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ABSTRACT 

The presented paper address the complex condition of 
analyzing and simulating anisotropic responsive material 
systems in architecture, focused on thermally-activated 
wood envelopes. The objective is to define, develop and 
present a design integrated workflow for simulating, 
predicting and steering material performance, as a key 
factor for the development of adaptive material systems, 
developable into adaptive building envelopes. Using 
methods from associated disciplines of engineering, 
material science and computer graphics, the studies employ 
adopted and adapted techniques for advanced material 
analysis and simulation. From this approach, we illustrate a 
new cyclical design method for high predictability and 
simulation of anisotropic material systems, with low scale 
specification data. With a special focus on hybrid 
responsive systems and functionally graded materials 
(FGM), we ask how to integrate material performance, 
engage with high degrees of interdependency and allow the 
emergence of design feedback between the multiple scales 
of architectural construction. With a parallel equally 
concerned approach on material specification and data 
processing methods, the experimental computational and 
prototyping studies conclude with a series of critical factors 
for high precision steering of material performance in an 
architectural scale. 
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1 INTRODUCTION 
Materials were for years conceived as passive receivers of a 
previously generated form. For that reason, the range of 
materials used for construction exclude anisotropy and are 

mostly restricted to homogeneity of pre-fabricated defined 
shapes (plates, cubes, pipes), for optimizing performance 
within a construction environment [1]. However, there is a 
great variety of heterogeneous materials in nature which 
have to go through several industrial processes and, 
oppositely to any sustainable logic, result in much material 
waste before becoming suitable for a standard fabrication 
environment.  

As contemporary building culture is finding itself in an era 
of resource scarcity on materials needed for construction, 
[2] this challenges profoundly the perception of materiality 
into architectural design, as well as the established 
relationship between the processes of design and physical 
making. This challenge calls for development of new 
material practices and design workflows that optimize 
resource allocation and reduce waste [3].  

Moving from the paradigms of standardization and mass 
production, these new practices position the making of 
functionally graded materials (FGM) for site and use 
specific application, as central means of building smarter 
with less.  

This paper discusses new methods by which functionally 
graded materials can be specified and produced, using 
robotic fabrication. The aim of this paper is the 
identification, development and implementation of a 
simulation method and model for active anisotropic 
materials, focused on application for material driven 
building active envelopes. 

Through a case study, it explores an integrated workflow 
for simulating and predicting highly anisotropic material 
composites, interfacing high fidelity with low scale 
specification data. The experimental case study examines 
how simulation of material heterogeneous performance can 
be integrated into architectural design and fabrication, as an 
aspect of sustainability and speculates on future fabrication 
paradigms for lighter, adaptive, material-driven 
architecture. 
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2 SIMULATION IN DESIGN 
The current forming of the architectural design practice is 
facing increasing demands in terms of predictability and 
performance of its outcomes. From design to construction 
and operation, today different means of simulation cover a 
wide range of architectural concerns, including the 
simulation of a design’s environmental, structural and 
material performances, its fabrication and assembly.  

As we deal with more and more complex design tasks, 
employing different material systems and different scales of 
material interaction, the emergence of new simulation 
methods and workflows, that interrupt the otherwise linear 
progression from design to analysis, seems to be critical. 
This becomes even more essential when designing for and 
with material performance of highly anisotropic responsive 
material systems. Current studies provide a wide range of 
simulation methods, varying from Geometric 
Representation Models (GRM) [4], Spring –based 
Simulation Models (SSM) [5], use of Finite Element 
Method (FEM) [6] and Isogeometric Analysis (IGA) [7, 8].  

Representing various levels of resolution and accuracy, all 
aforementioned methods provide extensive information on 
the system’s behavior. However the development of a 
responsive architectural system based on anisotropic 
material properties of wood, presents methodological and 
technical challenges that need to be considered and further 
implemented, within the design chain. One such aspect 
involves the homogeneity between samples. Current 
designs rely on a homogeneous, linear grain pattern for all 
elements and, despite the fact that there are wood species 
that provide very linear grain topology, all samples still 
require fairly rigorous quality control to ensure consistent 
grain curvature [9]. 

Given the organic and extensive parameters of wood as a 
vascular tissue, the excessive or uneven distribution of heat 
across the grain can cause uneven distribution of strain in 
the system, which may consequently result in 
microstructural damage (plastic deformation) and an overall 
reduction of responsiveness over time. 

Moreover, the geometric arrangement of the responsive 
elements can lead to areas that are over exposed to UV 
radiation, over extended periods of time. This increases 
material fatigue [10] and can affect the operational life of 
the system. Thus, it is a performative aspect that cannot be 
excluded from the simulation methods used in the design 
process.  

Under this scope, these challenges seem to address the 
importance of a new material design practice, where 
simulation is understood as an integrated part of the whole 
chain from design to construction, introducing constant 
feedback and cyclical thinking between the physical and the 
digital design environments, as well as between the 
different stages and scales of architectural thinking.  

In other words, the implementation of adaptive material 
systems in architecture and construction entails the 
integration of an adaptive simulation workflow within 
architectural design process. 

 
Figure 1. From top to bottom: 3D scanning of activated multi-grain 
timber composite (38 °C), Dynamic Simulation displaying Gaussian 
curvature and Deviation Analysis between physical and simulated 

material performance.  
 

3 LIGHTWEIGHT WOOD-BASED RESPONSIVE 
COMPOSITES 

The integration of active materials with the capacity to 
compute behavioral response, based on environmental 
conditions, represents a growing field in architecture and 
construction, in which digitally controlled mechanisms are 
replaced by material systems that are based on the design 
and organization of the material itself [5]. Understanding in 
depth the characteristics of wood as a natural material can 
give us a good insight into the possibility to re-
conceptualize the material use in architectural design, in 
order to fulfill formalized design requirements. However, 
programming a system’s response in the material level 
requires the development of material-driven computation 
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strategies that incorporate a range of design, fabrication and 
actuation parameters.  

With the intention to study correlations between a material 
exergy-based system [11], which utilizes energy that is 
available in the environment in order to actuate responsive 
behaviors, and the environmental dynamics of temperature, 
a series of critical influencing parameters were derived: 

a. Wood type and sample selection. Species that show high 
thermal behavior increase responsive performance. Given 
the environmental exposure of the material in continuous 
actuation cycles, a number of other performance 
parameters, such as density and Modulus of Elasticity, were 
taken into account. 

b. Homogeneity in fiber directionality. This allows for high 
precision control and steering of the system’s performance. 

c. Material layout. Width/Length ratio, thickness and shape 
variables determine the level of performance, as well as the 
timeframe within responsiveness occurs. 

d. Dimensional limitation of samples. Quarter-cut veneer 
ranges from 40-120 mm in width, which directly constraints 
the working width and the scale of the design elements. 

e. Homogeneity of samples. Even if oak is considered 
homogeneous wood type, it is still required a detection 
method of wood directionality for informing both the 
simulation and fabrication process, so as to ensure 
consistent behavior.  

Using temperature as the environmental stimuli of the 
responsive system, the selection of the right material is 
approached through an intensive research and 
understanding of the microstructural principles that 
facilitate the thermal actuation of wood [12]. Based on its 
high thermal expansion coefficient, tangentially to growth 
rings (quarter-cut veneer), the presented case study uses oak 
composite veneer elements to transfer thermally activated 
dimensional changes into responsive bending, in a wood-
based architectural envelope. The ability of the single 
discrete wood elements to implement reactive, shape-
changing behaviors, triggered by environmental stimuli, 
gives the opportunity of large scale responsive architectural 
assemblies.  

Under this scope, several material compositions were tested 
in relation to their bending performance, from single layer 
veneer elements to bi-layer (combining two material layers) 
and multi-layer (combining more than two material layers) 
composites. Specifically, the material study presented 
explores the case of gradual material layering deposition of 
various grain directionality, allowing for local control of 
bending stiffness and direction. Within these investigations, 
the hierarchy and the anisotropic characteristics of the 
functionally graded composite is proved to be the driving 
force of the programmed deformation and the basis for 
developing a simulation model for anisotropic responsive 
composites. 

 
Figure 2. Material studies to identify, understand, develop and test 

novel composites for exergy based adaptive behavior. 

 

4 THE DESIGN SETUP: A WORKFLOW FOR 
INFORMED DESIGN ITERATION 

The interdisciplinary frameworks that architecture needs to 
adopt in order to address the current advances and 
challenges in building practice, have resulted to an 
inevitable coexistence of different levels of precision, 
methods and calculation tools, which leads to a larger 
research enquiry of how simulation of different levels of 
fidelity can interface along the design process [13]. 
The presented case study devises an experimental workflow 
for wood-based responsive systems, equally concerned with 
design at the scale of the material, the element and the 
structure, in which an adaptive iterative design process is 
formed. While existing solutions have implemented a 
sequential approach to simulation studies from low to high 
precision and from material to structure, this workflow 
explores a parallel approach [14] where simulation, 
prediction and steering coexist in a non-hierarchical 
framework, allowing for bi-directional information flows, 
within the design chain. More specifically, physical 
material experiments on various wood fiber deposition 
configurations define the threshold of the bending 
performance of the responsive elements, as well as the basis 
for the assembly topology.  

Using Computer Vision methods, a series of qualitative 
data from the responsive elements are being collected over 
several activation cycles of the system. Alongside, these 
data interface with the spring-based simulation model, 
providing us with quantitative understandings of the 
system’s adaptive and anisotropic behavior. 

Finally, with the use of evolutionary algorithms, these two 
computational frameworks are reconciled in overall fitness 
functions, for addressing specific design requirements, 
providing us with geometric data that inform robotic 
fabrication. 
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Figure 3. Object Tracking and Bending Ratio Detection using 
Linear Hough Transform (LHT) method in OpenCV. 

 
Figure 4. Exporting quantitative data of maximum bending ratio 

and strain of oak responsive veneer element, after 5 activation 
cycles. 

 

4.1 Simulation 
The project takes advantage of the bending behavior of 
multi-directional oak veneer composites in a reciprocal 
open topology, in order to form a thermal adaptive 
membrane. The presented integrated workflow is being 
applied for the simulation, prediction and steering of a 1 x 1 
meter reactive specimen behavior. While single-directional 
responsive curvature can be estimated mathematically 

through Geometric Representation Models (GRM) [4], 
predicting the interaction between multiple parts can be a 
computationally intensive and complex task. For that reason 
the form-finding and overall structural behavior of the 
design system, in terms of deformation and bending 
stresses, is simulated with spring-based physics engine, 
using K2 solver in Grasshopper, Rhinoceros. The form-
finding of the reactive elements occurs in two levels. In a 
material level, the bending behavior of a multi-layered and 
multi-fiber directional composite is being computationally 
represented by assigning the grain orientation of each fiber 
into weighted values for hinges, along the internal edges of 
a triangulated mesh. The resulted vertex map of graded 
weighted values is being informed by the elastic limitations 
of the material and recalibrated based on measurements 
from the physical experiments.  
The accuracy of the simulation at this level can be up or 
down sampled by changing the resolution of the mesh 
topology. The resulted form-found mesh is then reduced 
into a low resolution mesh and simulated within a system of 
reactive interdependent elements. This second level of 
simulation ensures that the system performs within the 
limits of the material properties and orchestrates the design 
of a more complex multi-part system behavior.  
K2 constitutes a fast and accurate method that provides and 
permits direct interaction of the designer at any point of the 
simulation process, allowing for visual evaluation and 
constant feedback on the design. Although this simulation 
method can provide extensive information on the system’s 
behavior, its integration into a design model requires 
increased computational resources. In addition, this method 
becomes challenging in providing accurate geometries at 
intermediate simulation stages, (not fully curled) [15] which 
can be critical in calibrating an environmental responsive 
highly anisotropic system. To address the aforementioned 
challenges, the case study shifts towards a more agile 
adaptive workflow, by introducing Computer Vision 
algorithms, parallel to the main K2 simulation model. 

 

 
Figure 5. Flowchart of the design integrated simulation workflow for thermally activated wood composites. 
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Computer vision is an interdisciplinary field, including 
methods for acquiring, processing, analyzing and 
understanding digital images, and extraction of high-
dimensional data from the real world, in order to produce 
numerical or symbolic information in the forms of decisions 
[16]. The presented project uses OpenCV programing 
library and, specifically applies Linear Hough Transform 
(LHT) methods for real time object tracking, as well as 
grain detection of the wood-based responsive composites. 
LHT is a voting process aimed to detect the existence of a 
line within a certain class of shapes, in the pixel space of an 
image [17], by assigning to each pixel the parametric 
equation that describes a line: 
 

r=xcosθ +ysinθ 
The collected data are in the form of arrays of 3-
dimensional points, where each array represents an 
analysed video frame and can be easily imported to any 
design simulation environment.  
Along with the K2 simulation engine, this tracking method 
provides us with extensive information regarding the 
responsive behavior in the level of the material, while 
allows for real time bi-directional data flow between the 
physical and the digital environmnets of the design chain. 
 

4.2 Prediction 
When predicting and steering material performance as a key 
factor for the development of adaptive material systems, 
developable into adaptive building envelopes, multi-
parameter optimization can act as an instrumental tool to 
mediate conflicting goals of environmental control, 
performative limitations of the material and changing user 
requirements[18]. For the prediction of the specified 
geometrical configuration of the responsive wood-based 
composites, the enquiry employs Galapagos Evolutionary 
Solver for Grasshopper, Rhinoceros, developed by David 
Rutten [19]. Along with the technical setup of the 
evolutionary engine, there are a series of critical parameters 
that define the accuracy, resolution and speed of its 
operation performance, such as describing the fitness 
function and altering the variables of the population and 
mutation rate. The evolutionary algorithm derives its fitness 
parameters by an environmental benchmark model, created 
in Ladybug plugin for Grasshopper, Rhinoceros [20]. The 
model showcases a parallel evaluation study of how the 
various bending states of the responsive membrane affect 
the visual, self-shading, radiation and energy analysis, 
providing the designer with a direct relation between 
material behavior and performance. Under the presented 
case study, the parameter of visual analysis has been 
selected to describe the fitness function within the 
evolutionary search. Through continuous adjustment of the 
bending responsive elements in various configurations as 
input parameters, this method provides an accurate 
prediction of the optimized result that best meets the goal 
outcome. By enabling a continuous and interactive search 

loop, where resolution is continuously redefined, the 
evolutionary engine generates fit candidates disengaging 
the designer from compromising between extensively 
complex coexisting design and performance demands.  

 
Figure 6. Benchmark model for Environmental Analysis of the 

Adaptive Envelope design. From left to right: Energy Analysis (per 
m2), Energy Analysis (per reactive element), Geometric Bending, 

Radiation, Shading and Visual Analysis. 

 

4.3 Steering 
Along with the simulation and prediction methods, a 
customized robotic fabrication process has been developed 
for steering of the wood-based responsive material 
composites behavior. This process is formed around and for 
high resolution timber surfaces, using gradual material 
layering deposition of various grain directionality, allowing 
for local control of bending stiffness and direction. For 
these studies, the material used for the fiber deposition is 
quarter-cut oak veneer 0.6 mm. The robotic fabrication 
developed in the presented case study takes place in two 
levels –in a material and in a system level- and is being 
specified by three essential parameters- Material 
Production, Robotic Tool Development, and Robotic Path 
Planning. In a material level, the high resolution form-
found mesh of each individual responsive composite 
element, resulted from the K2 simulation environment and 
evaluated through the Galapagos evolutionary solver, is 
being down sampled and deconstructed into the individual 
wood elements of different grain directionality. This 
process is achieved by remapping the grain directionality 
data acquired through the Open CV algorithm into the 
form-found mesh. As these methods are interconnected and 
inform each other in a parallel set-up, the behavior accuracy 
of the specified functionally graded wood- based 
composites are highly interdependent to the resolution of 
the form-found mesh and the fidelity within which K2 goals 
where defined, including the geometric constraints, the 
material elastic and mechanical properties, applied loads 
and other energies [21].This method assigns directly 3d 
mesh topologies to 2d fabrication data and creates an 
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important link between the various simulation models and 
the robotic fabrication process. In the system level, steering 
a responsive membrane for addressing formalized design 
requirements is achieved by the assembly of the 
functionally graded wood composites, produced from the 
aforementioned material-based fabrication process. Once 
again, the classification, clustering and distribution of these 
composites, within a large scale architectural assembly, is 
linked to the optimized geometric solution of the 
evolutionary engine. Based on the above fabrication 
requirements and challenges, a custom robotic end effector 
was developed using pneumatic suction caps, with an 
adaptive operational area for elements between 10-110 cm 
long and with the ability to transform from linear to 
rectangular configuration, with maximum operational area 
of 40 x 40 cm, serving various scales and material layouts. 
The robotic movement of a single “pick and place” 
movement is defined by the operational area of the 
assembly which is directly linked to the scale of the 
intended responsive membrane. The robotic paths are 
planned as a repetitive trajectory between  the material 
stock (picking) and the target point of the final assembly 
(placing) within the topology of  the greater architectural 
surface. This allows for an optimized fabrication interface 
and facilitates a rather complex compositional overlaying of 
various elements. Moreover, there has been carried out 
extensive research on different attachment methods for 
binding wood fibers together, ranging from synthetic 
adhesives (acrylics, liquid seals, lockers, structural glues) to 
sewing. In the presented prototypical method, binding is not 
yet integrated in a single end effector development, but 
occurs as a post fabrication process, in the form of local 
customized PLA snap joints, allowing for fast assembly and 
disassembly of the composites. 

 

 
Figure 7. Grain detection using Linear Hough Transform (LHT), 

OpenCV. From left to right: Original black and white image, Binary 
image, Line creation following grain directionality, Grain Direction 

vector. 

 
Figure 8. Extraction of robotic path coordinates for clustering and 

assembly of FGM multi-grain oak composites. 

 

5 RESULTS 
Moving from a binary interpretation of simulation, 
expressed as a linear progression from design to evaluation, 
this prototypical method allows us to re- conceptualize 
simulation practice as an assemblage of distributed events 
of various resolutions and scales, along the design chain. 
Within this process, the role of the designer lies on the 
interfacing of those parallel simulation and design models, 
as well as the data processing between the various 
resolution design agencies.  

 

 
Figure 9. Robotic assembly of various grain direction reactive elements for an exergy-based thermally active wood envelope. 
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The presented case study forms an experimental 
workflow that can simulate, predict and steer non-linear 
anisotropic behaviors, by interfacing highly specified 
behavioral descriptions, with low specification data. The 
case study proves that the integration of a multi–scalar 
adaptive workflow from design to production, can inform 
the design chain with a series of critical results, allowing 
for high precision performance steering of responsive 
systems: 

a. Tracking real time the material behavior and capturing 
all in between stages of the material performance, allows 
for qualitative and quantitative evaluation of the material 
decay over the responsive operational cycles. 

b. Benchmarking bending ratio in relation to temperature 
conditions and time. This can provide us with a high 
resolution 3d mapping of the wood responsive 
composite’s thermotropism [22], where each timeframe 
can be assigned with a unique material state and a surface 
temperature value. 

c. Grain detection can up sample the K2 simulation 
accuracy by creating a higher resolution differentiated 
mesh for dynamic relaxation in the scale of the material, 
providing high control of bending stiffness and curvature. 

d. Informed Design Iteration by identifying infidelities or 
mismatches between the simulated and the physical 
material behavior. This could be useful to simply re-
inform and re-parametrize specific features of the 
integrated workflow in accordance to physical world data. 

 e. Additionally, this evaluation could allow for 
fabrication optimization. Aiming for a highly accurate 
pre-programmed responsive material system behavior, 
this feedback can be used to detect and exclude specific 
material elements from the fabrication process, for not 
fulfilling the desired performance requirements. 

 

6 DISCUSSION 
Further development needs to occur in the interfacing 
between the various resolution simulation platforms and 
the fabrication process.  This careful classification of data 
exchange will also allow for applying the presented 
methods in a bigger architectural scale, maintaining 
accuracy. The binding method applied on the wood-based 
composites affects the overall performance and needs to 
be integrated into one fabrication workflow. Moreover, 
bio-based adhesives such as cellulose need to be 
investigated. Further investigation on how the robotic 
fabrication workflow can be refined needs to be 
addressed. Feedback processes during the fabrication 
process could allow for adaptive tool paths and iterative 
informed material layer deposition. Finally, along with 
the multi-grain material deposition that is being 
investigated in the presented study, the shift towards a 

multi-material layering could introduce new hybrid 
properties in the responsive architectural system. 
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