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ABSTRACT
This paper discusses the development of a bio-inspired compliant mechanism for architectural 
applications and explains the methodology of investigating movements found in nature. This 
includes the investigation of biological compliant mechanisms, abstraction, and technical appli-
cations using computational tools such as finite element analysis (FEA). To demonstrate the 
possibilities for building envelopes of complex geometries, procedures are presented to translate 
and alter the disclosed principles to be applicable to complex architectural geometries. 

The development of the kinetic façade shading device flectofold, based on the biological role-model 
Aldrovanda vesiculosa, is used to demonstrate the process. The following paper shows results of 
FEA simulations of kinetic curved-line folding mechanisms with pneumatic actuation and provides 
information about the relationship between varying geometric properties (e.g. curved-line fold radii) 
and multiple performance metrics, such as required actuation force and structural stability.
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INTRODUCTION
Buildings account for nearly 40% of the global energy 
consumption, and the importance of the development of 
energy-conscious design and construction strategies is known 
and well established. Building facades are the most intense 
energy-exchange zones and kinetic building envelopes have a 
high potential to improve the energy efficiency of the overall 
design and to perform multi-objective tasks in an integrative 
fashion. Solar-shading and daylight-control can be improved by 
controlling movement configurations, and energy-collection and 
lighting-integration can be integrated by embedding PV elements 
and light fittings into their material structure. 

Past examples of kinetic facades have heavily relied on rigid 
body mechanics to achieve movement. These complex mechan-
ical systems are mostly guided along straight translation or 
rotation axes – resulting in geometrical constraints. They are 
expensive to manufacture, prone to failure, hard to maintain and 
therefore not feasible in terms of operation economy. However, 
recent biomimetic research has identified strategies to achieve 
mobility by utilizing elastic deformation of fibrous materials to 
drive transformation. These kinetic elastic systems (compliant 
mechanisms) have the potential to dramatically reduce the 
mechanical complexity of kinetic elements while providing a 
wide range of complex yet efficient movements that are arguably 
more suitable for the design of freeform architectural envelopes 
of the near future.

BACKGROUND 
Kinetic Structures
Recent research has defined a terminology for Kinetic Facades, 
classified them into various categories based on their system 
properties, and defined a methodology for their performance 
evaluation. Most notably, Wang defined the term Acclimated 
Kinetic Envelopes (AKE) as “an envelope with the aptitude to 
adapt itself in reversible, incremental and mobile ways” (Wang 
et al. 2012) and Loonen has defined Climate Adaptive Building 
Shells (CABS) as “a system that has the ability to repeatedly and 
reversibly change its features, functions or behaviour over time 
in response to changing performance requirements and variable 
boundary conditions with the aim of improving overall building 
performance” (Loonen et al. 2013). Furthermore CABS have 
been classified into multiple categories based on their (i) source 
of inspiration for their design (phototropism and heliotropism of 
plants) (ii) relevant physics of their interface with the environ-
ment (blocking, filtering, converting, collecting or storing energy), 
(iii) time-scales of their operation (seconds, minutes, hours, 
diurnal and seasons), (iv) scales of adaptation to external stimuli 
(micro-scale and macro-scale), and (v) control types in charge of 
their operation (extrinsic and intrinsic).

2	 Comparison between rigid body and compliant mechanism.

Adhering to the above mentioned classification, the specific 
Kinetic Facade Element flectofold discussed in this paper can be 
identified as a system that is bio-inspired, capable of blocking, 
converting and possibly storing energy, has the potential to 
operate on multiple time-scales, adapts on a macro-scale, and is 
controlled extrinsically through pneumatic actuation. 

Compliant Kinetic Mechanisms 
Compliant mechanisms achieve their flexibility by controlled 
elastic deformation of flexible members. In contrast to conven-
tional rigid body mechanisms, they consist of only one part with 
locally defined stiffness. These mechanisms can transfer motion, 
force or energy upon deformation of the flexible parts. The main 
advantage of compliant mechanisms is the reduction of parts, 
resulting in potential economy due to simplified manufacturing 
and assembly. Furthermore, wear can be reduced, and unlike 
classical joints, there is no need for lubrication and maintenance. 

Some early man-made machines, like bows, are compliant. 
Nowadays, compliant mechanisms known as living hinges can 
mainly be found on a smaller scale in medical devices or in the 
packaging industry, as in book covers or lids of shampoo bottles, 
but not on a larger scale as in architecture or building construc-
tion. (Howell et al. 2013) (figure 2) 
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To create movements in kinetic structures, actuators are neces-
sary to transform an energy input into motion. The input can 
occur as thermal, electrical or mechanical energy, allowing for a 
passive reaction to environmental conditions such as heat and 
humidity, or may demand an active trigger. Examples for passive 
actuation can be bimetals or anisotropic swelling. For active actu-
ation, so called smart materials, such as shape memory materials 
or electrorestrictive and magnetorestrictive materials can be 
integrated into kinetic structures (Ham et al. 2009). Due to their 
high power-to-weight ratio and low material and fabrication cost, 
pneumatic and hydraulic systems are promising actuators for 
kinetic structures (Polygerinos et al. 2015).

Biomimetic Kinetic Structures
Adaptability to various geometric conditions and robustness 
during service is of primary importance when it comes to archi-
tectural applications. High requirements with respect to accuracy, 
velocity and weight can be seen in most cases compared to many 
other fields of kinetic technology. Many movements in biological 
organisms fulfill these criteria and are utilized by compliant mech-
anisms, triggered for example by hydraulic pressure, hygroscopic 
swelling and the release of stored elastic energy. This makes it 
valid to investigate biological compliant mechanisms as alternative 
solutions of adaptive building systems. Research in this field can 
be differentiated in two directions: Top-down and bottom-up. 
Biomimetic research for kinetic architectural applications has 
been studied intensively at the ITKE, most noteworthy in the 
doctoral theses of Mohammad-Reza Matini and Simon Schleicher. 

Matini developed a systematic approach for the investigation of 
movements based on compliant mechanisms as found in biology. 
He abstracts the basic movement principles, transfers them into 
geometric models, and categorizes them into types of movements 
(2D or 3D, change of curvature, change of curvature direction, 
etc.), leading to a catalogue of compliant movements. He proposes 
a series of potential architectural applications using abstracted and 
combined principles. His work is mainly guided by technological 
questions, and can be seen as a top down approach. (Matini 2007). 

In collaboration with biologists, Schleicher developed a method-
ology for abstraction and simulation of plant movements by the 
means of computational tools in his dissertation. His method-
ology includes the simulation of the actual plant movements, 
the disclosure of underlying geometrical principles and their 
variations, and analysis of the involved forces and energy. More 
focused on the biological role-models, it can be seen as a bottom 
up approach (Schleicher 2016). 

METHODS
The aim of the described process is to investigate and identify 
basic principles of biological compliant mechanisms and the 
transfer into applicable technical solutions by exploring the 
geometrical variations.  

The sequential methodology of analysis, abstraction and tech-
nical translation of biological movements builds upon the work 
by Simon Schleicher (Schleicher 2016), (Schleicher et al. 2015). 
He divided the process of modeling and simulating the bio-in-
spired kinetic mechanisms into three main categories: geometric, 
kinematic and kinetic models. 

The geometrical model can be seen as a static representation of 
the underlying geometrical features responsible for movements. 
Once identified, the geometric principles can be parameterized 
and a catalogue of variations of topologically identical specimens 
can be generated. 

The kinematic model investigates the actual movement. The 
geometrical variations can be qualitatively evaluated in terms 
of their influence on the movement without taking forces and 
needed energy into account. 

The kinetic model uses non-linear finite element analysis to 
simulate large elastic deformations and to evaluate the involved 
forces. Based on exact physical material properties, it enables a 
sophisticated comparison of the actuation force and resultant 
movement for the geometrical variations and different gradients 
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in material and stiffness distributions.

For the abstraction of bio-inspired compliant systems, the inte-
gration of the described modeling and simulation methods and 
their specific application during the design process is crucial. The 
trade-off between speed and accuracy associated with those 
methods and the information exchange between them has to be 
taken into consideration during the design process. In particular, 
the simulation and evaluation of aggregations of kinetic compo-
nents on an architectural scale require computational economy to 
gain real time feedback on the feasibility and performance of the 
design. Once certain mechanical and geometrical constraints and 
structural behaviors are determined and evaluated with the use of 
kinetic models, this information can be integrated into the kine-
matic model in a numerical manner. Thus, necessary adjustments 
to the underlying global geometries can be made and information 
of needed energy, efficiency and appearance can be extracted.

DEVELOPMENT OF KINETIC CURVED-LINE 
FOLDING ELEMENT 
The following section will illustrate the development of the 
bio-inspired shading device flectofold starting from the investi-
gation of the biological role-model to a functional prototype and 
the possibility of geometrical variations. 

Biological Role-Model
The trap movement of the underwater carnivorous plant 
Aldrovanda vesiculosa served as biological role-model. The trap 
consists of two lobes connected with hinge zones to a mid rib. 
While the lobes and the central area are of higher stiffness, the 
hinge-zone is more flexible and describes a curved fold line 
(figure. 3). After being triggered by prey, a change of turgor pres-
sure leads to a small change in the bending curvature of the mid 
rib which is amplified by a curved line folding mechanism and 
leads to a complete closure of the trap (Poppinga et al. 2016) 

Abstraction and Simulation
For the translation into a technical application we based our work 

on the preliminary studies done by Simon Schleicher (Schleicher 
2016) which focused on the translation of the trap mechanism 
into a kinetic curved-line folding model where two flaps are 
connected to the stiffer middle part by areas of reduced bending 
stiffness (Figure 4). The most intriguing aspect for technical use 
is the extensive amplification of a small bending deformation on 
the central part into a large closing movement of the adjacent 
flaps. Geometrically, the relation between bending and opening 
is determined by the radius of the curved-line fold. To evaluate 
this correlation, Schleicher et al. developed a kinematic model 
using the “Rigid Origami Simulator” (Tachi 2009) which allows 
one to simulate a discretized simplification of the curved-line fold 
where the bending elements are represented by a finite number 
of rigid components. 

To achieve a seamless integration into the design process and 
to reduce the computational effort, especially for the visualiza-
tion of a high number of elements, we developed a geometric 
kinematic model based on the method of reflection (Mitani, 
Iagarshi 2011), applicable where the curved-line fold remains 
on one plane, to approximate of the geometry of curved-line 
folding. The plane which contains the fold line can be used to 
mirror the two adjacent surfaces to one fold-line. By varying the 
angle of this plane or by adjusting the curvature of the surface 
it is possible to control the folding angle (figure 4). To simulate 
the folding movement controlled by the induced bending, we 
created the bent mid-rib geometry based on the elastic-curve 
in relation to the displacement of the translation of the control 
points. The reflection plane, given by the points C’, E and M’, is 
used to mirror the lens-shaped rib surface and the initial outline 
of the flap surface (figure 5). With the curvature and deformed 
outline information, it is possible to rebuild the folded geometry. 
A minor displacement of C to C’ and B to B’ leads to an amplified 
deformation of A to A’ and D to D’.

This method allows not only for parametric manipulation in real-
time, but also provides immediate information about the relation 
between displacement of support points and folding angle. 

5

3	 Biological role-model Aldrovanda 
vesiculosa. 

4	 Method of reflection, adapted 
from Mitani and Iagarashi (Mitani, 
Iagarshi 2011).

5	 Kinematic model based on method 
of reflection.
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The so-established geometric relationships were transferred into 
a kinetic model using the FEM software SOFiSTiK (SOFiSTiK AG, 
Oberschleißheim, Germany), taking actual material properties 
of glass fiber reinforced polymers (GFRP), actuation forces and 
resulting stresses into account. Several variations regarding the 
hinge zones in terms of width and stiffness gradient between 
hinge, flaps and mid-rib have been simulated and evaluated to 
establish an appropriate material gradient between the specific 
zones, leading to the desired closing movement. A pneumatic 
actuator was simulated in this study by uniformly distributed 
pressure onto the mid-rib (figure 7). With this method, a series 
of different curved-line hinges (radii of 500mm, 750mm and 
1000mm) were simulated and evaluated in terms of needed pres-
sure, resultant stresses, corresponding displacement of support 
points and sensitivity to the actuator (figure 6 and figure 9). 

To analyze the stiffening effect of curved-line folding, we applied 

Bioinspired Kinetic Curved-Line Folding for Architectural Applications  
Körner, Mader, Saffarian, Knippers

7

6

8



275 PROGRAMMABLE MATTER

wind load of 1.00 kN/m² to all models once they were fully 
closed. As expected, the smaller radius leads to higher curvature 
within the mid-rib which is transferred into the lobes, resulting in 
higher geometrical stiffness and therefore more stability subject 
to external loads (figure 8). Also a smaller radius needs less actu-
ation energy to fold, but a higher displacement of the connection 
points to the substructure. A larger radius will lead to a narrower 
mid-rib, which would make the mechanism as a shading device 
more efficient since the central portion around the mid-rib will 
always remain closed.

Flectofold - Physical Prototype
A first physical prototype was constructed with glass fiber 
reinforced polymers (GFRP). The curved folding mechanism 
corresponds precisely to a defined stiffness gradient between 
the different zones—mid-rib as well as lobes must exhibit a 
certain stiffness while remaining flexible enough to allow for the 
induced bending. The hinge-zones need to be flexible and have 
to compensate for the bending forces in small area. The use of 
GFRP allows for the precise articulation of mechanical properties 

in certain areas according to local demands. By adjusting the 
fiber orientation and varying the layer build-up, it is possible to 
achieve a stiffness gradient within the component that enables 
the curved folding mechanism (Poppinga et al. 2016).

The component is fixed to a stiff back-part. Movable connections 
allow sliding along the substructure to compensate the displace-
ment induced by bending. Bending deformation of the mid-rib is 
generated by a pneumatic cushion which is located between the 
component and the stiffer back-part. The pneumatic cushion is 
lens shaped and fits the dimensions of the stiffer mid-rib to allow 
for a distributed surface actuation avoiding stress concentrations 
in the mid-rib as well as the hinge zone. It is fabricated from 
a special airbag fabric able to withstand high pressures and is 
laminated airtight. 

By regulating the pressure according to input criteria, such as 
light conditions or user preferences, the folding movement can 
be precisely controlled (figure 10).

9

6	 Comparison of fold line radii 
variations.

7	 Material and actuation set up for FEA 
simulation – stiffness gradient through 
differentiated number and orientation 
of glass fiber fabric layers.

8	 Comparison of fold line radii varia-
tions under wind load.

9	 Comparison of fold line radii 
variations.

10	 Physical prototype flectofold.

10
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Geometrical Adaptability
While the described simulations and the physical prototype 
assume an axial symmetry of the component, further investi-
gations were carried out on the geometrical adaptability and 
non-symmetrical configurations. Distortions of the basic rect-
angular configuration have only minor influence on the folding 
movement and actuation energy (figure 11).

The adaptability into different boundary geometries is especially 
of interest for applications on double curved geometries. To 
translate the curved-line folding model onto geometries of posi-
tive and negative Gaussian curvature, we developed an algorithm 
which subdivides a given surface into quadrilateral patches 
of similar anticlastic curvature. A certain degree of anticlastic 
curvature is necessary to ensure a pre-fold in each panel while 
in an entirely closed configuration to give each panel the correct 
folding direction during actuation. 

Based on the Reflection Plane Method (Mitani, Iagarshi 2011), it 
is possible to translate each of the quadrilateral surface patches 
into a curved-line folded geometry (figure 12). 

The first step divides the patch into two triangles and generates 
the width of the mid-rib. In the next step, bending curvature is 
induced in the two directions of the extended mid-rib surface. By 
mirroring this surface and rotating it by the angle α and β respec-
tively, the bend geometry of the flaps can be generated. The 
intersection of the two flap surfaces with the extended mid-rib 
surface gives the curved-line fold. By adjusting the bending 
curvature in the first step, it is possible to control the radius of 
the fold. Knowing the radius of each curved fold line and the 
degree of pre-fold, it is possible to evaluate the needed actua-
tion force for each patch (figure 13 and figure 1).

Geometrical variations
The tessellation procedure as described in the previous section is 
based on a UV grid applied to the input geometry. This leads to 
certain geometrical constraints and limitations regarding compo-
nent size variations and connections between different surface 
patches. Variations of the proposed mechanism using three 
fold-lines have been studied extensively by Aline Vargauwen 
(Vergauwen et al. 2014) and could be used for polygonal tessel-
lation patterns, suitable for translating surfaces into curved-line 
folding elements and allowing for more design freedom (Chandra 
et al. 2015). To adapt the curved folding mechanism to a polyg-
onal, preferably hexagonal, boundary condition, we imposed a 
triangle inside the polygon, where per definition all three vertices 
lie on one plane. The edges of the inner triangles can be seen 
as straight line representations of the curved fold lines. These 
straight lines can be translated into NURBs curves by using 
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12

11	 FEM simulations of asymmetric flectofold configurations.

12	 Translation of folding mechanism into quadrilateral patches.

13	 Tessellation and adjustment of global geometry.
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the end points of two adjacent edges and center point of the 
inner triangle, and interpolation points between end points and 
center point as control points (figure 14). By adding an additional 
control point along the axis from vertices to center point the 
curvature of fold-lines can be adjusted.

For the geometric-kinematic model, the center point is moved in 
the normal direction of the plane spanned by the inner triangle. 
The corresponding displacement of the endpoints of each 
curved-line fold can be calculated by Pythagorean theorem and 
therefore the bend shape of actuation portion of the compo-
nent can be approximated. Using the mentioned variation of the 
Reflection Plane Method, it is possible to approximate the folded 
geometry of the opening flaps. FEA simulations of GFRP panels 
with varying curvature in their fold lines provide first confir-
mation about the feasibility of the mechanism and the relation 
between actuation force and folding behaviour (figure 15).

RESULTS AND DISCUSSION
The process from investigation of a curved-line folding mech-
anism abstracted by Adlrovanda and the abstraction to a first 
working prototype lead to the following results:

Methodology
The development of a new approach for kinematic models for 
curved-line folding mechanisms using the method of reflection 
to simulate the movement of flectofold as well as the geometrical 
variations introduced by Vergauwen (Vargauwen et al. 2014) 
enables the direct integration within the design environment 
without external software such as rigid origami simulator or 
Kangaroo for Grasshopper. The established geometric rules 
enable the translation of surface tessellations into curved-line 
folding components. The geometric kinematic model reduces 
the computational effort compared to rigid origami simulations, 
which is of high advantage for the simulation of the behavior of 
large aggregations.

The proposed kinetic simulations are highly directed to the devel-
opment of physical prototypes made of GFRP and implemented 
pneumatic actuators. One major aspect for the simulations was 
to investigate the influence of curvature of the fold line on the 
actuation energy required, displacement of support points and 
stability to external loads such as wind loads in different geomet-
rical variations. 

Geometrical Potentials and Constraints
The proposed compliant curved-line folding mechanisms are 
adaptable to a variety of boundary geometries. It is possible to 
apply the devices on double curved surfaces. Nevertheless, a 
central aspect of curved-line folding mechanisms is the need 

14

15
14	 Geometric and kinematic model for curved-line folding element with 

polygonal boundary condition.

15	 FEM simulation of geometrical variations – polygonal boundary condition.

of a certain pre-fold in the closed configuration to ensure the 
folding during actuation. Thus the proposed tessellation methods 
for freeform geometries include an adjustment of each patch 
to ensure the necessary pre-fold. This can require geometrical 
adjustments of the initial design, and can lead to an altered 
appearance. Also the folding components remain in this anti-
clastic configuration throughout the folding movement – a 
change of direction of curvature is not possible without complex 
actuation and control mechanisms. Therefore, future research 
will investigate biological role-models which are capable of 
changing from convex to concave configurations (e.g. Adiantum 
peruvianum or Pterostylis curta). 

Material Composition and Scaling constraints
The movement of the components is triggered by bending defor-
mation in one part of the component which is transferred to the 
adjacent areas. To facilitate this bending actuation, it is essential 
that the material is flexible enough to allow for the bending 
within an acceptable range of actuation force while remaining 
stiff enough to withstand external forces. Although the curvature 
induced by bending acts advantageously for the gain of geomet-
rical stiffness, the inherent need for flexibility leads to scale 
limitations which need exploration in more detail. 
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In addition to technical performance aspects and user-inter-
action, kinetic envelopes bring forward a novel palette of time 
related properties that have vast design potential in composition 
of architectural facades and closely relate to human perception 
of movement. This has been well elaborated and presented by 
Schumacher (Schumacher et al. 2010) and includes aspects such 
as movement-speed, acceleration, serial repetition, complexity, 
weight, mystery, balance and more. 
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