and reduced wall thickness #xi» along the breaking line.

Fig. 5 shows the test specimen with integrated spiral-shaped breaking line made out
of polyamide using SLS. To break the core, a stress concentration and crack are initi-
ated. By pulling the leash, the crack spreads along the breaking line. As shown in Fig. 5,
the core is unwound as a continuous patch. The fracture mode along the U-shaped notch
corresponds to opening (fracture mode I). With its reduced cross-sectional size, the
patch shows flexible and spring-like properties. After the curing step, the idea is to use
such a pulling mechanism of single patch can be used to remove the core from a cured
composite part. The flexible properties of the patch make it possible to guide it through
an opening of a cured composite part.
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Composite part

Fig. 5. Disassembly and breaking of SLS-made polyamide core by initiating crack and pulling
leash to propagate crack along spiral-shaped breaking line and unwind core as a flexible patch.

4 Case study

The section demonstrates the use of AM break-out cores with perforated breaking
lines to fabricate composite parts of a motorcycle, which is shown in Fig. 6. The exam-
ined parts include the flow intake and tank structure. The flow intake has the function
to guide air into an airbox having an increased static pressure. The overpressure in the
airbox increases the air flow rate into the engine and leads to an enhanced engine power.
The tank provides a fuel reservoir of eight liters and is located in the rear frame of the
motorcycle. To reduce the weight of the motorcycle, the flow intake and tank structure
are produced using autoclave curing of carbon fiber reinforced polymers (CFRP) pre-
preg material. In the following, the production of the parts is described in detail.

Flow intake
Motorcycle

Fig. 6. Picture of motorcycle race bike developed by student team ETH Moto Racing (supervised
by CMASLab of ETH Zurich) showing detailed view of flow intake and tank structure.
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4.1 Flow intake

Fig. 7 depicts the production steps of the flow intake. Step 1 shows the thin-walled,
break-out core, which has a wall thickness of # =2 mm and contains a series of parallel
oriented, perforated breaking lines (fmi» = 1 mm, Weigee = 5 mm, weqp, = 7 mm). FDM is
used to fabricate the core out of ABS. The build orientation of the core is marked with
an arrow. In step 2 prepreg sheets of twill fabric are cut for the layup, which consists of
five layers on the top and bottom surfaces and seven on the side surfaces. The core is
further prepared by applying a release film using glue. The release film prevents a bond-
ing between the core and the prepreg and makes it possible to remove the core after
curing the prepreg material. In step 3 the prepreg sheets are laid onto the core according
to the layup plan. Further preparations include the application of additional release film,
breather material, and vacuum bagging. To produce the flow intake, the core is not
filled with filler material. Instead, given the two openings of the part the vacuum bag is
set up in such way that it compresses the layup from two sides but does not deform and
distort the shape of core. In step 4 curing of the prepreg is carried out at 84 °C for 12 h.
After curing, the part is unpacked, and the core is fully removed by breaking the core
into smaller patches using the breaking lines as shown in step 5. Some patches do not
show a controlled fracture along the intended perforated breaking lines. In step 6 post-
processing is applied such as milling and grinding of surfaces to get the finished com-
posite part of the flow intake. The final flow intake part has a mass of 300 g.

1) Core design & fabrication 2) Preparation of core & prepregs

5) Removal of break-out core 6) Post-processing & surface fimish

Fig. 7. Visualization of production steps of CFRP flow intake using a break-out core that is fab-
ricated out of ABS using FDM, prepared with release film, used for layup and curing of prepreg
material, and removed after composite processing through integrated breaking lines.
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4.2 Tank structure

Fig. 8 shows the production steps of the tank. Step 1 consists in the design of the
core with perforated lines. The core is designed with a wall thickness of #=2.4 mm and
several perforated breaking lines (¢uin = 1.4 mm, Weigee = 5 mm, W,y = 7 mm) that
subdivide the core into smaller patches. After curing of the composite part, the patches
are removed through an opening that is located at the tank bottom. It provides access to
the internal tank structure. In the final part, the opening is used to connect the tank with
the fuel pump of the motorcycle. In step 2 the core is fabricated in ABS with FDM. The
core is produced out of five sub-parts, which are printed in different build directions
and joined through adhesive bonding. In step 3 release film is applied on the core and
it is filled with salt. To fill the core with tightly packed salt, a vibrating table is used.
Besides filling the thin-walled core with salt, the core design is locally enforced with
stiffening ribs. These measures prevent the core from being indented during autoclave
curing. After filling with salt, the opening at the core bottom is sealed with a plug.

1) Design of break-out core 2) Core fabrication & assembly

7) Removal of break-out core 8) Post-processing & surface finish

Fig. 8. Visualization of production steps of monolithic, hollow CFRP tank structure utilizing
break-out core that is fabricated out of ABS using FDM, filled with salt as supporting material,
used for layup and curing of prepreg material, and removed after processing of composite part.
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As shown in step 4, metallic inserts are placed in the core. These are co-cured with
the composite part and used to attach the tank to the frame. Also, the prepreg sheets are
applied on the core. In step 5 release film and breather material are added before vac-
uum bagging. The composite part is cured at 84 °C for 12 h. It is then unpacked in step
6, and salt is removed by opening the core at the lower bottom of the tank and washing
it out with water. Step 7 consists in breaking the core it into smaller patches using the
integrated breaking lines and removing it through the opening. After core removal, the
inner structure of the tank is cleaned with a solvent and sealed with chemically resistant
epoxy. The final step 8 applies post-processing steps to the outer tank surfaces. Fur-
thermore, functional surfaces are post-processed and milled (e.g. lower interface to fuel
pump, upper opening towards fuel tank cap, integration of air vent). This leads to the
final monolithic CFRP tank structure. The mass of the empty tank structure is 560 g.

5 Discussion

The case study demonstrates that AM break-out cores can be used for the production
of complex-shaped, hollow composite parts. The salt-filled cores withstand elevated
temperature and pressure conditions during autoclave curing. In both examined parts,
the core is fully removed by breaking it along integrated breaking lines into smaller-
sized patches. Main advantages of the approach are that it is accessible and does not
require special materials, hardware or equipment. The approach is, however, still in an
early development stage. At the current level of maturity, it is suitable for the produc-
tion of prototypes, individualized composite structures, or small-series parts. Further
improvements are required to achieve a controlled fracture and removal of cores.

For example, a number of patches do not show a fracture along the breaking lines.
Instead a fracture occurs perpendicular to them and lies between printed layers defined
by the build direction of FDM. Therefore, future works are needed to better understand
the influence of AM (e.g. chosen AM process, parameters, material, build direction) on
the fracture behavior. Processes such as SLS may be more suitable compared to FDM
and reduce anisotropic effects caused by layer-wise manufacturing. To employ cores
for increased curing temperatures, future studies may investigate the use of high tem-
perature materials such as PEI (polyetherimide) or PEEK (polyether ether ketone).

Different concepts and mechanisms can be studied to achieve a robust and reliable
removal and disassembly of AM cores. Future studies can investigate different designs
and shapes for breaking lines and notches, other mechanisms for core removal (e.g.
collapse of core under vacuum, use of wires for core pulling and fracture), multi-mate-
rial AM (e.g. different materials at the breaking lines), or local modification of AM
process parameters (e.g. porous material properties at breaking lines).

The design of cores with complex-shaped breaking line patterns (e.g. concept in Fig.
5) presents another bottleneck. Algorithms need to be developed that automate the de-
sign generation and layout of breaking lines based on a given input part geometry and
constraints of a chosen AM process. In this respect, a simulation-based approach (e.g.
extended finite element method, XFEM) may be used to predict and optimize a con-
trolled facture and removal of AM cores.
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6 Summary and outlook

This work examined additive manufactured break-out cores for the production of
hollow-shaped, fiber reinforced composite structures. The cores are thin-walled and
integrate breaking lines to enable their controlled fracture and removal from the inside
of the cured composite part. To stabilize cores during autoclave curing, they are filled
with a support material such as salt. This work contributed novel concepts for the design
of breaking lines such as the use of perforated and continuous breaking lines. The work
demonstrated the application for the flow intake and tank of a motorcycle. Future stud-
ies are necessary to achieve a fast and robust facture and disassemble of AM cores. To
cost-efficiently implement the concept for series production, it is required to automate
the design of cores, the removal and disassemble mechanism, and the layup of compo-
site material (e.g. using filament winding, braiding, and fiber patch placement). Overall,
a key idea presented in this work is to leverage the design freedom of AM processes to
design structures in such a way that they exhibit a controlled fracture and breakage
behavior. Besides AM break-out cores for composite structures, this concept may be
applied for molds and tools for other forming and solidification processes such as cast-
ing, press forming, and injection molding as well as for mechanical parts that should
rapture and collapse in a controlled behavior in response to a static or dynamic loading.
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Kurzfassung. Auf dem globalen Automobilmarkt stellen Brennstoffzellenfahr-
zeuge im Vergleich zu Batterieelektrofahrzeugen immer noch ein Nischenpro-
dukt dar. Neben einem diinnen Tankstellennetz, das sich erst im Aufbau befindet,
ist ein hoher Fahrzeugpreis einer der Griinde dafiir. Ein grofles Potenzial fiir Kos-
tenreduktion birgt die Nutzung gemeinsamer Fahrzeugarchitekturen fiir batterie-
elektrische sowie mit Wasserstoff betriebene Fahrzeuge, um Skaleneffekte in der
Entwicklung und Produktion nutzen zu kénnen. Die Nutzung gleicher Baurdume
fir die Antriebskomponenten und Energiespeicher ist dafiir eine Grundvoraus-
setzung. Fiir zukunftige Brennstoffzellenfahrzeuge bedeutet dies eine Integration
der Wasserstoffdruckbehilter in die flachen Batteriespeicherbaurdume im Fahr-
zeugunterboden. Im Zuge dessen werden Tankkonzepte basierend auf zylindri-
schen Druckbehiltern untersucht. Besondere Herausforderungen stellen dabei
das Fertigungsverfahren sowie die Permeation dar. Eine erste Potenzialabschit-
zung fiir das Speichervolumen zeigt die Umsetzbarkeit kundenrelevanter Fahr-
zeugreichweiten. Als alternatives Konzept werden nahezu quaderférmige Druck-
behilter mit Zugverstrebung im Inneren untersucht. Ein neuartiges Fertigungs-
verfahren wurde fiir die Herstellung entwickelt und anhand eines Baumusters va-
lidiert. Eine Potenzialabschétzung fiir die Speicherkapazitit zeigt im Vergleich
zur Variante mit zylindrischen Komponenten ein ca. 25 % hoheres Wasserstoff-
volumen. Die Technologie befindet sich allerdings noch im Forschungsstadium.

Stichworter: Brennstoffzellenfahrzeug, Wasserstoff, Druckbehilter, Fahrzeug-
architektur, Tankintegration.

1 Motivation und Stand der Technik

1.1 Okologischer und wirtschaftlicher Hintergrund der Untersuchungen

Im Mirz 2019 beschloss das EU Parlament eine weitere Reduktion der CO2-
Grenzwerte fiir die Neuwagenflotten der Automobilhersteller. Dabei soll der Ausstof3

© The Author(s), under exclusive license to

Springer-Verlag GmbH, DE, part of Springer Nature 2021

S. Pfingstl et al. (eds.), Proceedings of the Munich Symposium on
Lightweight Design 2020, https://doi.org/10.1007/978-3-662-63143-0_8


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-662-63143-0_8&domain=pdf

Neue Bauweisen von Wasserstoffdruckbehaltern fiir die Integration ... 75

des Treibhausgases bis 2030 um weitere 37,5 % gegeniiber den Werten, die es bis 2021
zu erreichen gilt, reduziert werden [1]. Um diese Ziele zu erfiillen, riicken fiir Automo-
bilhersteller alternative Antriebe vermehrt in den Fokus. Eine Mdéglichkeit fiir den
schadstofffreien Betrieb von Kraftfahrzeugen stellt ein elektrifizierter Antriebsstrang
dar, dessen elektrische Energie durch einen Batteriespeicher oder eine mit Wasserstoff
betriebene Brennstoffzelle bereitgestellt wird. Aus Kundensicht haben Brennstoffzel-
lenfahrzeuge (engl. Fuel Cell Electric Vehicles, kurz FCEVs) gegeniiber Batterieelekt-
rofahrzeugen (engl. Battery Electric Vehicles, kurz BEVs) vor allem den Vorteil der
kiirzeren Betankungszeit (verglichen mit dem Ladevorgang), konnten sich aber auf-
grund des aktuell diinnen Tankstellennetzes sowie der hoheren Anschaffungskosten
noch nicht durchsetzen [2].

1.2 Fahrzeugarchitekturen fiir zukiinftige emissionsfreie Antriebsvarianten

Damit ein FCEV eine wettbewerbsfihige Alternative zum BEV wird, miissen vor allem
die Herstellkosten gesenkt werden. Ein wesentliches Potenzial birgt die Steigerung der
Stiickzahl, durch welche die Entwicklungs- und Produktionskosten infolge von Skalen-
effekten deutlich reduziert werden konnen [3]. Dieser Effekt kann auch bezogen auf
die Fahrzeugarchitektur genutzt werden, indem in Elektrofahrzeugen unabhéngig vom
Energiespeicherkonzept gleiche Architekturen und Baurdume fiir die Antriebssystem-
komponenten genutzt werden — dhnlich wie es heute in Diesel- und Benzinfahrzeugen
umgesetzt ist. In aktuellen Brennstoffzellenfahrzeugen erfolgt die Speicherung des gas-
formigen Wasserstoffs tiblicherweise in einem, zwei oder drei zylindrischen carbonfa-
serverstirkten Druckbehéltern mit vergleichsweise groen Durchmessern, welche im
Mitteltunnel ldngs zur Fahrtrichtung und/oder vor und hinter der Fahrzeughinterachse
quer zur Fahrtrichtung positioniert werden [3, 4]. Dagegen wird in Batterieelektrofahr-
zeugen der Hochvoltspeicher aufgrund seiner Gréf3e, seines Gewichts sowie der Sicher-
heit im Crashfall typischerweise rein im Fahrzeugunterboden positioniert. Unter ver-
schiedenen Integrationsstrategien besitzt dort der Sandwichboden das grof3te Potenzial
hinsichtlich Modularisierung des Batteriespeichersystems sowie Ausnutzung von Bau-
reihensynergien [2]. Die Dimensionen dieses quaderformigen Bauraums erstrecken
sich in der Lange zwischen den Fahrzeugachsen, in der Breite zwischen den Langstra-
gern und in der Hohe zwischen Fahrzeugunterbodenverkleidung und Fahrgastinnen-
raum (Fig. 1).

Batteriespeicherbauraum

Hochvoltbatteriespeicher

Fig. 1. Sandwichintegration des Hochvoltbatteriespeichers in den Fahrzeugunterboden eines
BEVs beispielhaft dargestellt am BMW i3 [5].
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1.3  Geometrische Anpassung der Druckbehiilterform als Losung

Die aktuell quaderférmigen, flachen Batteriespeicherbaurdume stellen fiir die Integra-
tion von Wasserstoffdruckbehéltern eine besondere Herausforderung dar, da sich aus
konstruktiver Sicht aufgrund des hohen Innendrucks vor allem kugel- oder zylinderfor-
mige Geometrien fiir die Druckbehélter eignen, um eine moglichst gute Spannungsver-
teilung zu erreichen [3, 6]. Deshalb werden zwei neuartige Bauweisen fiir Speichersys-
teme von gasformigem Wasserstoff untersucht, die derartige Bauraumdimensionen mit
einer moglichst hohen volumetrischen und gravimetrischen Dichte fiillen konnen.

Zum einen wird der Losungsansatz verfolgt, die grundlegende, zylindrische Auf3en-
geometrie des Druckbehilters beizubehalten. Der quaderférmige Bauraum wird dabei
mit mehreren Einzelelementen ausgefiillt, um durch die dreidimensionale Parkettierung
einen gesteigerten Volumennutzungsgrad zu erreichen (Fig. 2, links). Dabei werden
zwei Ausfithrungsvarianten unterschieden. Einerseits kann das Tanksystem differenzi-
ell aufgebaut werden, so dass die Zylinder fiir sich jeweils einen abgeschlossenen
Druckbehilter darstellen und iiber ein daran angeschlossenes Leitungssystem miteinan-
der verbunden werden. Andererseits konnen die zylindrischen Elemente beispielsweise
durch eine integrale Fertigung direkt zu einem Druckbehélter verbunden werden, der
durch eine médanderformige Anordnung der Einzelelemente den Bauraum fiillt.

Im zweiten Losungsansatz wird untersucht, die Geometrie des quaderférmigen Bau-
raums mit der Aullenform des Druckbehélters nahezu abzubilden. Um aufgrund der
hohen Druckbelastung im Inneren des Behilters eine Verformung zu vermeiden bzw.
gleichmiBig und gering zu halten, werden die Ober- und Unterseite durch Zugstreben
miteinander verbunden (Fig. 2, rechts). Die Anbindung der Zugstreben an die Auflen-
winde des Druckbehilters spielt dabei eine wesentliche Rolle, da in diesem Bereich
grofenteils die Krifte tibertragen werden, die dem Behélterinnendruck entgegenwir-
ken.

Bauraum im Fahrzeugunterboden

Konzept A Konzept B

Fig. 2. Losungsansitze zur Nutzung des Bauraums im Fahrzeugunterboden fiir die Speicherung
des gasformigen Wasserstoffs in zylindrischen Druckbehiltern (links) sowie quaderformigen
Druckbehéltern mit Zugverstrebungen (rechts).

1.4  Wasserstoffspeicher in aktuellen Brennstoffzellenfahrzeugen

Aktuell wird bei den Automobilherstellern in der Entwicklung von FCEVs auf beste-
hende Fahrzeugarchitekturen mit Verbrennungsmotorantrieb aufgesetzt, da eine eigene
Baureihe aufgrund der noch relativ geringen Stiickzahlen zu sehr hohen Entwicklungs-
und Produktionskosten fithren wiirde. Fiir die Integration der Antriebskomponenten er-
geben sich im Brennstoffzellenfahrzeug demnach freie Baurdume vor und hinter der
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Mittelachse sowie im Mitteltunnel durch den Wegfall des konventionellen Kraft-
stofftanks sowie des Getriebes und der Antriebswelle. Im FCEV konnen an diesen Po-
sitionen die Wasserstoffdruckbehélter integriert werden (Fig. 3). Die Baurdume erlau-
ben in diesen Fillen verhdltnisméBig groBe Durchmesser fiir die zylindrischen Kraft-
stoffspeicher. Das Brennstoffzellensystem wird in der Regel im Fahrzeugvorderwagen
integriert, wo entsprechender Bauraum durch den Entfall des Verbrennungsmotors zur
Verfligung steht.

Wasserstoft- )
:  druckbehilter ' Batteriespeicher
= B

Brennstoffzelle

Elektromotor

Fig. 3. Anordnung der Wasserstoffdruckbehélter in einem FCEV beispielhaft dargestellt am Mer-
cedes-Benz GLC F-Cell [8].

Aktuelle Wasserstofftanks lassen sich den Typ IV Druckbehiltern zuordnen, was be-
deutet, dass der Behilter aus einem Kunststoftliner sowie einer Armierungsschicht aus
carbonfaserverstiarktem Kunststoff (CFK) besteht. Die Hauptfunktion des Liners ist da-
bei, den Tank gegeniiber der Umwelt abzudichten und die Wasserstoffpermeation zu
begrenzen. Uber die Armierungsschicht wird die Lastaufnahme infolge der Innen-
druckbeanspruchung gewihrleistet. Der Nennbetriebsdruck der Wasserstofftanks be-
tragt 700 bar.

2 Zylindrische Druckbehilter

2.1 Konzeptvarianten

Fiir die Integration von Wasserstoffspeichern in Architekturen von (Batterie-)Elektro-
fahrzeugen erweisen sich die Druckbehilterdimensionen aktueller FCEVs aufgrund ih-
res grolen Durchmessers als nicht geeignet. Der Bauraum ermdglicht allerdings die
Positionierung mehrerer zylindrischer Behilter nebeneinander in horizontaler Richtung
oder bei ausreichend kleiner Dimensionierung zusitzlich {ibereinander. Durch die Ver-
bindung untereinander werden die Zylinder zum Tanksystem des FCEVs zusammen-
geschlossen. In Patentschriften sowie Offenlegungsschriften zu deren Anmeldung sind
Losungsansitze fiir die Integration solcher Wasserstoffspeicher in den Fahrzeugunter-
boden bereits dargestellt [9-12]. Dabei lassen sich grundsétzlich zwei Arten der Tank-
systemausfiihrung und damit der Verbindung der einzelnen Zylinder unterscheiden. In
einer differenziellen Ausfiihrung stellt jeder Zylinder fiir sich einen eigenen Druckbe-
hilter dar. Das Tanksystem besteht aus dem Zusammenschluss der einzelnen Behilter
iber ein Leitungssystem (Fig. 4, links), dhnlich wie es in aktuellen FCEVs ebenfalls
der Fall ist. In einer integralen Ausfithrung sind die Zylinder so miteinander verbunden,
dass sie als Einheit einen einzigen Druckbehélter bilden (Fig. 4, rechts).
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Tahksystem Tanksystem

Differenzielles Druckbehilterkonzept Integrales Druckbehélterkonzept

Fig. 4. Unterscheidung der Verbindung einzelner Zylinder zu einem Tanksystem in eine diffe-
renzielle sowie eine integrale Ausfiihrung.

Zum heutigen Zeitpunkt gibt es fiir die dargestellten Konzepte kein Serienprodukt, das
fur die Anwendung im Brennstoffzellenfahrzeug geeignet und gleichzeitig zertifiziert
ist. In einem durch das US-amerikanische Department of Energy geleiteten For-
schungsprojekt wurden erste Grundlagenuntersuchungen zur integralen Bauweise
durchgefiihrt. Anhand des Aufbaus erster Prototypen konnten das Fertigungskonzept
sowie die mechanischen Eigenschaften validiert werden. Die zu Projektbeginn als Ziel
festgelegte Leckagerate infolge der Wasserstoffpermeation durch die Druckbehilter-
wand wurde nicht erreicht und das Projekt aus diesem Grund nicht fortgesetzt [13].

2.2 Fertigungstechnologie und Permeation als zentrale Herausforderungen

Die Fertigungstechnologie spielt sowohl fiir heutige als auch zukiinftige Druckbehélter
eine wesentliche Rolle fiir deren Auslegung und konstruktive Gestaltung. Fiir aktuelle
Wasserstofftanks hat sich das Wickelverfahren als Fertigungstechnologie zum Aufbrin-
gen der Armierungsschicht aus CFK etabliert [7]. Fiir eine beanspruchungsgerechte
Gestaltung der Armierungsschicht werden die Fasern parallel in Umfangsrichtung und
iiber Kreuz in Axialrichtung abgelegt (Fig. 5, links). Die fertigungstechnische Realisie-
rung eines integralen Druckbehilterkonzepts ist im Wickelverfahren aufgrund der kom-
plexen Bauteilgeometrie allerdings nur bedingt geeignet. Im Gegensatz dazu ermog-
licht beispielsweise das Flechten eine integrale Fertigung fiir diese Bauweise (Fig. 5,
rechts). Fiir die Druckbehilterherstellung ist diese Technologie nach aktuellem Stand
noch kein etabliertes Fertigungsverfahren.

Unabhingig von der Konzeptvariante ergeben sich nach aktuellem Stand der Regu-
latorik Herausforderungen fiir die Zertifizierung der Tanksysteme. Die aktuelle Zulas-
sungsvorschrift R134 [14] geht momentan noch von konventionellen zylindrischen
Einzelbehiltern mit vergleichsweise groen Durchmessern aus und berticksichtigt die
vorgestellten Bauweisen nicht. Darin festgelegte Tests erlauben stellenweise per Defi-
nition keine Ubertragung auf die vorgestellten Konzepte, da die AuBengeometrie zu
stark von den konventionellen zylindrischen Einzelbehéltern abweicht. Bauraumopti-
mierte Bauweisen fiir Wasserstoffspeichersysteme erfordern also eine adidquate Wei-
terentwicklung der Regulatorik fiir deren Einsatz.
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Fig. 5. Wickeln (links) und Flechten (rechts) als Fertigungsverfahren fiir Druckbehélter

Ein weiterer sicherheitsrelevanter und herausfordernder Aspekt fiir die Zertifizierung
zukiinftiger Druckbehilter ist die Wasserstoffpermeation, die anhand einer Leckagerate
gemessen werden kann. Nach [15] erfolgt der Berechnung der Leckagerate Q in Ab-
hingigkeit der temperaturabhingigen Permeationseigenschaften des Linerwerk-
stoffs P(T), dem Innendruck p, der permeationswirksamen Oberfliche A sowie der Di-
cke des Liners:

Q="P(T)-Ap-* (1)

In [14] ist dafiir ein Maximalwert pro 1 Liter Wasserstoffspeichervolumen definiert.
Das bedeutet, dass eine hohere permeationswirksame Oberflidche bei gleichem Spei-
chervolumen zu einer hoheren Leckage fiihrt. Dies ist bei zylindrischen Druckbehéltern
der Fall, wenn beispielsweise bei gleichbleibender Linge der Durchmesser reduziert
wird. Die Einhaltung der Grenzwerte wird tiber die Auslegung des Liners gesteuert.
Standardwerkstoffe fiir Liner in aktuellen Druckbehiltern sind bspw. Polyamid (PA)
oder High-Density Polyethylen (HDPE). In [15] wurden die Permeationseigenschaften
dieser Werkstoffe in Abhéngigkeit der Temperatur néher untersucht. Basierend auf die-
sen Permeationsergebnissen ist in Fig. 6 diejenige Linerdicke dargestellt, die zur Ein-
haltung der in [14] definierten Leckagerate erforderlich ist. Vor allem fiir Durchmesser
kleiner 100 mm sind hohe Wandstarken erforderlich, die allerdings aufgrund ihres er-
hohten Platzbedarfs zu einer reduzierten Wasserstoffspeichermenge fithren und damit
die Fahrzeugreichweite je Tankfiillung senken. Fiir zukiinftige zylindrische Druckbe-
hilter ist deshalb die Entwicklung neuer Werkstoffe als Permeationsbarrieren fiir den
gespeicherten Wasserstoff zwingend erforderlich.

Durchmesser | Linerstarke | Linerstirke
in mm PA in mm |HDPE in mm
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Fig. 6. Notwendige Linerwandstérken fiir PA und HDPE in Abhéngigkeit des Durchmessers
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2.3  Abschiitzung des Einsatzpotenzials fiir zukiinftige Fahrzeugarchitekturen

Ein entscheidendes Kaufkriterium fiir Kunden von Elektrofahrzeugen ist neben dem
Preis auch die maximale Fahrzeugreichweite je Tankfiillung. Deshalb wird beispielhaft
fur das differenzielle zylindrische Druckbehilterkonzept die maximale nutzbare Was-
serstoffspeichermenge analysiert. Dafiir wird zundchst ein hypothetischer Bauraum im
Fahrzeugunterboden mit den Abmessungen 1600 mm x 1300 mm x 130 mm definiert.
Die analytische Auslegung der BehélterauBenwand basiert auf der Kesselformel und
wurde mit realen Tankdaten validiert. Die Auslegung des Liners erfolgt entsprechend
der oben gezeigten Randbedingungen zur Permeation. In Fig. 7 ist die Abschitzung der
speicherbaren Wasserstoffmenge in Form des Volumennutzungsgrads dargestellt. Die-
ser beschreibt das Verhéltnis des Volumens, das der nutzbare gasformige Wasserstoff
unter 700 bar Druck einnimmt, zum Bauraumvolumen, in das das Tanksystem inte-
griert wird. Es zeigt sich, dass die Zylinder den zur Verfiigung stehenden quaderformi-
gen Bauraum nicht optimal ausnutzen konnen. Dennoch ergibt sich fiir den Volumen-
nutzungsgrad von 50,5 % eine nutzbare Wasserstoffspeichermenge von ca. 5,2 kg. Bei
einem Durchschnittsverbrauch nach WLTP-Norm von ca. 1kg H2 pro 100 km
(vgl. [20]) resultiert eine akzeptable Fahrzeugreichweite von ca. 520 km. Im Detail ist
zu priifen, ob fiir ein integrales Druckbehélterkonzept eine noch hohere Reichweite auf-
grund einer giinstigeren Bauraumausnutzung moglich ist.

o, -
Druckbehilter im Bauraum: c&;D g 100% }
A S 2 80% 4 B [ ungenutzt
:
R 60% 1 = B AuBlenwand
'A: é £ 40% O Liner
2 278 20% 4 [o5% O H2
A «— 12x 2 &
0%

Fig. 7. Potenzialanalyse fiir die Speicherung von gasférmigem Wasserstoff unter 700 bar in zy-
lindrischen Druckbehéltern in einem quaderformigen Bauraum

3 Quaderformige Druckbehiilter mit Zugstreben

3.1 Konzeptvarianten

Die durchgefiihrte Potenzialanalyse fiir den Volumennutzungsgrad der zylindrischen
Druckbehilter zeigt, dass ca. ein Viertel des quaderféormigen Bauraums aufgrund des
runden Behilterquerschnitts ungenutzt bleibt. Das hat einen direkten Einfluss auf die
speicherbare Wasserstoffmenge sowie die resultierende Fahrzeugreichweite pro Tank-
fullung. Eine Moglichkeit zur Steigerung des Volumennutzungsgrades ist die Anpas-
sung der Druckbehéltergeometrie an den quaderformigen Bauraum. Um ein frithes Ver-
sagen oder ungleichmiBige Verformungen infolge der Innendruckbeanspruchungen fiir
solche Geometrien zu verhindern, miissen die gegeniiberliegenden planaren Flichen
eines quaderformigen Behilters durch Zugstreben miteinander verbunden werden. Im
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Vergleich zum Losungsansatz mit zylindrischen Druckbehéltern weist dieses Konzept
einen deutlich geringeren Technologiereifegrad auf. Mogliche konstruktive Umsetzun-
gen wurden zwar in Patentschriften sowie Offenlegungsschriften zu deren Anmeldung
aufgezeigt, jedoch nie bis zu einem annihernd serienreifen Produkt entwickelt (Fig. 8).
Eine besondere Herausforderung stellt dabei die Anbindungsart der Zugstreben an die
Druckbehilterwand dar, da einerseits die Kraftiibertragung gewihrleistet sein muss und
andererseits keine Leckagen in diesem Bereich auftreten diirfen.

Hra) c)

Fig. 8. Konstruktive Umsetzungsvorschldge a) [16],b) [17], ¢) [18] und d) [19] fiir Druckbehilter
mit Zugverstrebungen im Behélterinneren.

3.2  AuBlengeometrie des Behilters und Grobauslegung der Zugstreben

Fiir einen perfekt quaderférmigen Druckbehélter mit sechs Auflenflichen miissten Zug-
streben in drei Richtungen eingebracht werden, um fiir die jeweils gegentiberliegenden
Fldchen ein Versagen oder ungleichméBige Verformungen zu verhindern. Da die Hohe
relativ zur Breite und Liange des zugrunde liegenden Bauraums gering ist, wird hier
lediglich die Ober- und Unterseite des Behilters mit Streben verstdrkt. Fiir eine belas-
tungsgerechte Auslegung werden die Ecken und Seitenflachen abgerundet, so dass sich
diese aus Viertelkugelschalen und Zylinderhalbschalen zusammensetzen (Fig. 9).

Ll f vfklk[li[k‘{"III“I“IHISIIIH{L

Fig. 9. AuBenkontur des Druckbehélters mit schematischer Darstellung der Strebenanordnung

Eine grobe analytische Auslegung der einzelnen Zugstreben erfolgt anhand eines Krif-
tegleichgewichts in einer quadratischen Einheitszelle. Dabei wird jeder Strebe dieje-
nige Flidche der Auflenwand gegeniibergestellt, die von ihr gehalten werden muss, um
der Beanspruchung durch den Innendruck entgegenzuwirken. Entsprechend ldsst sich
in (2) der Abstand a zwischen den Zugstreben abhingig von Auslegungsdruck pa,
Durchmesser D und Zugfestigkeit o, der Strebe bestimmen.

a=05-D- /n-(1+:—z) )
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Generell gilt, dass groere Durchmesser groflere Abstinde zwischen den Streben erlau-
ben und damit deren Anzahl geringer ausfillt. Allerdings ist zu beachten, dass groBBere
Strebenabstidnde zu einer ungleichmiBigeren Aufteilung der Krafteinleitung und damit
zu hoheren Schubbeanspruchungen in der AuBBenwand fithren. Aus Auslegungssicht ist
deshalb ein geringer Abstand von Vorteil.

3.3  Fertigungsverfahren

Fiir die Entwicklung eines geeigneten Fertigungsprozesses ist die Werkstoffwahl ent-
scheidend. Aufgrund der stark richtungsabhidngigen Belastung der Streben auf Zug eig-
nen sich besonders hochfeste Faserwerkstoffe, die zum Beispiel in Faserverbundwerk-
stoffen zum Einsatz kommen. Um die Durchmesser und Strebenabstdnde gering zu hal-
ten, bestehen diese aus einem oder wenigen Faserbiindeln. Die Auflenwand des Druck-
behilters besteht aus carbonfaserverstirktem Kunststoff, hergestellt im Wickelverfah-
ren. Zur form- und stoffschliissigen Fixierung der Streben an der Druckbehélterwand
durchdringen diese die Wandung und werden an der Auflenseite umgelenkt. Die Ein-
bringung der Fasern erfolgt in einem Tuftprozess, der an der Behélteroberseite einem
Nahstich und an der Unterseite einem Tuftstich gleicht. Als Werkstoff fiir die Streben
kommen aufgrund ihrer Robustheit in der Verarbeitung Aramidfasern zum Einsatz. Die
Validierung des Fertigungskonzepts kann anhand erster Baumuster gezeigt werden
(Fig. 10). Die Integration des Liners stellt eine besondere Herausforderung dar und ist
dabei noch nicht beriicksichtigt — mogliche Losungen konnten ein nachtriagliches Ein-
bringen im Rotationsgussverfahren oder ein Konzept ohne Liner sein.

Nihstich

Strebenverlauf im Tuftprozess

Fig. 10. Nutzung eines Tuftprozesses (links) fiir die Einbringung der Zugstreben in den Druck-
behilter (rechts)

Erste Festigkeitsuntersuchungen erfolgen fiir das Konzept auf Couponebene im Bereich
der Verankerung der Zugstreben an der Druckbehilterwand. Fiir mechanische Tests
werden daflir entsprechende Proben aufgebaut, die eine Strebenumlenkung an einer
Platte aus carbonfaserverstirktem Kunststoff abbilden. Fiir den Né&h- und Tuftstich
konnte so fiir einen ausgewihlten Aramidfaserwerkstoff jeweils eine Zugfestigkeit von
ca. 2000 MPa im verarbeiteten Zustand nachgewiesen werden (Fig. 11). Bei einem
Strebendurchmesser von ca. 1 mm und eine Auslegungsdruck pa von 180 MPa ergibt
sich ein Strebenabstand von ca. 3 mm.
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Fig. 11. Untersuchung der Zugfestigkeit einer Teijin Twaron D2200 Aramidfaser in unterschied-
lichen Verarbeitungsstadien
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3.4  Abschiitzung des Einsatzpotenzials fiir zukiinftige Fahrzeugarchitekturen

Analog zu den zylindrischen Tanks erfolgt auch fiir die zugverstrebten Druckbehalter
eine Abschitzung des Einsatzpotenzials anhand der maximalen Fahrzeugreichweite je
Tankfiillung. Fiir die analytische Untersuchung werden die gleichen Bauraumabmes-
sungen vorausgesetzt. Anhand der Erkenntnisse zum Fertigungsverfahren und der Aus-
legung der Zugstreben wurde ein Modell aufgebaut, um den Volumennutzungsgrad ab-
schitzen zu konnen. Die Auslegung der AuBlenwand erfolgt analog zu den zylindri-
schen Druckbehiltern anhand der Kesselformel, die Linerdicke wird so eingestellt, dass
die Permeationsanforderungen erfiillt werden. Aus Griinden einer giinstigen Modulari-
sierung wird der Bauraum mit vier gleich grolen Behiltern bestiickt. Im Vergleich zum
Konzept mit zylindrischen Druckbehéltern bleiben nur ca. 9 % des Bauraums unge-
nutzt und 63,4 % des Volumens wird durch den Wasserstoff eingenommen, woraus
eine nutzbare Speichermenge von ca. 6,5 kg resultiert (Fig. 12). Bei einem Durch-
schnittsverbrauch nach WLTP-Norm von ca. 1 kg H2 pro 100 km ergibt sich daraus
eine Fahrzeugreichweite von ca. 650 km je Tankfiillung.

0, -
Druckbehilter im Bauraum: %og 100%

%0 S 80% - E1 ungenutzt
g ‘g‘ 60% A E AuBenwand
S M ;
g . g 40% - O Liner
22 50w | B Zugstreben
§ & O H2

0% -

Fig. 12. Potenzialanalyse fiir die Speicherung von gasformigem Wasserstoff bei 700 bar in flach
ausgebildeten Druckbehiltern mit Zugstreben in einem quaderférmigen Bauraum
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4 Schlussfolgerung

Aktuelle Wasserstoffdruckbehélter fiir Brennstoffzellenfahrzeuge bieten aufgrund ihrer
Dimensionen kaum Flexibilitdt fur den Einsatz in zukiinftigen Fahrzeugarchitekturen
mit elektrischen Antrieben. Deshalb werden verschiedene Tankgeometrien untersucht,
die eine effiziente Integration der Tanksysteme in flache, quaderformige Batteriespei-
cherbaurdume erlauben. Fiir das Konzept, das auf zylindrischen Druckbehéiltern basiert,
ist eine Weiterentwicklung zum Stand der Technik aus Fertigungs- und Zertifizierungs-
sicht zwingend erforderlich. Fiir die Herstellung der Druckbehilter miissen die gingi-
gen Fertigungsverfahren an die kleineren Druckbehilter angepasst werden und die
Linertechnologie muss fiir die Einhaltung der Permeationsgrenzen weiter optimiert
werden. Aus einer ersten Potenzialabschitzung fiir die Wasserstoffspeichermenge in
einem Batteriespeicherbauraum lassen sich akzeptable Fahrzeugreichweiten groBer
500 km pro Tankfiillung ableiten.

Parallel wird der Ansatz eines quaderférmigen Druckbehilters verfolgt, der im In-
neren mit Zugstreben verstdrkt ist, um eine ungleichméBige Verformung des Wasser-
stoffspeichers unter Druck zu verhindern. Die zentrale Herausforderung in der Umset-
zung dieses Konzepts stellt die Anbindung der Zugstreben an die Druckbehélterwand
dar. In diesen Bereichen muss einerseits die Kraftiibertragung sichergestellt werden,
andererseits muss die Dichtheit gewéhrleistet werden und es diirfen auch infolge ge-
ringfiigiger Ausdehnungen durch die Druckbelastung keine Leckagen entstehen. Das
entwickelte Fertigungsverfahren muss weiter untersucht werden, um den Technologie-
reifegrad aus dem Forschungsstadium zu heben. Ersten Analysen zufolge birgt das
Konzept im Vergleich zu den zylindrischen Druckbehéltern ein um ca. 25 % hoheres
Reichweitenpotenzial durch eine effizientere Bauraumausnutzung.

Eine Bestitigung der gezeigten Potenzialabschitzungen ist noch ausstehend. Erste
Tests zur Ermittlung der Berstdriicke fuir die Konzepte sollten im néchsten Schritt Auf-
schluss zur Realisierbarkeit der Konzepte geben.

Danksagung. Die aufgezeigten Untersuchungen wurden unter anderem im Rahmen
des Forschungsprojekts BRYSON durchgefiihrt. Das noch laufende Projekt wird ge-
fordert durch das Bundesministerium fiir Wirtschaft und Energie.
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Kurzfassung. Im Rahmen der vom Bundeswirtschaftsministerium geférderten
BRYSON Projektgruppe (BauRaumeffiziente HYdrogenSpeicher Optimierter
Nutzbarkeit) wird an der Hochschule Miinchen an einem zugverstreben Wasser-
stofftank fiir PKW mit Brennstoffzellenantrieb geforscht, der effizient in die Un-
terbodenstruktur integriert werden kann. Die Untersuchungen zeigen die grund-
legende Machbarkeit eines flachen, kubischen Drucktanks mit innerer Zugver-
strebung. Wesentliche Aspekte, wie das Tragverhalten bei hoher Strebenanzahl,
Dichtigkeit und Fertigbarkeit konnten untersucht und analysiert werden.

Stichworter: FCEV, Wasserstoffdrucktank, Tankintegration

1 Problemstellung, Bauweise und Dichtigkeit

Die Integration der Wasserstofftanks bei heutigen Brennstoffzellenfahrzeugen erfolgt
iblicherweise in einem oder mehreren zylindrischen carbonfaserverstirkten Druckbe-
hiltern, die im Antriebswellentunnel und im Heckbereich des Fahrzeugs angeordnet
sind. Dies fiihrt in der Regel zu einer Verringerung des Kofferraumvolumens und der
Fahrdynamik.

Entgegen dem aktuellen Stand der Technik werden die Tanks mit innerer Zugverstre-
bung quaderformig ausgebildet, um sie effizient in die flachen Baurdume der Unterbo-
denstruktur des Fahrzeugs integrieren zu konnen. Somit kdnnen Baureihensynergien
mit zukiinftigen batteriebetriebenen Elektrofahrzeugen genutzt werden. Die Randbe-
dingungen fiir den schnellbetankungstauglichen Tank nach SAE 2601 Standard sind
ein Betriebsdruck von 875 bar und ein Berstdruck von 1600 bar bei einem nutzbaren
Wasserstofffassungsvermégen von ca. 5,6 kg.

Die entwickelte Bauweise sieht vor, dass CFK-Umfangswicklungen die Druckkrifte
der Stirnflache aufnehmen und die Zugstreben im Tankinneren die Aufweitung des
Tanks in Dickenrichtung verhindern. Die Strebenkréfte werden tiber eine Schlaufen-
konstruktion und eine metallische Umlenkung aufgenommen (sieche Abb. 1). Analyti-
sche Berechnungen und stochastische Berechnungen zum Einfluss von Fertigungstole-
ranzen auf die Tragfahigkeit des Strebenverbunds ergeben, dass bei einem notwendigen
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Strebenabstand von ca. Smm Aramidfasern mit geringem E-Modul als Strebenmaterial
besser geeignet sind als Carbonfaser-Streben (siche Abb. 2).

Abb. 1. Baumuster zum Tank mit innerer Zugverstrebung.
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Abb. 2. Stochastische Untersuchung zum Einfluss von Fertigungstoleranzen auf die Tragfahig-
keit des Strebenverbunds bei unterschiedlichen Strebenmaterialien.

Eine wesentliche Problematik des Tanks mit Zugverstrebung ist die Sicherstellung
der Dichtigkeit tiber eine Linerschicht. Hierzu wurden analytische Berechnungen zur
Bestimmung der Schubspannungen zwischen Liner und Strebe durchgefiihrt und expe-
rimentelle Versuche zur Uberpriifung der Dichtigkeit der Strebendurchfiihrung. Die ex-
perimentellen Versuche sehen vor, dass einzelne Strebendurchfihrungen zyklisch
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belastet werden und anschlieend die Dichtigkeit mit Hilfe eines Priifstands, der mit
Formiergas betrieben wird, tiberpriift wird. Anhand von Schliffen konnte die Entste-
hung intralaminarer Risse in den CFK-Lagen nacheiesen werden (siche Abb. 3).

a) b)
Abb. 3. a) Schliftbild Einbettung der Schlaufenumlenkung b) Intralaminare Risse Tankwand.
2 Fertigungskonzept
Studien zum Fertigungsprozess zeigen, dass mit dem Tuftprozess effizient Streben in
die CFK-Wickelstruktur eingebracht werden konnen. Durch die Verwendung einer gro-

Ben Anzahl von Tuftnadeln entsteht ein fiir den Tuftprozess charakteristischer Schlau-
fentunnel, der zum Einlegen der Umlenkung genutzt werden kann (siche Abb'. 4).

[}
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Abb. 4. a) Tuftkopf mit 16 Nadeln b) Einbringen der Schlaufenumlenkung in den sich beim
Tuftprozess bildenden Schlingentunnel
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Als Linerwerkstoffe werden Epoxidharze und Gusspolyamide untersucht, die tiber einen Rotati-
onsformprozess eingebracht werden. Mit prototypischen Anlagen wurden erste Baumuster her-
gestellt und strukturmechanisch charakterisiert.

3 Zusammenfassung

Mit Hilfe der Untersuchungen konnte eine grundlegende Bauweise fiir einen kubischen, flachen
Drucktanks mit innerer Zugverstrebung aus Faserverbundwerkstoffen entwickelt werden. We-
sentliche Aspekte, wie das Tragverhalten bei hoher Streben Anzahl, Dichtigkeit und Fertigbarkeit
konnten analysiert und experimentell untersucht worden. Auf den Ergebnissen aufbauend kénnen
nun entsprechende Parameterstudien gezielt durchgefiihrt werden oder aber Alternativen aufge-
zeigt werden.
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Abstract. This paper covers new and paradigm changing findings in analysis, opti-
mization, design and manufacturing of endless fiber composites as developed by an
international group of experts in research and industry inspired and driven by Prof. em.
Stephen Tsai. This was presented at the 2019 Munich Lightweight Symposium and is
added to the 2020 proceedings as an introduction of the application as presented by
Neuhdusler in this year’s symposium [7]. The fundamental finding used for the new
concepts is the normalizing property of the trace of the stiffness matrix of a unidirec-
tional ply as an invariant material property of plies and laminates. This as a basis ena-
bles the use of variable ply angles, a so-called Double-Double architecture of sub-lam-
inates and many more. Much simpler stackings, less design rules to follow, increased
strength of laminates, thinner minimum gages, simplified optimization and easier and
cost-efficient manufacturing can be obtained.

Keywords: Trace, Double-Double, Tsai’s Modulus

1 Introduction

Traditional quad-axial sub-laminates to create complex structures, so called “legacy
quads”, face many challenges for design and manufacturing. By limiting to
[0,/£454/90;]s sub-laminates only discrete basic laminates can be chosen to find optima
due to too many possible permutations in a sub-laminate consisting of 6, 8 or 10 plies.
(1) high effort, (ii) experimental skill to collect all material data for stiffness and strength
of unidirectional plies, (iii) many design rules to follow to create more complex stack-
ings to avoid coupled bending, warping and shear deformations, (iv) a problematic
layup and fiber unravel (especially occurring in corner regions of [+45/-45]-plies), (V)
high cost for design and manufacturing are just some of the obstacles for easy design,
quick optimization and simpler manufacturing of components by legacy quads. Also,
stackings of such basic laminates become unnecessary thick, face lower strength and
are prone to delamination.

As a fundamental finding by Tsai and Melo in 2014 [1] a novel invariant-based ap-
proach to describe the stiffness of composite plies and laminates that takes the trace
of the plane stress stiffness matrix of a unidirectional ply as a material property was
presented (trQ or simply referred to as trace). Since trQ is an invariant with respect to
coordinate transformations the trace of the thickness-normalized in-plane (A*) and
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flexural (D*) stiffness matrices of laminates are also the same: trA*= trD"= trQ,. This
idea has proven to be a “door-opener” for more paradigm-changing solutions as a
toolbox, like (i) a simplified Unit-Circle failure criterion, (ii) Master- and Universal
Ply constants for the geometrical layout of single plies as well as stacked laminates,
(iii) the possibility of easy homogenization of laminates to avoid complex rules for
design and manufacturing, (iv) field-equations for arbitrary variable ply angles, and
(v) a straight forward lamsearch approach which minimizes numerical efforts signifi-
cantly. (vi) using a Double-Double architecture of sub-laminates further simplifies the
stacking sequences of laminated structures and enables an efficient sizing method to
be used. Double-Double might be further extended to (vii) skin-grid structures to acti-
vate even more lightweight potentials. Those concepts will be briefly described in this
paper and can be found in [1]-[4][7].

2 Trace (Tsai’s modulus') on engineering constants

For the classical lamination theory CLT, many engineering constants are needed to
represent stiffness and strength of a uniaxial ply. On top, each laminate needs to be
tested individually by coupon testing to supply 4 necessary constants for stiffness as
can be seen in equation (1) (vy might be calculated using the other constants).

E,\' vyEx 0
l-vyv,  1-vy, 0
odve B e 0]
1-vy, 1-vy, . M
y y 0 O st
0 0 G,

The invariant theory based on trace reduces the need for testing those constants for
stiffness to just one: trace. TrQ is a scalar stiffness value derived from a unidirectional
on- or off-axis ply or even a more complex laminate of the material chosen. TrQ and
its normalization properties as shown in the next chapter is the fundamental and only
material property needed to be tested to obtain the stiffness properties needed. Some of
the engineering constants like the shear modulus G,y are difficult to measure and thus
prone to error but with trQ they can be estimated with sufficient accuracy as will be
shown in the next chapter.

I Comment by corresponding author: following these new design principles, a number of re-
searchers and experts have taken those ideas for applications and further developments in
many aspects. See for example all authors of [4] or especially [6] who are involved. This
group suggested in [6] to name the fundamental property, trQ, in honor to the fundamental
work of Stephen W. Tsai as “Tsai’s Modulus”.
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Using the simplified Unit-Circle failure criterion in addition, only two more con-
stants, X and X’ for a unidirectional ply are needed for strength evaluation as will be
discussed later.

As a consequence, this leads to massive reduction of material testing effort and cost
(simple uniaxial tension and compression test remaining, no more difficult parameters
to measure). Trace and X, X’ are sufficient for simpler and much faster optimization of
laminates covering variable ply angles, stacking, local thickness and material selection.

One material parameter for stiffness (trQ) added by Universal Ply or Master Ply
Constants which are dependent on the material group only, finally and fully describe
the stiffness and engineering constants of any ply and specific material.

3 Universal and Master Ply Constants and Laminate Factors

If trQ represents an accumulated stiffness and is the only material constant needed for
stiffness of a ply and even a laminate, how can engineering constants or ply stiffness
values Qjj be extracted from trQ? This can be done using so called Universal Ply Con-
stants or Master Ply Constants. In the following Table 1 a selection of only 4 CFRP
materials are listed with their ply engineering constants and on-axis ply stiffness values.
Watch the material dependence of trQ = QxtQyy+2Qss as listed in the last column.
Because of the engineering shear values are used a factor of 2 applies to Q.

Table 1. Ply engineering constants and on-axis ply stiffness with trQ

Ply engineering constants On-axis ply stiffness Qjj

Ex Ey Gy Vx Qxx Qyy Qxy Qss trQ

GPa GPa GPa  [] GPa GPa GPa GPa GPa

IM6/epoxy 203 11,2 84 032 204 11,3 3,6 8,40 232
T800/Cytec 162 9,0 50 040 163 9,1 3,6 5,00 183

AS4/3501 138 9,0 7,1 0,30 139 9,1 2,7 7,10 162
T700/2510 126 8,4 42 031 127 8,5 2,6 420 144
Mean of total from 15 CFRP 0.32
CoV applied to 15 CFRP 8.7%

Table 2 shows the trace-normalized stiffness values Q;* and the trace-normalized
engineering constants. The trace of both yields always 1.0. Arithmetic mean values for
Q" and the normalized engineering constants are shown below in the Table 2 for a total
of 15 CFRP contained in those numbers. Especially for the dominating values Q" and
E." these averaged values have only low coefficients of variation of less than 2%.

The Universal Ply Constants and Master Ply Constants from Table 1 and Table 2
apply to all on-axis CFRP. Multiplication those constants by trQ yields the Qjj and the
elastic engineering constants of the respective material.
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The constants listed are valid for CFRP only. There have been investigations on ar-
amid and glass fiber composites as well, both resulting different constants. The results
for aramid are in a similar small scatter band like CFRP. Glass has shown to be less
accurate but still applicable especially for conceptual studies.

As a result, knowing trQ and the master ply and universal ply constants the Q;; and
engineering constants can simply be back-calculated. This way trQ is the one and only
material constant which is needed to represent stiffness of those anisotropic composites.

Table 2. Trace normalized ply stiffness values and engineering constants

Trace-normalized on-axis ply stiffness Q" Trace-normalized eng. constants

Qxx” Qyw’ Qxy’ Qss” rQ’ Ex’ Ey’ Gy’ r

GPa GPa GPa [-] [-] [-] [-] [-] [-]
IM6/epoxy 0,879 0,049 0,016 0,036 1,0 0,874 0,048 0,036 1,0
T800/Cytec 0,895 0,050 0,020 0,027 1,0 0,888 0,049 0,027 1,0
AS4/3501 0,857 0,056 0,017 0,044 1,0 0,851 0,056 0,044 1,0
T700/2510 0,883 0,059 0,018 0,029 1,0 0,877 0,058 0,029 1,0
15 CFRP Master Ply for CFRP Universal Ply for CFRP
Mean 0.885 0.052 0.031 0.880  0.052 0.031
CoV 1.4% 9.7% 17.3% 1.4% 9.7% 17.3%

The power of Tsai’s modulus becomes even more visible with respect to off-axis
properties of unitape or any laminate as seen in Fig. 1. trQ" remains constant even for
any ply angle. Expanding this to more complex laminates, trace of the thickness nor-
malized membrane stiffness A* behaves the same. This means: no matter of having a
unitape of any ply angle or any laminate, trQ can be obtained from a single coupon test.

Single ply Laminate
Tr Q=01+00"+20g Tr A'=dy +Ady +24g"
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Fig. 1. Composition and traces for thickness normalized Q" and A”
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Since trQ as an invariant of the stiffness tensor Q is independent of the coordinate
system, the number of layers, layup sequence and loading condition (in-plane or flex-
ural) and if the material system remains the same, trQ = trA"= trD". Thus, trace is the
only material constant not only to define the lamina stiffness but also the laminate stiff-
ness as a stack of multiple plies!

For any stacking, we can define laminate related Universal Constants = Laminate
Factors - as seen for a selection of laminates in Table 3. Those Laminate Factors are
valid for any CFRP.

Table 3. Laminate factors for selected stacking sequences

Ex*/Tr E,*/Tr Gxy*/Tr Vx°
Universal (master) ply [0] 0,880 0,052 0,031 0,320
[0/90] 0,468 0,468 0,030 0,036
[w/n] 0,336 0,336 0,129 0,308
[07/£45/90] 0,662 0,175 0,070 0,310
[05/+452/90] 0,518 0,208 0,109 0,423
[02/+45/90] 0,445 0,289 0,109 0,308
[0/+454/90] 0,217 0,217 0,187 0,552
[0/£45] 0,370 0,155 0,161 0,734
[0/+45/0] 0,499 0,141 0,129 0,701
[0/+30] 0,510 0,074 0,129 1,220
[0/£30/0] 0,611 0,072 0,104 1,079
[£12,5] 0,764 0,053 0,066 0,913

4 Unit circle criterion

A state-of-the-art failure criterion requires more constants to be supplied besides stiff-
ness. As can be seen in equation (2) the criterion according to Tsai-Wu for example
requires 5 constants plus the interaction term Fy," and a matrix degradation factor Ep"
in case of considering last ply failure as well. Dry-cold and hot-wet conditions on top
need to be tested which further increases the efforts. Especially for conceptual design
and first level optimization of laminates a simpler approach would be helpful.
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The Unit-Circle failure criterion is a suggested one for such applications which

also applies the invariant concept in strain space. In strain space the failure criterion
can be defined independent from the laminate layup composition because strains are
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linearly distributed through thickness whereas stresses are not. Failure envelopes re-
main the same shape independent from the number of plies involved in the laminate.

A superposition of the failure envelopes of all possible ply orientations gives a
conservative inner hull of the allowable strain space for the full laminate as an invari-
ant. Fig. 2 shows the failure envelopes for just three selected ply angles and the inner
hull to be used for failure assessment. This can be expanded to any possible angle and
used for any biaxial loading, called omni-strain envelope and thus is representing the
failure in principal strains €; and € of the laminate. Any biaxial strain of any material
can be checked using this failure envelope.

Those failure envelopes are plane strain representations obtained from plane-stress
failure criterions. Normalizing the failure envelope by failure strains in tension €x and
compression €x’ gives the unit circle as can be seen in Fig. 3 for different materials.

Compared to Tsai-Wu failure criterion, the Unit-Circle offers additional safety as
can be seen in the corner regions of the envelopes in Fig.3. Especially in biaxial com-
pression the differences are higher. Unit Circle complies with Tsai-Wu at anchor points
for uniaxial straining exactly for all cross-ply laminates (containing 0° and 90° plies).

Advantage: only tensile and compressive strength X and X’ need to be provided
but the use of the Unit Circle Criterion is not mandatory for the optimization. Maxi-
mum simplification might be obtained by just using X in both loading directions and
neglecting X’.

Strength is checked by the strength ratio R of allowable to existing strains applied
to the failure envelope in principal strain space. This metric provides the basis for an
efficient linear scaling of the thickness to get the optimum laminate thickness at each
location (or alternatively providing a factor on the applied loading to reach the enve-
lope). Of course, any failure criterion, formulated in strain space, can be used.

First ply failure FPF Last ply failure LPF

=0 int ===45 int ===90 int () deg *====45deg ===9(0 deg

Laminate failure envelopes (FPF & LPF)
Using Tsai-Wu with F, *= -1/2.
Material: T700/2510

Fig. 2. Single and superposed inner strain space failure envelopes shown for three ply angles only
and for first ply failure FPF (left) and last ply failure LPF (right)
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P-axis — T700 C-Ply 55
IM7/977-3
— T800/epoxy
gfe, — IM7/8552
15 - IM7/MTM
T700/2510
T650/epoxy
= T700 C-Ply 64

LPF Unit circle Tsai-Wu failure envelopes for LPF
for different materials for different materials

Fig. 3. Unit-Circle for different materials compared to Tsai-Wu failure envelopes, both for LPF

5 Double-double architecture for sub-laminates

5.1  Field equation for stiffness

Traditional ,,legacy quad® design [0,/+454/90;]s requires to follow many design rules
like mid-plane symmetry (to avoid warpage from curing), stacking rules like the 10%
rule, nesting no more than 3 plies of the same angle, balancing (for in-plane stiffness to
remain orthotropic and no in-plane stretch vs. shear coupling occurs) or others. Due to
an exploding number of possible permutations and to limit the minimum gage but also
forming directionality of fiber composites a sub-laminate as a building block for lami-
nates should not exceed 10 plies. Such thick laminates make blending of laminates
among zones difficult and not optimal. Internal notches are created. Layup in manufac-
turing is difficult.

Fig. 4 shows the solutions in carpet plots for legacy quads on the left. Using up to
10 plies in a sub-laminate and following the design rules, the best among these limited
to 29 possible discrete laminates might be chosen. Optimization of the stacking se-
quence of such laminates remains a great challenge for the designers due to the high
number of possible permutations and unidirectional repeats necessary to minimize
weight and directionality of the laminate.

Introducing two biaxial plies of only two positive and negative but continuous angles
in total [=®/+¥] gives the possibility to describe stiffnesses by field equations as a
function of those angles ® and ¥. Each of the two angles must be optimized to “earn
its place” in a laminate which requires a “best of” search. This new architecture of sub-
laminates is called Double-Double. Using thin plies even further reduces the thickness
of such simple building blocks. The advantage can be seen directly in Fig.4 at right.
The stiffness of quad-axial laminates can be at least closely matched by corresponding
Double-Double settings. Square symmetric laminates (equal numbers of 0° and 90°
plies, cross-ply ratio = 1:1) can be matched exactly by double-double laminates. In Fig.
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4 one such replacement of a [0/£45/90]s having 8 plies is shown. The corresponding
Double-Double requires [£22,5/£67,5] or [£67,5/+22,5], each of them requiring the
thickness of just 2 regular plies in thickness by using thin plies for Double-Double.
These specific laminates would require a single biaxial [£22,5] tape only but with cross
ply layup 1:1 as the simplest solution. Such “black metal” solutions are not in our focus
but just show the possibility of exact or close matching. The power of such a field
equation makes it possible to simplify the optimization significantly.

Legacy quads Double-double
29 discrete - [Opn'i45ql'90r] 09 [FO/AY] Thousands of
sub-laminates 08 1-or 2-ply thick sub-laminates
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Fig. 4. Double-Double architecture of laminates [+®/=¥]it (right) compared to traditional
quadaxial laminates [0p/+454/90:]s (“legacy quads”, left) shown in carped plots

Besides the simplified layup, those thin-ply Double-Double laminates offer more
advantages like increased resistance to micro-cracking (see Fig. 5, right), reduced cost
by using spread tows, reduced notch and edge effects (see Fig. 5 right) and thus in-
creased strength in general. Probably the most important aspects are (i) faster layup of
complex and thick laminates as explained in the next chapter, (ii) a simpler design, (iii)
an easier tapering through single ply drops and (iv) easier merge or transition between
different sub-laminates in adjacent bays. Having thinner sub-laminates will reduce the
minimum gage barrier that often prohibits use of composites because the resulting min-
imum gage is heavier and more expensive as compared to solutions using other mate-
rials (aluminum, high strength steel, ...). There are lots of manufacturing advantages
by using Double-Double, especially simplifications for automatized layup, e.g. using
automatic fiber placement or automatic tape placement.

5.2 Homogenization

Having thin Double-Double sub-laminates, required strength and stiffness locally is
achieved by stacking multiple Double-Double sub-laminates of same angles on top of
each other. Minimum gages can be achieved because the sub-laminates are minimum
in thickness as a basic building block of more complex laminates. Stacking at least 5 to
8 repeats of Double-Doubles, homogenization of the total laminate might be suffi-
ciently achieved. Homogenization means, that the B-matrix approaches zero and thus
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the design requirement of a symmetric laminate is not important any more. Layup can
be done completely independent from symmetry requirements, e.g. from inside-out or
outside-in. This effect brings one of the most important aspects for massive cost reduc-
tion in manufacturing of such components.

! : Thick vs. thin plies
[Bi-angle] st asg(r)r[\)rl'lgeot(r::*czNCF test panel Tension fatigue at RT

No mid-plane symmetry [50/40/10] — hard laminate

’ " O« = 70ksi (70% static), R=0.1, f=5 Hz, after 73,000 cycles
AsymmEtnc SlaCklng Ply thickness = 0.04 mm, Laminate thickness =3.2 mm
I No warpage !
pag [45/0,/-45/90/45/0,/45/0], [454/0,/-45/90,/454/0,,/45,/0;]

Some splitting and
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SR Extensive'mi
edge delamination XKtnrpgnicro
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Bob Skillen
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Fig. 5. Double-Double designs using thin plies don’t warp and face increased strength

5.3  Quad-axial replacements

The power of Double-Double can be seen in the following example of a replacement
of 11 quad-axial laminates of a fuselage as published by NASA. See Fig. 6.
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Fig. 6. Quad-axial laminates of a fuselage as published by NASA [8]
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As shown in Table 4 individual replacements of these 11 laminates can be achieved by
11 Double-Double’s which then might be averaged to get a single replacement for all
11 laminates by [+20/+67],r. Watch the good agreement of all the stiffness values Ay,
A, A between the quad-axial and the Double-Double replacements but also the
standard deviations of the Double-Double angles and the corresponding stiffnesses with
respect to the averaged values. The scatter turns out to be less than 5% for all of those
replacements measured in standard deviation. This simplified analysis of this case
should demonstrate the power of such replacements.

Table 4. Replacement of 11 quad-axial laminates of a fuselage by one Double-Double

[£20/£67 ]t

T700 C-Ply64
n[0] n[45] n[90]| %[0] %[45] %[90]] A11 A66 A22 ] v All  A66 A22
3 8 4 20% 53% 27% | 547 219 641 | 26 69 541 22,1 64,4
9 12 6 33% 4% 22% | 690 191 555 16 65 69,2 18,6 56,2
8 10 8 31% 38% 31% | 642 17,2 64,2 19 71 63,6 174 64,3
13 16 10 33% 41% 26% | 680 18,1 58,5 17 66 678 18,6 57,8
4 8 4 25% 50% 25% | 604 21,0 604 22 67 60,4 21 60,4
4 10 3 24% 59% 18% | 62,2 23,9 52,7 | 22 62 | 624 24 524
12 5 32% 48% 20% | 69,1 204 529 | 17 63 68,8 20,2 53,5
9 12 7 32% 43% 25% | 673 188 579 | 17 66 | 67,8 186 578
24 24 25 33% 33% 24% | 651 156 665 | 18 73 651 155 66,5
16 8 25% 50% 25% | 60,4 21,0 604 | 22 67 604 21 60,4
5 38 4 29% 47% 24% | 64 20 579| 19 66 | 64,7 19,9 582

Average 20 67 64 20 59
Standard Deviation 3,08 3,22 455 233 449

Manufacturing of such component using Double-Double’s is much simpler. The dif-
ferent bays will not have massive discontinuities at the bay edges to fulfill the sym-
metry conditions. Stacking the Double-Double plies could be done either from inside-
out starting at the neutral axis or starting completely from inside or outside of the tool.
Smooth, flush, step-free surfaces on one of the two sides of the laminate are thus
made possible this way. See Fig. 7.

Ply drops on the neutral axis

%\ Ply drops on the outside
: [

—
- - = 1
T 7 |

Fig. 7. Ply drop strategies using homogenized laminates
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5.4  Optimization by Lamsearch

Traditional optimization strategies require a lot of repeated finite element simulation
runs to evaluate samples with parameter changes. See Fig. 8 left. If surrogate models
are used for optimization, many samples need to be created to derive those models as
well, e.g. to develop response surfaces. A 10-ply sub-laminate of quad-axial style offers
more than 25.000 (!) possible permutations for its stacking even for those 4 fixed ply
angles. One reason for many developers not touching the legacy quad directions. Opti-
mization this way thus remains a challenge, at least very time consuming.

The field equations with only two variable Double-Double angles and the trace-nor-
malized stiffnesses enable a much simpler approach to find the optimum angles of a
laminate with respect to strength, e.g. applying the Tsai-Wu failure criterion or last ply
failure using the Unit Circle Criterion. This can be done by a “Lamsearch” algorithm.

At first for multiple loads on a single patch of laminate the best Double-Double an-
gles can be found by simple sampling with fixed increments of the angles and “best of
selection” with respect to strength in strain space. Multiple loads might either represent
different locations on a structure up to the total of all finite elements involved in the
optimization or using multiple load steps at just a single location.

After getting the optimum angles, the remaining tasks require linear scaling only —
of local thickness to reach the required strength or selection of the best suited material
to further reduce local thicknesses or scaling of the applied loads to reach failure. This
step does not require additional finite element analyses.

This Lamsearch could be done with for samples with larger increments at first and
later redone in a localized optimal domain by refining the angular increments. Any ac-
curacy is possible. This process requires only one finite element analysis up front. Since
only algebraic equations need to be solved for the remaining steps, Lamsearch requires
only little computational effort.

Double-Double-based
LamSearch optimization
DD enabled: no re-calculations,
no multiple solver runs
Continuous field of laminates

Multiple loads

Conventional
Laminate design flow chart
Multiple re-calculations
Discrete laminate selections

[—:j>~ Smgl atenal Built-in,
© s~ 1l = Z;:g:f:;e' Lam search
- S # Single/multiple Loads [ multiple ::> enginEE)
g9 l laminates
885
e :%,_ Best laminate
7] 8 s
38 :
s 5 Controlling load
g 2
g g !
w®
O
7}

)

‘ Taper by adjusting to R |

Strength ratio R

Best laminate Best material

Fig. 8. Traditional optimization procedure of quad-axial laminates (left) and search-based opti-
mization using Double-Double (right)
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5.5 Manufacturing of double and double-double fabrics and tapes

Certainly, manufacturing of tapes with arbitrary fiber direction need to be provided for
Double-Double. Karl Mayer GmbH from Germany is a manufacturer of such machines
of non-crimp fabrics. Very small angles >15° are technically possible with reasonable
tape width. Exactly 0° in tape direction is always possible as can be seen in Fig 9 left
for three different tape widths (green: easily possible; orange: not recommended, but
possible and leading to a high machine length; red: not possible because machine gets
too long). Narrower tapes as semi-finishes products should be produced by slitting ei-
ther as dry non-crimp fabrics of prepreg tapes. Chomarat in France already offers such
fabrics as “C-Ply” using thin-plies, so lowest areal weights of the fabrics are achieved.

50" 101" 130"
1270 mm 2564,5 mm 3302 mm

YWY XX =96

Shallow " .
angles Thin'Thick  Hybrids Tri-axial Bi-axial Double-Double

Fig. 9. Manufacturing of spread tow non-crimp fabrics (dry or prepreg) for Double or Double-
Double semi-finished products

Layup of Double-Double tapes in one step or single Double tapes by using a two di-
rectional layup is straightforward. For thicker laminates this process is just repeated.
Due to homogenization no complex layup with critical transitions at the bay bounda-
ries is required. Layup is highly simplified. Tapering is much easier to achieve. Inter-
nal notches at bay boundaries are minimized. Such manufacturing process could be
done using either prepregs or dry fabrics for infusion-based manufacturing. This
layup process is well suited for automatic tape layering ATL.

6 Skin-grid structures

Skin-grid type panels have been in focus to achieve high performance lightweight struc-
tures for a long time. Massive milling of aluminum is still used for such airplane struc-
tures. Examples are found by the carry through box of A-330neo, isogrid structures
used by McDonnelDouglas and NASA for Delta, Titan and Atlas space launchers and
Skylab. Manufacturing using CFRP could not yet be demonstrated with sufficient ac-
curacy and in a highly automatic fashion. Except for wounded vessels as reported from
Russia using isogrids we are not aware of successful solutions for such skin-grid struc-
tures made of endless fiber composites. The later also has shown large material pileup
and too much resin content at the grid intersections and between.

Double-Double might be used for stiffened panels as well. The grid can be inter-
preted as one of the doubles having fibers in two distinct directions in each layer. The
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problem to manufacture such structures is to avoid material pileup at the grid intersec-
tions. To avoid pile up, every second tape of a grid is discontinuous. This discontinuity
reduces strength at the junctions to some content but keeps the stiffness almost un-
changed. This is alike at every bay transition of laminated panels. The superior strength
of such structures and its huge lightweight potential maximizes the advantage using
Double-Double for high performance panel structures.

Fig. 10 (left) shows the first skin-grid panel as manufactured by MTorres, Pamplona,
Spain as presented at the 2019 Paris air show. Tests at NASA have shown very high
strength for this high-performance lightweight design [4]. The accuracy of the automat-
ically manufactured skin and grid can be seen in the cuts at very left in Fig. 10.

This manufacturing in the meantime was also tried out for the first time at the Mon-
treal based Concordia University by using thermoplastic resin (PEEK) and automatic
tape placement to create a first grid intersection which can be seen on Fig. 10 at right.

t(jl tRES

Fig. 10. First automatically manufacture thermoset skin-grid panel from MTorres (left) and first
thermoplastic CFRP at right (CF-PEEK)
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Abstract. This work includes the application and evaluation of new methods to
describe laminate stiffness and strength. Tsai et al. have shown that the trace of
laminate stiffness is a rotationally invariant quantity and accurately describes the
stiffness potential of a material [1]. In combination with a rotationally invariant
strength criterion, the Unit Circle criterion, this allows a simple approach for the
dimensioning of fiber composite structures [2]. The use of two biaxial, so called
“double-double” [+¢/+y] sublaminates with the possibility of asymmetrical
stacking sequences but homogenization of laminates further simplifies the design
and manufacturing process of such structures [3].

The principles mentioned above are applied as an example for the optimization
of an aerospace wing box. They are compared with classical optimization algo-
rithms, an Evolutionary Algorithm (EA) and the Adaptive Response Surface
Method (ARSM) [4]. The wing box is optimized with respect to stiffness while
simultaneously minimizing weight. It is shown that the use of [+¢/+y] sublami-
nates instead of the traditional [0/+45/90] sublaminates can lead to a weight re-
duction of the composite skins of more than 10%. The simplified search algo-
rithm based on the principles of Tsai et al. yields a different sublaminate than the
classical optimization methods EA and ARSM. The computational effort though
can be significantly reduced with the former.

Keywords: laminate optimization, trace-based sizing

1 Introduction

Tsai and Melo [5] showed that the mathematical trace of the stiffness matrix of an uni-
directional ply trQ is invariant to coordinate transformation. The same holds true for
the traces of thickness normalized in-plane and flexural laminate stiffnesses: trQ =

trA* = trD*. Furtherly they discovered that different Carbon Fiber Reinforced Plastics
(CFRP) share very similar trace-normalized engineering constants E; = ti_:]’ E; = 5—2,

Gy, = %21 That was the idea of the formation of a so called universal or master ply. For

a list of several common materials, the trace-normalized longitudinal stiffness
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component Q7; had a variation compared to the mean value of 1.5% while the trans-
verse and shear components appeared to show larger coefficients of variation of up to
16.4% [1].

Many investigations explained the significance of the knowledge of trace concerning
novel laminate concepts [3], aircraft certification principles [2], optimization [6],
strength prediction of notched specimen [7] or fracture mechanics [8].

Since the fundamental discovery of trace has been a benefit for so many applications
in the design of composite materials researches have proposed to name such traces as
an engineering constant, a material constant called Tsai’s Modulus [1].

Besides the existence of an invariant description of stiffness — Tsai’s Modulus — an
invariant description of strength has been proposed [9] where the inner envelope of last
ply failure (LPF) envelopes is used to generate a 1-parameter or 2-parameter Unit Circle
(UC) criterion, see Fig. 1.
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Fig. 1. Generation of the Unit Circle (UC) criterion from Tsai-Wu last ply failure (LPF) enve-
lopes, T700/2510

A trace-based direct sizing approach has been presented in [10]. The authors incor-
porated trace and the UC criterion. With this approach, shortly explained in Fig. 2a), a
baseline sublaminate with an initial thickness has to be selected. Further on the stiffness
is derived for the baseline laminate using universal laminate factors from the universal
ply. A linear elastic finite element analysis (FEA) is performed for each load case. For
each finite element a maximum failure index can be determined. Finally, the initial
uniform thickness profile can be scaled linearly, in case of in-plane loading, in order to
meet a fail-safe design requirement. That final design may be scaled to any other base-
line material using trace or to meet higher stiffness or strength requirements.

The next design idea is the use of double-double sublaminates [+¢/+1] and asym-
metric stacking sequences. The advantages in terms of manufacturing, design and op-
timization have been extensively discussed in literature [2] [3] [6]. One big advantage
of double-double sublaminates is that their stiffness components can be described ana-
lytically in closed form for arbitrary ply angles, see Fig. 2b). That is conceptually dif-
ferent than traditional carpet plot design for quasi-isotropic [0/+45/90] sublaminates.
That opens a whole new idea for laminate design and optimization. Multiple FEA’s can
be avoided by employing stiffness transformations within the continuous field of
[£¢ /] sublaminates instead of multiple FEA’s within the discrete design alterna-
tives for the traditional sublaminates.
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Fig. 2. Algorithms used for laminate design of a wing box: a) trace-based direct sizing algo-
rithm, b) laminate search algorithm

2 Optimization of a Wing Box

The design case in this study was taken from a diploma thesis [11] at the Munich Uni-
versity of Applied Sciences Munich. In that thesis, two construction methods of a car-
bon fiber composite wing box for a fighter plane were compared. The first type of con-
struction consisted of a sandwich core, two skins with a [0/4+45/90] sublaminate and
a front and rear stringer with rivets. The second type is a pure stringer stiffened wing
box without a sandwich core. In both cases, an optimization was carried out using FEA
and numerical optimization procedures in order to minimize weights and reserve factors
of the constructions. The sandwich construction appeared to outperform the stringer
stiffened version.

The primary goal in this section is to find a better double-double sublaminate
[+¢/+y] than the traditional quasiisotropic [0/+45/90] sublaminate in terms of a
lower weight.

2.1 Finite Element Model

The sandwich construction is remodeled according to the technical drawings in the ap-
pendix of [11]. It is then transferred to Abaqus' where the preprocessing, solution and
postprocessing are done.

! Abaqus is a trademark of Dassault Systemes
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]

Fig. 3. a) Geometry, loading and boundary conditions, b) Finite element mesh

The finite element model (FE model) consists of the following parts with their re-
spective Abaqus finite element types [12]:

e a glass fiber/phenolic resin honeycomb core type HRP, discretized with quadratic tet
C3D10 elements

e two carbon/epoxy skins, discretized with quadratic S8R elements and bonded with
a tie constraint to the honeycomb core

e one front and one rear aluminum stringer, discretized with quadratic S8R elements
and bonded with a tie constraint to the honeycomb core and the skins

e an aluminum wing box tip and rudder, discretized with quadratic S8R elements and
bonded with a tie constraint to the honeycomb core and the skins

Fig. 3a) depicts the geometry and loading/boundary conditions where the yellow arrows
represent a pressure distribution along the wing in the form of concentrated nodal
forces. Two load cases (LC’s) are imposed:

e LC1: Subsonic with shove
e LC2: Supersonic with rudder movement and shove

For both load cases the boundary condition is a fully fixed support where the wing box
typically is attached to the fuselage.

The finite element mesh can be seen in Fig. 3b) where the upper and lower composite
skins are meshed with an element seed size of 80 mm. This element size has been ver-
ified with a preliminary study on the convergence of the global stress profile.

The material data for the FE model besides aluminum is given in Table 1. Composite
section properties with the material data for ACA are assigned to the lower and upper
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skin in order to make a ply-by-ply analysis possible. The HRP data is applied to the
solid core elements using engineering constants in Abaqus. Honeycomb cores typically
have different shear moduli in different orientations. Similar to the original thesis, the
lower shear modulus in W-direction is assigned to the whole core.

Table 1. Material data of ACA CFRP and HRP honeycomb

E, E, E; Viy tr tory p
[MPa] [MPa] [MPa] [-] [MPa] [mm] [ t !
mm3
Et) 140000 6000 1300 0.3 149000 0.0625 1.55E—9
X X' Y Y' S
[MPa] [MPa] [MPa] [MPa] [MPa]
1300 1000 25 100 40
E? EJ p
~ [MPa]  [MPa] [ t !
T mm3

311.5 345 6.40E —11

Note that the mathematically correct tensor value for the trace of the ACA material
is given in Table 1. In case we want to calculate trace by using a master ply value, the
value of trace would be:

EY 140000
0885  0.885

treqic = = 158000 (D)

That value differs more than 5% from the trace calculated with classical laminate
theory.

Note that the FE-model does not exactly represent the FE-model from the original
thesis regarding the size of the finite elements. Loads and dimensions are all measured
by hand according to the available technical drawings. However, the model is an ade-
quate foundation for the investigations on the different laminate optimization algo-
rithms.

2.2  Laminate Optimization with EA and ARSM

The first optimization of the wing box is carried out with two rather conventional pro-
gramming algorithms. The two algorithms employed in this work are the Adaptive Re-
sponse Surface Method (ARSM) and an Evolutionary Algorithm (EA).

ARSM is basically an adaptive design of experiment by starting with an initial design
point and a global sampling scheme around the starting point. Then polynomial regres-
sion models approximate the model response and the new designs are sampled around
the supposed optimum. The algorithm converges as the parameter space of the follow-
ing samplings shrinks further [4].
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EA can be best described by a “survival of the fittest” strategy. Mutation, recombi-
nation and selection lead to the evolution of the algorithm and eventually to an optimum
design [4].

A key for the performance in terms of required design calculations to find a global
optimum is a reasonable start design. Such a start design point might be the global
minimum estimated with an initial sensitivity analysis. Both methods are covered in the
software optiSLang? which is used for the laminate optimization of the wing box. The
default settings of optiSLang were used. More detailed information about the software
implementation and optimization methods can be found in [4].

Objective History

0.0055  0.0065

ht_Total

) Weig

OBI: obj
0.0025 0.0035  0.0045

Constraints fulfilled
Failed
History (obj_Welght_Total)

]

RN ¥aoae
ptimization Designs

a) Objective Histary

Constraints fulfilled |
| = History (obj_Weight_Total)

0,005

0BJ: obj_Weight Total

0.003

0.002

b)

ptimization Designs

Fig. 4. a) History plot for the Adaptive Response Surface Method ARSM, b) History plot for
the Evolutionary Algorithm EA

The optimization algorithms implemented in the software optiSLang directly take
over the FEA solving process. Two design variables are defined: both double angles
+¢ and +. The model response is the calculated weight which is determined by the
trace-based sizing algorithm in Fig. 2a). The goal is to minimize the weight of the skins.
A further restriction is that the ply angles can only vary in 7.5° steps between 0° and
90° for a better comparability with the laminate search optimization in the following
section. A reasonable quasi-isotropic double-double sublaminate [+22.5/4+67.5] was
chosen as start design.

The history plot of the ARSM in Fig. 4a) illustrates that the global optimum was
found after 139 iterations. Contrary to that the EA in Fig. 4b) required 148 iterations.
Note that both algorithms continue with further iterations after the minimum response

2 optiSLang is a trademark of Dynardo GmbH, Weimar, Germany owned by ANSYS, Inc., Can-
onsburg, USA
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has been found. That behavior is typical for direct optimization methods [13]. ARSM
and EA lead to the same best double-double sublaminate:

DDopt,ARSM = DDopt,EA = [i22-5/i60]

That sublaminate is close to the quasi-isotropic [+22.5/4+67.5] which has the same
in-plane stiffness as the traditional [0/4+45/90] sublaminate from the original thesis.

2.3 Laminate Optimization with Laminate Search

For the second optimization approach the laminate search algorithm as displayed in
Fig. 2b) is used. In contrast to the optimization with ARSM and EA only one FEA is
required to find the optimum sublaminate. The upper and lower skins are now meshed
with homogenous shell elements without shell section properties in order to obtain the
global stress field g, , ¢. These stresses are output in the global coordinate system.

Fig. 5 shows the resulting R values also known as strength ratios for different base-
line laminates with the Unit Circle strength criterion for last ply failure (LPF). The
strength ratios on the z-axis are plotted over different combinations of [+¢/+1]. The
angles ¢ and i are given in 7.5° angle increments for illustration purposes. 0 represents
the double angle [+0] and 13 represents the double angle [+90]. In fact, the strength
ratio could also be plotted as a continuous surface for all ply angles since the stiffnesses
and consequently the strength ratios can be expressed analytically in a closed form.

!J/inc gpinc

Fig. 5. Controlling R values plotted over angle increments, 7.5° increments from 0 (0°) to 13
(90°) using Unit Circle (UC) strength criterion

The R values or strength ratios could also be described as safety factors. Knowing
this helps to select the best sublaminate by choosing the combination of +¢ and +v
with the highest safety factor. The best double-double sublaminate using the laminate
search (LS) and Unit Circle criterion appears to be:

DDopt,LS,UC = [+£30/£60]

The sublaminate DD, 15 uc = [£30/£60] differs from the optimum sublaminate
found by ARSM and EA DD,y agsm = DDopepa = [£22.5/460]. A finer resolution
in Fig. 5 in terms of smaller angle increments would help to find a sublaminate which
is closer to the ARSM and EA. Compared to the ARSM (139 FEA’s) and EA (148
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FEA’s) only one FEA is required using the laminate search algorithm which decreases
the computational effort significantly.

2.4  Thickness Scaling

After a suitable sublaminate has been found, the initial profile with a uniform thickness
value can be scaled to the final thickness profile by using UC, as described in Fig. 2a).
The final scaled thickness profiles for sublaminate DD,y 15yc = [£30/£60] and
sublaminate DDoy¢ arsy = DDopepa = [£22.5/£60] are given in Fig. 6 where each
finite element is assigned with a uniform thickness. An increased thickness along the
rear aluminum stringer and towards the fixed support, where the wing box was attached
to the fuselage, can be observed.

Thickness Profile [+ 30/ + 60] Thickness Profile [+ 22.5/ % 60

b)

0.5 |-t<1 mm AT St A BRI 0.5} |-t<l mm
«i>1 mm B, - et>]1 mm
ei>3 mm .5 et>3 mm

0
~18 -16 -14 -12 -1 -08 —06 —04 —02 0 ~18 —-16 —14 —-12 -1 -—-08 —06 —04 —02

X [m]

Fig. 6. Thickness profiles of the skins with manufacturable thicknesses after the scaling proce-
dure with, a) laminate search algorithm with 1 FE-iteration and b) NLP algorithm with 139 FE-
iterations

The thickness profiles in Fig. 6 are fail-safe thickness profiles with respect to the UC
strength criterion for LPF. Table 2 shows the weights of the fail-safe thickness profile.
The lightest design alternative results from the optimization with ARSM and EA with
4.4 kg/skin. Next would be the quasi-isotropic sublaminate with 4.6 kg/skin and finally
the sublaminate from the laminate search algorithm with 4.8 kg/skin.

Table 2. Weights of the scaled skin profiles

Sublaminate Weight per skin
DDyt arsm = [+22.5/+60] 4.4 kg/skin
DDypepa = [£22.5/£60] 4.4 kg/skin
DDguasi-iso. = [£22.5/£67.5] 4.6 kg/skin

DDgpt,Ls,Uc = [i30/i60] 4.8 kg/skin
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The sublaminate from ARSM and EA was used for further investigations on the
buckling resistance. Eventually a linear buckling analysis was performed and the thick-
nesses had to be increased in order to prevent the structure from buckling, see Fig. 7.

Note that the focus of this work was the minimization with respect to the UC strength
criterion. Recently a paper was published presenting multi-objective pareto optimiza-
tion incorporating further requirements for strength, buckling resistance and wing-tip
deflection under multiple load cases [6].

Final Thickness Profile [+ 22.5/ + 60]

T te .
L .
P

-t=2 mm
et>2 mm
et>3 mm

918 -16 -14 -12 -1 -08 —-06 —-04 —-02 0
X [m]

Fig. 7. Final thickness profile of the skins

Eventually the final fail-safe and buckling resistant thickness profile in Fig. 7 can be
compared with the original thesis, see Table 3. A weight reduction of 13.9% of the
composite skins has been achieved in the current work.

Table 3. Skin weights of the original thesis and the current work

Thesis/Sublaminate Weight per skin
Original Thesis/[0/+45/90] 8.6 kg/skin
Current Work/[+22.5/460] 7.4 kg/skin

3 Discussion of the Wing Box Optimization

3.1 Material Selection

At the end of the sizing procedure material selection can be performed which is enabled
by the trace-based direct sizing approach. Whereas in traditional laminate optimization
the composite designer has to choose the material before the optimization procedure.
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For an exemplary new material with a trace 20% lower than the original ACA ma-
terial, the thickness profile has to be increased by 20%. One always has to keep in mind
that direct linear scaling is only possible in case of mainly in-plane loading conditions.
In case of pure bending, scaling is no more linear but related with a cubic root function.

In our investigated benchmark case we only focused on the mainly in-plane loaded
skins and therefore thickness scaling was assumed to be linear.

Another advantage for selecting the material at the end of the optimization procedure
is material ranking. Since the finally optimized solution may be transferred to any other
material via trace, the best performing material in terms of e.g. manufacturability, ma-
terial cost, layup speed could be selected.

3.2  Comparison with Aluminum

A direct comparison of the composite skins with equally stiff aluminum skins can only
be done if a quasi-isotropic sublaminate such as the double-double laminate
DDgyqsi-iso. = [£22.5/467.5] is assumed. Since we furtherly assume linear scaling
the weight of an equally stiff aluminum skin using the normalized Young’s modulus of
isotropic materials of 0.337 [14]:

WetreEy
Walu — ctlc [
26.6p¢

=55kg )
with tr. and E;. being stiffness measures of the composite in GPa and p, the density
of the composite in g/cm®. Aluminum weighs almost 20% more than the weight of the
equally stiff composite skin.

3.3 Laminate Homogenization

One limiting factor regarding asymmetrical stacking sequences so far certainly is ho-
mogenization. A major argument for using mid-symmetric laminate architectures is that
the coupling matrix [B] is exactly zero in theory. That is the reason why mid-symmetric
laminates are thermomechanically stable and not affected by warping or spring-in, es-
pecially during the curing process.

Asymmetric laminates become quasi-homogenous when the number of plies is in-
creased until the thickness normalized coupling matrix [B*] approaches zero. However,
the availability of thin NCF with 50 g/sm makes homogenization possible much faster
than with traditional thick plies with e.g. 150 g/sm. A double-double [+¢/+1] sublam-
inate will homogenize faster than a traditional six, eight or ten plies thick
[0,/+45,/90, | sublaminate.

Warping due to thermomechanically induced residual stresses is actually caused by
many factors. Firstly, dimensions of the structure and laminate affect thermomechani-
cal distortion [15]. The length to thickness ratio of a laminated plate highly dictates the
warping or snap through of asymmetric laminates. Hyer [16] derived estimations of
deflections for thin unsymmetric laminates based on data fitting of the classical lami-
nate theory. The predictions however did not conform with the experimental data. A
publication by Jun and Hong [15] solved the coefficients for the differential equation



Application of Tsai’s Theory for the Laminate Optimization of an ... 113

of the deflection by minimizing the potential energy involving effects of thermal ex-
pansion with a Newton-Raphson iteration. They observed that the shapes of thin cross-
ply laminates flatten with increasing number of plies.

A second group of influences on warping are process parameters. Controlled cure
cycles are essential to avoid early gelation. Different coefficients of thermal expansion
between part and tool may also affect thermal warping [17].

York [18] presented a group of sublaminates that are intrinsically symmetric and
have [B*] = O but at least eight plies. It is clear that a fast homogenization in terms of
repeated ply stacking of asymmetric laminates is only possible with sublaminates hav-
ing a small number of plies, such as double or double-double sublaminates.

A recently published paper [6] studied thermal warpage of double and double-double
laminates compared to traditional [Op /1454/ 90r] laminates. The authors concluded
that double and double-double sublaminates outperform traditional laminates in terms
of thermal warpage in the investigated cases of a wing-box.

Conclusion

The trace-based direct sizing algorithm has been successfully applied to the weight
minimization of a wing box. The weight of the composite skins has been reduced by
using [+¢/+1)] sublaminates compared to the traditional quasi-isotropic sublaminates.
Programming algorithms such as EA and ARSM lead to a lower weight of the compo-
site skins than the laminate search algorithm in the investigated design case. However,
the computational effort can be reduced significantly with the latter. Asymmetric stack-
ing sequences require minimum thicknesses in order to achieve thickness homogeniza-
tion of a structure in order to reduce thermomechanically induced residual stresses. Re-
quired thicknesses for homogenized laminates with asymmetric stacking sequences
need further clarification.
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