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Abstract
The development of new building materials has decisively influenced the
progression of architecture through the link between built form and
available material systems.The new generation of engineered materials
are no exception. However, to fully utilise these materials in the design
process, there is a need for designers to understand how these new
materials perform. In this paper we propose a method for sensing and
representing the response of materials to external stimuli, at the early
design stage, to help the designer establish a material awareness.We
present a novel approach for embedding capacitive sensors into
material models in order to improve material performance of designs.
The method was applied and tested during two workshops, both
discussed in this paper.The outcome is a method for anticipating
engineered material behaviour.
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1. INTRODUCTION
After a period of intense digital focus, there is a new era of material
awareness.This has been powered by fast technological progressions in
digital design tools (such as parametric design, form finding algorithms and
emergent systems) and catalysed by the growing range of digital fabrication
methods (such as CNC machining, 3d printing and robotics). After a period
of rapid development in digitally designs tools for architecture the ability to
simulate and model materials are radically changing the realm of material
thinking.

1.1 Context
Recently published publications by designers and theoreticians such as
Michael Meredith [1], Lisa Iwamoto [2] and Rivka Oxman [3] are defining a
new era of tectonic architecture with engineered materials as a focus.The
physical and direct engagement with matter, driven by a new ecological
understanding that is based on performance driven design decisions is
supporting material oriented design thinking. New digital tools, new
fabrication methods, and the vast range of new commercial construction
materials are supporting this material oriented design thinking.
The growing palette of materials and technologies offers a range of new
research fields but also raises questions about how designers apply this
stream of unfamiliar construction materials and design tools. Our
knowledge of commonly used materials – such as steel, glass, concrete and
wood – typically comes from centuries of haptic experience and
experimentation. But this tacit knowledge has not yet been developed for
many new materials. For designers these new materials present a risk, which
is often expressed as a marked preference for the familiarity of traditional
materials.
The problem still remains, that many designers lack the detailed
knowledge of material behaviour necessary to use engineered materials.This
is largely to do with the education of architects, which tends to privilege
geometry over materiality. However, this education is experiencing a shift, or
perhaps an extension, towards a new understanding of materiality. Once
again the ideas of Mies van de Rohe, Josef Albers and László Moholy Nagy,
are returning to the fore, as students are asked to design in the name of the
material. Of particular relevance is Josef Albers’ Vorkurs of material studies
[4], where he proposed an integrated research and design process between
material and matter.Albers argued the whole potential of the material could
only be achieved through its full understanding. In his course students were
taught to reduce the material to its extreme to create an optimized wellbalanced design (Figure 1). Recent methodologies in architecture by the likes
of Achim Menges, Michael Hensel [5,6] and others [7] have re-established the
ideas of performance and emergent material studies to produce new
architectural strategies, which Carolin Höfler also mentioned in 2010 [8].
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In this paper we posit that to be able to apply an unfamiliar material to a
design, a new level of encountering the material properties is needed.This is
especially true if designers want to work with novel engineered materials. In
this sense, physical experiments with the material itself are an important
way of generating the necessary rules-of-thumb and gut feeling of the
material’s behaviour.Through material experimentation, material properties
can be discovered and described as parameters that can inform digital
simulation.The predicted properties of a material system create a solution
space with a range of possible outcomes following Albers understanding;
there is not one optimal solution there are just many different possible
solutions [4].Therefore, physical material experiments can integrate with
digital design tools to better express material behaviour and either guide
form-finding or assist designing with the new material observations.With
the today’s technology, integration and interlacing of digital and physical
material systems seems more reasonable than ever. Bridging the gap
between the digital and the physical world is an on-going research interest
of academics and design practices (MIT Media Lab - Tangible Media Group,
SMART Solutions Team - Buro Happold) [9,10].This paper aims to
contribute to this investigation by articulating a method to sense, test and
visualize micro changes of materials for a better material understanding.
Therefore within this paper, we propose a method for sensing and
representing the response of materials to external stimuli, at the early
design stage, to help the designer establish a material awareness.The
presented research reflects upon the spirit of the Bauhaus ideology of
material knowledge, the so-called Materialwissen [4]. And this spirit is applied
to a series of experimental architectural workshops to test the methods
proposed within this paper.

 Figure 1: Paper folding experiments
by Josef Albers and Students, Black
Mountain College, New Haven, 1946
(photograph by Genevieve Naylor)
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2. DESIGN EXPLORATION THROUGH SENSING
MATERIAL PERFORMANCE
Parametric design tools are capable simulating real-time physics to visualize
material behaviour. Environmental measurements, such as measurements of
sun exposure, heat, or moisture, can be used as parameters to influence
model behaviour. Physical measurements of force can be used to calibrate
particle spring simulations.These flexible digital simulation techniques,
combined with simplified geometrical models, can lead to a better
understanding of new materials, helping inform design decisions at an early
stage.When it comes to the understanding of these materials, we need to
link the physical properties to a design oriented understanding. Robert Aish
describes the design process as ‘making inspired decisions with incomplete
information’ and ‘explains the necessity of a counter balance of our intuition’ with
a well-developed sense of premeditation [11]. Usually the collection of
material properties is established via time consuming experiments requiring
the measurements of forces and strength, as well as other physical and
chemical functions.This detailed data set is necessary to define a descriptive
function giving the closest real material performance. However in this paper
we propose that a fully accurate descriptive function of materials is not
needed in the early design stages. Instead we suggest an approximation will
suffice.This approximation can be informed by fast, low-tech measurements
with rulers, protractors and observation, and the simulation can be
conducted in article spring simulations that give a feel for the reality of
using the new material.
Developments in the last century have produced a range of sensors that
can be used for recording and sensing small changes in materials.There have
been a number of projects investigating the possibilities of engineered
materials combined with sensors to create advanced composites that enable
ubiquitous and embedded interactivity [12]. Leading examples include
robotics and technical wearables that can sense light, noise and the presence
of bodies.The introduction of capacity sensors, in particular, has progressed
the sensing and augmenting of space, which has been exemplified in projects
by Marcelo Coehlo (Figure 2) [13], Leah Buechley and the Research Team of
the High-Low Tech group at the MIT Media Lab [14].The prevalent use of
capacitive sensors stems from the fact that this is a technology with a
relative high accuracy, ease of integration and a wide array of applications
[15]. In capacitive sensors conductive materials are used to record changes
in the electrical field around them with response to an interference of a
conductive objects (human body and others). Applications vary from more
standard uses in electrical engineering to more speculative prototyping in
the case of design proposals.The relative freedom in material application
and new open-source environments for interaction design make this
technology most appropriate as a way to develop new scenarios for
embedded computing for the built environment.
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 Figure 2: Self build sensing devices.
(Left picture Fabric bend sesnor by
Mika Satomi and Hannah PernerWilson, URL:
http://www.kobakant.at/DIY/?p=20;
Right picture: Paper and conductive
yarn composite by Marcelo Coelho)

There have been a number of applications of this sensing technology applied
in architectural practice, often to produce flexible and responsive tectonic
skins. In Soft House by ‘Kennedy and Violich’, the flexible textile membrane
(Figure 3) is used as infrastructure for natural photo-luminescent pigments,
light-emitting diodes (LED) and film-encased photovoltaic cells that control
and respond to internal and external forces [16].
 Figure 3: Kennedy and Violich’s
SoftHouse project developed for a
green-living exhibit at the Vitra Design
Museum in Germany. (Image Source:
KVA)

The use of capacitive sensors it not limited to just sensing changes in the
local environment, they can also be used to measure pressure, bending and
tension forces within the material. Here, measuring is not directly related to
real forces but indicates the degree to which the sensor is being bent or
pushed. In our research we have used this data to monitor the material and
inform digital representations of the material behaviour.
This method can be adapted to provide real-time feedback for
calibrating pseudo physical material simulations (Figure 4). In the pseudo
physical simulation, the designer can explicitly design and specify: which
geometric properties they want to leave free, which they want to constrain,
and how they want to link them.The spring algorithm then expresses
approximate material behaviour, without precisely measuring the material
properties (Piker, 2011) [17]. Modifying the properties of the pseudo physical
simulation with sensed data, the sensing itself becomes a design driver for
architectural ideas and solution finding strategies based on the investigation
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of material constraints and the interaction between the physical and the
digital modelling environment as described in Figure 4.

 Figure 4: Developed workflow of
integrating sensing data into the design
workflow. Sensed data is controlling
and manipulating the abstracted
pseudo-physics model to optimize a
material system.

2.1. Setup of the sensor network
While touch sensors are not a new technology, recent advances in
programmable micro-controllers, such as the open-source Arduino, is
making capacitance-based touch sensors a viable alternative to other
expensive sensing devices.Touch can be sensed in a capacitive-sensing system
through the interference caused to the electrical field surrounding an
electronic conductor. A human body is filled with conductive electrolytes
covered by a layer of skin and it is the conductive property of fingers that
interrupts the electrical field making capacitive touch sensing possible [18].
The conductor does not literally need to be touched since the electric field
extends past the surface of the conductor, so anything close to the
conductor is enough to register the change in current.This technique
already has many different applications, such as in touch-displays. In order to
apply these technique to sense material changes we can use the predefined
‘capSense library’ by Paul Badger that turns two or more Arduino pins into a
capacitive sensor, which can sense the electrical capacitance of the human
body.The ‘capSense’ method reports the variable values (in arbitrary units)
and this can be then visualized or reused in different ways.The circuits that
are needed in order to operate the sensor and to measure the sensed
values are very simple and work with low currents.The integration of the
capacity sensor technology into a digital design tool such as parametric
software can be achieved by small and easy to build electronic circuits.
We applied capacitive-sensors to measure the material performance of
two projects: Performing Skin, led by Mette Ramsgard Thomsen and Ayelet
Karmon; and Material Behavior, led by Sascha Bohnenberger, Chin Koi Khoo
and Daniel Davis. In Performing Skin, the conductive fibres integrate as part
of the structure of a knitted surface, while in Material Behaviour, removable
conductive foam sensors are attached to the flexible surfaces of sails as
seen in Figure 5.
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 Figure 5:Variations of sensing
devices (Left picture: Bending Sensor
based on conductive Foam as applied
at the Material Behaviour Workshop;
Right picture: Conductive Yarn
imbedded in the knitted surface and
utilized as capacity sensors and applied
at the Performing Skin project)

2.2. Mapping of sensor data to graphical representations
The problem for designers working with unfamiliar materials (like sails or
fashion textiles) is anticipating how these materials will behave, particularly if
the required data gathering has not yet happened.The introduction of
simple sensing techniques can help, but the data from the sensors needs to
be represented in a meaningful way for the designer.The two workshops
use Arduino micro-controllers linked with the programming environment
Processing to normalise data and provided targeted visual feedback. (Figures
6 and 7)
Or as Robert Aish asks: “How can we augment the cognitive processes?”
[11]
 Figure 6: Material Behaviour
Workshop: visualizing received data of
pressure forces in the Sail.
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 Figure 7: Performing Skins
Workshop: capacitive sensing
visualization in Processing.Two graphs
representing the sensed data in a realtime and visualising the ‘touchintensity’ by two different colours.

3. DESIGN EXPLORATION
A model of abstraction as a mediating language drives the two projects.
They both use a simplified representation of materials undergoing forces
visualised and fed back into the design process.This simplification is
necessary in order to understand the intricate relationship between force
and material system.
Within the Performing Skin Workshop different yarn types were woven
together in a digitally controlled process with a CNC-knitting machine.The
three-dimensional knitted structure contained different material properties,
which were combined with a control tool allowing the user to re-shape the
knitted fabric.The second project examined how pre-fabricated sails woven
from flexible material types such as Dacron, Kevlar and Mylar could be used
to embed sensing as a representational and sense-making tool of the
material behaviour. Here the sensor communicated the difference material
reactions according to the wind forces in three types of sails.

3.1. Performing Skins
Performing Skins was held as part of Smart Geometry 2011 at the Royal
Danish Academy of Art. In the workshop we investigated techniques for
embedding sensing in complex composites. Using knitted fabrics as a model
for material thinking, we examined how CNC knitting technologies can be
directly interfaced with architectural design environments.The workshop
relied on techniques developed for the Listener research probe [19, 20]
enabling the embedding and interfacing of capacity sensing and steering of
fabrication.The aim for the workshop was to build an understanding of how
this localized sense-data can be integrated into the design process using
dynamic material representations and be used to develop site and use
specific materials.
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In the workshop groups were asked to develop their own composite
materials working with a range of different yarns with particular
performances. By integrating elastomers that stretch and extend, polyethylene
monofilaments that stiffen, and extrude, alongside natural materials such as
cotton, wool and linen we experimented with the interactions between
structure and material behaviour.The complex textile composites were
further extended by integrating conductive fibres (Figure 8). These fibres are
spun with silver filaments that enable the flow of electricity.
The conductive fibres were used for capacitive sensing.The sensing was
used as a way to simulate humidity sensing, as humidity sensors often use
capacitance as part of their technology. Simulating environmental changes
through human presence became a strategy for design in the workshop
itself, to allow the work to be about multiple scales and multiple locations.
Not so much as a way to sense human presence in and of itself. By
interfacing the fibres to the Arduino micro controller, readings of humidity
changes in the local environment could be taken.
The first prototypes were used to generate a pool of sensed data.The
workshop explored methods for integrating the sensed data with the
material design process. Learning from the Listener prototype, base
diagrams of material structures were prepared as a means of interfacing the
CNC knitting machine.The diagrams were set up in an architectural design
environment (Rhino, Grasshopper and Firefly) allowing participants to
directly engage and change the geometric information that informs and
encodes the g-code for the CNC knitting machine.The diagrams are
abstracted information models that do not directly depict the material form
of the finished fabric nor the behaviour of its fibres but instead structure
the fabrication data. As visual representations they are intuitive to
understand and therefore easier to manipulate that the direct g-code.

 Figure 8: Final Project of the
Performing Skins Workshop. A CNCknitted fabric with imbedded sensing
technology.
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The workshop established an iterative design process in which
generations of materials inform one another. As local information is
gathered by the embedded sensors they inform and change the following
set of material designs. In one exploration led by Sascha Bohnenberger and
Chin Koi Khoo, the diagram was developed to predict and simulate the
material behaviour of the fabric.The diagram was reconstructed as a
meshed surface, which was further tuned to produce an accurate
representation of the final geometric outcome as visualized in Figure 9.The
sensed data gathered from the conductive yarns of the prototypes were
implemented as an interface for the diagram and, as a user feedback system,
was the most striking element of the workshop. Allowing designers to
directly understand the relationship between environmental impact and
design change enabled prototyping different physical changes on the
parametric model when the material is ‘touched’ before embedding this
behaviour in the material of the fabric.
 Figure 9: Real-time feedback of
parametric model. Different states of
topology changes according to sensed
human presence.

3.2. Material Behaviour Project
In a workshop led by Sascha Bohnenberger, Chin Koi Khoo and Daniel
Davis as part of the Designing the Dynamic conference at the Royal
Melbourne Institute of Technology, we conducted an investigation into
forces carried through sails of different materials and reinforcement
patterns.The study was inspired by the work of North Sails and their
approach to designing composite fabrics that are shaped into optimised
forms.The flexible yet resistant composite materials and the aesthetics of
these composite materials when combined into continuous surfaces drove
the design investigation.This specific material exploration of composite
materials is a challenge that architects and researchers like Greg Lynn [21]
and Johan Bettum [22] have investigated, although their work tends to
abstract the material for design reasons.
The goal of the workshop was to quickly capture the shapes of the sails
under load and use this analysis predict a better design outcome.The
difficulty of simulating the nuances of textile bending stiffness, elasticity, and
torsion – particularly in composite materials – necessitated the use of
physical simulations.The substrate of the sails was a lightweight Mylar, which
was then reinforced with various materials like Kevlar, Dacron and Mylar.
The location of the reinforcing initially based on internal force flow of the
composite traditionally understood in sail making.This understanding was
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supplemented by our own FEM simulation of the load paths through the
sails, which were then rationalised into cutting patterns through a
parametric model.The fabrication process was a scaled down version of the
North Sails 3DL manufacturing process [23].Two sheets of Mylar were
laminated together sandwiching a middle layer of the reinforcing material
(cut to shape).The lamination process forces the three layers to behave as
one new composite material.
To analyse the different performance of the sails we attempted to
measure the pressure and bending of the sail in two key locations. It was
necessary to make our own sensor for this purpose since all of the
commercially available sensors could not be attached to the sails without
having a noticeable effect on the shape due to their weight and their
stiffness.The solution was to construct a sensor from conductive foam,
which when bent or stretched changes its capacitance in a measurable way.
To sense and record the data, the sensors were linked to an Arduino
micro-controller, which sent the data via Firefly to Grasshopper.The
validation of the data was based on the comparison of the sensor mapping.
The setup allowed for three sails at a time to be measured simultaneously,
either under real wind conditions or by simulating wind with three
commercial fans (Figure 10).
 Figure 10: Final Exhibition of the
Material Behaviour project. (Left
picture:The RC-boat with a developed
Sail pattern attached to it; centre
picture: Close-up of microprocessor
unit; right picture:The testing set-up
with three commercial fans and the
projected visualisation of the
measured forces in real-time.

The three sail rig was connected to a visualization of the live-stream of data
(Figure 11). Of the three sails developed, Sail A had the highest mean data
value, indicating it was experiencing the most pressure/ bending force.The
standard deviation of these numbers indicates how the sail is catching the
wind, since a poorly performing sail will vibrate in the disrupted airflow,
causing fluctuations in the sensor values, which increases the standard
deviation. Sail B was the worst in this regard.This data tells a very valuable
story about the performance of the sails, the subtlety of which would be
lost in a purely digital simulation, while the detail would be invisible to
someone inspecting the sails in a purely physical manner. It is only through
bridging this gap a better understanding of the original Sail C occurs and
can be developed further in regards for better wind drag performance.
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 Figure 11:Three designed and
analysed sail patterns. For a better
readability the sizes of the numbers
and the colours are visualised in
relation to the measurements.

4. CONCLUSION
The increase in new materials presents a challenge for designers who want
to take advantage of the performative gains but lack the familiarity with the
materials to confidently design with them. In this paper we have explored
two projects that begin to articulate how designers can combine early stage
prototypes with inexpensive electronic sensors to inform their digital design
process.
Performing Skins demonstrates how surfaces can be revised based on
user interaction. In this case through sensing the touch of the user and
generating a new CNC-Knitting patterns to engage with this interaction.
The sensing of the Sail in the Material Behaviour workshop has a very
different outcome. Here the sensors are used to gather preliminary
performance data that would be impossible to gather through digital
simulations and that was too sensitive to capture without embedded digital
sensors.
This early stage feedback on material performance necessitates a bidirectional link between digital and analogue models, where sensed changes
in material behaviour of either model is feedback into the system to give a
more full understanding of the project’s early stage performance.
Furthermore through the haptic-intuitive engagement with materials and the
described way of representing the material performance a new
understanding of the material performance is formed.These types of
linkages between the digital and the physical world have the potential to
change how designers engage with materials by enabling them to embrace
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the unfamiliar with the confidence they will be able to tune the system to
capture its full benefit.
In architecture this strategy is not only helpful for gaining a better
knowledge of novel materials but can also be thought of as an design and
control system for adaptive architecture with an imbedded feed-back
system to react to environmental changes.
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