Integrative Numerical Techniques for Fibre Reinfored Polymers - Forming Process and
Analysis of Differentiated Anisotropy

Frédéric Waimer?, Riccardo La Magn&, Jan Knippers®

1Research and Teaching Associate, Ph.D.c., Instfuilding Structures and Structural Design (ITiKBniversity of Stuttgart, Stuttgart,
Germanyf.waimer@itke.uni-stuttgart.de
2Research and Teaching Associate, Ph.D.c., InstifuBaiilding Structures and Structural Design (ITiKBniversity of Stuttgart, Stuttgart,
Germanyy.lamagna@itke.uni-stuttgart.de
3 Professor, Institute of Building Structures andi&ural Design (ITKE), University of Stuttgart,u8igart, Partner at Knippers Helbig, Stuttgart,
Germanyj.knippers@itke.uni-stuttgart.de

Summary: In the current paper, the authors developed tfferdnt numerical methods for fibre reinforced pobrs. The first method deals with the
simulation of an innovative manufacturing proceasdul on filament winding for glass and carbon fileiaforced polymers. The second developed
numerical method aims at modelling a high leveinafterial complexity and allowing reciprocal confiation with a geometric differentiated global
structure. The developed numerical techniques deasea basis for the design and implementationRzhlion built on the campus of the University

of Stuttgart in 2012 and could thus be tested andeul.
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1. INTRODUCTION

The interest in free-form surface generation ifiéecture and industrial
design is ever more increasing. For complex shaedtures, fibre-
based materials are often an obliged choice as dtffey numerous
advantages compared to traditional building materad techniques.
The wide variety of manufacturing methods allows firoduction of
complex shape components with low effort, but thayst be selected
accordingly to the application they are meant Tére type of production
method strongly affects the radius of the achievdtilre placement,
along with the fibre volume content for a unidirentl layer and its
resulting stiffness. Unlike isotropic materials, eth structural

characteristics of composites can be strongly émfaed by the fibre
morphology. The design and simulation of fibre-lshs®terials is very
challenging, since besides the material propertieghe individual

components also the fibre orientation of each Igyays a decisive role
for the structural stiffness distribution within ethsystem. Current
developments in the analysis and manufacturing laion processes
are far advanced in the field of aerospace teclgyoand automotive
engineering. Nevertheless, such simulation andysisaprocesses in
most cases are non-transferable or unsuitable fohnitacture and
structural engineering purposes. To fully expldie tpotential of the
material in the construction industry, research tniesfocused on the
development of appropriate methods and techniquthenr than

attempting to transfer known strategies from othergineering

disciplines. Novel approaches are currently beingestigated to
generate highly efficient structures which takel fadivantage of the
material's properties. It is therefore necessary di&velop custom
manufacturing processes for the building industig aimulation tools
for structural engineers. The application posgibgiin architecture and
civil engineering are very large and the potenfal new structural
approaches have not been exhausted yet.

2. COUPLED GEOMETRY AND ANALYSIS

A range of different integrated design tools and rkflow
methodologies have been developed in recent y&ang common
procedure is certainly the coupling of parameteomgetry models and
structural analysis. In the first instance it offethe designer the
opportunity to evaluate the structural behaviow! aerformance at an
early design stage [1]. Subsequently however, moeise engineering
models and detailed analysis are needed to draatensent about the
ultimate limit state and the serviceability of steucture [2]. Contrary to
this established procedure the authors pursudexetit aim, namely the
development of project-specific tools and solutiwith a high degree of
accuracy right from the start.

Fig. 1. First architecture built entirely by a rdieovinding technique

During the early design stages of the "ICD / ITKIPIR" research
prototype [Fig.1] a strong interaction between fprmaterial and
manufacturing process was observed. Following #i&ement, the
desire was to combine the reciprocity of geometrgierial anisotropy
and manufacturing process within a digital modebider to generate
the best possible solution. Such global integratagproaches of
different process phases are not common in corigtnui8], although in

fields like aerospace, the idea and the desiréew different processes
holistically or rather in a multidisciplinary relabship is well

established [4]. To enable this kind of workflowaségies, custom
simulation packages must be developed dependinghentype of

project. In order to provide such an integrated laolgstic model for the
ICD/ITKE RP12, the authors developed and programnaedew

framework for an accurate and adaptive simulatifine aim was to
combine different complex processes and relatignstierfaces for the
different aspects involved in the project. Speeific the analysis
system of the prototype includes a structural satioh of the geometry
and its anisotropic materiality, along with the idiéfon of the fibres

orientation for the manufacturing process [Fig.Zhis allows the

engineer to examine different parameters and coetly to consider
the influence these have on the manufacturing peycthe bearing
capacity and the architectural design. The digitaddel makes it
possible to look at the system in its entirety butquires a profound
knowledge about manufacturing processes, matemdlaviour and

modelling of fibre reinforced polymers.
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Fig. 2. Correlation of different simulations by geetric data
3.  SIMULATION OF CORELESS WINDING PROCESS

3.1

In recent years, filament winding has appearedet@bvery economic
fabrication method [5]. Particularly in the case edments with low
repetitions, very cost-effective results can beiedd. Furthermore,
large components can be manufactured and high ¥ibltene contents
can be produced, providing high stiffness and gttenTypical filament
winding techniques involve the production of a fiwsi mould onto
which the fibres are later laid upon [6]. The moeittsures that the fibres
are kept in place and do not assume inconsistarftgewations while
the polymer matrix is still in the process of diyiout. Due to geometric
constraints, the production of custom componentsaily limited to
synclastic surfaces such as pipes, vessels omtifaselages, besides
requiring extra amount of work in the preparatidrire mould, often a
milled foam core, with the obvious waste of matetieat this entails.
Automated tape and fibre placement methods levesagee of these
constraints, allowing the production of surfacesnefative Gaussian
curvature (anticlastic). By utilising a compositeydup end-effector
normally installed on a robotic arm, the tape id laver the surface of
the mould in direct contact. Whilst offering greatesign freedom, tape
laying methods still suffer from the cumbersomeessity of producing
a positive core, which also heavily limits the siaé the feasible
components due to obvious logistic issues. To @mecthese major
drawbacks, a coreless winding process was develimpéle production
of a large scale prototype meant to test the pielemhd advantages of
this innovative approach. This approach representsovelty in the
production of double-curved surfaces by winding. f&g the only
method not requiring a winding core solely allolwe manufacturing of
pipes [7].

Description of the novel manufacturing technique
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Fig. 3. The construction setup

The main feature consisted in the replacement & positive,
continuous mould with a discrete linear steel framéold the fibres in
place during the laying process. The frame servesteanporary
scaffolding onto which the resin soaked fibres #ren tensioned,
building step by step a shell structure consistifigndividual fibre
layers which achieve structural stiffness and bemdesistance after the
matrix (epoxy) has dried out and the tempering @sedaken place. To
avoid gliding of the placed fibres onto the steatsh custom milled

wooden elements with teeth profiles were attaclethé frame, thus
ensuring a stable and suitable set of anchor péimtshe fibres. The
complete setup was mounted on an external turntelftleh provided an
extra axis of rotation for a 6-axis industrial rdbequipped with a
specifically designed end-effector, which accusatetapped the resin-
saturated carbon and glass fibres together [Fig.3].

Without the constraints of a prefabricated positimeould, this
manufacturing process specifically enables the yetion of anticlastic
double curved surfaces as long as the differeme fiayers are allowed
to undergo relatively large elastic deformatiortseréfore assuming
geometric configurations other than that of a rutedface. This is
achieved by tensioning transverse layers of filreEh would naturally
lie on a deeper geometrical plane compared to tle®iqus ones,
resulting in a global displacement of the systenchvigradually tends to
a continuous saddle shape as the number of rouigsases. Having
replaced the continuous full core with a seriesvoifls and discrete
anchoring points, the fibres are allowed to freégform and assume
their natural funicular shape under the load iniceti by the
overlapping fibres. Furthermore, by differentiatitige pre-stressing
force within the single fibres it is also possildecontrol and steer the
global shape assumed by the surface, as the deformaithin the
surface itself can vary locally from point to poirifo successfully
implement the described manufacturing techniqugas necessary to
simulate the entire fabrication event to detectsjide faults in the
global design and in particular major losses afefipre-stress during the
wrapping process.

3.2.

To accurately predict the final geometric confidima of the prototype,
it was necessary to simulate the entire wrappiracgss to assess in
advance the correct position of the fibres. Asrésn soaked fibres do
not possess any bending resistance whilst the epastifl in the process
of drying out, successive layers wrapped on theipus ones have the
effect of further deforming the system. This implithat the overall
design of the shell cannot be entirely dictated decided beforehand,
but it is rather the result of a form-finding presewhich has to take into
account the physical and mechanical behaviour efdifferent layers
which simultaneously react to the external loadhef wrapped fibre at
each step. The number of degrees of freedom ingalvéhe simulation
varies quadratically at each step, as the containtpbetween the fibres
double each time a new roving is introduced in gggtem. Given the
complexity of the simulation model and the incragsinumber of
variables involved at each step, it is not possibl@redict in advance
the outcome, hence the iterative form-finding psscadopted for the
simulation. The deformations involved in the pracedeing of
consistent magnitude (meaning that the deformatiomponents of
higher order may not be neglected), along with ¢batact problem
between the fibres, result in a highly complex datian scenario that
has to be solved adoptiragl hoccomputational strategies to handle all
the aspects involved in the calculation. The maason which requires
the simulation of the fabrication process is toaththe pre-stress values
of the fibre bundles [8]. As it has later been ased through the
simulation and also observed on the final prototyplee stress
distribution greatly varies amongst the fibres. sThs due to the
particular geometric configuration, as specific aaretend to be
overstressed as they absorb most of the load indemt by the later
wrapped fibres. Conversely, given the constant gaaf shape during
the wrapping process, other fibres run into thle eistotally losing their
pre-stress as a result of the support surface whéshfurther relaxed
within a number of wrapping cycles, leading to biesdof fibres lying
loosely on the surface. To avoid this dual probtEhoverstressing and
loosening of the fibres, optimal pre-stress valbage to be chosen in
order to avoid or at least minimise this effectpé&sally the loosening
of the fibres during curing time represents a majetback in fibre
composite products, as the distinct layers do filer @ homogeneous
contact surface anymore, giving rise to relativéodeations between
the layers which, not being coupled together, adépendently and lose
completely their mechanical characteristic andnsfile of a compact
bond, potentially leading to serious delaminationbems during the
lifetime of the element.

Geometrical Influences



In the context of the project, besides checkingltlal stress values the
simulation of the forming process was needed tduet@ the shape of
the prototype before production start. At an eastsge, the Finite
Element analysis of the whole structure was peréofron a simplified
digital model of the single layers which made up #ntire prototype.
The underlying digital model resulted from the siation of the
physical scale prototypes developed during thegdephase into 3d-
models, which later served as basis for the dewedop of the Finite
Element analysis of the layers’ differentiated afiispy. To confirm the
results acquired from the analysis of the structitravas absolutely
necessary in the first place to validate the geomatodel used for the
calculation. Comparing the Finite Element modehvitie output model
obtained from the forming process simulation, reslin a maximum
deviance of 12,5cm which was considered acceptabte within the
tolerance boundaries for the purposes of the projér simulation was
finally conducted to correct the laying paths falla by the robotic
arm. In filament winding it is known that two majoroblems may arise
in relationship to the followed path, namely utif and lateral sliding
of the fibres with respect to the underlying suefaé/hilst uplifting does
not represent an issue for the developed corelasting technique (no
underlying positive mould onto which the fibresdigon), lateral sliding
may still be present and lead to potential damagéh® rovings or
significant losses of pre-stress. To avoid possiiging effects, the
fibres should lie within a given boundary defineg the geodesic line
running between two support points on the referesuosdace and an
offset dependent on the friction value betweenfibees. As the path
followed by the fibre-laying robotic arm also definthe path taken by
the roving, to minimise the side effects of latestdling the proposed
path is later updated following the newly achievesults. This process
required the definition of a preliminary wrappingtip along which the
intersection points between the fibres are geonalyi resolved,
updating the mechanical model with the newly defimeodes and
elements, solving the system and correcting thé path the found
results.

3.3. Simulation Process and Finite Element Model

The whole analysis process relies on two main fates, namely the
geometric interface and the analysis (Finite Elerbased) interface. To
speed up the process and make the exchange ofidbta between the
two programs, the workflow was fully customised amstomated to
allow the automatic generation and analysis of wimwle simulation
process. In a looping procedure, the 3d-modelirfgvace (Rhino3d)
first reconstructs the displaced geometric modeicwhs retrieved
directly from the results database of the Finitenk#nt program
(SOFiSTIK), along with important mechanical infotioa as stress
values, nodal forces, support reactions etc. Thdemis then updated
with the new information deriving from the actuatapping step, i.e.
nodes and cable elements which define the new goWollowing, the
generation of the code automatically takes placenfithe updated
geometric setup, and once completed fires an gweht Finite Element
program which performs the new calculation and Ifinaaves the
results into its native database. The whole sinaraprocess is then
looped until the last roving has been set intortioelel.

Fig. 4. Mechanical model of the coupling betweémds; relative
displacement after the calculation process

Fig. 5. Full scale test windings without resin

The analysis model is based on cable net mechafiiosach step, the
intersection nodes between the existing cable elesrie the model and
the new cable are found geometrically. This pro¢ekss place within
the 3d-modeling software, where the displaced gégnoé the cable net
is first imported and rebuilt as a network of polgs. To find the points
which make up the new cable element the approxinateot tool path
is needed, as the nodes are found by intersec¢tenglane defined by the
two support points and the average point of theotiobarm’s spatial
trace with the cable net already present. Thedetgion points define
the structural nodes of the next fibre which ileadded to the global
Finite Element model. Besides defining the new eadlement to be
added to the system, the newly defined nodes rebd tnserted in the
definition of the previous cables. In order to sssfully update the
model, all mechanical information has to be acguirem the results
database and processed to accommodate the new whids further
subdivide the cable elements. As the number of siodeows
quadratically as previously mentioned, to reduee abmplexity of the
system and the overall computational time requireaies too close to
each other (the threshold value being defined waace) are merged
together, thus keeping the model size more comgratiminimising the
processing time. Although this process has displae production of
geometrical artifacts in areas of the model denssijtered, the
mechanical results have been proven to be consiateh the overall
required computational time sensibly reduced. Asast cases the fibre
does not lie on the geodesic line of the surfacmsiclerable lateral
sliding effects may occur during the wrapping pescdn order to take
into account such sliding effects due to lateratés which appear if the
fibre does not lie on the geodesic line of the aeef the coupling
between the structural nodes is modelled througimg@lements with
infinite axial stiffness and a threshold latersffisess which derives
from the friction value between soaked fibres prasly tested in the
laboratory. With a reduced lateral stiffness, tipeing is allowed to
stretch perpendicularly to the axis of the cabésulting in a sliding
effect on the underlying cable [Fig. 4]. The sthatg effect stops as
soon as the residual lateral force on the nodenbeathe threshold
stiffness of the spring. As springs tend to be aataionally intensive
elements, the coupling is provided only for thet lasving to be
simulated in order to find the correct nodal positiDue to the missing
bending stiffness of the structure during the whagpprocess, the
considerable displacements of the fibres have ttaken into account
by resorting to a non-linear calculation which ddess the internal
stress state in the displaced reference configurafifter the calculation
is run, the position of the displaced nodes areatgztionce again in the
3d-model by merging the two nodes and deletingsgiteng connection,
providing a coupled connection between the twoealdments. Finally,
the process is looped in the exposed order urgilldst cable element
has been imported and the system calculated, lgattinthe end
geometric configuration with the correspondingsgrmap [Fig. 6].
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Fig. 6. Stress map of coreless winding

4. ADAPTIVE SIMULATION OF HIGH DIFFERENTIATED
ANISOTROPY

The modelling and analysis of fibre-reinforced moérs strongly differs
from conventional materials such as timber, reitédr concrete or
membrane structures. Simplified approaches arendftged in these
cases to describe the anisotropic behaviour ofntlgerials and their
failure criteria. For the analysis of glass andboar fibre reinforced
polymers in construction, engineers mainly resoot gimplified

simulation models. The investigation of the Ultimaimit State and the
Serviceability Limit State normally takes place the component level.
This rough and inaccurate approach of analysistenalue to the lack
of basic knowledge on behalf of the structural ragr regarding the
material behaviour and the modelling on the maadbraicro level. The
fact that the anisotropic material behaviour is taéen into account for
the material design obviously leads to oversizedl amefficient

structural components. The Finite Element descnmisti for the

simulation of fibre based materials according te @lassical Laminate
Theory (CLT) are currently considered the statettad art and are
already implemented in some FE programs [9][10]e Ehlculation of
the stiffness of each element does not constitpi®llem but rather the
accurate modelling of complex fibre directions loé individual layers
of the laminate. The challenge lies in the corralignment of the
varying fibre orientations of the individual layea®d is primarily a
geometric problem to be solved.
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Fig. 7. User Interface: Coupled geometrical andeni@itanalysis
4.1. Coupling of geometry and fabrication process to FE-

analysis

To take into account and analyse the interactidwéen geometry and
anisotropic materials, an interface between thearpatric modeller

Grasshoppérand ANSYS was developed and programmed [13]. Th

user interface thereby is present only within RBthand Grasshopger
and was already used during the investigation rst fivorking models
[Fig.7]. From the defined parametric geometry imad the allocation of

the fibre lay-up and number of layers correspondiogthe surface
section from the manufacturing process in B [Fi§, the direct

interaction between geometry and fibre directiothm individual layers
is considered. This means that by changing the gegrparameters and
according to the implementation of the winding &gthe fibres’

orientations of the individual layers change tod are consequently re-
orientated. The change in orientation of the irdlial fibres or layers
ultimately influences the material properties @igi and strength) at
each point of the surface. The assignment and #iimitibn of the

material properties and thickness of the individlaglers along with

supports and load actions also take place withie phogrammed
Grasshopper interface. The orientation and the rgépe of the

coordinate systems of the single layers and tHewiolg calculation of

the Finite Element stiffness by the CLT are proedsslirectly in

ANSYS. In section 4.2, this implementation is expda in detail. After

the FE calculation, the forces in the element ackizalculated in batch
mode with the CLT into the individual layers, analdwing Puck’s

criterion, the material utilisation is calculated].[ The distortion

condition, the material utilisation or the stredstes can then be
displayed in C and D [Fig.7].

A

Fig. 8. Example of the element coordinate systehasouirved surface

4.2.

The interaction of the geometry and the manufaetuprocess with the
anisotropic materiality is generated by geometdacameters. The fibre
directions of the individual layers are defineddupport curves on the
surfaces. For the export of the fibre configuratfoom Rhino3d in
ANSYS a simple geometry file is therefore suffidiefror each area, the
number of layers must be defined, and to deschibefibre orientation,
the corresponding curve along with the appropriateterial and
thickness which must be assigned for each layees@parameters are
stored in a .txt-file and loaded again in ANSYS][1&ter ANSYS has
imported the geometry, the surfaces are meshedt éen be seen in
[Fig. 8], for complex geometries the coordinatetays of single
elements are of limited use for the simulation mfaaisotropic material
behaviour. This aspect differs from software tdwafe. In ANSYS, the
orientations of the coordinate systems of the efesare defined by the
topology of the mesh, respectively by the first eedd the quad [10].
Thus the element coordinate systems must be ratatézl to be able to
map the fibre orientation. This happens as follows:

Geometric adaptive element stiffness calculation

in a first step, auxiliary geometric coordinateteyss on the curve are
generated, which define and also reflect the fibrentation of the

individual layer. These auxiliary coordinate sysseit§ , are located on
the nodes of the adjacent finite elements [Figl8k coordinate systems
gefine the orientation of a specific laminate lagéra subarea of the
entire structure. For each coordinate system ofedement, the closest
coordinate system on the curve will be defined entdted accordingly
in a second step. The newly defined and desigresedS, coordinate

systems are treated for the modelling as supeo@rdinate systems and



are used for the anisotropic stiffness of the etem&he coordinate
systems K§, likewise mirror the fibre orientation as the cdoade
system K@, of the top layer [Fig.10].

Fig. 9. Generation of K§and KS,

4.3.

The orientation of the individual elements is diegor the subsequent
layout modelling of the individual layers of therlmate. For an element
which consists of 4 layers for example, a coordirsgstem for each
layer is generated. Thus for each additional layfethe laminate a
coordinate system is generated by the help of alitiadal curve as
described in the previous section. These coordinajstems
subsequently represent the fibre orientation ohdager [Fig.10]. For
each layer a curve on the surface is modelled indRivhich reflects the
orientation of the fibres. The individual coordi@atystems are used to
determine the exact fibre orientation at each poimtthe surface. To
determine the overall stiffness by the Classicahiremte Theory (CLT),
the rotation angles of the coordinate systems efittdividual layers
must be stored in the element specification. Thinotlng cross product
between the xvector of the Kg, and the xvector of the K&, it is
possible to define the precise angular relationsNipw the angle of

Simulation and optimization of the layered elements
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Fig. 11. Consideration of first-ply-failure

In addition to the fibre orientation, the individuayer thicknesses are
relevant parameters because on the one hand tHkence the

distribution of loads in the laminate, and on tiieeo the manufacturing
costs. The winding of one layer with a thicknes® @mm meant at the
ICD/ITKE RP12 a pure robot time of ca. 3 hours. 8gradient-based
optimization, the first set laminate thickness weduced from 10.0mm
to a total thickness of 4.5mm [Fig.12]. This appnoately corresponds
to 82.5 hours of winding time. The maximum deflentof 350mm and
a material utilization by the criteria of Tsai-Wd ©.5 were set as
constraints. The utilization was consciously fixedher than 1.0 due to
the more conservative failure criteria of Tsai-Wumpared to the one of
Puck. In addition, a non-linear material behaviotithe laminate was
considered, which allows a matrix cracking in sintdyers. This was
verified by the failure criterion of Puck after tbetimization in detail.

rotation in the K&, coordinate system of the individual layers can beyplike other criteria, the criterion of Puck allowsclear distinction of

stored in the layered Finite Element. Subsequertthg effective
stiffness of the element can be determined by th& énd after the
definition of the boundary conditions, the struetaan be solved.

LAYER2 LAYER 3 LAYER4

LAMINATE

LAYER 1

Fig. 10. Generating the overall stiffness of themant

The accurate modelling of the orientations of edaker is of
fundamental importance for the subsequent detetiomaof the
stiffness and of the assessment of the load bea@apgcity. At each
point of the structure another layer configurataomd a different fibre
orientation exists, and a detailed modelling issfas only by the
presented routines.

the five failure modes in the micro-level [11]. $hihakes it possible to
identify a matrix fraction or a first-ply-failurend also to assume load
redistribution from the cracked layers to the aejaclayers [Fig.11].
Thus the entire load capacity of the laminate canirfereased many
times over. By using the load-bearing reservesdéigree of utilization
of the laminate could be kept below 1.0.

total laminate thickness.
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Fig. 12. Material optimisation

5. RESULTS

The mixed laminate consists of epoxy resin and Yéss fibres and
30% carbon fibres. A total length of 47km glass dfikm carbon
rovings were spun. To define the external and rrslewvind pressure
coefficients the DIN EN 1991-1-4:2005 was used. Tharacteristics of
strength and stiffness of the glass fibre laminatel carbon fibre
laminate were determined according to DIN EN ISQ-82 For each
laminate three specimens were taken directly from rmanufacturing
process [tab.1]. By the safety factor on the mateite, the fluctuations
of the production quality were covered. The assessrtook place in
accordance to the design concept of the BUV-Guigdli4].



Table 1: material characteristics from the manufidicg process [7] Fur gewdhnlich das AuBergewdhnlichdnnovation Report,
February, CFK-Valley Stade (2011).

E-Modulus Strength [8] Romagna, J. HNeue Strategien in der Faserwickeltechribiss.
GERP 19514 N/mm? 348 N/mm? Eidgenossische Technische Hochschule Zurich, (1997)
, , [9] Kunststoffe eV, A. I. V.,Handbuch Faserverbundkunststoffe
CFRP 105584 N/mm 576 N/mm Vieweg & Teubner, Wiesbaden (2010).

[10] ANSYS® Academic Research, Release 14.0, Help Syxtepied
Field Analysis Guide, ANSYS, Inc.

6. CONCLUSION [11] Puck, A., Festigkeitsanalyse von Faser-Matrix-Laminaten:
To fully exploit the advantages of fibre reinforqeolymers and to make Modelle fir die PraxisCarl Hanser (1996).

them usable in the construction industry, new apgites and ways of [12] Schirmann, H.,Konstruieren mit Faser-Kunststoff-Verbunden
thinking are needed. This is the case for the dgveént of appropriate Springer (2007).

production methods and the development of custamulation and [13] Waimer, F, La Magna, R, Reichert, S, Schwinn, Tnlyes, A,
analysis tools. The two novel developed numeriealiques served as Knippers, J.Jntegrated design methods for the simulation offib
basis for the design and could be tested and proyetie realisation of based structures in: Proceedings of the Design Modelling
a full scale prototype. The semi-transparent skithe Pavilion reveals Symposium Berlin, 2013: p. forthcoming publicaticBpringer
the system’s structural logic through the spatiahrsgement of the (2013).

carbon and glass fibres. Despite its considerapbn sof 8m by a
thickness of 4.6mm [Fig.12] and its remarkable ,sike Pavilion has a
weight of less than 320kg [Fig.13].

[14] BUV-Empfehlung- Tragende Kunststoffbauteile im Bauwesen
[TKB] - Entwurf, Bemessung und KonstruktioStand 08 / 2010
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Fig. 13. A: The glass fibres of the closed surfa@ead the light emitted by the spots (Halbe).

B: The top view shows the areal glaleefroof and the carbon pressure ring (Halbe).



