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ABSTRACT
This paper presents the research project Hybrid Tower, an interdisciplinary collaboration between CITA - Centre for IT and
Architecture, KET - Department for Structural Design and Technology, Fibrenamics, Universidade do Minho Guimarães, AFF a.
ferreira & filhos, sa, Caldas de Vizela, Portugal and Essener Labor für Leichte Flächentragwerke, Universität Duisburg-Essen.
Hybrid Tower is a hybrid structural system combining bending active compression members and tensile members for architectural
design. The paper presents two central investigations: (1) the creation of new design methods that embed predictions about the
inherent interdependency and material dependent performance of the hybrid structure and (2) the inter-scalar design strategies for
specification and fabrication. The first investigation focuses on the design pipelines developed between the implementation of
realtime physics and constraint solvers and more rigorous Finite Element methods supporting respectively design analysis and form
finding and performance evaluation and verification. The second investigation describes the inter-scalar feedback loops between
design at the macro scale (overall structural behaviour), meso scale (membrane reinforcement strategy) and micro scale (design of
bespoke textile membrane). The paper concludes with a post construction analysis. Comparing structural and environmental data, the
predicted and the actual performance of tower are evaluated and discussed.

Figure 1: The interior of the Hybrid Tower is characterised by the tensioning system and the resulting inward oriented cone-like membranes

INTRODUCTION
Hybrid Tower examines the creation of hybrid structures that combine two or more structural performances to create a stronger
whole (Gengnagel et al. 2013). By merging membrane performance with overlapping actively bent compression rods, the tower’s
load behaviour and structural integrity performs as a grid, whose stability can only be achieved through the interaction of the material
systems. The project explores the utilisation of flexibility on the material and structural level. Where architecture is traditionally
conceived as static, this approach positions adaptability as the idea of reducing stiffness, allowing for deformations and thus
minimizing material use. Similar to the concept of resilience in nature, a system’s survival is understood as a function of its ability to
adjust to environmental change that allows the system to become robust and endure. Hybrid Tower employs its inherent ‘softness’ –
its flexibility and bending - as resilient measures. Built for the outside courtyard of the Design Museum Denmark it engages
environmental forces of wind and weather.
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Hybrid Tower is part of the Complex Modelling research project (Complex Modelling 2013 - 17). The overall aim is to develop new
interdisciplinary design strategies that enable the integration of material performance as a particular challenge to architectural design,
opening up new horizons for design practice. The ability to design for and with material performance is understood as a core resource
for design innovation being closely tied to material optimisation. The objective of Hybrid Tower is to pilot the forming of these
methods. Compared to static and homogenous systems this involves an increased level of complexity in terms of modelling, analysis,
fabrication and construction.Based on a close collaboration between architecture and structural engineering, technical textiles design
and textile evaluation, the project develops new form finding methods that combine tensile and compressive behaviours and realise
these through the direct interfacing between design and CNC knit fabrication. In Hybrid Tower a central goal has been to prototype
and understand how these pipelines between realtime physics/constraint solvers and FE modelling can be devised.

Structural concept of the Hybrid Tower

Hybrid Tower is constructed from stacked overlapping glass fibre reinforced plastic (GFRP) rods, which are connected and braced by
a bespoke knitted membrane made from high tenacity polyester yarn.The rods are bent into arch like shapes utilizing the material’s
ability to be deformed elastically. The main advantage of using this bending active approach is the simplicity of shaping elements
and the possibility to explore a wide architectural language of shapes. Furthermore it allows the , minimisation of material and
energy consumption (Gengnagel et al. 2013).(1). As the residual stress from the shaping process grows in proportion to bending
curvature and element thickness, actively bent rods have to be very slender and of a high strength to stand the high stresses.
Glassfiber reinforced plastics (GFRP) combine high strength with a low Young’s modulus and are like timber and similar material
preferred materials for such systems. To stabilise these systems membranes have proven to be very efficient restraining the slender
elements and increase the hybrid system's stiffness dramatically (Alpermann, Gengnagel 2012).
The concept of the textile hybrid tower requires a balance between stiffness and rigidity to withstand external impact and a certain
flexibility and softness to allow the structure to adapt to impact, store energy by deforming elastically and releasing this energy upon
recovery. The arrangement of the actively bent rods forms a grid shell like structure embedded in channels and pockets inside a
bespoke knitted fabric. The structure forms an almost hyperbolic tower. Built for the outdoors courtyard of the Design Museum
Denmark, the structural weakness of tall structures are on the global level: wind compresses the front and creates suction forces at the
sides, which create deformations that lead eventually to buckling and collapse (Fig. 2). Hence, the system needs to be restrained. This
is done through pulling the membrane between the rods of each layer with tension cables to the tower’s central axis. This results in a
spoke wheel effect which provides horizontal stiffness and braces the rods.

Figure 2: Wind distribution according to Danish building code (left) and the deformation of the Hybrid Tower under respective wind load (middle)
and without (right)

The system’ s overall stability relies on the interaction between the GFRP grid and the membrane behaviour. The scale and amount
of detail necessary to realise the membrane system makes the use of woven PVC membranes, which requires pattern cutting,
seeming and application of details, a highly laboursome process. Knit was therefore chosen as a particular textile technique that
allows bespoke detailing and is structurally flexible allowing for a high degree of 3 dimensionality in the membrane design. The
integration of detailing into the textile fabrication alleviates the need for sewn on details such as pockets for receiving the rods, but
also creates the opportunity to design and fabricate a continual connection between rod and membrane enabling the best possible
performance of the hybrid system.
In Hybrid Tower, the micro scale design and specification of the membrane is integral part of the overall design project, and highly
interwoven with the form finding and the analysis of the towers overall structural behaviour.

COMPUTATIONAL MODELLING APPROACH
Challenges

During the design process, extensive physical prototyping was used to ideate a hybrid system that would be structurally performing
and could be resolved at micro, meso and macro scale.
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Figure 3: The design process takes place in three interconnected types of models.

From a computational design modelling perspective the primary development challenge has been how to model the hybrid behaviour
of bending active tensile membrane structures in an interactive form finding and design system. This involved solving several
subproblems including how to model the bending members and membranes in one integrated system, which physics solver to use and
how to implement it. A large part of the project has therefore been focussed on how to generate and manipulate the tower topology
and dimensions, which analysis models to implement as well as define processes by which the form found geometry can be further
processed so as to develop the final fabrication data for the bespoke membranes.

Computational Workflow

To handle the challenges of the Hybrid Tower a computational workflow was developed consisting of a four-step-process (Fig. 4):
Model Variables contain the definition for the tower design, constant and flexible geometric parameters and material properties, the
Generative Model instance produces a sets of geometric possible results based on the parameters set before. The Analytical Model
produces performance data of environmental impact, The Design Instance transfers the model data to the required production data. If
the design doesn’t match the desired requirements, the process is started again.

Figure 4: Flowchart of the developed Modelling Pipeline

Generative Modelling Methods

Our generative design modelling approach extends previous work on actively bent structures (Adriaenssens, Barnes 2001; Deleuran
et al 2011; Quinn et al 2013; Alpermann, Gengnagel 2012; Ahlquist, Menges 2013; Mele et al 2013; Lienhard 2014) by
implementing the new Kangaroo2 real-time physics and goal-driven constraint solver library. This library overcomes the stability
and performance problems, which dynamic relaxation form finding methods have, as it employs methods which have been
popularized as position based dynamics (PBD) (Bender 2014), where instead of using summed forces to calculate accelerations, from
which velocities, then positions are updated, the particles are simply to a position which satisfies the constraints, modifying the
positions directly. Iterating repeatedly over all projected constraints lets the system converge fast, stable, allows it to include hard
constraints and runtime user interaction. The Kangaroo2 library uses a similar approach and treats herein geometric constraints,
elastic materials, applied loads and other energies as different forms of the same type of object - encompassing them under the term
goal.
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Our modelling pipeline is based on the Rhino/Grasshopper CAD environment and implements the central algorithms as Python
components with RhinoCommon and Kangaroo2 libraries. The pipeline is divided into four consecutive stages:
Topology and Geometry: The principle of stacking overlapping bending members around a central vertical axis is used to generate
the fundamental tower topology. Bending members are abstracted to constituent polylines discretised and used to generate meshes
representing the knit. This forms the base for the tension system.

Figure 5: Three instances of tower topologies with 3,5,10 sides and 1,5,9 stories. The local polyline members of the system are highlighted in the
fourth image, followed by the three structural member types (bending rods, membranes, tension wires) and their geometric representations (polylines,
meshes lines)

Form Finding and Dimensioning: Kangaroo2 goals are defined for each member representing its behavior and conditions, as the
exact member dimensions per layer and possible flexibility. These are passed to the solver component which iteratively form finds
the structure and allows the designer to interactively manipulate the system.

Figure 6: Screenshots from the iterative and interactive form finding and dimensioning process, showing the initial shape (left, intermediate states
after 10, 50, 100 iterations and the converged state after 200 iterations(right)

Analysis of Form Found Geometry: A desired property in membrane design is high double curvature as this stabilises the membrane.
For the bending members a key geometric property with structural implications is the local and maximum bending radii. These
properties are analysed and visualised in the viewport in order to allow for informed design decisions.
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Figure 7: Comparative bending radii analysis of differently dimensioned towers. Note the relationship between macro shape and bending radii.

Unrolling Membranes: Developing the knit meshes in the plane for fabrication is problematic as they are double curved. A
constraint-based approach was developed which forces a 2D mesh to have the same edge lengths as the 3D knit mesh. This in-plane
mesh can constantly be checked against the maximum dimension of the fabrication machines.

Figure 8: Developing a membrane in the XY-plane. The values indicate differences between the form found and the in-plane meshes (MAD = Mesh
Area Difference, TELD = Total Edge Length Difference).

Analytical Modelling Methods

Bending stress utilization can only be passively determined in the generative model by evaluating beam bending curvature, unlike FE
models which generate accurate and complex stress matrices describing all possible stress components (bending, torsion, shear).
The generative model can approximate realistic material behaviour for certain physical phenomena; for example beam bending is
simulated accurately following the Barnes and Adriaenssens model (Adriaenssens 2001). The generative model currently falls short
on its ability to accurately simulate phenomena such as beam torsion, and shell/plate elements. A validation in an advanced FE
environment for structural systems is hence necessary in order guarantee precision of physical behaviour in the generative model for
the phenomena in question - bending, torsion and membrane behaviour.
Large deformations are generally unproblematic in mass spring system (MSS) environments, however in order to achieve the same in
an FE environment, which is inherently founded on the concept of small deformations, extra measures are necessary (such as load
step iterations, non-linear solvers and 3rd order differential equations).
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In the SOFiSTiK model, beams are usually “pulled” to their target positions using single element cables with reduced stiffness and
incrementally increasing levels of prestress, i.e. the elastic cable method (Lienhard 2014).
Ideally, all physical shaping and application of membrane pre-stresses in the tower system are to be simulated in the FE model. This
falls however short, when confronted with the amount of bending active elements of the tower. For the sake of speed and
computational simplicity, stresses from beam bending based on the bending radii found in the generative model, were superimposed
with stress results under pre-stress and wind loading on the model. Due to the high curvatures of the beams, their utilization after
forming alone ranged from (60% - 80%). This meant the stress reserves in the beams were a precious resource under additional
loading from membrane pre-stress and external loads. Subsequently form-stabilization from the spoke wheels played an integral role
in the maintenance of global stiffness in this hybrid tower.
The FE simulation was realised in 3 steps:
•

•
•

Form finding: the stiffness of membrane elements and cables are reduced by a factor of 100-10.000 and a prestress is
applied to the spoke cables. The resulting shortening of the spoke cables pulls the membrane midpoints towards the
central axis of the tower giving the membrane strong anticlastic curvature. The form finding process was concluded
with updating node coordinates reverting the stiffness of all elements back to 100%.
Loading: wind loads were applied according to building codes and projected on to the local z-axis of the membrane
quad elements.
Analysis: stresses and deformation

FABRICATION AND CONSTRUCTION
Designing the knitted membrane material

Designing the hybrid interaction of membrane and bending active system necessitates a finely to balanced correlation between the
membrane and the bending active rods. To develop this system it is important to understand and specify the precise behaviour of the
used materials. While the GFRP rod is a tested material for bending active structures and available off the shelf with different
diameters and properties, knit is a process by which bespoke materials can be developed in direct response to application driven
design criteria (Ramsgaard Thomsen 2008) is always made bespoke to the application. A central part of the project has therefore
been the dual task of eliciting design criteria from the design process and creating methods for knitting the bespoke membranes,
while at the same time developing means by which these can be formally tested so as to be simulated within the design system.
The use of knit as a restraining membrane results in a set of structural requirements, which knit usually does not fulfill:
•

high strength

•

near isotropic material behaviour under load

•

limited elasticity

The membrane design develops methods for four strategic details. It includes the positioning and detailing of diagonal pockets and
channels where the textile structure splices and re-joins into a double layered protrusion. It contains structurally supported
perforations preparing seam lines. It is knitted to shape alleviating the need for pattern cutting. And it develops methods for local
reinforcement strengthening edges as well as central radial pulling points.

Figure 9: Defining three of the four details: the pocket, channel, the seam line and the reinforcement

The development of knitting patterns and the choice of fibres took place in collaboration with Fibrenamics, Universidade do Minho,
Guimarães, Portugal. Through an iterative process of prototyping small scale samples were developed and tested on a uni-axial force
gage. Initial tests showed that 110 and 55tex High Tenacity Polymer in a Piquet-lacoste knit structure demonstrated high stability in
structure, high strength and were relatively isotropic. In order to get insights into the material behaviour the Japanese MSAJ/M-021995 standard for the bi-axial testing of weave, was adopted to our knit by the University of Duisburg Essen. The tests measures in
intervals in both material directions and the approach allows to determine fictitious material constants, suitable for application in FE,
for highly non-linearly behaving materials, such as knit. In our knit the tensile stiffness is extremely low with Young’s moduli of
approximately E = 5 kN/m for wales and course for the full stress interval and Ewales = 10 kN/m and Ecourse = 26 kN/m in stress
interval of 1 - 3 kN/m, which is the one determined relevant for the setup in Copenhagen. In contrast, the Poisson’s ratios are very
high with minor n = 0.83 and 0.66, respectively. Strains are large with up to 70 % under uniaxial loading.
6

The process of creating solid test data for simulation and design was however compromised during the production process. Moving
from the production of samples to the final membrane patches necessitated a larger knitting machine in turn resulting in changing
material properties. The final fabric was therefore more elastic than anticipated. This had a severe influence on the construction,
geometry and behaviour of the tower.

Generating Fabrication data

The fabrication data was directly derived from the generative model, after the design was verified by the FE model.The model
generates the final length of the GFRP rods and the in-plane mesh of the membrane. This was further processed into the CNC knit
pattern for the fabricator (Fig. 10). The process of developing the CNC knitting pattern necessitated the incorporation of the stretch
of the material through the active bending system, as well as the anisotropy of the knit and the specifics of the fabrication process.
The necessary compensation factors were established through thebi-axial testing of samples and some tests with the final assembly
system.

Figure 10: A pixel image with details for pockets, channels, reinforcements and seam holes informs the CNC knitting machines on a loop by loop
base. The image shows the pattern before the compensation of knit for the machines.

Assembling the tower

The assembly strategies for the tower were tested on 1:5 and 1:1 prototypes with membrane surfaces made from weave and partly
with CNC knit. Though more prototyping would have been necessary these physical tests allowed us to assess the behaviour of the
assembly and the functioning of inserting the rods in the textile through channels and pockets.
The aim for the assembly was to create a strategy, which would not necessitate scaffolding or other expensive supports. Assembly
therefore took place on the ground, starting with the top layer, and lifting the tower up, constructing each consecutive ‘storey’
beneath it. The Tower was planned to be 8 storeys high. The low stiffness values of the bespoke knitted fabric resulted in an increase
of material stretch and hence increase in size of the tower, so that the final height was already reached with 6 stories (Fig. XX). A
simulation with the material properties of the finally produced knit, showed as well a 80% decrease in load capacity under wind load.

Figure 11: The Tower in the courtyard of the Danish Design Museum - April 2015.

POST CONSTRUCTION ANALYSIS
During the exhibition we conducted a 10-day evaluation monitoring of the structure with two time lapse cameras to the front and side
of the tower as well as a synchronised wind measurement device. These evaluation data were used to determine the differences
between the behaviour of the built demonstrator and the predicted behaviour of our computational design models.
The simulation was conducted in Sofistik and uses the developed modelling pipeline, with the material dimensions and properties
from the built tower. The rods are defined as beam elements with diameters of 12, 10 and 8mm. Tension cables at the naked edges
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and inside the structure are defined as ideal cables elements with a diameter of 8mm of Steel S355. Supports were fixed and the
tower height was 6.90m.
Simulating the behaviour of the tower under wind loads in the Sofistik FE environment was challenging, as the softness of the
structure lead to numerical problems and diverging simulations. The knitted fabric was approximately 50 times softer than a usual
pvc-type-I-membrane, and convergence could only achieved for 20% of the initially predicted wind loads, which were taken from the
Danish code for temporary structures.
The overlay of the videos with the weather data allows for correlation of wind (gust) speed and deflection of the tower. Up to wind
speed of 6.5 m/s (which equals Beaufort 3) the tower stayed in the elastic domain. The measured peak wind of 11m/s lead to local
damage and a kink in the shape of the tower
The monitoring showed that the tower does have some flexibility to store energy by bending, tensioning and bouncing back. The
possible deformation is actually a lot higher than calculated (table 1). This is due to differences between the real structure and the
simulated model, especially in detailing:
●
●
●

The connection between the rods and the membrane can not be modelled correctly, as the friction can not be considered in
the simulation to sufficient precision.
When under tension the rods can slide within the tunnels and pockets, increasing deformation and local stress.
The ends of the rods fitted into pockets and induce point loads into the membrane that enlarge deformation even further and
produce wrinkles in the membrane.
Max. Windspeed
[km/h]

[m/s]

Temp. Structure

107,8

30,0

Temp Structure. 20%

48,2

13,4

Monitored

23,4

6,5

Beaufort

Wind
Pressure
[kN/m2]
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Deflection
Prototype

FE-Model

Ca. 200mm

110mm

0,54
0,108

3

0,0254

Table 1: wind speed used in the simulation of the tower. Temp struct. shows the basic wind speed for temporary structures, below 20% of that speed
and in the bottom the monitored wind speed from the monitoring.

The evaluation of the collected weather data resulted in a maximum wind (gust) speed of 6.5m/s. The associated deflection was
measured from the video footage and compared to the deflection of a FE model simulating the same load level.

Figure 12: horizontal deflection observed in the video foo tage is approximately 200mm (wind from right). Figures from left to right: undeformed
tower, deformed tower, comparison of deformed/undeformed tower (top section)
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Figure 13: Horizontal deflection in the simulated model occurred mostly local (top right) with a maximum of 110 mm (wind from right). Figures from
left to right: undeformed tower with deformed grid (deformation scaled by factor 3.0), comparison of deformed/undeformed tower (top section)
(deformation scale factor 1.0), deformation in plan (deformation scale factor 1.0).

As expected the biggest deformation occurs at the top of Tower. In the simulated model the deformation occurs only in a small
region where compressive wind occurs, while the whole top is shifted more evenly to the side on the prototype. The maximum
deflection of the model is 110mm, while the prototype moves ca.200mm. These deviations can be explained by differences in the
stiffness of the jointing. This observation is in line with earlier research (Quinn et al. 2013), which indicated, that the modelling of
details is crucial for a realistic simulation. In the digital model, these are defined as rigid nodes with direct load transfer, in the
prototype the forces are transferred from one rod to the other via the membrane, that stretches and slides to a certain amount. This
local behavior of (elastic) stretch and the friction at the transition from rod to membrane to rod has not been considered in the
simulation.

Fig. 14: differences in the deatiling and modelling of the intersecting and overlapping profiles. From left to right: physical prototype (1:4) with ziptied connections, digital model in Rhino/Grasshopper environment displaying bending radii with rigidly modelled node, digital FE-model displaying
utilisation of rigidly modeled node, physical model (1:1) displaying rods integrated in tubes and pockets - load transfer between the rods via
membrane only.

CONCLUSION
The Hybrid Tower is a complex construct of multiple material behaviours interacting at different scales and exposed to
environmental impact. The project raises the question about the setup and depth of digital design models in order to predict a
structures behaviour and specify the fabrication and materials with a sufficient accuracy. The Hybrid Tower is an intermediate stage
of ongoing research and did not yet match all of the expectations.
Despite the challenges encountered in the design and development process the project successfully developed a digital workflow
(Modelling Pipeline), creating a stable environment for generative constraint based form finding (Generative Model), processing data
to an FE environment (Analytical Model) allowing for the necessary structural feedback. Though the feedback loop from the
analytical FE model to the generative model was not automated the overall process was sufficient to drive the specification and
digital production of materials and elements of the structure.
The deviation in the behaviours of the simulated model and the prototype confirm the impact of connections, intersections and joints
on the structures behaviour, as the need for proper testing and evaluation of materials and assemblies. The question remains, how to
improve the implementation of analysis, model building, detailing and testing in the design process, to deliver an increased level of
accurate feedback in early design stage and to shorten the specification, development and evaluation cycles of material and systems.
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Key is to embed the digital design pipeline in a dynamic process of constant calibration between the digital and physical instances.
Where precise definitions are not yet possible sensible simplifications have to be estimated and tested for validity. The focus in the
ongoing research will be to improve the exchange of data between the instances of the pipeline as well as to parallely investigate
methods of implementing the analysis directly into the process.
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