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Abstract: Interactive facade technology is a way of designing building envelopes which can
change their properties or form in response to various environmental stimuli like temperature,
humidity, solar radiation, etc. The objective of this study is to develop a kinetic facade
shading device inspired by the principle behind plant movements in nature, to analyse the
potential of the system for its practical applications in facades and to examine the factors
which determine the efficiency of shading device. The hinge-less bending deformation
property of plants is translated into a kinetic shading device, featuring curve line folding
mechanism, using flexible polymers. The designed component is tested using ANSY'S static
structural analysis. The application of verified component in building facades of different
geometries is demonstrated using physical paper models and digital models. Further, the
possibility of applying the principles of leaf rolling mechanisms in nature to design solar
responsive actuator is demonstrated using smart materials.
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1. Introduction

“Independent of the heat insulation factor of a transparent facade, the placement of sun
protection systems has a decisive influence on the energy consumption of buildings.”
(Schittich, 2006) Solar shading systems are important to avoid overheating in buildings,
particularly public buildings and office buildings with high percentage of glazing area.
Stationary systems do not respond to movement of sun and leads to suboptimal performance
regarding daylighting, transparency and energy consumption.

Biomimetics in architecture is an approach to design by taking inspiration from processes
and principles of biological systems. The mechanisms in nature have evolved over billions of
years and the successful ones have survived. Nature has experimented with many possibilities
to deal with properties of materials and structures which gave rise to most efficient systems
found in nature. Efficient kinetic facade systems of future can be designed by taking
inspiration from movements in biological organisms. Mechanical systems in kinetic facades
have a large number of moving components connected by mechanical hinges to perform as a
unified system. This makes the system complicated. However, the biomimetic systems are
much simpler, in the sense that they work by transforming their intrinsic material properties.
This is advantageous in terms of reduced material use, weight and energy consumption.
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2. Structures inspired by elastic kinematics found in plant movements

Simon Schleicher (2011) from University of Stuttgart has recently developed a design
approach which explores elastic bending and folding kinematics found in plant movements
and conceptualised a bio-inspired design of adaptive external shading device for facade. The
curve line folding feature of the snap-trapping mechanism of Aldrovanda vesiculosa, an
aquatic plant, is chosen as an inspiration.

Figure 1 Trap of Aldrovanda - Elevation, Cross section and upper view (Schleicher, 2011)

‘Aldrovanda features clusters of leaves which terminate in small traps of approximately
5mm in length. Figure 1 shows geometry of the Aldrovanda trap. It is symmetrical and
divided in two evident parts with different thicknesses. Middle lens-shaped part is composed
of three cell wall layers while semi circular side lobes are composed of two cell wall layers.
This feature leads to formation of the two structural zones of unequal stiffness. Both parts are
linked with a curve line rib. There are some sensory hairs on the edge of lobes and in the
centre of lens shaped part. When small insects touch the sensory hairs, it stimulates the plant
resulting in rapid closure of two lobes trapping the prey inside. This rapid trapping movement
is supposed to be due to a sudden contraction of the motors in the lens shaped central part
which transfers the bending moment to side lobes.” (Schleicher, 2011)

3. Application of biological principle in design

After understanding the geometry responsible for movement of trap lobes of Aldrovanda,
the biological principle is extracted and applied to design a kinetic component for shading
device. As shown in Figure 2, the component geometry is drawn out of a square with sides of
800 mm length. Then a concave lens-shaped central portion is defined along the diagonal
with curve folds arc AC and BD. Edge CD is a pinned support and a linear displacement of
edge AB is allowed. Through simulations in Rigid Origami software, the kinematical
behaviour of curved folding is observed. Due to linear displacement of support AB triggers
the flapping of marginal portions; lifting points E and F.
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Figure 2 The flexible shading device component in unfolded and folded position in Rigid Origami Simulator.
Linear displacement of support of central portion creates upward deformation of side leaves.



3.1. ANSYS simulations for components built with different materials

These studies prove the geometric feasibility of the kinetic folding system. However,
further structural simulations were necessary to validate whether the behaviour of the
component is similar when built with the existing materials. For this purpose, ANSY'S static
structural simulation software was used. A linear displacement is applied to one support of
central lens-shaped portion. The other support is fixed. The simulations are carried out on the
components of same geometry but built with different materials, namely Polycarbonate and
Glass fibre reinforced polymer (GFRP). The analysis showed that GFRP can be successfully
used for such flexible adaptive shading devices.

3.2. ANSYS simulations for different stiffness properties of surfaces
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Figure 3 ANSYS structural analysis of GFRP component Type 1: Equal thickness of Central portion and side
leaves and Type 2: Unequal thicknesses of Central portion and side leaves.

Firstly, a thickness of 5 mm is assumed for both side leaves and central portion. Though
the maximum stress intensity was within permissible limits of strength of the GFRP material,
the analysis predicted unacceptable deformation in central portion. To overcome this
problem, a revised model is built with increased thickness of 10 mm for central portion.
Thickness of side lobes is kept as 5 mm, similar to previous one. The simulation showed
satisfactory results with comparatively lesser deformation of central portion. (Figure 3)

3.3. ANSYS simulations for different radii of curve folds

The flexible shading device component is further analysed to understand the relationships
between geometry and its kinetic behaviour on application of external force. The radius of the
curve line folding is variable as 700 mm, 900 mm and 1200 mm, while all the other
dimensions and thicknesses in three configurations are kept constant so that the results can be
compared.
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Figure 4 ANSYS Structural analysis of GFRP component (Radius of curve line fold = 900 mm) showing stress
intensity values (Left) and upward deformation of side leaves. (Right)
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Figure 5 Comparison of analysis results showing maximum stress intensity at supports and upward deformation
of side leaves for components with 3 different radii of curve line folds (700mm, 900mm and 1200 mm)

The above graph shows the comparison of analysis results of the components with
different radii of curve folds. It is evident that maximum stress intensity at supports increases
if we increase the radius of curve line fold. However, the upward deformation of side leaves
decreases with increase in radius of the curve fold. This shows that curve fold of radius 700
mm is more efficient than that of radius 1200 mm, as it requires less energy input and allows
more deflection of side leaves providing larger opening. These results are applicable within
the tested range of radii of curve line folds.

4. Application of basic component in building facades

The verified component geometry can be arranged into a variety of configurations so that
it can be applied to different forms of building facades. Figure 6 shows a paper model of
shading device composed of four flexible components sharing one actuator in the centre. The
actuator is a square shaped cam. When it rotates by 45° angle, it expands on all sides and
pushes the four adjacent supports of central portions of components which results in lifting of
the side leaves of shading device.

Figure 6 Red square represents the rotating actuator and white arrows show the linear displacement of supports

Figure 7 Paper model of shading device composed of five flexible components sharing one actuator. Shading
device in closed and fully open position depending on displacement applied. (Source: Author)



5. Discussion — a solar responsive actuator

It is clear that the rapid closure movement of Aldrovanda trap is due to a sudden
contraction of the midrib in the lens-shaped central portion. However, there is uncertainty
about the reasons of contraction of the midrib. The plant movements are locally controlled
and powered by hydration motors and they are autonomous. Due to above reasons the
principle of operation of motors in nastic plant movements can be useful for designing
autonomous solar responsive actuators for flexible shading systems.

5.1. Phenomenon of leaf rolling in plants in response to solar radiation

Leaf rolling in plants occurs autonomously as an effect of dehydration due to solar
radiation. This rolling is reversible in nature. On excessive solar radiation, leaves of plants
like rhododendron, grass leaves, cacti stems, etc. fold or roll to restrict transpirational water
loss. (Figure 8) “In grasses this response is triggered by large, bulliform cells in the upper
epidermis. Since these cells have a very thin impregnating coat (cuticle) they lose water more
rapidly than other epidermal cells, thereby shrinking the surface area of the upper leaf and
rolling it around the midvein. This measure drastically reduces any further evaporation from
the upper surface.” (Bar-Cohen, 2006)
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Figure 8 Leaf rolling in grass blades of Agropyron elongatum, the tall wheatgrass. (Bar-Cohen, 2006)

5.2. Design of a solar responsive actuator by using biomimetic principles

The principles behind leaf rolling mechanism can be extracted and applied to design an
actuator. The motor cells contract in volume on excessive solar radiation and expand again
when hydrated. On examining principle of such volume change, there is a need to find a
material which can expand and contract on application of external stimuli like solar radiation.

When we consider materials which can change shape, Shape memory alloys (SMA) are a
well-known type of smart materials. With application of external stimulus temperature, they
are able to generate mechanical work by recovering a predetermined shape. Due to their high
mechanical performances and simple mechanism, SMAs can be very useful to make actuators
for kinetic flexible shading device. But SMA materials respond to change in temperature and
not the solar radiation. When we consider technologies which respond to solar radiation,
semiconductor technologies used in photovoltaics can be useful. Joule heating is the process
by which the passage of an electric current through a conductor releases heat. If we pass the
electric current generated by photovoltaics through a Shape Memory Alloy, it changes its
shape due to rise in temperature. Thus, there is an opportunity to combine these two
technologies, to make a system which responds to solar radiation.

The basic shape memory alloys available are Nickel-Titanium (Ni-Ti), copper-zinc-
aluminium (CuZnAl), iron-platinum (FePt) and gold-cadmium (AuCd). SMA materials are
available in raw forms such as wires and spring shapes. The advantages of SMA materials to
be used as actuators are simplicity of mechanism, cleanliness, silent actuation, sensing ability
and low driving voltage. (Nespoli et. al., 2010) A typical SMA actuator consists of SMA
element or spring, a bias element to restore the deformed SMA element, electric control unit,



components to connect SMA element with Kinetic system, etc. As shown in Figure 9, the
SMA spring and a stainless steel spring are mounted around a rod holder applying pressure
against each other. On Joule heating of SMA spring, it expands regaining its original shape.
When the electric current is stopped, it cools down and the steel spring brings the SMA
spring in compressed position again. In this process, the mounted rod holder undergoes linear
displacement, which acts as an actuator.
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Figure 9 Two-way SMA actuator fitted with NiTi SMA Spring and a bias steel spring (Nespoli et. al., 2010)
6. Conclusions

The Rigid Origami Simulator and ANSYS static structural simulations showed similar
kinetic behaviour of the designed flexible shading device component. A linear displacement
of support of central portion created upward lifting of side leaves due to curve line folding.
There is scope for designing various types of geometries for flexible shading devices using
the principle of curve line folding. This type of ANSYS simulations might be useful to decide
optimum radius of curve line fold for any shape and size of the shading component.

As a small linear displacement of its support gives comparatively large deformations of
leaves of shading device, the curve line folding mechanism consumes less energy than
conventional technology of folding structures. This type of shading device made out of
flexible polymers can reduce the need for a large number of components like mechanical
hinges, sensors, microcontrollers, actuators, complicated wiring, etc.

The ideal solar responsive actuators inspired by nastic plant movements in nature should
consist of materials which can change their volume reversibly under the influence of external
climatic stimulus solar radiation, as in the case of leaf motors. This can be achieved using a
combination of smart material technologies of Photovoltaics and Shape Memory Alloys
which are simple in operation and construction. These transformable facades exhibit both
contextual response as well as flexible adaptability. This is a significant achievement in the
field of interactive architecture.
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