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Abstract
Advances in computational techniques allow for the 

integration of simulation in the initial design phase of 
architecture. This approach extends the range of the 
architectural intent to performative aspects of the overall 
structure and its elements. However, this also changes the 
process of design from the primacy of geometrical concerns 
to the negotiation between encoded parameters. Material 
behavior was the focus of the research project that led to the 
Dermoid 1:1 demonstrator build in Copenhagen. Dermoid 
was a 1:1 prototype, plywood structure that explored how 
the induced flex of plywood meets structural loads. The 
integration of simulation tools into the digital design and 
fabrication process allows producing bespoke members. 
Contrary to the ease of the concept its realization needed in 
depth collaboration between engineers, architects and the 
use of a wide range of customized computational tools. The 
project challenge today’s protocols in design and production 
and emphasizes the importance of feedback channels in 
more holistic design and building practice.

1. INTRODUCTION TO THE PROJECT
Today, architects and engineers engage a chain of digital 

design and fabrication techniques in order to generate, 
simulate and fabricate building structures that are bespoke 
to local climatic, programmatic and geometric needs. 

Although, the performative approach (Schwitter 2005) of 
using parametric tools is aware of its environment, it is not 
sensitive towards inherent material behavior as it only 
understands matter purely from a geometrical perspective. 

Working with wood we aimed to understand how the 
simulation of material behaviour, its bend and flex, can be 
incorporated as active parameters in the design process and 
become part of a structural principle. Traditional building 
structures facilitate load bearing through a correlation of 
compressive and tensile forces passing loads linearly 
through the building envelope. However, materials hold 
internal forces that can be incorporated into structural 
systems – as in the Shukhov Towers (Picon 1997) – thereby 
reducing material use and leading to a more intelligent and 
potentially sustainable building practice. 

Figure 1. The 2nd Dermoid Demonstrator during the 
Copenhagen Design Week.

The subsequent question of how material properties can 
be introduced into contemporary design practice was the 
focus of the 2010-2011 Velux Guest Professorship of Prof. 
Mark Burry at the Centre for IT and Architecture (CITA) in 
Copenhagen. The collaboration culminated in two 
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demonstrator objects exhibited in March and September 
2011 (Fig1).

2. NEW DESIGN PRACTICES LINKING 
MODELLING AND SIMULATION

Dermoid is a probe that queries the tools needed to 
engage and develop a new shared practice. The key research 
inquiry is a speculation on the new kinds of design practices 
required to link architectural design practice and the field of 
material performance simulation, which is traditionally part 
of engineering practices. The linking interface should be 
lightweight and work in near to real-time, to enable creative 
and efficient incorporation of material simulation in the 
decisive early design phase. As a practice–led research 
project, (Ramsgard Thomsen Tamke 2009) Dermoid takes 
on the role of a demonstrator. Through material enquiry the 
project’s leading research questions can be addressed, 
examined and at least partially resolved. 

3. INTRODUCING THE DERMOID 
STRUCTURE

The development of the structural system looked at
integrating bending behavior into short elements that form 
large structures with a focus in reciprocal truss systems that 
offer structural capacity due to networked behavior 
(Popovich 2008). The introduction of curved beams, 
generative design techniques and digital fabrication 
(Scheurer 2008) opened the restricted spatial vocabulary of 
these structures. The fast assembly of this non-standard 
element system (Cache & Speaks 1995) was supported by 
traditional wood joinery, using namely wedges and notches.

The final Dermoid structure consists of a bifurcated 
lattice shell composed of curved plywood T-profiles. The 
profiles are connecte½d to each other through pinned tenon 
joints. The T-profiles used exclusively planar elements, the 
initially straight flanges were elastically bent and afterwards 
mortised into the planar-curved webs (Fig. 2).

Figure 2. Orientation of plywood in web and flange. Initial 
planar geometry (u) / schematic perspective (d).

The beams were connected by a glueless ‘zipper’ based 
purely on friction between web and flange.The top chord of 
the web sprouted teeth along its length, and the flange (4mm 
ply) was cut with receiving holes. The dimensional 
relationship between the holes width, material thickness and 
laser-cutter offset resulted in a high friction junction. 

Two T-Profiles were connected into V-shaped elements. 
Three of these were joined reciprocally with their wide ends 
into a trident with a dehisced center. Six of these pods 
formed the basis of a honeycomb structure. As the pods flat 
ends joined each other, a characteristic undulating section 
emerged (Fig 3). The diverging high parts of the offset 
pattern provided the structural strength. 

Figure 3. The hex shaped undulating structure.

4. INTEGRATING DESIGN AND SIMULATION 
The development took place in a series of physical 

models on the scale of the overall interconnected structure 
and the linked development of the fabrication driven 
parametric model. Tests conducted with finite element 
simulation that incorporated details such as the plywood 
layering showed the overall structural behaviour. However, 
this analytical approach was labour and time intensive and 
required a static set of boundary conditions. This is yet 
hardly given in design, which is usually characterised by a
constantly changing framework (Rittel 1973), as the 
performance of the Dermoid, which is depended on the 
interlink of material, element and structure. Hence geometry 
generation and simulation required new approaches.

1.1. Challenges on the level of modeling 
The traditional development of a structure uses a 

sequential process from an abstract representation of the 
overall structure to detailed description. Initial tests in 
modeling Dermoid followed this course using a chain of 
parametric tools. This did not succeed because the decisive 
parameters in the Dermoid structure are highly 
interdependent. A radical different modeling approach was 
required in which an initial structure is formed by the 
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interplay of forces, material and boundary conditions 
(Tamke 2011).

We learned to differentiate between parameters that are 
directly dependent on others and those that are mutually 
interdependent. We could hence split the modeling into an 
initial iterative process and a later parametric environment. 

Based on the experiences from former projects 
(Deleuran 2011) we looked at the physics solver 
incorporated in the nucleus engine of Maya™ and 
established a time-based process. Based on the abstraction 
of the hex system a particle/spring based system used the 
underlying polygon mesh as an input. A geometric 
understanding of the constraints and their interdependency 
and relation to the overall system was established:

Design: • Definition of space and function through 
fixed heights and boundary lines

• Readability, density and appearance
Structure:  • Nodal and angle requirements of the 

reciprocal system  (i.e. preferably equal 
angles in nodes)

• Minimum length of beams to allow for 
node connections

• Definition of cell sizes
• Even distribution of cells
• Even curvature across topology

Material: • Control of angle and distance in support
• Maximum and minimum curvature of 

the wood
Production 
and 
Assembly: 

• Maximum length of beams to stay within 
plate sizes

• Staging and accessibility during 
construction

Table 1. Geometrical constraints and boundaries.

Though these parameters stem from different scalar 
levels, we could model their mutual dependency in a digital 
environment solving several layers of constraints in parallel. 

Experiments with the underlying hexagon grid furthered an 
understanding of the generative nature of the structure. 
However, the mapping of components into the UV space of 
a NURBS surface and the discretization of surfaces 
(Pottmann 2007) is limited when dealing with more 
complex topologies. 
The base topology is therefore built from interconnected 
hexagonal polygons. Here the single cell can be easily 
manipulated and the overall topology can branch, rejoin and 

develop spaces between multiple connected layers. The 
paradigm of the single wrapped surface is overcome (Fig4).

Figure 4. Manifold topologies of the Dermoid structure.
The stacked polygons (Fig.5) were linked and 

subsequently constrained to boundary conditions, such as 
the support points, heights and openings. Each line is 
furthermore informed by its inner limits (Tab.1). 

Figure 5. Development of the structure using a time-based 
process.

The introduction of an inner overpressure in the 
elements resulted in ark and dome–like conditions. Though 
not optimal for a structure with both compressive and tensile 
forces, the generated shapes provided a good point of 
departure. The combination of surface relaxation, internal 
pressure and perimeter constraints initiated a generative 
process that is open to direct design engagement through 
changes in the boundary conditions and the rapid change of 
topology. 

Changes of the boundary conditions were especially 
important as we found that the change of inner parameters 
(i.e. amount of cell sizes) helped little in addressing the 
design goals. It was the ability to change the polygon 
topology rapidly while maintaining the structural and 
materials boundaries that allowed us to iterate different 
spatial configurations. This process relied on the mature and 
intuitive polygon modelling environment of Maya, where 
the following generation of shape employed the generative 
approach of the physics engine. 
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Although the physics engine is not directly based on real 
world physics results could be validated in our physical 
models and provide a basis for feedback loops. The custom 
geometric mesh description was interfaced with the 
parametric component distribution in Grasshopper. Here we 
evaluated whether a generated node system was viable for 
making. Here the mesh was first refined and the three-
dimensional axis curves of the T-profiles were generated. 

1.2. Challenges on the level of simulation 
The complexity of the FE-simulation resides in the 

innovative assembling process of the structure, taking into 
account the partially-bent members with composite sections 
and reversible joints, as well as the irregularity of its 
geometry. 

A further level of complexity was introduced by the 
activation of the orthogonal-anisotropic properties of the 
plywood. The flanges were oriented transversally, grain 
direction of the outer veneer perpendicular to profile’s 
neutral axis with lower Young’s modulus, to facilitate their 
bending. In the webs the grain was oriented longitudinally,
orientation with a higher Young’s modulus, to provide the 
beams with more rigidity. Due to the bending of the flanges, 
residual stresses appear on the profiles and on the overall 
structure.  

The aim of the structural simulation was to understand 
the load-bearing behaviour early and quickly during the 
short three week long design process. A similar project by 
the ICD and ITKE in Stuttgart employed active bending in 
its structures, used FE methods to simulate the elastic 
bending and subsequent coupling of single strips to form the 
shape (Menges 2011). Since the Dermoid consisted of a 
network of bended strips and the aim was to receive instant 
feedback from simulation, another way to integrate the 
effect of bending material was required. 

A simplified and flexible model was defined that allows 
modifications and posterior changes in the structure. In 
order to check the structural impact of the simplifications, 
physical and computational local models have been 
calibrated.

Simulation by means of FE-Modelling
The load-bearing behaviour of the structure was 

analysed with a three-dimensional, geometric non-linear 
finite element model using the FEA software Sofistik (Fig. 

6). Spread sheets provided the FEA key coordinates of each 
of the axis curves and linked boundary and material 
information. These coordinates were used to regenerate the 
structure in Sofistik.

The plywood profiles were defined as beam elements. In 
order to avoid complex coupling elements, the mortise 
joints between webs and flanges were not modelled.
Different material properties were assigned to the web and 
flange according to the plywood orientation. The variation 
of the cross-section in the profiles was reduced to the 
interpolation of four section values. A total of 19 different 
cross-sections were used for the whole structure. 

Figure 6. Global FE-Model.
The pinned tenon connections between the profiles were 

simplified and defined as clamped joints. The earth-stakes 
used to anchor the structure to the ground (Fig. 7) were 
modelled as pin supports, due to their low sectional 
stiffness, which gave conservative results when calculating 
the maximum deformations. In reality, slight moments will 
be resisted by the supports. 

Figure 7. Earth-stakes anchor the structure.
Due to the minor effect of the flange's bending on the 

structure’s stiffness, their shaping has not been simulated on 
the global model. The post-bending residual stresses have 
been separately calculated according to the profile’s 
imposed curvature and afterwards added to the stresses 
resulting from the FE-simulation. The minimum radius of 
curvature in the profiles is 82,5mm, which corresponds to 
approximately 85% of the plywood’s bending strength in 
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transversal direction. Nevertheless, membrane forces are 
predominant in shell-like structures and axial strength in 
transversal direction is approximately two times higher than 
bending strength.

1.3. Calibration of simulation through physical tests 
We assumed that the simplification of the connections 

between web and flange and between profiles would lead to 
an increment of the structure’s stiffness in the FE-Model.  
Therefore, physical tests were undertaken to determine the 
variation of stiffness between the real and the simulated 
structures induced by the simplifications in the modelled 
elements (connections, sections) and approximations in the 
material definitions. Through comparison of the 
deformations of both structures, a reduction stiffness factor 
(rsf) was calculated and later applied on the global model 
when predicting the deviations of the overall structure, using 
a multiscalar modelling approach.

The pod tested has ca. 1m-long profiles and varying T-
sections (39- 42mm web, 33-46mm flange. Beam width 
1510 height 340mm). The beam is restrained and supported 
at the extremity of two arms and moveable in horizontal 
direction at the extremity of the third.

By testing two load cases, the profiles are subjected to 
different forces and subsequently different inaccuracies can 
be activated. In the first case, an in-plane loading 
characteristic of shell structures is represented: a horizontal 
load of 3,17 kN, incremented in 0,22 kN-steps. The second 
case corresponds to an out-of-plane loading: a vertical load 
of 22,6 kN, incremented in a 0,22 kN-steps. 

The load-bearing behaviour (twisting of the beam,
direction of displacements) was analogue in both load cases 
(Fig. 8). However, depending on the loading, different 
reduction factors were obtained, requesting differentiated 
simplifications and material stiffnesses for axial or bending 
loading. 

By applying a horizontal load, the beams are 
homogeneously subjected to axial forces and bending 
around the Y-axis, as well as locally subjected to bending 
around the Z-axis. (rsf 0,85). In the vertical load scenario, 
the difference between the real and the simulated models 
were higher. Normal forces are concentrated on the upper 
beams and bending around the Y-axis is predominant (rsf 

0,40). In the global structural analysis, the stiffness’s 
reduction factor was used according the applied load cases. 

Figure 8. Deformed structure under vertical loading, 
physical (l.) and FE models (r.).

1.4. Calculation of the global structure and iterative 
optimization

In the first instance, the FE-calculation of the global 
structure helped to identify weak points on topological level 
by applying self-weight. These points could be observed on 
the outer arch-like areas. Changing the orientation of the 
beams, the polarity of the lattice and increasing the 
curvature of the arch in the longitudinal direction reduced 
deviations on the arch-like side up to 78 percent. (Fig. 9)

Figure 9: Deformations under self-weight (exaggerated by a 
factor of 10) before and after structural optimization

1.5. Fabrication
The generation of the structure's fabrication data was 

derived from the parametric environments axis curves. The 
curves were then projected into 2D and further refined with 
offset and detail information. 

The incorporation of production and material parameters 
was easy in comparison to the overall complexity of the 
model caused by the inherent reciprocal logic and the border 
conditions as free edges and support zones. Several layers of 
filter and sorting algorithms identified extreme beams and 
conditions and informed them with special solutions. 

The parametric environment provided a detailed control 
on every aspect of the beams. It included all fixed 
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parameters as tolerances, material and section sizing and 
could calculate local adaptions. The internal numbering of 
the beams is refined on several positions of the parametric 
model in order to establish a three layered code reflecting 
the position of the beam in a pod and the overall structure. 
The position number was engraved on each beam and gave 
efficient guidance for inexperienced personnel to set up a 
structure with more than 1290 individual elements within 
four days (Fig 10).

Figure 10. Dermoid with a span of 12m and 4m height.

5. THE MISSING LINK – INTEGRATING 
FEEDBACK INTO GENERATIVE SYSTEMS 

As digital fabrication allowed us to fabricate individual 
elements at the same cost as standard ones each element 
could bear a bespoke structural capacity defined by cross-
section and material. 

Although, the connection of FE and Parametric software 
can be achieved on technical level, (Tessmann 2008) the 
conceptual question of how and where the feedback is 
integrated into the model remains. The Dermoid structure 
offers at least four levels of engagement:

• Material – shift of material with i.e. increased stiffness
• Element – change of cross section and joint details
• Structure – height of pods, size and orientation of nodes
• Topology - size of elements, overall shape, height, span  

and curvature
Each of these levels has an embedded range of 

potentials: i.e. the change of a beam's cross section enhances 
its load bearing capacity has yet almost no impact on the
structures shape. However, the change of the structures
shape might annul or reverse the need for a bigger cross 
section at all. It is the interconnectivity of the levels and the 
emerging effects that prohibits a simple link between the 
analysis and the model. Where the work with a specific 
element, material or technology usually generates an 
intuition about a system's behavior that allows identifying 
decisive parameters; it is the exploration of the unknown 
space of the newly created that is challenging in design 

(Rittel 1973). In highly interconnected systems, a logical 
link between input and output parameters cannot be 
observed (Frazer 1995). Several approaches to working with 
inter-scalar feedback have been proposed. The typical 
methods of using time based approaches to explore a 
multidimensional solution space are: multi-scalar material 
modeling (Weinstock 2006), evolutionary algorithms 
(Elliott 2011) and self-organization (Tamke 2010). 

The practice–based approach within the Dermoid project 
allows for an alternative avenue employing a staged process 
of speculative probes, prototypes and demonstrators 
(Ramsgard Thomsen, Tamke 2009). Physical tests and 
simulations of different scaled models, full scale prototypes 
and finally the two demonstrators established an intuition 
about the general behavior of the system and the relation 
between the digital and physical model. This intuition 
allowed estimating the potentials and costs regarding time, 
labor and economy linked to the different feedback levels.

6. CREATING THE LOOP
We concluded that a direct link from FEA to single 

beams was pointless. The aim was rather to inform the 
global model through trends. 

The appropriate means were colour graded stress 
diagrams, animated gifs of the structure's loading as well as 
colour-coded elements in the design model to denote stress 
values. This generated a precise understanding of the 
internal stresses and interplay of forces and establised
measures to iterate the structure. To influence the structure 
on a more general level we chose an indirect approach and
linked a property of an object, i.e. cross section, to its spatial 
relation to a control element (Fig. 10). The attractor curves 
for each parameter addressed a range of upper and lower 
bounds. Additional filter algorithms guaranteed a consistent 
behavior that followed the established parametrical 
relations.

Figure 11. Attractor curves (height-cyan, pink-cross-
section, green-triangle size) provide graded global control.
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7. DEFINING MATERIAL - INTEGRATION 
ENABLES A BESPOKE PRACTICE 

The attractor curves informed the structure at the beam 
level about material thickness (4 - 6.5mm Plywood), and 
cross section (30mm - 120mm height). On structural level
depth and node width were varied. Due to the nature of the 
parametric model a linear response to the input could yet not 
be achieved. As i.e. material boundaries are encoded all 
further external influence cannot take place in absolute 
values but only relative within the given local limits. This 
limits the global effect of local adjustments.

Figure 12. Largest and smallest element in the Dermoid.

1.6. Discussion of the effectiveness of measures taken 
The exchange of information between the design and 

structural models was fast and systematically. Employing a 
hybrid modelling method, (Moshfegh 2004) additional 
physical tests provided essential information about the 
stiffness of the beam members, later implemented in FE.

Nevertheless it was hard to find appropriate answers to 
the FE Analysis in the generative design environment. 
Modifications with a bigger structural effect were more 
complex and took more time. Changes on topological level
had the biggest impact on deformation and stresses but were 
too labour-intensive. A decision was therefore taken to 
concentrate on incremental changes as changing the widest 
span from an arc to a more shell like condition. The project 
offered only little time for posterior iterative optimization. 
The executed iterations reduced the maximum stresses 
already by 44%, without increasing the weight of the 
structure. The comparison of a laser scan of the installation 
and the calculated deformed geometry revealed their 
qualitative correlation.

Interfacing FEA and the design model gave an 
understanding of the flow within the structure. This 
interconnectivity was as well observable in the 
demonstrator. In both the partially change to stiffer material 
did not eliminate stresses but rather shifted the tension zone 
into the interface between the thinner and thicker beams - a
slight kink in the structures curvature became visible in both 
cases.

The attractor based control mechanism provided an 
interface that addressed the structural capacity of the single 
element as well as general considerations as the structures 
internal trends, readability and appearance. The systems 
near real-time feedback enabled the designer to build up an 
intuitive understanding of the systems behavior and the
interplay within the parameter space.

The approach chosen proved to be robust and docile 
towards the topological changes. These were finally the key 
to the implementation of feedback from FEA.

8. MEANS OF INTEGRATING MATERIAL 
AND DESIGN PRACTICE

The integration of material behavior into design 
demands a holistic understanding where scales are both 
conceptually and logically linked. As our toolset is driven 
by a downstream digital chain, the establishment of digital 
loops is challenging. Yet fast feedback loops are the 
prerequisite for any improvement of design solutions. 

Integrating material behavior can not be achieved in a 
simple technological manner. We observe that the impact of 
high level changes - as variation in topology - is far higher 
than element based adjustments. The potential to execute 
these changes comes along with a commitment to a far 
higher complexity on tool, communication and process 
management level. We need tools and methods to handle 
complexity, interpret feedback and position acquired 
knowledge. The Dermoid project shows that an indirect link 
of levels - as the attractor fields - has the potential to 
negotiate numeric parameters with abstract constraints from 
design, program and economy.

Finding the right representation for material behavior is 
an intellectually challenging endeavor. An appropriate 
representation can be a set of straightforward geometric 
rules. As computation of a structure is only happening in the 
physical world, simulation and modeling remains abstract. It 
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is up to the designer to define the adequate means of 
representation on every level. Physical tests provide an 
effective means to conclude from material and element level 
to the behavior of a general structure. Simulation is not a
generic tool but an environment that needs calibration to 
real-world behavior through measurements specific to the 
area of application. The calibration can take place on the 
level of material or through tests on larger entities, as the 
pods in Dermoid. Simulation shifts from being an analytical 
to a design tool. Sound design decisions can be furthers 
through a global structural analysis in the early stages of the 
design. Structural analysis has consequence on two levels: 

• In the design phase, it helps to identify weak points in 
the topology with a strong impact on the deformations 
and stresses of the structure. 

• In a more advanced stage, the information provided by 
the FE-Analysis enables an increase in structural 
performance by local optimization.

Through the knowledge of an element's performance, a 
material practice is introduced that works with graded 
properties. Here the behavior of material is as much a part 
of design as its specification. Where we are looking in 
Dermoid at the information of an element, parallel 
investigations allow the speculation about the role of the 
making of material (Nicholas 2011). 

The introduction of material properties is points towards 
a paradigm shift in architectural design and its 
representation.
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