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This paper describes the process of designing a prototype for a soft responsive
system for a kinetic building facade. The prototype uses lightweight materials
and mechanisms to generate a building facade skin that is both soft (less
dependent on hard mechanical systems) and responsive (dynamically and
simultaneously adapting to spatial and environmental conditions). By combining
concepts stemming from both tensegrity structures and folding mechanisms, we
develop a prototype that changes dynamically to produce varying facade patterns
and perforations based on sensor-network data and feedback. We use radiation
sensors and shape memory alloys to control the prototype mechanism and allow
for the required parametric adaptation. Based on the data from the radiation
sensors, the lengths of the shape memory alloys are altered using electric wires
and are parametrically linked to the input data. The transformation in the
resulting overall surface is directly linked to the desired levels of daylighting and
solar exposure. We conclude with directions for future research, including full
scale testing, advanced simulation, and multi-objective optimization.
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INTRODUCTION

This paper explores the design of kinetic facade sys-
tems within the framework of soft architecture ma-
chines (Negroponte 1975), where advanced comput-
ing brings in possibilities for "living" in a "meaning-
ful" and responsive man-made environment, thus al-
lowing for a quality of architecture that incorporates
different needs of building occupants altogether, in-
cluding climatic comfort, spatial requirements and
social interaction. Our main focus involves a "soft re-
sponsive system" (Khoo et al. 2011) that capitalizes
on lightweight materials and tensegrity structures to

develop low-cost and energy-saving kinetic building
facade skins.

Early examples of responsive systems included
systems that enabled responsiveness by means of a
programmable facade such as the Aegis Hyposurface
by dECOi (Goulthorpe et al. 2001), programmable
audio-visual interior settings such as the Freshwater
Pavilion by NOX (Lootsma and Spuybroek 1997), and
responsive behavior through the changing form of
a cloud such as the Blur project (Diller and Scofidio
2002). These "hard" mechanical approaches were
challenging for adoption in large scale architectural
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skins and facade systems in terms of reliability, effi-
ciency and durability. They also overlooked the func-
tional component of responsive architecture, espe-
cially that which relates to environmental and struc-
tural integrity (Sterk 2003).

More recent work on responsive architecture
capitalized on functional integrity, soft architectural
components and material properties as opposed
to highly mechanistic and complex components.
Oosterhuis and Sterk adopt functional approaches
to responsive architecture using actuated tenseg-
rity structures and pneumatic muscles, where archi-
tectural skins respond to actual structural, climatic
and spatial conditions (Oosterhuis 2003, Sterk 2005).
Khan capitalizes on the unique material properties
of elastomers to develop and construct responsive
structures computationally (Khan 2009). Other ap-
proaches use digital and physical computation to de-
velop elastic modular systems as a second skin to ex-
isting buildings (Khoo et al. 2011). This approach
capitalizes on material behavior exploration to de-
sign morphing skins that respond to climatic con-
ditions especially sunlight and provide aesthetically
compelling shading devices and building envelopes.

Other advanced approaches to soft responsive
systems implemented more sophisticated materials
and mechanisms, such as the ShapeShift project
(Kretzer 2011), which used electro-active polymers
to develop kinetic and responsive membranes, and
the Media-ICT building (Ruiz-Geli 2011), which re-
sponds to changing climatic conditions and moder-
ates sunlight to the interior space using an ETFE ki-
netic facade system. While these projects offer many
advantages for building skins and facades in terms
of performance and aesthetics, they tend to over-
look the full spectrum of necessary conditions and
criteria. Sterk devises a hybridized model of control
for responsive systems that extends to include: (1)
"user input', including the possibility of manipulat-
ing building responses, (2) "building structure", which
describes building responses to environmental con-
ditions, and (3) "spatial responses”, which involves
the partitioning of internal space (Sterk 2005).
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We explore the use of soft responsive systems within
this holistic framework that extends beyond just per-
formance and aesthetics to satisfy user needs "as a
set of ever changing conditions" (Sterk 2005). We
put forward that architectural space is changing from
a static modular state into a fluid topological state
that continually responds to human activity, social
behavior and interaction, therefore addressing some
of Negroponte's initial inquiries concerning human-
environment relationship, user life style, and envi-
ronmental control. In this context, we focus on de-
signing building facade skins that are both soft and
responsive. We implement this soft responsive ap-
proach in order to respond dynamically and simul-
taneously to multiple objectives such as maximizing
daylight and minimizing solar radiation. We specif-
ically use the principles of tensegrity and folding to
generate a kinetic facade, where members in ten-
sion are triggered through the sensor-network mech-
anism to produce varying patterns and perforations
in the resulting facade system.

We describe our approach below. We first experi-
mented with tensegrity structures to build our mech-
anism logic. We then integrated a folding mechanism
to generate a working prototype with different sce-
narios that respond to sensor-network data.

WHY TENSEGRITY LOGIC?

In line with the main scope of this paper, which in-
volves exploring soft responsive systems, it was es-
sential to study structures that serve the lightweight,
efficient and dynamic nature of such systems.
Tensegrity, as a structural principle and logic, was
seen as potentially serving that purpose. Little liter-
ature exists that addresses architectural applications
of tensegrity structures in building skins and facades,
but rather it focuses on geometry, structural integrity
and aesthetic appeal. Tensegrity structures, as de-
scribed by the early pioneers Fuller and Snelson (Lal-
vani 1996), comprise struts or bars in compression,
in a network of strings, cables or tendons in contin-
uous tension. It is the properties of this integrated
system that give it its unique behavior of lightness,



foldability, deployability and strength. Another very
important characteristic of tensegrity structures is
the relatively flexible and easy shape control, where
the basic shape of a tensegrity structure can be con-
siderably altered and deformed with minimal change
in the potential energy of the structure based on a
given applied force.

Moreover, literature highlights a number of char-
acteristics and benefits that are specific to tensegrity
structures; namely natural inspiration, deployability,
efficiency, stability, and control (Skelton et al. 2001).
Tensegrity structures are mostly derived from natu-
ral and biological inspirations, where tensegrity be-
havior has been observed in cell biology. Transfer-
able characteristics from nature can therefore possi-
bly be seen in tensegrity structures at different scales,
where smart structures could be developed to con-
trol energy flow and motion by means of a proper se-
lection of geometry, parametric functions, and actu-
ators.

Deployability is another direct benefit that can
be easily achieved and is significant when attempt-
ing to design responsive systems. Typically, high
strength materials would tend to exhibit little deploy-
ability or displacement capabilities. However, in the
case of tensegrity structures, the ease of attachment
and detachment of the compression struts and their
connections renders the flexible and large displace-
ment of tensegrity basic components and their com-
pact assembly and storage a relatively light task with
considerable savings. This characteristic is highly sig-
nificant in complex buildings with sophisticated fa-
cade skins.

Another yet immediate benefit of tensegrity
structures is the efficient distribution of its members
and components through longitudinal members
which are usually organized in a non-conventional
and non-orthogonal manner to achieve maximum
strength with minimal mass. As material is typically
only needed in specific locations that address struc-
tural loading points, and not just arbitrary and un-
necessary locations, this would result in an efficient
three-dimensional configuration with high savings

in terms of cost and resources. Simultaneously, the
overall configuration is highly stabilized, where com-
pression struts lose stiffness while tendons gain stiff-
ness upon loading.

One of the features that we capitalize on as well
in this paper is multi-functionality, where both com-
pression struts and tendons can represent different
and diverse elements simultaneously. For example,
they can be load bearing members. They can also be
thermal insulators or electrical conductors. They can
yetrepresent a sensing elements, where they are able
to measure length or tension, or actuating elements,
such as nickel-titanium wire. This feature allows for
a much larger role for the designed facade system,
where it can possibly - using the appropriate selec-
tion of material or geometrical configuration - regu-
late thermal and electrical properties of the building
envelope.

The aforementioned features allowed for an ex-
tensible set of properties, including (a) wholeness,
where surfaces have the ability of responding as
a whole rather than in parts, so local stresses are
transmitted uniformly and are absorbed through
the structure; (b) elasticity, where the overall struc-
ture could be deformed or displaced but retains
its original shape when necessary; (c) expandabil-
ity, where the structure is stable by itself, and so
its sub-components could be joined together to cre-
ate larger and more complex systems; (d) foldability,
where surfaces could exhibit folding as a property,
while requiring minimal energy in order to change to
a new configuration, and (e) uniqueness, where the
structure has no redundant parts, implying that all
the sub-components of the structure are completely
necessary for its overall stability.

PRELIMINARY TESTING WITH TENSEGRITY
In an attempt to reduce the highly mechanistic and
complex nature of kinetic facade skins, we first de-
veloped preliminary testing with basic concepts of
tensegrity. We used a 3-strut T-prism 30cm X 30cm
X 50cm tensegrity module to generate a linear sys-
tem surface and experiment with concepts of float-
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ing compression inside a net of continuous tension.
After a brief physical testing and experimentation
phase, we used Grasshopper and the Kangaroo plug-
in to simulate the 3-strut T-prism behavior, where
both the compressed struts and the prestressed ten-
sioned members, or tendons, were represented (see
Figure 1). In this simulation, we could alter the ten-
sion in each of the tendons to visualize the resulting
behavior in different orientations. The color code in
Figure 1 represents the tension values for each of the
tendons. This allowed us to explore the scope of vari-
ation in configuration and transformation that could
potentially take place within a building skin of depth
30cm.

Cable pre-tension 01

/ Cable pre-tension 02

In order to generate the required diversity of
patterns for the ultimate purpose of responding to
sensor-network data related to daylighting and so-
lar radiation, we introduced parametric variations
at three levels: (1) the modular level, (2) the one-
dimensional network of interconnected struts, and
(3) the two-dimensional network of interconnected
struts. At the modular level, each 3-strut module can
rotate and change its position and size, as shown in
the previous figure. At the 1-D network level, ma-
nipulating each of the three tendons per strut in-
duces transformation along the linear axis of connec-
tion (see Figure 2). At the 2-D network level, the ma-
nipulation of the tendons across the system surface
results in a holistic transformation in aesthetic and
shading patterns. This complex system of paramet-
ric variations results in a highly diverse range of pos-

532 | eCAADe 34 - SMART AND RESPONSIVE DESIGN - Volume 1

sible configurations of the responsive skin, with only
minimal alterations of input variables. This was seen
initially to lead to a variety of daylighting levels and
solar exposure inside the architectural space. As op-
posed to, for example, a group of hard mechanical
piston movement to move or rotate merely one sur-
face panel, a slight change in input tension values
across tendons of the overall structure could achieve
the same result more efficiently, with significant cost
and time savings.

Figure 3 shows the Grasshopper definition that
we used to define the transformation of the 3-strut
module according to altering the values of its three
tendons. We used the Kangaroo plug-in to identify
the resulting geometrical configuration of the mod-
ules. Input parameters included the length of each
of the compressed struts, in addition to the length of
the tendons at rest and in tension. As the prototype
was meant to stand vertically being a kinetic facade,
it was important to take into consideration many fac-
tors. The plug-in allowed for accounting for many
of these, including gravity, static and kinetic friction,
stiffness, plasticity, and others. This contributed to
an informed decision making process in the design
of the prototype module, the dimensions of its pan-
els, the location of its main anchor points, its weight,
and consequently the type of lightweight material to
be used in the construction of its final configuration.

In order to fully develop a framework for the ge-
ometry and control of a responsive facade prototype,
the paper builds on two main systems as a depar-
ture point: tensegrity structures, and folding. It is im-
portant to distinguish here between pure tensegrity
structures and geometrical configurations that share
tensegrity logic and characteristics. We are more in-
terested in tensegrity logic to generate the kinetic
surface properties using linear tensegrity structures
in a computational medium. It is not the aim of this
paper to stay within "pure tensegrity" per se. Tenseg-
rity structures are just considered as a basic departure
point to develop new designs, as they comprise sev-
eral interesting properties, especially when design-
ing a responsive surface.

Figure 1

The 3-strut T-prism
30cm X 30cm X
50cm tensegrity
module used for
preliminary testing
and generating a
linear system
surface.



Figure 2

Scenarios of
resulting
configurations as a
result of
manipulating three
tendons per strut,
allowing for
transformation
along the linear axis
of connection of
struts.

Figure 3

Extract from
Grasshopper
definition used to
define the
transformation of
the 3-strut module
based on
manipulating its
tendons (color
coded).
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FRAMEWORK FOR PROPOSED SOFT RE-
SPONSIVE FACADE PROTOTYPE

After preliminary testing with tensegrity structures,
we came to the following conclusions. Working with
tensegrity allowed for producing a variety of curved
surfaces. The generated surfaces were not only two-
dimensional, but extended to three-dimensional sur-
faces. This was due to the fact that we used para-
metric variations at the modular level, and the one-
dimensional as well as the two-dimensional net-
works of interconnected struts. Controlling these
surfaces was allowed by manipulating the values for
each of the tendons in all panels. The main prob-
lem however, which did not allow for full control of
the panels, was that tensegrity behavior comprises
both tension and compression, and therefore does
not allow for control on each and every surface of
a given panel. We thus incorporated folding as a
mechanism for generating the prototype. We subdi-
vided the given panel into a group of surfaces and
applied the tensegrity logic together with a folding
technique onits 30cm X 30cm panels. Folding, within
tensegrity logic, allowed for a sequence of patterns
across the overall structure, and a hierarchical setting
where the overall panel was divided into a number
of surfaces that transform in geometry, leading to a
dynamic pattern that opens and closes, allowing for
different solid-void ratio along its folds and side aper-
tures.

We saw two components as key in controlling
the tensegrity mechanism to allow for the required
parametric adaptation: (1) radiation sensors, and (2)
shape memory alloys. Based on sensor data from
the radiation sensors, the lengths of the shape mem-
ory alloys connected along each of the 3-strut mod-
ules are altered using electric wires, and are para-
metrically linked to the input data. The transforma-
tion in the resulting overall surface is directly linked
to the desired levels of daylighting and solar expo-
sure, where the specific parameters pertaining to the
percentage of perforations, orientations of tensegrity
modules, and angles of solar exposure are fed in real
time to the system to continually acquire the desired
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levels according to time of day and year. See Figure
4 for a generalized framework for generating soft re-
sponsive facade prototypes.

The framework builds on three main stages: (a)
environmental analysis, (b) modeling and simula-
tion of facade prototype infrastructure, and (c) phys-
ical testing and control. In the first stage, daylight-
ing analysis using DIVA for Rhino, and solar radia-
tion analysis using Ladybug plug-in for Grasshopper,
are conducted in order to identify optimized values
for percentages of perforations for the given facade
screen. These values are given for both annual and
daily data and are fed into the Arduino microcon-
troller to physically control the facade prototype.

In the second stage, the mesh infrastructure of
the facade prototype is modeled using Grasshopper.
Simulation is conducted using Kangaroo plug-in for
the mesh and its folded mechanism , which is built
based on tensegrity logic. Scenarios of configura-
tions and folding behavior are explored within the
computational medium, and then the model is phys-
ically constructed. Shape memory alloys are used
as the prestressed tensioned members of the overall
surface.

Upon applying electricity to the shape mem-
ory alloys, their lengths are transformed to respond
to the environmental data coming from the sensor-
network. The Arduino microcontroller regulates the
general transformation logic of the folded mecha-
nism based on the input data, resulting in a spectrum
of configuration scenarios: (a) open mesh, (b) semi-
closed mesh, and (c) closed mesh (see Figure 5).

The configuration possibilities for the prototype
are constrained to the required panel depth in front
of the building exterior wall, which was confined to
30 cm in this example. Changing the depth would
typically increase the number of potential configu-
rations and the nature of the resulting curved sur-
faces, and consequently the solid-void ratio and per-
centages of perforations for the overall prototype.
A physically tested sample is illustrated in Figure 6.
The physical prototype comprises a number of fixed
points on each of the subdivided panels, in addition
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to a folding mechanism and anchor points. The outer
surface of the panel can be designed to host addi-
tional perforations for optimized daylighting consid-
erations.

CONCLUSIONS AND FUTURE WORK

This paper demonstrated the process of designing a
prototype and developing a framework for a soft re-
sponsive system for a kinetic building facade. The
prototype uses lightweight materials and mecha-
nisms to generate a building facade skin that is soft,
i.e. less dependent on hard and complex mechani-
cal systems, and responsive, i.e. dynamically and si-
multaneously adapting to spatial and environmen-
tal conditions. We built on tensegrity logic, rather
than a direct translation of pure tensegrity structures,
and incorporated a folding mechanism to develop
a lightweight prototype. We used radiation sensors
with Arduino to respond to daylighting and solar
radiation analysis in Rhino and Grasshopper simu-
lations. We tested the prototype physically using
shape memory alloys, where electricity is applied to
transform the solid-void ratio of the panel surfaces
based on the surrounding sensor-network data.

The scope of this paper is limited to digital sim-
ulation of folding and tensegrity using Grasshopper
and Kangaroo plug-in and their behavior under the
stimulus of preset values, along with some prelimi-
nary physical testing. This allowed for the genera-
tion of multiple iterations of facade patterns and test-
ing the resulting patterns against the multiple objec-
tives of radiation and daylighting. Further research
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aims at building a full scale prototype and conduct-
ing physical testing based on radiation sensors and
local weather data.
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